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FRICTION FORCE FOR BOUNDARY LUBRICATION 

Iakov A. Lyashenko* 

 
Sumy State University, R-Korsakov 2, 40007, Sumy, Ukraine 

 
ABSTRACT 
A thermodynamic model describing the phase transition of first order between 

structure states of lubricant material in the boundary friction regime is proposed. It is 
shown that lubricant melts with temperature increase or at shear of rubbing surfaces if 
the elastic strain (stress) exceeds the critical value. The phase diagram with domains of 
dry and sliding friction is constructed. The dependences of friction force on temperature 
of lubricant and velocity of shear of rubbing surfaces are analyzed. 

 
Key words: ultrathin lubricant film, boundary friction, stick-slip regime, phase di-

agram, elastic stress and strain 
 

INTRODUCTION 
At friction of two surfaces divided by lubricant less than 10 atomic layers 

thick, there comes a boundary friction mode. This mode is basically different 
from dry and liquid friction [1]. Voluminous lubricants can be in solid or liquid 
thermodynamic steady phases, but boundary lubricants organize solid-like and 
liquid-like structures. They are not steady thermodynamic phases, but kinetic 
regimes of friction. There can be several such regimes [2, 3]. The transitions 
between such kinetic regimes during sliding lead to a stick-slip mode. The 
lubricant melting can occur under the mechanisms as of the first order phase 
transition [2, 4, 5], as of the second one [6, 7]. In particular, in the work [8] the 
possibility of both transition types is considered.  

In the work [7] the thermodynamic theory of melting of a thin layer of 
lubricant confined between two solid surfaces is proposed. This theory is based 
on Landau phase transitions theory [5]. This model allows for the loss of shift 
stability leading to the liquid-like structure of lubricant as at the thermodynamic 
melting, as when the shear stress exceeds the fluidity limit (shear melting). The 
influence of these factors is studied also in works [10, 11], which use the excess 
volume, arising owing to the chaotization of solid medium structure during 
melting, as the order parameter [12]. The shear modulus of lubricant decreases 
with increasing of excess volume [10, 11]. In the work [7] the shear modulus, 
which has zero value in the liquid-like phase, is the order parameter. However, 
in [7] the melting of lubricant is described as a continuous second order phase 
transition, but at the boundary friction regime jump-like phase transitions of 
                                                
* e-mail: nabla04@ukr.net, tel: (+38)0509770154 
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first order are often observed [2, 10, 11]. In these situations the stick-slip mo-
tion of rubbing surfaces is established. The author of [7] discussed the possibil-
ity of jump-like transition in [13], however, he did not make a corresponding 
research. The purpose of the given work is the description of the first order 
phase transition within the framework of model [7].  

DENSITY OF FREE ENERGY  
The density of free energy for the lubricant has the form [7]:  

 2 2 2 4 6( )
2 2 3c el
a b cf T T  (1) 

where T is the temperature of the lubricant, Tc is the critical temperature, 
el  is the shear component of elastic strain, a b c  are the positive constants, 
 is the order parameter (the amplitude of periodical part of microscopic func-

tion of medium density [7]).  
Parameter  equals zero in liquid-like phase and takes a non-zero value in 

solid-like structure. In the potential (1) the sign of the third term is changed in 
comparison with [7,13] and the fourth term is introduced. Such kind of expan-
sion is used for description of first order phase transitions [5,13]. Also in (1) the 
multiplier a is introduced additionally in the second term. It allows to variate 
the influence of the elastic energy on the potential.  

Let us define the elastic stress as el elf :  
 el el  (2) 
 2a  (3) 
The analysis of potential (1) allows us to obtain the following situations. 

Let’s define the function  

 21( )
2el celB T a T T  (4) 

At ( ) 0elB T  two symmetric non-zero minimums of potential are real-
ized, being divided by one zero maximum (low curve in fig. 1). In this situation 
the lubricant is solid-like.  

 

 

Fig. 1 – Dependence of density of free 
energy f (J/m 3 ) (1) on order parameter   
(dimensionless variable) at =0.7 J·K-1/m3, 
Tc = 290· K, a=4·1012 Pa, b=285 J/m3, c = 
1600 J/m3. Curves from bottom to top 
correspond to the temperatures T=260 , 
280 , 290  and shear strain el = 3·10-6 
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In the intermediate interval of values 20 ( ) 4elB T b c  zero maximum 
of potential is transformed to minimum, and in addition two symmetric maxi-
mums appear, which separate the central minimum from two symmetric non-
zero minimums (middle curve in fig. 1). 

 In such situation the lubricant can have as solid-like, as liquid-like struc-
ture, depending on initial conditions. And in case 2( ) 4elB T b c  single zero 
maximum of ( )f  is  realized  (the  top  curve  in  fig.  1),  which  corresponds  to  
zero value of shear modulus  and liquid-like structure of lubricant according 
to (3). The abscises of extremums of potential (1) are defined according to 
equalization  

 
2

2
1 2 2

( )
2 4

elb b B T
c c c

 (5) 

where sign ”-“ corresponds to the symmetric maximums of potential, and 
sign ”+“ corresponds to its symmetric minimums. According to Eq. (5) the 
melting of lubricant is carried out as when its temperature T  increases, as 
when the mechanical influence occurs, leading to the increase of the shear 
components of elastic strain el . Thus the given model considers the thermo-
dynamic and shear melting.  

PHASE DIAGRAM 
Let us introduce V as the relative velocity of shear of the rubbing surfaces 

divided by an ultrathin lubricant film with the thickness h. To find a relation 
between the shear velocity and elastic strain we will use the Debye approxima-
tion relating the elastic strain el  and the plastic one pl  [7]:  

 el
pl  (6) 

where  is the Maxwell relaxation time for internal stress. The total 
strain in a lubricant is defined as the sum of elastic and plastic components [7, 
12]:  

 el pl  (7) 
and sets the velocity of motion of the top block V  according to relation 

[14]:  
 ( )el plV h h  (8) 
The last relationships give the expression for elastic components of shear 

strain [10, 11]:  

 elel
V

h
 (9) 
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At constant velocity of shear V the stationary value of elastic strain is set 
according to (9):  

 0
el

V
h

 (10) 

According to the principle of minimum of energy the system tends to oc-
cupy a state corresponding to minimum of potential ( )f  at any initial condi-
tions (see fig. 1). Thus the stationary value of the order parameter, defined by 
the expression (5) is established, and this expression is taken with the sign ”+“ 
as the sign ”-“ in it corresponds to unstable states. In fig. 2 the stationary values 
of order parameter squared are shown, which calculate according to expression 
(5), in which the stationary elastic strain el  is defined according to velocity of 
shear by the formula (10).   

 
Fig. 2 – Dependence of stationary value of order parameter squared 2  (dimensionless 
variable) (5) on temperature of lubricant T (K) and velocity of shear V (nm/s) at parame-

ters of fig. 1 and 910h  m, 810  s: a – curves 1–4 correspond to the fixed 
values of shear velocity V=0 nm/s, 650 nm/s, 900 nm/s, 1020 nm/s; b – curves 1–4 

correspond to the fixed temperatures T=0 K, 170 K, 270 K, 300 K. 
 
Continuous sites of curves correspond to the steady stationary states, and 

dashed lines correspond to the unstable ones.  
At zero velocity of shear (shear stress and strain equal to zero) and small 

value of temperature T the lubricant is solid-like, because non-zero value of 
order parameter  is realized, and according to (3) the shear modulus  does 
not equal to zero either (fig. 2a, solid part of curve 1). In this case the potential 
is shown by the lowest curve in fig. 1. If the temperature T exceeds the critical 
value  

 
2 2

0 2 4c c
a V bT T

h c
 (11) 
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the order parameter squared undergoes a jump-like change from non-zero 
value to zero with transition of lubricant in liquid-like state, and the top curve 
in fig. 1 corresponds to this. If after this transition the value of T decreases, the 
lubricant solidifies at lower temperature:  

 
2

0

2c c
a V

T T
h

 (12) 

Thus jump-like changes of order parameter from zero to non-zero value 
are observed.  

The potential in the intermediate interval 0
0c cT T T  is shown by middle 

curve in fig. 1. Therefore, the dependence 2 ( )T  has hysteresis character and 
corresponds to the phase transitions of first order. According to fig. 2a the lub-
ricant melts at smaller value of temperature with increase in velocity of shear. 
The curve 4 corresponds to the situation in which the lubricant can’t solidify 
after melting with decreasing in temperature. When the velocity exceeds a 
certain critical value, the lubricant is liquid-like ( 0 ) at any temperature.  

According to fig. 2b when the velocity exceeds the critical value  

 
2

0
2 ( )

2
c

c
h T T b

V
a ac

 (13) 

the melting of lubricant occurs, and when V is less than the value  
 

 0 2 ( )c
c

h T TV
a

 (14) 

the lubricant solidifies. Here the situation is similar to the one presented in 
fig. 2a.  

 
In fig. 3 the dependences of criti-

cal velocity of melting of lubricant 0cV
 (13) and of its solidifying 0

cV  (14) on 
temperature T are  shown.   Above  the  
curve 0cV  the lubricant is liquid-like 
and the sliding friction regime (SF) is 
realized. In the interval 0

cV V  the 
lubricant has solid-like structure. Be-
tween curves in fig. 3 the potential 

( )f  looks like shown by middle curve 
in fig. 1, therefore the lubricant condi-
tion in this area depends on initial con-
ditions. Thus, the fig. 3 represents the 

 
Fig. 3 – Phase diagram with areas of 
liquid-like (SF) and solid-like (DF) 

lubricant at parameters of fig. 2 
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phase diagram with two stationary friction modes. Figure 3 can be interpreted 
also as a dependency of critical temperatures 0cT  (11) and 0

cT  (12) on velocity 
of shear V.  

FRICTION MAP 
At shear of rubbing surfaces in the layer of lubricant elastic stress el  and 

viscous stress v  appear. The total stress is the sum of these components:  
 el v  (15) 
The friction force F which interferes with the movement, can be found as 

a product of total stress and area of rubbing surfaces A:  
 
 F A  (16) 
Let us define the viscous stress in a lubricant according to [14]  

 eff
v

V
h

 (17) 

where eff  is the effective viscosity of lubricant material. The boundary 
lubricant is the non-Newtonian liquid. Such lubricants have complex depend-
ences ( )eff . For example, viscosity of pseudoplastic lubricants decreases 
with increasing in shear rate , and for dilatant lubricants the viscosity in-
creases with growth of . Therefore we use the simple approximation [14]  

 eff k  (18) 
allowing to consider both situations, for qualitative analysis. Here the pro-

portionality factor k  (Pa s 1 ) is introduced.  
With the account (8) and (18) the expression for viscous stresses (17) take 

the form:  

 
1

v
Vk
h

 (19) 

Having substituted (15) and (19) into (16) we obtain the finished equaliza-
tion for friction force [10,11]:  

 
1

el
VF k A
h

 (20) 

where the elastic stress el  is defined by (2).  
The dependence (20) is shown in fig. 4.  The fig. 4a shows that the friction 

force decreases at fixed shear velocity with increase in temperature. It occurs 
because of the decrease of the shear modulus. When lubricant melts ( 0cT T ), 
the friction force doesn’t depend on the temperature, because in the frameworks 
of the considered model the shear modulus equals zero in this situation. 
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Fig. 4 – Dependence of friction force F (mN) (20) on temperature of rubbing surfaces 

T ( ) and velocity of shear V (nm/s) at parameters of fig. 2 and 2 3 , 93 10A
 m 2 , 54 10k  Pa s 1 3 : a – curves 2–4 correspond to the constant values of shear 
velocity V=650 nm/s, 900 nm/s, 1020 nm/s; b – curves 1–4 correspond to the fixes 

values of temperatures T = 0 K, 170 K, 270 K, 300 K. 
 
The dependencies have hysteresis, because at phase transition shear 

modulus (3) has jump-like changes. At parameters of curve 4 the lubricant in 
case of melting does not solidify at further decreases of temperature (see expla-
nation for fig 2a), therefore friction force has a constant value after melting at 
different temperatures T.  

The fig. 4b shows a different behavior. Here, according to (20), at increase 
of velocity the total friction force at first grows due to the increase of the vis-
cous stresses v , and because of the increase of the elastic component of F 
caused by the increase of the elastic component of strain (10). However the 
shear modulus decreases with growth of velocity leading to reduction of the 
elastic component of force F. Therefore exists a critical velocity, at which ex-
cess the lubricant still remains solid-like, however the total friction force starts 
to decrease. With further increase of velocity at 0cV V  (13) the melting oc-
curs, and elastic stress (2) becomes equal to zero, therefore the first term in (20) 
equals zero, too, and that leads to abrupt decrease in total friction force. If V 
increases furthermore, the value F increases due to the viscous component (the 
second term in (20)). The lubricant solidifies at abrupt increase of force F but at 
a different value of velocity 0

cV V  (14). Let us note that in fig. 4b the depend-
encies of friction force after melting coincide for all curves, because the viscous 
component F depends on velocity of shear only, and doesn’t depend on temper-
ature. In fig. 4b, curve 4, the transition to melting is not shown for better recog-
nition of figure. This curve differs from others in the figure, because its solid 
part (stable value of F  before melting) and dashed part (unstable value of F) 
together make a closed line. In addition, the friction force after melting is al-
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ways described by the dependence shown in figure by dash-dotted line (stable 
value of F after melting), because the lubricant can’t solidify with decrease of V 
anymore. Actually the figure 4 represents a friction map for boundary lubrica-
tion regime. This figure shows the lubricant state (solid-like lubricant with big 
friction force or liquid-like lubricant with small value of friction force) depend-
ing on system parameters. In works [10,11] it is shown that in intermediate area 
of a hysteresis in the figure in the case of real tribological system the stick-slip 
friction mode is realized. Let us note that the results shown in fig. 4b qualita-
tively coincide with a new friction map for boundary regime proposed in [14] at 
generalization of experimental data.  

CONCLUSIONS 
The behavior of an ultrathin lubricant film confined between two atomi-

cally-smooth solid surfaces was investigated. Melting and solidifying of lubri-
cant is presented as first order phase transitions. The research shows that in 
case of shear of the rubbing surfaces with constant velocity lubricant melts at 
an excess of the critical values in temperature or elastic shear stress. Since the 
considered phase transition is the one of the first order, lubricant solidifies at 
smaller values of the specified quantities. The phase diagram of different re-
gimes of friction is constructed. The received results qualitatively coincide with 
known experimental data.  
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ABSTRACT 
The Raman spectra, X-ray diffraction and hardness of the TiAlN films co-

deposited on the steel substrates by reactive sputtering from Ti and Al targets in a mix-
ture of N2 + Ar gas with two magnetrons at room temperature have been studied.  From 
Raman spectra it is found that the position of high-frequency bands in vibrational spec-
tra was located at 700-730 cm-1 or in the region of 830 – 850 cm-1 depending on the 
deposition parameters whereas it is not exceed 630 cm-1 from TiAlN of NaCl-structure. 
It is found the two-phase structure of coatings: a small quantity of NaCl-type structure 
of TiAlN (TiN) and the disordered structure of the chains of polyhedra [TiNx] with x = 5 
and x = 4. The chains of polyhedra [TiNx]  with  x  =  4  are  mainly  formed  at  large  dis-
charge power of Al(Ti) target or at small content of N2 gas. 

 
Key words: coating, hardness, reactive sputtering, TiAlN, X-ray diffraction, Ra-

man spectroscopy.  
 

INTRODUCTION 
Titanium-aluminium nitrides are technologically important for different 

application fields such as wear-resistant and optical coatings. The TiAlN coat-
ings find a continuously interest due to its high hardness, wear resistance and 
low oxidation rates.TiN is a NaCl-structure and it has metallic condconductiv-
ityat room temperature [1, 2]. AlN is crystallized in a wurtzitestructure (w-AlN) 
and it may form the metastable rocksalt structure at high pressure [3]. The 
hardness of TiN is 21.6 GPa, while that of AlN is only 12.3 GPa [4]. Due to the 
structural refinement of TiAlN alloy the addition of Al atoms in TiN improves 
its hardness and the high-temperature oxidation resistance. However, for higher 
Al concentration the formation of w-AlN, which is softer than fcc-TiAlN, re-
sults in a significant reduction of the film hardness. 

                                                
* e-mail: denisovvn@ntcstm.troitsk.ru, tel: (+7)4994006225 
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The structure of TiAlN coatings depends strongly on the deposition pa-
rameters, in particular, on the Ti/Al ratio, the discharge power, deposition gas, 
substrate temperature, etc.. In this work a systematic study on the influence of 
deposition parameters on the structure of TiAlN coatings is presented. 

Raman spectra and X-ray diffraction of TiAlN coatings were earlier stud-
ied by other authors for the TiN/AlNsuperlattices [5], TiAlN alloys [6-9], 
TiAlN/CrN multilayers [7] and TiAlN-Si3N4nanocomposite [10]. In these 
works, [5-10]  results are given for coatings prepared at fixed Ti/Al ratio, with 
substrate temperature above room temperature and at invariable content of N2 
gas. 

The aim of the present study is to investigate the influence of deposition 
parameters such as power supplied to each target, gas mixture and deposition 
time on the structure of TiAlN coatings. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The TiAlN films were co-deposited on sputter cleaned steel substrates by 

reactive sputtering from pure Ti and pure Al targets (Kurt Lesker 99.99 %) in a 
mixture of N2 +  Ar  gas.  Deposition  was  performed  in  a  vacuum   chamber  
equipped with two magnetrons driven by dc power. The power supplied to the 
two targets varied from 200 to 600 W and different gas mixtures were used in 
order to obtain coatings with different composition. 

The microstructure of the coatings was investigated by XRD. The XRD 
measurements were performed in the Rigaku D/max-RC equipped with a 
12 kW X-ray source with a rotary anode using monochromatic Cu-K  radiation 
and the graphite crystal-analyser. The grazing incidence asymmetrical Bragg  
diffraction (GIABD) with the parallel beam optics was employed for phase 
composition and chemical homogeneity investigations. Incidence angles of 1 
and 0.5 were used. 

Table 1 summarizes the deposition conditions. 
The composition of the coatings was evaluated by XPS (not presented 

here), the Ti1-xAlxN present compositions ranging from x = 0.07 to 0.60. The 
effect of deposition time on the structure of the TiAlN films was also investi-
gated. For thick coatings, a TiAl adhesion layer was deposited prior to the coat-
ing. 

 
Table 1 – The deposition conditions. 
Base pressure 10-4 Pa 
Target substrate distance 10 cm 
Substrate cleaning 400 V at 7 Pa Ar for 15 min 
Target cleaning 600 W at 7 Pa Ar for 15 min 
Power supply (Ti, Al ) 200 – 600 W d.c. 
Sputtering gas %N2/(N2+Ar) = 15, 30, 70 % 
Deposition time 5-150 min 
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The Raman spectra were excited with the line at514.5 nm of an Ar-laser. 
The spectrograph TRIAX 552 with special corrective optics, the Notch filters 
and CCD camera were used for the investigation of the Raman scattering light. 
The spectral resolution was about 3 cm-1. We have used the setup of micro-
Raman spectroscopy with a microscope which provided a focus diameter in the 
micrometer range and a large scattering collection angle. The mechanical prop-
erties and surface topography were investigated using the scanning nano-
hardness tester NanoScan-3D. The hardness and elastic modulus values were 
measured with the instrumented nanoindentation test according to ISO 14577. 

RESULTS AND DISCUSSION 
X-ray diffraction. 

Figure 1 presents 
the X-ray diffraction 
pattern for samples 
deposited under differ-
ent power rate and dep-
osition times resulting 
in different thicnkess. 
Peak positions for ref-
erence compounds of c-
TiN and c-TiAlN are 
marked.  

A part from sub-
strate peaks, NaCl-type 
of (TiAl)N (non stoi-
chiometric) diffraction 
peaks can be identified 
as  well.  In  both  cases  
thinner and thicker 
coatings, the increase in 
Ti power results in an 
increase of crystallinity 
of the coating, and the 
preferential orientation 
changes from (111) to 
(200).  

When the power in 
the Al target is in-
creased to 600 W the 
coating becomes more 
amorphous. 

a) 

 b) 
Fig. 1 – X-ray diffraction patterns for samples pre-

pared at different power rate and deposition times: a) 
thinner coatings, incidence angle of 0.5º; b) thicker 

coatings, incidence angle of 1º 
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Raman spectra. 
A narrow band at 520 cm-1 was  seen  in  the  Raman  spectra  from  TiAlN   

thin coatings (  100 nm). It disappeared gradually as the coating thickness 
increased. We assign it to the Raman scattering from the substrate. Apart from 
this narrow band only the broad bands were observed in the Raman spectra 
from TiAlN coatings. Depending on the deposition process the position of 
high-frequency band in the Raman spectra was about 700 cm-1 or in the region 
of 830 – 850 cm-1. When the bands at 830 – 850 cm-1 were present in the spec-
trum, the broad bands in the region of 600 – 630 cm-1 also appeared and these 
two regions of the broad bands have formed the poorly structured background 
due to the overlapping. 

It is known [1] that the Raman bands of TiN are due to a contribution of 
the phonon density of states from the acoustic modes (225 (TA) and 310 (LA) 
cm-1) and the optic modes (540 cm-1). When Al atoms are added to TiN lattice 
the structure of NaCl-type is maintained and Ti atoms are substituted by Al 
atoms [11]. As in the case of TiN-NbN [8], TiAlN-CrN [7] and CrAlN [12], we 
believe that the Raman bands in the spectra from TiAlN alloys are assigned to 
vibrations of Ti-N bonds, and the influence of Al doping is displayed in a high-
frequency shift of optic modes of TiN. The stress in coatings may also lead to 
the high-frequency shift of bands in spectra. Therefore we assign the Raman 
bands in the region of 600 – 630 cm-1 to the optic vibrations of Ti-N bond in 
TiAlN coatings with a NaCl-structure.  

An appearance of broad bands in the regions of 700 - 730 and 830 –
 850 cm-1can not be explained by a substitution of Ti atoms by Al atoms in the 
structure of NaCl-type. Supposing the assignment of these bands to vibrations 
of Ti-N bonds, the significant rise of their frequencies may be due to the break 
of NaCl-type of TiN structure and the formation of the disordered structure 
with the chains of polyhedra [TiNx] with the less number of N atoms around Ti 
than 6. 

 

200 400 600 800 1000 1200 1400

600W Ti-600W Al

400W Ti-400W Al

Ti0.5Al0.5N, 15 % N2

  

Raman Shift, cm-1

R
am

an
 In

te
ns

ity
, r

el
.u

n.

200W Ti-200W Al

 

Fig. 2– Raman spectra of TiAlN coatings 
atequal Ti/Al ratio and various discharge 

power 

Fig. 3–Raman spectra of TiAlN coatings 
at Ti discharge power of 200 W and 

various Al discharge power 
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It  is known that the vibrational frequency is increased with a decrease of 
the coordination number. Therefore one can assume that the bands at 700 –
 730 cm-1 correspond to chains with x = 5 and at 830 – 850 cm-1 to chains with 
x = 4. 

At first we shall consider the Raman spectra from TiAlN coatings pro-
duced at the constant ration Ti/Al and at the increase of discharge power 
(Fig. 2). If the position of the high-frequency band is near 700 cm-1 and the 
intensity of acoustic and optic bands are comparable at 200 W discharge power, 
then two bands at 610 and 840 cm-1 and the essential rise of the intensity of 
acoustic modes may be seen in the Raman spectra from coatings produced at 
400 and 600 W power. Note the band at 700 cm-1 is overlapped with the broad 
band at 610 cm-1. One can assume two-phase composition of coatings produced 
at all powers: TiAlN of NaCl-structure (the band at 610 cm-1) and a phase with 
chains of [TiNx] polyhedra with x = 5 (the band at 700 cm-1) and  x = 4 (the 
band at 840 cm-1). In Figure2, as in Figure 3 and Figure 4, the Raman spectra 
are shown for coatings of approximately similar thickness.  

In the Raman spectra from TiAlN coatings prepared at fixed Ti power 
(200 W) and at various Al powers (Fig. 3) one can see also two-phase structure 
and the quantity of the NaCl-structure of TiAlN is decreased with the increase 
of Al power. 

Besides the type of chains changes from x = 5 to x = 4.Two-phase struc-
ture of TiAlN coatings produced at fixed Al power is also formed with the 
increase of Ti power (Fig. 4).  

Fig. 5 shows the transformation of the Raman spectra from TiAlN coat-
ings prepared at various content of N2 gas. The position of the high-frequency 
band is equal to 700 cm-1 at 70 % N2 and 730 cm-1 at 30 % N2. But two bands at 
590 and 840 cm-1 and the noticeable increase of the intensity of acoustic modes 
are seen at 15 % N2. We assume that the two-phase structure of TiAlN coating 
is formed at 15 % N2. 
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Most likely, two-phase structure with predominant content of chains 
[TiN5] is formed  inTiAlN coatings prepared at 200 W Ti – 200 W Al power for 
thicknesses from 52 to 1200 nm (Fig. 6). One can see in the Raman spectra that 
the signal/noise ratio is higher in the coating of 52 nm thickness than for thicker 
coatings. Besides, the band at 730 cm-1 in the thin coating is more distinct than 
in the spectra from the thick coatings. 

One can assume that the TiAlNalloys that is contiguous to the substrate is 
not only more homogeneous, but also it gives the resonance enhancement of the 
Raman intensity due to a change of electronic structure of TiN at Al doping or 
the electromagnetic enhancement on the metal-film boundary. It should be 
noted that the Fermi level in TiAlN alloys of NaCl-structure moves progres-
sively down from the conduction band to the band gap as the alloy composition 
is varied from metallic TiN to wide-gap semiconductor AlN. 

The increase of the coating thickness doesn’t lead also to the essential 
transformation of its structure at the ratio Al/Ti  1  that  one  can  see  from the  
spectra for coatings with the ratio Al/Ti = 3 (Fig. 7). However, the spectrum 
from the thick coating (3700 nm) was weaker and the high-frequency optic 
modes in the region of  800 cm-1 are weak in comparison with the band 
at  600 cm-1. 
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Fig. 6–Raman spectra of TiAlN coatings 
at ratio Ti/Al = 1 and various thickness of 

coating 

Fig. 7– Raman spectra of TiAlN coatings at 
ratio Ti/Al = 1/3 and various thickness of 

coating 
 

Hardness. 
Young module E, hardness H and elastic modulus R under loading P are 

given in Table2. Where h is thickness of coatings. 
 
Table 2 – NanoScan3D test results. 
Coating preparation condition P, mN h, nm E, GPa H, GPa R, % 
200 WTi - 200 W Al,  15 % N2 1 80 118 5.1 40 
400 WTi – 400 W Al, 70 % N2 2 90 172 8.9 52 
200 WTi – 400 W Al, 30 % N2 2 130 114 4.4 36 
400 WTi – 200 W Al, 15 % N2 5 190 146 5.4 35 
200 WTi – 600W Al, 15 % N2 5 140 150 12.1 45 
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Our results are in agreement with the hardness obtained for TiAlN coat-
ings deposited on substrates at 22o C [13]. 

CONCLUSIONS 
The investigations of Raman spectra and X-ray diffraction of TiAlN coat-

ings on the steel substrates deposited at room temperature allow us to find the 
structural transformation of coatings in dependence on the deposition process. 
XRD has shown multiphase composition of coatings. The different structures of 
coatings were displayed in the position of high-frequency Raman bands in the 
region > 500 cm-1. It is assumed that  the Raman band at 600 – 630 cm-1 corre-
sponds to a NaCl-structure of TiAlN alloy and the appearance of Raman broad 
bands above 630 cm-1 could  be  due  to  a  formation  of  chains  of  polyhedra  
[TiNx]  with  x  =  4  or  5.  It  was  shown two-phase  structure  of  coatings:  a  small  
quantity of NaCl-structure and the disordered structure of chains [TiNx] with 
x  =  4  or  5.  The  chains  of  polyhedra  [TiNx] with  x = 4 are mainly formed at  
large discharge power of Al(Ti) target or at small content of N2 gas.  
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ABSTRACT 
Electronically conducting polymers are important materials, and composites of 

these materials with metal nanoparticles have also been drawn significant research atten-
tion in recent years. We prepared a highly stable Agnano-Poly (3, 4-
ethylenedioxythiophene) (PEDOT) nanocomposite by one-pot synthesis method. Here, 
3, 4-ethylenedioxythiophene (EDOT) is used as the reductant and polystyrene sulfonate 
(PSS ) as a dopant for PEDOT as well as particle stabilizer for silver nanoparticles 
(AgNPs). Agnano–PEDOT/PSS nanocomposite was characterized by infrared (IR) spec-
troscopy, transmission electron microscopy (TEM). AgNPs are distributed uniformly 
around PEDOT polymer with an average particle size diameter of 10–15 nm and the 
nanocomposite film showed catalytic activity towards 4-nitro phenol. Some types of 
including Ag bimetallic nanoparticles and nanostructured materials could be directly 
applied for the electroanalysis and biosensing applications. 

 
Key words: Nanoparticles, nanocomposite, PSS, PEDOT, catalytic activity, elec-

troanalysis.  
 

INTRODUCTION 
Silver colloidal particles play important roles as substrates in the studies 

of surface-enhanced Raman scattering [1] and catalysis [2]. A number of re-
ports are available in the literature to synthesize AgNPs by reducing silver salts 
as precursors. Reduction routes involved in these studies fall into three broadly 
defined categories. The first one involves the use of relatively strong reducing 
agents, such as sodium borohydride [3] and hydrazine [4], while the second one 
is irradiation of the solution containing silver ions [5,6], and the third route 
involves heating the solution of silver salt under prolonged reflux of silver 
solution in the presence of weak reducing agents, such as glucose [7].  

Recently, AgNPs have been prepared using polymer, like poly (vinyl al-
cohol) (PVA) [8], and conducting polymer [9] as the reductant to reduce silver 
salts and obtained AgNPs- polymer nanocomposite. 

Among conducting polymer monomers, thiophenes including, terthio-
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phene and (3, 4-ethylenedioxythiophene) (EDOT) [10] are examples of such 
reductants. In the course of our investigations, we have found that EDOT re-
duces AgNO3 into AgNPs in acidic condition. Since the silver metal ions have 
suitable oxidation potentials to polymerize the monomer unit, EDOT, conse-
quently it may be getting reduced into AgNPs. In the present work PSS  used 
as stabilizer. Since, PSS  is negatively charged and plays dual role. Such as, 
first, it stabilizes AgNPs and secondly, it is a good dopant for PEDOT and 
helps to enhance solubility of EDOT as well as PEDOT polymer. Since, PE-
DOT in its oxidized state is not soluble in aqueous medium.  

Herein, we report a one-pot synthesis of Agnano-PEDOT/PSS- nanocompo-
site in aqueous solution using EDOT as a reductant and PSS  as a dopant for 
PEDOT as well as a particle stabilizer for AgNPs. Further, stability of Agnano-
PEDOT/PSS- nanocomposite compared with Agnano-PEDOT nanocomposite 
and it  was found that Agnano-PEDOT nanocomposite is not stable. In addition, 
Agnano-PEDOT/PSS- nanocomposite was found to effectively catalyze activa-
tion of the reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the 
presence of excess NaBH4.  

EXPERIMENTAL 
SYNTHESIS OF AGNANO-PEDOT NANOCOMPOSITE 

0.05M AgNO3 was added 
into  10  ml  of  1M  HNO3 solu-
tion containing 0.01M EDOT. 
The mixture was stirred at 
room temperature and after 
15min white color solution was 
changed into slight yellow and 
finally, changed into blackish 
brown after stirring long time. 
The appearance of slight yel-
low color solution indicates 
formation of AgNPs, which 
exhibits surface Plasmon reso-

nance (SPR) band at 400 nm [11], as shown in Fig.1a.  
SYNTHESIS OF AGNANO-PEDOT/PSS- NANOCOMPOSITE 
0.05M AgNO3 was  added  into  10  ml  of  1M  HNO3 solution containing 

0.01 M EDOT, and 0.1% PSS . After AgNO3 addition, the solution turns slight-
ly yellow. The yellow color resulted from the plasma absorption of silver nano-
particles (AgNPs). After extending time of stirring, the solution color changes 
initially from yellow to brownish yellow followed slightly brownish and finally 
dark brown solution was obtained, as shown in Fig.2.  

RESULTS AND DISCUSSION 

 
Fig. 1 – UV-vis spectra of (a) Agnano-PEDOT 
nanocomposite and (b) Agnano-PEDOT/PSS- 

nanocomposite 



24                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 

 
Fig. 2 – Different color solution of Agnano-PEDOT/PSS- nanocomposite. 

 
The color change indicates complete formation of AgNPs and the corre-

sponding surface plasmon resonance (SPR) band observed at 375 nm [12] as 
shown in Fig.1b.  With  extension  of  reaction  time  the  color  of  Agnano-
PEDOT/PSS- nanocomposite changed from slight yellow to bright yellow to 
deep yellow to yellowish brown and finally brown as shown in Fig.2. This is 
attributed to the increase of the silver loading and complete reduction of Ag+ to 
Ag0 state.  

In addition to color change, particles size have calculated from the full 
widths at half maximum of absorbance of Agnano-PEDOT/PSS- nanocomposite 
and Agnano-PEDOT nanocomposite are 20 and 90 nm, respectively. Moreover, 
SPR bands of AgNPs in Agnano-PEDOT/PSS- nanocomposite are symmetrical 
and sharp, which indicates formation well dispersed smaller size nanoparticles. 
On the other hand, Agnano-PEDOT nanocomposite peak shifts to longer wave-
length, which might be due to agglomeration and increasing size of AgNPs.  

Moreover, the relatively larger absorbance of Agnano-PEDOT/PSS- nano-
composite (Fig.1b) in comparison with Agnano-PEDOT nanocomposite (Fig.1a) 
probably is due to substantial reduction of AgNPs took place when PEDOT 
doped with negatively charged PSS. The synthetic approach followed in the 
present work incorporates all the features typical of one-pot synthesis, such as 
aqueous solubility of PEDOT/PSS- and  in-situ  encapsulation  of  AgNPs  into  
PEDOT/PSS-. The improved solubility of EDOT is due to the formation of a 
pseudo-complex similar to the ones reported by Sakmeche et al. [13]. PSS  is 
well known stabilizer for metal nanoparticles and reaction of EDOT with Ag-
NO3 in its presence leads to formation of a yellow dispersion, as shown in 
Fig.2. This indicates that EDOT is oxidized by Ag+. The strong absorbance at 
375 and above 700 nm corresponds to SPR of AgNPs and oxidized PEDOT, 
respectively. It is consistent with the fact that effective stabilization of radical 
cations by PSS  during oxidative polymerization of PEDOT leads to the for-
mation of PEDOT in its highly oxidized form. The above discussion accounts 
for the formation of PEDOT and also relatively larger absorbance of Agnano-
PEDOT/PSS- nanocomposite in comparison to Agnano-PEDOT nanocomposite.  

FORMATION AND STABILITY OF AGNPS IN AGNANO-PEDOT/PSS- 

NANOCOMPOSITE  
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The formation of Agnano-PEDOT/PSS- nanocomposite was followed by 
UV-vis  spectroscopy  at  various  time  intervals  as  shown  in  Fig.  3.  After  the  
addition of AgNO3 into HNO3 solution containing EDOT and PSS , absorption 
peaks at 375 nm and above 700 nm developed and increased gradually with 
time as shown in Fig.3. This indicates the formation of AgNPs with concomi-
tant EDOT oxidation as shown by the broad absorption above 700 nm that is 
attributable to polaronic and bipolaronic states of oxidized (doped) PEDOT 
[14].  

We have examined the stability of Agnano-PEDOT/PSS- nanocomposite 
and Agnano-PEDOT nanocomposite and their respective UV-vis spectrums are 
shown in Fig.3 and Fig.4, respectively. In the UV-vis spectrum of Agnano-
PEDOT/PSS- nanocomposite, with extending time the absorbance of AgNPs 
increased regularly and neither shift in wavelength towards neither longer nor 
shorter this indicates that particles are highly stable. In contrast, Agnano-PEDOT 
nanocomposite, the absorption intensity of AgNPs decreased and shift in wave-
length towards longer with extending reaction time. This is an indication that 
AgNPs are not stable as shown in Fig.4. 

The formation of stable Agnano-PEDOT/PSS- nanocomposite can be rea-
soned as follows. PEDOT/PSS- as  a  stabilizer,  the  interaction  of  AgNO3 with 
the reductant EDOT is through oxidative coupling of EDOT by the action of 
AgNO3, being a strong oxidant, can completely oxidize both the EDOT mono-
mer and its polymer, PEDOT. FT-IR spectrum of Agnano-PEDOT/PSS- nano-
composite confirmed that the Agnano-PEDOT/PSS- nanocomposite is a combina-
tion of PEDOT with PSS.TEM investigation revealed that silver nanoparticles 
are dispersed around polymer without any agglomeration with an average di-
ameter of 10-15 nm.  

 

  
Fig. 3 – UV-vis spectra of Agnano-

PEDOT/PSS- nanocomposite at different 
time intervals 

Fig. 4 – UV-vis spectra of Agnano-PEDOT 
nanocomposite at different time intervals 

CATALYTIC REDUCTION OF NITROPHENOL USING AGNANO-
PEDOT/PSS NANOCOMPOSITE 
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We have studied the catalytic reduction of 4-Nitrophenol (4-NP) to 4-
Aminophenol (4-AP) by NaBH4 in  the  presence  of  the  Agnano-PEDOT/PSS- 

nanocomposite composite. The reactions have been monitored spectrophoto-
metrically, as shown in Fig.5. 

Also, important to mention 
here is the use of excess NaBH4 
so that the kinetics of the reac-
tion could be followed as a 
function of concentrations of 
AgNPs. An aqueous solution of 
4NP shows a distinct spectral 
profile with absorption maxi-
mum at 317 nm, which shifts to 
400 nm in the presence of 
NaBH4 due to the formation of 
the 4-nitrophenolate ion. The 
anionic species remain stable 
for weeks in the absence of any 

other reagent. Interestingly, addition of very small aliquots (2 L) of Agnano-
PEDOT/PSS- nanocomposite to the previous solution was found to cause fading 
and finally discoloration of the yellow green color of 4-nitrophenolate in aque-
ous solution. This is unambiguously proved by the disappearance of the absorp-
tion peak at 400 nm after the addition of Agnano-PEDOT/PSS- nanocomposite, 
with a concurrent appearance of new absorbance peak at 315 nm, correspond-
ing to the formation of 4-aminophenol [15]. From the control experiment, we 
observed that PEDOT-PSS dispersion alone cannot reduce 4-nitrophenol. 
Hence, it can be concluded that reduction is catalyzed only due to AgNPs in 
Agnano-PEDOT/PSS- nanocomposite. 

CONCLUSION 
We reported one-pot synthesis of stable Agnano-PEDOT/PSS- nanocompo-

site using EDOT as reductant for AgNO3 and PSS  was a particle stabilizer for 
AgNPs as well as dopant for PEDOT. The prepared composite was character-
ized by UV-vis spectrum, XRD, IR and TEM. TEM studies revealed that the 
in-situ occurrence of monomer polymerization and metallic ion reduction 
should be more beneficial to the formation of well dispersed and narrow size-
distributed nanoparticles. It also reveals that AgNPs distributed uniformly 
around polymer with an average particle diameter of 10-15 nm. The Agnano-
PEDOT/PSS- nanocomposite was tested for catalytic activity towards reduction 
of 4-nitrophenol in presence of excess of NaBH4.  
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ABSTRACT 
Composite coatings of titanium powder were deposited on aluminium samples by 

using the cumulative-detonation equipment. Consumption of fuel mixture components 
(propane-oxygen-air) was up to 4.3 m3 per kilo of a coating. The coatings were exam-
ined by scanning electron microscopy (SEM), transmission electron microscopy (TEM) 
with diffraction, X-ray phase analysis, hardness measurements, as well as plasticity and 
adhesion/cohesion resistance scratch tests. It is shown that the coatings are characterised 
by the presence of nanodispersed ceramic formations, and feature high values of plas-
ticity, hardness and adhesion strength.  

 
Key words: cumulative-detonation equipment,nanocomposite, coating, hardness, 

nanodispersed ceramic.  
 

INTRODUCTION 
Wear and corrosion of the aluminium skin of aircraft begin as early as af-

ter two years of operation under severe climatic conditions, despite the use of 
the most advanced protection methods [1]. The applied protective coatings 
should be guarded against mechanical damages, scratches, nicks, etc. The 
points of damages, as well as zones affected by exhaust engine gases, acid 
vapours and other aggressive environments may act as centres of initiation of 
corrosion, which particularly actively develops in locations of accumulation of 
moisture and dirt [2]. In this connection, development of wear- and corrosion-
resistant coatings to be applied to the surface of the aircraft skin is an issue of 
primary importance. The challenge now is to protect surfaces of the aluminium 
parts under the most severe atmospheric conditions for a term of not less than 
6-8 years [1-2].  

In view of high physical-mechanical properties of titanium and its com-
pounds, it is of interest to deposit a coating of titanium-base composite materi-
als on aluminium. A thin layer of the titanium-base coating will have no sub-
stantial effect on weight of a structure. While applying the coating, it is neces-
sary to take into account that aluminium structures operate under cyclic loading 
conditions. This imposes increased requirements not only to strength and adhe-
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sion of the coating to the aluminium substrate, but also to the probability of its 
weakening in realisation of the technology. 

At present the titanium coatings are produced by plasma spraying of wire 
VT1-0. The coatings are porous and have low adhesion. The maximal values of 
adhesion (up to 80 MPa) are achieved at a substrate temperature of 500 oC. The 
substrates are made from alloys VT6 and VT 20 [3]. Much work is underway 
now on using upgraded HVOF [4, 5], as well as a helium jet under a pressure of 
24 atm. and temperature of 450-550 oC [6], or a nitrogen jet under a pressure of 
30 atm. and temperature of up to 600 oC  [7].  The  titanium  coatings  are  pro-
duced by using plasmatrons [8]. It can be noted that all the coatings are porous, 
their adhesion strength is not in excess of 30 – 50 MPa, and they comprise local 
phases with hardness of HV 700 - 1500. These phases contain nitrogen, oxygen 
and carbon. 

The purpose of this study is to develop a power-saving technology and 
equipment for deposition of protective titanium powder coatings on surfaces of 
aluminium parts. The main problem is to provide a high adhesion to the sub-
strate and eliminate loss in strength of the aluminium part surfaces.  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The power-saving cumulative-detonation device for deposition of titanium 

powder coatings was developed to address the above problem. The device pro-
vides a high velocity of the powder materials (> 800 m/s) without its overheat-
ing. Because of a high kinetic energy, the powder material is deformed and 
diluted with the surface layer of the aluminium substrate. This allows formation 
of thin coatings and hardening of the aluminium layer under a coating. 

The device provides formation of quality coatings at a 20 times lower 
consumption of power and 5-10 times lower consumption of fuel gas mixture 
components, compared with known HVOF devices [9]. 

An essential difference of the cumulative-detonation device from the det-
onation one is that it combines the energy from several, specially profiled deto-
nation chambers. This provides an efficient energy transfer to the powder mate-
rials. In addition, it is characterised by a wide possibility of controlling the 
velocity and temperature of the powder materials. The device operates at a 
frequency of up to 30 Hz, this allowing the use of standard powder and gas 
control devices, simplification of the equipment, reduction of its price, and 
improvement of its operational reliability. 

The cumulative-detonation technology is of a pulse character. This makes 
it possible to form coatings from a small distance (10-60 mm) in a shielding gas 
atmosphere. As a result, oxidation and losses of spraying materials are reduced. 
The titanium powder utilisation factor in deposition of coatings is 85 - 90 %. 
The velocity of the powder material is 800 – 900 m/s. 

The coating was deposited under conditions given in Table 1. 
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Table 1– Flow rate of gas and consumption of powder in cumulative-detonation 
device per kilo of a coating 

 
The distance from the nozzle section to a specimen was 30 mm. Speci-

mens of an alloy consisting of Al as a base, 0.3 % Mn and 8 % Mg were used 
as a substrate. A uniform coating 130 m thick was deposited on the specimen 
surface.  

The coating was deposited by using the Sumitomo Titanium Corp. titani-
um powder. As shown by the investigation results, the powder particles were 1 
to 50 m in size, and the powder consisted of 100 wt. % Ti (Fig. 1). 

 

      
a)                                                      b) 

Fig. 1– a) Morphology and (b) elemental composition (energy dispersive spectrum) of 
titanium powder 

 
Examinations of the powder were carried out by using electron ion micro-

scope Quanta 200 3D equipped with integrated microanalysis system Pegasus 
2000. 

Local phase and diffraction analysis of the titanium coating was conduct-
ed by using transmission electron field emission microscope Tecnai G2 20F S-
T (FEI) with microdiffraction and X-ray powder diffractometer ARL X’TRA, 
providing integrated information on a layer of several microns thick. X-ray 
diffraction analysis of the coating was carried out in the pseudo-parallel beam 
mode in an angle range of 18 - 85o2 . 

RESULTS AND DISCUSSION 
Examinations of elemental composition of the coating were carried out at 

a  depth  of  several  microns  from  the  surface.  The  resulting  spectra  show  the  
presence of oxygen, aluminium, titanium and carbon in the coating (Fig. 2). 

Expenditure 
Ti, 

Kg/h 
3 8+ 2, m3 3 8 2 Air GO2/GC3H8 

m3/h m3/h m3/h 
1,1 2,84 0,536 2,303 1,466 4,84 
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The coating is 130 m thick,  which is commensurable with diameter of the 
coarsest titanium particles equal to 45.48 m (see Fig. 1). It can be assumed 
that the titanium particles, upon colliding with the substrate, deform its surface  

layer to form aluminium splashes, which are localised in the coating, thus 
providing the aluminium content of the coating equal to 0.58 wt. % (Fig. 2). 

 

 
Fig. 2– Appearance of surface and elemental 

composition of titanium coating 
 
As shown by examinations of microstructure and elemental composition 

of transverse section of a coated sample (Fig. 3), the coating is uniform and 
dense, and has a good adhesion to the substrate. The bulk of the coating materi-
al is deformed and closely packed. However, coarse inclusions in the form of 
non-deformed discrete particles are detected (see Fig. 3). 

Qualitative evaluation of the coating to basemetal adhesion strength, ac-
cording to GOST 9.304-87, showed that adhesion corresponded to a maximal 
point – 1. Moisture absorption by the coating was 0.90 mg/cm2 (GOST 4650-
80, method A), which corresponded to porosity below 1 %. 

Titanium has low thermal conductivity (22.07 W/mK), which hampers 
heating and deforming it in formation of a coating. It is likely that coarse parti-
cles (> 30 m) were not heated and, despite a high kinetic energy, were de-
formed only slightly. At the same time, they hardened the substrate material 
and consolidated the underlying coating layers.  

 

     
Fig. 3– Microstructure of transverse section of coated sample. 

 Wt %/ At % 
Ti 62,6/ 34,5 
Al 0,5 /0,5 
O 27,3/ 44,3 

 9,4/20,5 
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The analysis performed allows a conclusion that the fine powder particles 
were heated and deformed to a state of fine lamellae, and that they filled up the 
spacings between the coarse particles to form a dense coating (see Fig. 3). 
Thickness of the lamellae in the coating was 100-1000 nm.  

Investigation of the coating to substrate adhesion zone showed that the 
visible interface was free from defects. The mixed structure consisting of coat-
ing islands in aluminium, having different shapes and sizes, can be clearly seen 
in the titanium and aluminium contact zone (Fig. 4, Table 2). Part of the pow-
der material (titanium) penetrated deep into the substrate material to form a 
strong bond with it. 

Table 2– Analysis of elemental composition of coating and substrate, see Figure4a 

Point Wt % / At % 
Ti Al O Mn Mg 

1 99,1/ 98,4 0,8/ 1,5 - - - 
2 74,6/ 51,3 2,5/ 1,5 22,8/ 47,1 - - 
3 - 92,3/91,9 - 0,7/ 0,3 6,9/ 7,7 

 
Analysis of elemental composition of regions adjoining the interface be-

tween the coating and substrate showed the presence of titanium and up to 
0.86 wt. % aluminium at point 1 (see Fig. 4). 

Point 2 is an interface between the coating material and substrate. This re-
gion formed as a result of interaction of heated titanium, working gas compo-
nents and substrate material. The analysis results prove the presence of the 
substrate and coating materials in the transition region. This region contains 
oxygen, titanium and aluminium. Region 3 contains aluminium and aluminium 
alloying elements, i.e. magnesium and manganese. The investigation conducted 
confirms the hypothesis of dilution of the coating material, i.e. titanium, with 
the substrate material, i.e. aluminium. It was established that hardness of the 
fine lamellae in the coating was HV0.01 1595, this being 2 - 3 times higher than 
that of the aluminium substrate material (point 2 and coarse titanium particles, 
Fig. 5).  

a)                                                       b) 
Fig. 4– Microstructure of titanium coating on aluminium: a – points of measuring ele-

mental composition; b – analysis of elemental composition of coating and substrate 
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A titanium particle with maximum size of 40 m can be seen in the Fig-

ure. This particle has hardness HV0.01 346. Hardness of the material at the inter-
face is HV0.01 303. And hardness of the aluminium substrate under the coating 
varies to a depth of 100 m  from  HV0.01 190  to  an  average  hardness  of  the  
sample material equal to HV0.01 160 (Fig. 6). 

Local phase and structure analysis of the coating material showed that la-
mellae in the coating consisted of the dislocation-free titanium nanocrystalline 
grains 30 nm in size, separated by interlayers of the amorphous phase (C, Al) 
(Fig. 7a), and titanium oxide crystalline grains with cubic lattice (Fig. 7b).This 
is confirmed by results of X-ray phase and diffraction analysis of the coating 
(Fig. 8). 

The phase analysis shows that the main phase in the coating layer is Ti 
with face-centred close-packed structure (a = 2.965 Å). The presence of other 
phases was determined from reflexes in an angle range of 10 to 40o(see Fig. 8).  

Some lines are overlapped in this range, which makes the phase analysis 
more difficult to conduct. The distinguished interplanarspacings calculated 
from reflexes make it possible to identify the following phases in the coating: 
TiC with cubic lattice (a = 4.349 Å), and TiO with cubic lattice (a = 4.027 Å). 

Complex phases in interplanarspacings have an amorphous structure, 
which is proved by the transmission electron microscopy results. This structure 
could be caused by a high-temperature cycle in formation of the coating [10-
11]. 

Therefore, it can be assumed that the values of hardness in a layer at the 
interface with the substrate and in fine lamellae of the coating are attributable to 
the absence of dislocations inside the crystalline grains and ratio of the volume 
contents of nanocrystalline to amorphous phases of metallic and non-metallic 
titanium compounds. 

Strength of intermediate and near-interface layers leads to increase of de-
formation resistance of the coating.  

  
Fig. 5– Structure and hardness HV0.01: 
1595 of fine lamellae, 346 of titanium 

particles, 303 of interfac 

Fig. 6– Hardness of aluminium substrate 
layer 
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The absence of dis-
locations inside the crys-
talline grains leads to 
increase in elasticity and, 
at the same time, in plas-
ticity of the coatings. It 
was detected for the first 
time ever [12], as far back 
as 20 - 25 years ago, that 
ceramic materials of tita-
nium oxides acquire su-
perplastic properties at 
room temperature at the 
characteristic sizes of 
crystals equal to several 
nanometres.  

Plasticity of the 
coating material is con-
firmed by investigations 
of adhesion/cohesion 
strength using scratch 
tester REVETEST (CSM 
Instrumens) [12 - 13]. 
The similar procedure 
was employed to deter-
mine adhesion and cohe-
sion of thermal spray 
nickel-base coatings [14]. 
The device made scratch-
es on the coatings with a 

spherical diamond indenter of the “Rockwell C” type with a rounding radius of 
200 m at a continuously growing load in a range of 0.9-200 N. Physical pa-
rameters, such as acoustic emission, friction coefficient and indenter penetra-
tion depth, were fixed. Minimal (critical) load Lc, which led to fracture of the 
coatings, was determined as a result. Conditionally, the process of fracture of 
the  coating  in  scratching  can  be  subdivided  into  five  stages  (Fig. 9). The in-
denter  monotonously  penetrates  into  the  coating  within  a  load  range  of  0.9  to  
8 N: the friction coefficient increases but very slightly, and the acoustic emis-
sion  signals  remain  unchanged.  Under  a  load  of  8  N  the  indenter  completely  
penetrates into the coating. The diamond indenter slides over the coating at a 
friction coefficient of 0.65 - 0.55. 

a) 

b) 
Fig. 7– Diffraction PEM photographs of material of 

lamellae in coating: a – amorphous phases (C, Ti, Al); 
b – titanium oxide crystalline grains with cubic lattice 

 
Fig. 8– Region of diffraction pattern of titanium pow-

der coating 
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Further movement 
of the indenter and 
increasing of load 
(49.6 - 60.6 N) cause 
expulsion of the coating 
material ahead of the 
indenter in the form of 
humps and increase of 
the indenter penetration 
depth (stage I). Over-
coming of humps by the 
indenter is accompanied 
by  growth  of  the  fric-

tion coefficient (up to 0.7) and formation of acoustic emission peaks (see 
Fig. 9).  

Sudden change in the indenter penetration depth ( ~ 120 m) and friction 
coefficient (0.8) occurs at a load in the 60.6 – 78.5 N range (stage II), this being 
caused by pushing off of the coating material and deformation of the substrate. 
Thickness of the coating was 130 m (see Fig. 3a).  

Increasing the load to more than 78.5 N (stage III) leads to impression of 
the  coating  material  into  the  substrate  and  sliding  of  the  indenter  over  the  
groove bottom into the coating without a change in its penetration depth (no 
variations in the acoustic emission signals were fixed).  

As the load is increased, the coating is impressed into the substrate mate-
rial (stage IV), which is accompanied by formation of herring-bone (transverse) 
cracks on the groove bottom and intensive cohesive destruction of the coating 
material (load – 93.4 N). Increasing the load from 112.5 to 184.3 N (stage V) at 
monotonous sliding of the indenter causes plastic deformation of the coating, 
thinning and impressing it into the substrate material. 

The almost complete absence of peaks on the acoustic emission curve 
confirms plasticity of the coating and its deformation without cracks and de-
laminations.  

The  loss  of  the  coating  to  substrate  adhesion  strength  was  fixed  from  a  
dramatic increase in the indenter penetration depth ( ~ 160 m), a small jump 
of the acoustic emission signals and elemental analysis of traces of deformation 
by the diamond indenter under a load of 184.3 N (Fig. 10).The elemental analy-
sis of a trace of deformation showed that the groove bottom comprised regions 
with a titanium content of up to 9.4 wt. %, and regions where the coating was 
impressed into the substrate material and which contained up to 97.6 wt. % Ti 
(Table 3). 

 
 

 
Fig. 9– Dependences of acoustic emission (AE), friction 
coefficient ( ) and indenter penetration depth (PD) on 

applied load in scratch tests 
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Table 3– The elemental analysis 
 

Point 
Wt % / At % 

Ti Al Mg 
1 9,4/ 5,5 84/ 87,1 6,5/ 7,4 
2 97/ 95,6 1,7/ 3,1 0,7/ 1,3 

 
Therefore, the loss of the cohesion strength of the coating at a load on the 

indenter equal to 93 N, and the loss of the coating to substrate adhesion strength 
at a load of 184.3 N were fixed. The coating adhesion strength can be estimated 
from the formula [13] used for vacuum coatings: 

 2/1)(2/ DdL  (1) 
Where L  is the load on the indenter, N;  is the groove width, m; D  

is the diameter of the spherical diamond indenter, m and d  is  the  scratch  
depth, m. The experiment on evaluation of the coating adhesion strength was 
carried out by scratching the coating under constant load L = 190 N. The 
groove with mean width  = 677 m was formed as a result. The scratch had 
depth d  = 160 m, which is more than the coating thickness. 

CONCLUSIONS 
The cumulative detonation technology and equipment provide deposition 

of coatings from titanium powder (particle size 5 – 50 m) on aluminium at a 
deposition efficiency of 1 kg per hour and consumption of fuel mixture compo-
nents equal to 3.5 m3 per kilo of a coating.  

As shown by the investigations, the coatings consist of deformed particles 
of titanium and compounds of titanium with oxygen and carbon. These materi-
als have either amorphous or nanocrystalline structure, high plasticity and 
hardness of up to HV0.01 1595. 

It was noted that hardness of the aluminium substrate layer in formation of 
a coating increased to HV0.01 190, and then gradually decreased to HV0.01 160 at 
a depth of more than 100 m. 

Scratching of the coating surface with the diamond indenter resulted in 
cohesive fracture of the coating at a load of 93.4 N and adhesive fracture at a 
load of 185.3 N. The adhesive fracture has the mechanism of plastic pushing 
off and impression of the coating material into the aluminium substrate. No 
brittle fracture was observed.  

The coating had low porosity ( < 1 %) and high adhesion and cohesion 
strength.  It  can  be  used  to  protect  aluminium  structures  from  corrosion  and  
wear. 
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ABSTRACT 
Heterostructures TiN(001)/SiN/TiN(001) and TiN(001)/SiC/TiN(001), with one 

monolayer (ML) of interfacial SiN and SiC, respectively, inserted between five mono-
layer thick B1-TiN, were investigated using first-principles quantum molecular dynam-
ics (QMD) calculations. The temperature dependent QMD simulations at 300 K in 
combination with subsequent variable-cell structural relaxation revealed that the 
TiN(001)/SiN/TiN(001) interface exists as pseudomorphic B1-SiN layer only at 0 K, 
and as a superposition of distorted octahedral SiN6 and tetrahedral SiN4 units aligned 
along the (110) direction at a finite temperature. Thus, at 300 K, the interfacial layer is 
not epitaxial. Instead it consists of aggregates of the B1-SiN-like and Si3N4-like distort-
ed clusters. However, in the the TiN(001)/SiC/TiN(001) heterostructures, the interfacial 
layer  remains  epitaxial  B1-SiC  at  0  K  as  well  as  at  300  K,  with  only  a  small  shift  of  
nitrogen atoms on both sides of the interface towards the silicon atoms. A comparison 
with the results obtained by earlier "static" ab initio DFT calculations at 0 K shows the 
great advantage of the QMD calculations that allow us to reveal structural reconstruc-
tions caused by thermal activation. 

 
Key words: nanocomposite, interface, first-principles investigation, quantum mo-

lecular dynamics 
 
INTRODUCTION 
Large experience in the design of superhard nanocomposites and hetero-

structures, and understanding of their properties has been achieved during the 
last decade.  Among them, TiN/SiN nanocomposites represent the most studied 
system. They exhibit superhardness (40-100 GPa) combined with high thermal 
stability and oxidation resistance [1-5]. The strong increase of hardness as 
compared with pure TiN coatings (20-21 GPa) has been explained by the na-
nometer size, the randomly oriented TiN grains which prevent dislocation nu-
cleation and motion and 1 monolayer thick (1 ML) SiNx interfacial layer that is 
                                                
* e-mail: ivash@ipms.kiev.ua, tel: (+38)0443901135 tel: (+38)0501442687 
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strengthened by valence charge transfer which reduces grain boundary shear 
[6]. When the thickness of the SiNx layer increases above about 1 ML the hard-
ness enhancement decreases because of the weakening of the adjacent Ti-N 
bonds [7]. The 1 ML thick SiNx interfacial layer appears X-ray amorphous 
because of the random orientation of the TiN nanocrystals.  

The possibility of the formation of an epitaxial interfaces in TiN/SiNx het-
erostructures was considered in Ref. [8-13]. Hultman, Bareno, Flink et al. 
showed experimentally that the SiNx tissue can be crystalline provided its 
thickness does not exceed a few monolayers [9]. The investigations of the 
TiN(001)/SiN nanolaminates with the thicknesses of SiNx layers,  lSiN  <  9  Å  
showed that the SiNx layers were epitaxial cubic, but it became amorphous 
when lSiN exceeded > 9 Å [8]. Hu et al. [12] showed that SiNx, being amor-
phous in a thick monoblock film, formed a crystalline structure in TiN/ SiNx 
multilayers when the thickness of the SiNx layers was less than 7 Å because of 
the “template effect”. Iwamoto and Tanaka investigated the TiN/Si3N4 interface 
and found that the TiN nanocrystals extended along (0001) axis of Si3N4 with 
the (110) direction of TiN being parallel to the (0001) direction of Si3N4 [13]. 

Both the coherent and incoherent TiN/SiNx interfaces were widely inves-
tigated in the framework of different first-principles procedures [6,7,14-20]. It 
was shown that the epitaxial structure of the TiN(111)/B1-SiN and 
TiN(110)/B1-SiN interfaces was preserved after the structural relaxation under 
the periodic boundary conditions, whereas the TiN(001)/B1-SiN became stable 
only  after  a  distortion  of  the  Si-atoms  in  the  [110]  direction  by  about  12  %  
[6,7,14]. The topology of the semicoherent TiN(111)/ -Si3N4 interface was 
found to change by forming a plane containing Si-Si bonds which were lacking 
in  the  initial  structure  before  relaxation  [6].  Zhang et  al.  [15]  showed that  the  
(111) and (110) B1-SiN-like interfaces are stable, while the (001) fcc-SiN inter-
face is unstable against finite distortions. Later on, it was established that the 
distorted (001) and the undistorted (111) interface are also dynamically stable 
[16,17]. However, both interfaces are unstable with respect to formation of Si 
vacancies [17]. The stability of different TiN(111)/SiNx heterostructures includ-
ing the TiN(111)/Si3N4(10-10) interface was theoretically investigated in Refs. 
[18-20].  DFT calculations of various SiNx interface configurations between 
two ten-layer TiN(111) slabs showed that, for nitrogen-rich conditions, a so-
called -like (1×3)-Si2N3 structure involving tetrahedral N-Si-N bonding was 
most favorable, while for nitrogen-poor conditions a (1×1)-TiSi structure with 
octahedral Ti-Si-Ti bonding was preferred [19].  It was found also [19] that the 
Si-N bonds in the 1 ML thick -like Si2N3 interface are stronger than in the (10-
10) oriented bulk -Si3N4. 

It should be emphasized that all the above mentioned theoretical structural 
investigations on the TiN/SiN interfaces were done by means of geometry op-
timization at 0 K, and the TiN/SiC interfaces were not investigated at all. In the 
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present paper, we conduct a comparative study of the TiN(001)/SiN and 
TiN(001)/SiC interfaces using first-principles quantum molecular dynamics 
(QMD) simulations.  

COMPUTATATIONAL ASPECTS 
The present calculations were done using the first-principles pseudo-

potential DFT MD method as implemented in the quantum ESPRESSO code 
[21] with periodic boundary conditions. The generalized gradient approxima-
tion (GGA) of Perdew, Burke and Ernzerhof [22] has been used for the ex-
change-correlation energy and potential, and the Vanderbilt ultra-soft pseudo-
potentials were used to describe the electron-ion interaction [23].  In this ap-
proach, the orbitals are allowed to be as soft as possible in the core regions so 
that their plane-wave expansion converges rapidly [23]. The non-linear core 
corrections were taken into account as described in [21]. The criterion of con-
vergence for the total energy was 10-6 Ry/formula  unit.  To speed up the  con-
vergence,  each  eigenvalue  was  convoluted  with  a  Gaussian  of  a  width  of   =  
0.02 Ry. In molecular dynamics simulations only the  point was taken into 
account in the Brillouin zone (BZ) integration, and the cut-off energy for the 
plane-wave basis was set to 24 Ry.  

For calculations of the SiN (SiC)-based heterostructures, we considered 
(2×2×3) 96-atom supercells constructed of the 8-atom B1-TiN cubic unit cells. 
The interfacial SiN and SiC monolayers have been introduced by replacing Ti 
atoms with Si and C atoms, respectively, in the central lattice plane of the given 
supercell. All the heterostructures consist of the six parallel layers aligned per-
pendicularly the c-direction, and one of them is the Si- or C-based interfacial 
layer. 

All the initial structures were optimized by simultaneously relaxing the 
atomic basis vectors and the positions of atoms inside the unit cells using the 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [24]. The cut-off energy 
for the plane-wave basis Ecut = 30 Ry and the Monkhorst-Pack [25] (2 2 2) mesh 
(four k-points) were used. The relaxation of the atomic coordinates and of the 
unit cell was considered to be complete when the atomic forces were less than 
1.0 mRy/Bohr, the stresses were smaller than 0.05 GPa, and the total energy 
during the structural optimization iterative process was changing by less than 
0.1 mRy/unit cell. The optimized interfacial TiN/SiN and TiN/SiC structures at 
zero temperature are denoted as ZT-SiN and ZT-SiC, respectively. Those cal-
culated at 300 K ("low temperature") are denoted LT. The QMD optimization 
of the initial ZT heterostructures were carried out with fixed unit cell parame-
ters and volume (the "NVT ensemble", constant number of particles, volume 
and temperature) for 2.5-2.7 ps. The system temperature was kept constant by 
rescaling the velocity. After the QMD equilibration at 300 K, the geometry of 
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all the heterostructures was optimized using the BFGS algorithm for variable 
cell dynamics [24] under conditions described above. 

In large-supercell calculations, the chosen reduced energy cut-off and the 
mesh of k-points were used in order to spare computing time without compro-
mising accuracy. We have chosen them after having verified the accuracy of 
the lattice parameter a and bulk modulus B for TiN: For the 96-atom sample 
with Ecut = 24 Ry and the one k- point, we obtained a = 4.228 Å and B = 276 
GPa, whereas with Ecut = 30 Ry and the (2 2 2) mesh, the lattice constant and 
bulk modulus were 4.248 Å and 278 GPa, respectively, which is a very good 
agreement. For the 2-atom TiN cell with Ecut = 30 Ry and the (8 8 8) mesh, our 
calculated lattice constant was a = 4.249 Å and bulk modulus B = 273 GPa. The 
calculated lattice constants are close to the experimental value of 4.24 Å and 
comparable with other theoretical results of 4.239-4.275 Å [26]. The bulk mod-
uli are consistent with the experimental and theoretical values of 264-326 GPa 
[26]. We compared also the total energy of pure TiN obtained for the 96-atom 
unit cell with Ecut =30 Ry and (2 2 2) mesh with 2-atom cell, Ecut = 30 Ry and 
the (8 8 8) mesh. The total energy difference was only about 0.3 mRy/formula 
unit. 

The structural optimizations were carried out for the equilibrated struc-
tures. We have controlled the variation of total energy during each QMD time 
step. During the initial 1 to 1.5 ps, all structures reached closely their equilibri-
um state and, afterwards, the total energy of the equilibrated structures varied 
only slightly around the constant equilibrium value with a small amplitude of 
0.37 mRy/atom. We have verified the convergence of the final relaxed structure 
in dependence on the simulation time and the total energy of an equilibrated 
structure by choosing two SiN-based heterostructures at the later stages of sim-
ulation with simulation time and total energy differences of 0.2 ps and 0.74 
mRy/atom, respectively. Their pair correlation functions and atomic configura-
tions practically coincided, and the total energy difference was only about 0.27 
mRy/unit cell. This shows that the resultant relaxed structures are only very 
weakly sensitive to structural changes during the last stage of the QMD simula-
tion.     

We have also carried out QMD calculations using a smaller cell of 64 at-
oms and obtained essentially the same results to be reported below for the large 
cell  of  96  atoms.  Thus,  the  96-atom unit  cells  are  quite  appropriate  for  QMD 
simulations of the TiN/1 ML SiN/TiN and TiN/1ML SiC/TiN heterostructures.         

RESULTS AND DISCUSSION 
Before the discussion of the computed results, a brief remark should be 

made: In order to simulate the interface structures it were appropriate to model 
the sequential deposition of the TiN and SiN layers. However, a very large 
scale MD simulation had to be used in such case, which it is impossible in the 
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framework of a first-principles procedure. Such large-scale simulations could 
be carried out using reliable empirical potentials, which are however lacking 
for the Ti-Si-C-N system. Therefore, we considered the evolution of the given 
structure of the epitaxial B1-SiN and B1-SiC layers between the B1-TiN layers 
at a finite temperature, which enabled us to analyze the atomic configurations 
of the interfaces and their stability as function of temperature.  

First we performed geometry optimization of the initial epitaxial hetero-
structures at zero temperature. The epitaxial arrangement was found to be pre-
served for all interfaces. Figure 1 shows the atomic configurations of the 
TiN(001)/SiN/TiN(001) and TiN(001)/SiC/TiN(001) heterostructures after 
initial optimization (ZT) and after QMD simulations at 300 K with subsequent 
variable-cell structural relaxation (LT). Figure 2 shows the arrangement of the 
atoms located on the interfacial planes. A visual inspection of the atomic con-
figurations allows the following conclusions. For the SiN-based interfaces, we 
note significant changes in the atomic arrangement induced by thermal motion 
of the interfacial atoms. The atomic redistribution occurs mostly at the interfac-
es. We also note the symmetrical shift of the N atoms toward the interfacial 
layer due to the higher electronegativity of Si as compared with Ti. The shifts 
of  the  Si  atoms within  the  interface  lead  to  a  loss  of  part  of  the  bonds  of  the  
original fcc-like structure. Most remarkable is the formation of the SiN4 and 
NSi6 units aligned along the (110) direction (cf. Fig. 2).   

The thermal energy supplied to the TiN(001)/SiN heterostructure at 300 K 
is sufficient for the formation of the new Si3N4-like fragments at the interface. 
Thus, the TiN(001)/SiN/TiN(001) interface exists as pseudomorphic B1-SiN 
layer only at 0 K, but as a superposition of distorted octahedral SiN6 and tetra-
hedral SiN4 units aligned along the (110) direction at the finite temperature.   

 
Fig. 1. (Color online) Atomic configuration of the zero- and low-temperature TiN/1 ML 
SiN (SiC)/TiN heterostructures (see text), which were calculated using the Si-N, Si-C 

and Ti-N bond length cutoffs of 2.5 Å 
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Fig. 2. (Color online) Atomic configurations in and around the interfacial planes, which 
were calculated using the Si-N and SiC bond length cutoff of 2.5 Å. The light-colored 

small and large symbols are the carbon and four-fold coordinated Si atoms, respectively. 
 
We see that the TiN(001)/SiC/TiN(001) interface preserves the epitaxial 

structure at both 0 K and 300 K. This interface represents the B1-SiC layer, and 
the Si atoms form the bonds with the nitrogen atoms at the neighboring layers 
that are slightly shorter compared to the Si-C bonds at the interface.  

In Fig.  3 we show the pair correlation function of the low-temperature 
heterostructures. One can see that the Ti-N network is preserved in both hetero-
structures, although, in the LT-SiN, it is more distorted than in the LT-SiC. The 
shift of Si atoms within the LT-SiN interface leads to shortening of the Ti-Si 
distances, which reflects the strengthening of the Ti-Si interaction. These inter-
actions are seen in the PCF as the peak of the Ti-Si nearest neighbor correla-
tions at 2.75-2.82 Å. These values compare with the experimental Ti-Si bond 
lengths of 2.54-2.76 Å found for TiSi2 (space group Fddd, No. 70, X-ray pow-
der diffraction file [065-2522]). In the case of the LT-SiC interface, such inter-
actions were not found (cf. Fig. 3).          

Very interesting is the PCF for the Si-Si bonds and distances. As one can 
see in Fig. 3, there is one peak at distance of about 3  in the LT-SiC that cor-
responds to the nearest neighbor (Si-Si) correlations in the interfaces. Because 
this interface is stable, there is no noticeable difference between the ZT and LT 
case (cf. Fig. 1). In contrast, this peak splits into several shoulders in the case of 
the LT-SiN interface due to the random distortion as discussed above. This 
splitting is characterized by an appearance of a new peak at about 2.7 , which 
corresponds to the weak Si-Si bonds. This can be understood on the basis of 
thermodynamic instability of SiN which, in the case of closed system as simu-
lated by the QMD, should decompose according to 4SiN  Si3N4 + Si with a 
high Gibbs free energy of the reaction of -136.3 kJ/mol of atoms [27]. Obvious-
ly, there is a kinetic activation barrier for this reaction to occur at room temper-
ature. Therefore this PCF peak is located at longer distances compared with the 
Si-Si bond length in crystalline and amorphous silicon (2.35 ). Because the Si-
N bond length of 1.75Å in -Si3N4 is much shorter than the Ti-N bond length of 
2.12 Å in pure TiN, there is a tensile misfit stress within the interfaces. 
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This stress and the tendency of 
silicon to attain its four-fold coordi-
nation to nitrogen as in Si3N4, which 
is the most stable configuration in 
the Si-N system, are the main fac-
tors that cause the reconstruction of 
the  epitaxial  layers.  Figure  3  shows 
that the Si-N bonds are shorter than 
the Ti-N bonds in all heterostruc-
tures,  and  this  tendency  to  shorten-
ing is more pronounced for the LT-
SiN interface. For this interface, the 
one-peak Si-N nearest neighbor 
correlation with the elongated Si-N 
bonds around 1.85 Å is seen. An 
inspection of the atomic arrange-
ment and the PCF for the LT-SiN 
clearly shows that the bond lengths 
of 1.76-1.85 Å correspond to the Si-
N bonds in the distorted -Si3N4–
like units, whereas the peak located 
at higher distances corresponds to 

the Si-N bond lengths in the SiN6 units. The shortening of the Si-N bonds caus-
es an elongation of the Ti-N ones: the average length of the Ti-N bonds adja-
cent to the interfacial LT-SiN layer is 2.206 Å.  The average length of the Ti-N 
bonds between the next neighbor planes parallel to the LT-SiN interface is 
about 2.07 Å. Thus, the broadening of the PCF peaks of the Ti-N next-near 
neighbor  peaks  seen  in  Fig.  3  is  due  to  this  bond  length  distribution.  For  the  
LT-SiC, the lengths of bonds change in the Si-N-Ti-N chain along the c-axis as 
2.03, 2.217, 2.150 Å, and in the C-Ti-N-Ti chain as 2.167, 2.120, 2.110 Å, 
respectively.  

CONCLUSIONS 
We performed first-principles quantum molecular dynamics calculations 

of the TiN(001)/B1-SiN/TiN(001) and TiN(001)/B1-SiC/TiN(001) heterostruc-
tures in order to clarify the interfacial layer stability at finite temperature. It was 
shown that the 1ML SiN heteroepitaxial layers were preserved during the struc-
tural optimization at 0 K in agreement with the earlier "static" DFT calculations 
of Zhang et al. However, when equilibrated at 300 K, the B1-SiN(001) inter-
face reconstructed to an over-coordinated a-SiN-like structure. The interface 
consist of the distorted octahedral SiN6 and tetrahedral SiN4–like units aligned 
along the (110) direction. In contrast, the SiC(001) interface was stable at 0 K 

 
Fig. 3. Partial pair correlation function of 
the LT-SiN (upper curves) and LT-SiC 

(low curves) heterostructures 
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as well as after heating to 300 K, showing only small distortions of the atoms 
from their fully symmetric position but preserving the local coordination. An 
increase of the Ti-N interplanar bond lengths near the interfaces has been found 
for the SiN interface associated with a shortening the Si-N bonds after interface 
reconstruction, in agreement with the Friedel-like oscillations reported by 
Zhang et al. in their DFT calculations at 0 K. Such Friedel-like oscillations are 
absent in the SiC-based heterostructures.  
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ABSTRACT 
In the present study, the effect of two organic solvents, metanol and pentanol, on 

the deposition pattern of electrophoretically deposited TiO2 nano-particles was investi-
gated. Characterization of the obtained layer by scanning electron microscope (SEM) 
and optical microscope (OM) showed that a non-uniform porous layer was obtained 
when using methanol,  however, a deposition from the TiO2/pentanol cell resulted in the 
formation of a relatively uniform microstructure. The difference between deposited 
layers was attributed to considerably high deposition rate of TiO2 nano-particles in 
methanol as well as the formation of large aggregates within the medium over time. 

 
Key words: electrophoretic deposition, uniform layer, methanol, pentanol 
 

INTRODUCTION 
The electrophoretic deposition has recently become one of the most prom-

ising techniques for producing thin and thick ceramic layers for both experi-
mental and industrial applications. In EPD process, charged ceramic particles 
dispersed in a liquid medium migrate towards an electrode of the opposite 
charge and consequently get deposited there under the influence of a DC elec-
tric field. The process has advantages such as simple apparatus, low process 
costs, uniformity of the deposited layer, short formation time and etc [1,2]. In 
general, non-aqueous liquids are preferred to water as the suspending medium, 
because it eliminates the electrode reaction and gas evolution commonly en-
countered due to electrolysis of water on application of electric field [3]. How-
ever, as previously reported by Panigrahi et al. [3], different deposition micro-
structures are obtained from different organic media. In this paper, considering 
the numerous applications of TiO2 films in photocatalysis, gas sensors, organic 
light emitting diodes and dye sensitized solar cells, the effect of two organic 
solvents, methanol and pentanol, onthe microstructure of the electrophoretically 
deposited TiO2 films has been investigated.  
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METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The organic solvents used in this study were purchased from Merck and 

used without further purification. Two suspensions of TiO2nano-particles (De-
gussa P25) in methanol and pentanol with a concentration of  2 and 4 
g/lit,repectivley,  were prepared. Each suspension was first magnetically stirred 
for 24 h at 25 °C at the rate of 400 rpm and then sonicated for 15 min. The EPD 
set-up consisted of two copper electrode ( 2.5 × 1.5 cm) positioned at a distance 
of about 1cm and connected to a DC power supply. In order to evaluate the rate 
of deposition in each medium, deposition was carried out in different time in-
tervals of 30, 60, 90, 120, 150 and 180 s atconstant applied voltage of 50 V. 

In order to analyze the deposition pattern of the obtained layers, scanning 
electron microscope (Hitachi.S4160) was used. Also, the quantitative analysis 
of the thickness of the obtained deposit was explored using optical microscope 
(OM) BX61.  

RESULTS AND DISCUSSION 
In order to investigate the kinetic of deposition within the two organic 

media, the variation of deposition yield as a function of time was studied.The 
obtained results which are illustrated in Fig.  1, basically support Hamaker's 
linear model of the EPD described by the following equation [4]: 

 

 M EtSC  (1) 
 

The quantitative analysis over the thickness  was carried out by optical 
microscope (cross section). The deposition time needed to obtain a thickness of 
about 7 µm is 20 and 160 secondsin methanol and pentanol suspention , respec-
tively. It indicates that the electrophoretic deposition rate in methanol suspen-
tion is eight times higher than that in pentanol suspention. 

 

 
Fig. 1 – Deposition weight as a function of deposition time 
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Fig. 2 – SEM images of nanocrystalline TiO2 films formed in methanol (left)  &  

pentanol (right). 
 

     
Fig. 3 – Optical microscope images ( cross section) of TiO2 films in methanol 

suspention (left, 7.9 m thickness) and pentanol suspention (right, 7.05 m thickness) 

According to the Smoluchowski’s equation [2], the electrophoretic mobili-
ty of the suspended particles depends linearly on the dielectric constant of the 
fluid and the zeta potential and is inversely proportional to the fluid viscosity. 
According to the presented data in Table 1, methanol is a less viscous medium 
with relatively higher dissociation power than pentanol, hence, the particles 
mobility in methanol is expected to be greatert than in pentanol which would 
result in a higher deposition rate.  

 
Table 1 –Properties of the organic solvents [6]. 

Property Methanol Pentanol 
Dielectric constant 32.6 13.9 
Viscosity (mPa.s) o.6 4 
Conductivity ( S/cm) 3.4 0.2 

 
From Fig. 1, the average deposition rates for methanol and pentanol were 

derived to be 78 and 12 micrograms per second, respectively. 
Although the effect of electrophoresis parameters such as voltage on dep-

osition pattern has been studied by many researchers, few papers have focused 
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on different microstructures and deposition rates obtained at different organic 
media. In present study, we did not measure the mobility, however, the signifi-
cant difference observed in deposition rates and suspension conductivities ob-
viously indicate a higher electrophoretic mobility for TiO2nano-particles in 
methanol. At high deposition rates and low viscosities, the rapid attraction of 
suspended particles towards the oppositely charged electrode gives them little 
chance to be assembled in a close-packed structure. Panigrahi et al.reported 
high deposition rate and an uneven microstructure for doped ceria micro-
powder deposits formed in ethanol. In contrast, the deposition rate in butanol 
was small and smooth deposits were obtained. High rates of particles deposi-
tion result in the random assembly and consequently the formation of nonuni-
form films. However, at lower deposition rates, which is a result of lower elec-
trophoretic mobility and high viscosity, the particles have enough time to de-
posit on uncovered areas next to previously deposited particles to form a uni-
form structure. In addition, at low viscosities, large aggregates are formed over 
time due to frequent particles collisions and the inherent tendency of nano-
particles to reduce their surface energy through agglomeration. Thus, it is diffi-
cult for large aggregates to deposit in a closepacked structure and a non-
uniform microstructure would be obtained. 

CONCLUSIONS 
Electrophoretic deposition of TiO2nano-particles from methanol and pen-

tanol-based suspensionsresulted in the formation of different patterns. The layer 
obtained in methanol was characterized to be porous and non-uniform, howev-
er, deposition from the TiO2/pentanol cell resulted in the formation of arelative-
ly uniform microstructure. The difference is attributed to much higher deposi-
tion rate of TiO2nanoparticles in methanol as well as the formation of large 
aggregates within the medium over time. 
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ABSTRACT 
In the present study the methods of synthesis and characterization of metal nano-

particles structures of a given size and surface topology on the non-metallic surfaces are 
described. The main application of such particles can be selective heterogeneous cataly-
sis of chemical reactions or their usage as nucleus of growth centers for different 
nanostructures (tubes, whiskers, etc.). 

The formation of nanoparticles systems on the surface was carried out by two 
ways: by "thin cutoff plate" method and by vacuum annealing of ultrathin solid films. 
Metal was deposited on the substrate by thermal evaporation (deposition) in vacuum. 

Studies of the samples were carried out using the methods of Auger analysis and 
scanning electron microscopy. AES detects intense peaks of deposited metals with weak 
tungsten (the evaporator material), oxygen, carbon and the substrate material elements 
peaks  in  chemical  composition  of  the  films.  The  SEM  studies  reveal  the  presence  of  
well-defined islet metallic structures on the samples obtained by both methods. For 
vacuum annealing method a clear correlation between annealing and obtained structures 
parameters is demonstrated. 

 
Key words: nanoparticles, sputtering, substrates, metal, SEM, nanoislands. 
 

INTRODUCTION 
For the last few decades the world is confronted with acute problem of en-

ergy- and resource-saving. In this connection, special importance has the intro-
duction of nanotechnology in all fields of industry and everyday life [1]. The 
chemical industry is no exception. Particularly important here is usage of heter-
ogeneous solid nanocatalysts. Benefits of nanocatalyst to the classic one are the 
greater efficiency, fewer resources, the ability to selective catalysis. The use of 
such nanocatalysts is only limited by the high cost of technologies of their pro-
duction [2]. 

Thus the goal of this work was to develop a method of synthesis of metal 
nanoparticles systems of a given size and topology on non-metallic surfaces. 
The method should be cheap and easily reproducible for the application in 
large-scale production. 
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METHODS OF SAMPLES MANUFACTURING AND ANALYSIS 
The most known and rather cheap methods of metallic thin film formation 

are  the  methods  of  vacuum  evaporation  from  the  gas  phase.  In  our  work  we  
have used the method of thermal deposition of metal on the heated Si (111) 
substrate. 

For the formation of nano-sized (islet) structures in thin film coatings two 
methods were applied. The first "thin cutoff plate" method consists in creation 
of artificial barrier for sputtering metal (Fig. 1). 

As the barrier a thin 
cutoff plate located at an angle 
to the substrate was used. 
Because of non-point evapora-
tor and thermal diffusion of 
atoms  in  the  flow  a  part  of  
deposited material penetrate 
under the cutoff plate, forming 
a "half-shadow" zone. Thus 
the  surface  of  the  sample  was  

divided into two zones: a continuous metal film and the clean substrate surface. 
On the border of these two zones there was a transition region "half-shadow" 
zone  which  is  a  smooth  transition  between  the  continuous  film  and  lack  of  
deposited material. The structure of the half-shadow consists of the following 
specific areas (division is relative): continuous film, a film with open fields and 
channels, the structure of clusters with three-dimensional island formations, 
separated zones of nanoislands, nucleus structure. 

The second method of islet nanostructure formation is vacuum annealing 
of ultrathin continuous metal films previously obtained by vacuum deposition 
[3]. To study the correlation between annealing parameters and parameters of 
obtained structures series of ultrathin films samples under identical conditions 
were formed and then they were subjected to heat treatment under different 
conditions [4]. The initial film thickness for different series was 20 - 50 nm. 
The following features of nanostructures were studied: the chemical 
composition (Auger-electron analysis), the characteristic nanoislands size and 
their surface topology (Scanning electron microscopy). Annealing conditions 
differ by: maximum annealing temperature T (250 - 450 ), duration of 
treatment at the maximum temperature  (60 - 120 min.). 

RESULTS AND DISCUSSION 
The first method have showed the feasibility of metal nanoisland 

formations on the non-metallic surfaces. But he had a serious drawback. 
Nanoisland structures were located only a very narrow region of the half-
shadow, that is a useful area was much smaller than the total area of the sample. 

 
Fig. 1 – A scheme of “cutoff plate” metod 
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The second method essentially 
had no drawback of the first method, 
but in contrast, it requires precise 
thickness control of sputtered ultrathin 
films. 

Studies of samples by AES detect 
the presence of intense peaks of 
deposited metals and weak peaks of 
tungsten (the evaporator material), 
oxygen, carbon and the substrate 
material elements. 

SEM studies demonstrate a 
correlation between heat treatment 
regimes and samples structure, namely, 
the treatment time determines the 

degree of destructing of initial films, the annealing temperature have an effect 
on the number of nucleation centers of formed islands and as a consequence of 
their size (see fig.2 as an example). 

CONCLUSIONS 
Thus, the possibility of usage of low-cost vacuum deposition methods for 

formation of metal nanoparticles systems has been confirmed. SEM studies 
show the presence of similar structures on the samples produced by both meth-
ods. 

Study of the influence of vacuum heat treatment parameters on the struc-
ture of formed nanostructures shows a clear correlation between annealing time 
and degree of film separation, as well as between annealing temperature and the 
size of the islands. 
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Fig. 2 – SEM pattern of nanoislands 

structure (T=450oC, =120 min) 
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ABSTRACT 
The investigation of structurally-phase compositions and properties of the plasma 

detonation coatings on steel substrates is carried out. These coatings are produced from 
industrial powders on the basis Co-Cr (Russia standard). An “Impulse-6” plasma deto-
nation unit was used to form protective coatings 60 to 300 µm thick of powder alloys on 
construction steel (St3) substrate. Coatings are modified by pulse plasma jet at the SIMP 
(Ukraine).  

Experimental methods of analysis: AFM, TEM, SEM with WDS and EDS, XRD 
X-Ray Photoelectron Spectroscopy. The foils for TEM were prepared by Ar ion sputter 
etching method using the PIPS facility. The micro- and nano-hardness measurement, 
and wear tests have done.  

It has been proven that the plasma detonation coatings are a mixture of differently 
oriented nanograins in the size of 1-2 nanometers and  lamels  of intermetallic  phases in 
length to 50 nanometers. Coatings have differences in phase composition, in a micro-
structure and in microhardness on depth. It is established that the roughness of the modi-
fied coatings decreases in 4-5 times, wear resistance increases in 6 time, hardness in-
creases on the average by 15 %. 

 
Key words: plasma detonation coating, pulse plasma jet, nanoparticles, hardness, 

wear resistance  
 

INTRODUCTION 
The peculiarity of plasma-detonation method of depositing powder coat-

ings is the formation of reasonably heavy coatings (100-200 µm thick), as dis-
tinguished from PVD,  CVD and PED methods  that  form thin  films  on  a  sub-
strate. One of the main problems of plasma-jet deposited coatings is their po-
rosity, lack of homogeneity on account of poor agglomeration of powder parti-
cles, low adhesion to substrate. 

These result in insufficient corrosion and wear resistance of such coatings. 
The study [1] dealing with corrosion behavior of plasma sprayed metal and 
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metal-ceramic coatings on steel AISI 304L describes the coatings of 150 to 500 
µm. It states that the main reason for low corrosion resistance is high porosity 
of a coating. 

To eliminate drawbacks the coatings may be irradiated by electron jet in 
vacuum or re-treated by pulsed plasma jet on the surface without powder coat-
ing in air (duplex treatment).  In both cases we reach melting of the treated 
metal on the depth of the coating, and in most cases melting of the substrate 1-
2, sometimes 3 times the depth of the coating. 

Practical experience of the use of combined technologies of coating depo-
sition by plasma detonation with the following modification by e-beam or 
plasma jet allows to claim that the mechanical properties of such coatings of 
metals and alloys (micro and nanohardness, wear resistance, and corrosion 
resistance) are very high [2-5]. 

 based coatings, deposited by plasma detonation method, are not super 
hard; however their microhardness makes more than 5 GPa [3, 5]. It allows for 
hypothesizing nanostructure formation in them. Besides it is known that super 
hard PVD and CVD method deposited coatings may lose their properties a few 
hours after the coating deposition [6-9]. Plasma detonated coatings lack such 
drawback, and the conditions of their depositing: plasma jet temperature of a 
few thousand degrees Celsius, high speed of metal coatings’ particles (from 
600 to 1000 m/s [2]) in a plasma jet, short period of jet exposure (about 3 ms) 
justify for the formation of nanostructures and amorphous areas in them.  

It is known that amorphous or nanostructure states are especially effec-
tively received at high speed heating, pressure, and short exposure to high tem-
peratures [10].   The studies [11 - 14], which deal with the study of structure 
and properties of the coatings deposited by a plasma jet, note the formation of 
nanostructures in them after e-beam irradiation. 

However it has some problems with using of a duplex treatment. First, we 
should to clear perceive the structure-phase consist of coatings for the making 
of coatings with expected properties by duplex treatment. There are not enough 
publicized TEM-dates about structure-phase consist of coatings deposited by 
plasma detonation.  Second, in reason of more thickness of these coatings we 
shouldn’t indentify their properties with properties of coatings with analogy 
chemical consist but made of other methods. Third, we need to provide the 
choice of duplex treatment mode: the energy of plasma jet, current density, 
time of action on surface et al. Therefore we need of a model correct for a 
structure-phase consist of coating before duplex treatment. The setting of cer-
tainly modes could be used for the power-saving and automation of duplex 
treatment.  

The goal of the research is to empirically establish the structure-phase 
state and mechanical properties of the AN-35 (Russia Industrial Standard) 
powder composite coatings deposited on steel by plasma detonation.  On the 
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basis of the analysis of the experimental dates to offer the model of coatings’ 
consist. To establish the structure-phase and mechanical differences the coat-
ings before and after plasma treatment and to give recommendations for indus-
trial application of such coatings. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
An Impulse-6 plasma detonation unit  was used to form protective coat-

ings 80 to 300 µm thick of powder alloys on stainless steel 3 substrate (Fe – 
base, C - 0.25 %, Mn - 0,8 %, Si - 0,37 %, P < 0,045 %). For the coatings we 
used the -Cr based powder: AN-35 Co-based powder alloy with additives of 
Cr (8…32 %); Ni (  3%), Si (1,7…2,5%), Fe (  3%); C (1,3…1,7%) and W 
(4…5%). We used the powder with fractions from 56 to 260 µm in size. The 
substrates were 20x30 2 mm3 steel samples with the surface pre-treated by 
sandblasting. 

Plasma-detonation powder coatings were deposited in air using the fol-
lowing modes: the distance from the sample to the plasma jet nozzle edge – 60 
mm; sample travel speed – 360 mm/min; pulse frequency – more than 4 Hz; 
powder consumption – 21,6 g/min; capacitor bank – 800 µF. Pulse duration 
was 10-5 second. Propane, oxygen and air were used as combustible and orifice 
gases.  was selected as plasma-jet eroding electrode material.  

After cooling in the plasma-jet chamber, the samples were exposed to 
pulsed plasma jet in the melt mode (from 1 to 3 exposures). Plasma jet operat-
ing parameters were the same as at deposition, but with the pulse frequency 
equal to 2,5 Hz. The coatings was made and melting at at the Sumy Institute of 
Surface Modification (Sumy, Ukraine). 

Experimental methods of analysis: AFM by JSPM-5200  (“JEOL”, Ja-
pan), TEM by JEM-2100 (“JEOL”, Japan), SEM by JSM-6390LV (“JEOL”, 
Japan)  with  WDS  and  EDS  (“Oxford  Instruments”,  Great  Britain),  XRD  by  
X’Pert PRO (“PANalytical”, the Netherlands), X-Ray Photoelectron Spectros-
copy by SRV-1 spectrometer (“Technoanalyst”, Kazakhstan), metallography by 
Neophot-21 (“Carl Zeiss”, Germany). The foils for TEM were prepared by Ar 
ion sputter etching method using the PIPS facility (“Gatan”, USA). 

The micro- and nano-hardness measurement, wear tests have done.  
Microhartdness was measured with a PMT-3 microhardness meter (LO-

MO, Russia) with an indentation load of 2, 5, and 10 N.   
There have also been performed nano-hardness tests. The tests were con-

ducted with Berkovich triangular indenter on Nano Indentor II nano-hardness 
tester, (MTS Systems Corporation, Oak Ridge, USA). The accuracy of print 
depth measured ± 75 mN. To define nanohardness and elasticity modulus at the 
peak load on indenter there was used Oliver and Farr procedure [15]. 

Wearability was measured with a SMTS-2 (Ukraine) using a plane-
cylinder scheme in technical petroleum jelly. Wear rate was measured by mi-
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croweighing every 500 cycles; the total number of revolutions was 10 000. The 
length and width of the fret originating from the counter-object contact with the 
test sample was measured in relation to the number of counter-object revolu-
tions.  

For a more detailed analysis of the AN-35coating deposited by plasma 
detonation method, it was mechanically cut off the surface of the substrate to 
examine the structure and content from both sides (the side of the surface and 
the substrate). We used of data [16] to define the parameter of crystal-lattice t 
according to TEM-diffraction pattern. 

RESULTS AND DISCUSSION 
It has been proven that the plasma detonation coatings are a mixture of 

differently oriented nanograins in the size of 1-2 nanometers and lamels  of 
intermetallic  phases in length to 50 nanometers Figure 1 presents a TEM - 
images and microelektronogramme of the nanostructured AN-35 coating. 

Electronic diffraction microscopy of thin foils established that the middle 
part (in depth) of AN-35coating deposited by plasma detonation method onto 
the steel 3 substrate is a mixture of nanograins of varied orientation with sepa-
rate crystalline particles. We didn’t note ordering in distribution crystalline 
elements; their linear size varies from 30 nm (width) to 50 nm (length); the 
particles are unequiaxial. The morphology of new phase particles found in the 
coating suggests that it is cellular precipitation. The 0.8 r0.2   phase is distin-
guished in the form of lamels.  Lamels are structurally unhomogeneous to a Ni-
base and gleam in a dark field. Electron diffraction pattern of particles is typical 
for crystals different from ring electron-diffraction pattern of Co-base. Accord-
ing  to  the  data  of  the  XRD the  material  contains  a  Co-based fcc-lattice  phase  
with the matrix =3,543 Å (Table  1). In accordance with the estimated elec-
tron-diffraction pattern this parameter makes 3,5 Å. The volume ratio of micro-
crystallines in the coating material, as defined by TEM images, makes about 
20%. The XRD analysis results of d Co-Cr-based coating phase structure are 
presented in the Tables 1. After duplex treatment the coatings become multi-
phase. In Co-Cr-based-coated the Mo bcc-phase is formed (Table 1). 

The diffractograms reveal a great number of low-intensity peaks, which 
are supposedly connected to the formation in the process of fusion MoO2  
MoO3 Molybdenum oxide films on the surface of coatings. We are supposed 
that Mo was penetrated in coating from electrode.  

Coatings have differences in phase composition, in a microstructure and in 
microhardness on depth. It is established that the roughness of the modified 
coatings decreases in 4-5 times, wear resistance increases in 6 time, hardness 
increases on the average by 15 %. 

The nanohardness of the coating was specified as 8,7 hPa, and that of the 
substrate as about 3 GPa (substrate elasticity modulus makes about 210 GPa).  
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Fig. 1 – TEM - images the middle layer of AN-35 powder coating: nanoparticles (a), 
lameles of 0.8 r0.2  phase (b), electron diffraction pattern (c),  dark field, shot in point 

reflex (d)   
 

Table 1. XRD phase structure analysis of Co-Cr based coatings  
Material Phase Structure.  Chemical formula. Parameters (Å). 
AN-35 base powder  100 weight % - solid solution 

 - Co(hcp) + -Co(fcc) 
AN-35 plasma deto-
nated coating 

60 weight % - solid solution  -Co - Cubic,  Fm-3m   
 =3,545 

30 weight % -   0.8 r 0.2 ,  hexagonal,  P63/mmc ,  
 =2,52;  = 2,52  = 4,062 

5 weight % Fe Cr2 O4- Cubic,  Fm-3m ,  =8,3780  
5 weight % Ni Cr2 O4  - Cubic,  Fm-3m , =8,2990  

AN-35 coating treat-
ed by plasma jet at a 
depth of 45÷60 µm 

70 weight % - solid solution  -Co -  Cubic,  Fm-3m   
 =3,545 

20 weight % -  0.8 r 0.2 , hexagonal, P63/mmc,  
 =2,52;  = 2,52  = 4,062 

10 weight %  - Mo  Cubic,  Pm-3m   a=3,130 Å  
(atab Mo=3,147Å ) 

We hypothesize that the structure-phase pattern of Co-Cr based coatings 
deposited by the plasma-detonation method has common characteristics. We 
consider that the nanocrystalline pattern found AN-35 coating is distinctive for 
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all the coatings deposited by plasma detonation method, and partially character-
istic for the substrate layer next to the coating. One of the reasons is high micro 
structure defectiveness conditioned by the plasma jet impact action on the sur-
face  and steep  temperature  gradient  in  the  coating,  which  may lead  to  a  great  
deformation in a coating. As a result, in order to remove the strains in a coating 
there forms a substructure of nanograins of different crystal lattice orientation 
with high and continuous disorientation, which is proved by distinctive ring 
electron-diffraction patterns. When the foils in a goniometer are oriented ran-
domly, the characteristic of polycrystals features of diffraction contrast are 
absent, namely, the changes of its intensiveness on the boundaries, necessary 
for defining grain edges. We assume that we observe the pattern similar to a 
fragmented one, with fragment – nanograin – disorientation being analogous to 
the one of crystal polygonization.  The validation of this assumption for the 
coatings is some diffusion of the peaks and lowering of their intensiveness on 
the diffractograms.   

Due to considerable depth of the coating (150 µm) there is no problem of 
conjunction of high-duty and brittle surface film with the main material that 
possesses much lower strength and high plasticity. The process of deformation 
has a consistent structure rate on all the coating and the substrate intermediate 
layer.  We think that the structure-phase state of a coating is defined by the 
following factors: deformational impact of a plasma jet, temperature profile 
distribution in the coating material, and inhomogeneous concentration of ele-
ments in the coating.  

The fact of nanostructure formation in the coatings deposited by plasma 
detonation method is new, although it has been hypothesized before. The 
formed structures are stable at room temperature, no reduction of strength 
properties is observed. 

The structure-phase state of Co-Cr based coatings deposited by plasma-
detonation method and exposed to duplex treatment also has common charac-
teristics.  

First, forming multi-phase dense coatings with intermetallic strengthening 
compounds and increasing of Fe mass fraction in the coatings are typical for 
such coatings. We are supposed arising of deformations waves during impulse 
plasma treatment and penetration Fe from substrate in results of melting and 
interfusion.  

We indubitably stated the layered structure of the coatings deposited by 
the plasma detonation method. On the surface of the coatings is formed a thin 
layer  (not  more  than  5  µm) which  contains  oxides,  C,  or  carbides,  as  well  as  
phases with the elements of the coating, that are poorly soluble at high tempera-
tures (Cr in this case).  The new experimental results can be used for the model 
of  Co-Cr-base  coating  development.   This  model  will  be  used  as  base  for  the  
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estimate of temperature profiles under duplex treatment for the choice of its 
parameters.  

Second, smoothening of the surface relief and forming the microstructure 
with micrograins and high micro and nano hardness, and wearability are typical 
for such coatings. The microhardness increase in number 1 GPa in comparison 
with microhardness Co-Cr –base coating before duplex treatment. The interme-
diate layer depth 150 m with improved microhardness is formed. We are sup-
posed that main reasons of improvements of the properties after duplex treat-
ment are phase modifications and smoothening of rough coating surfaces and 
homogenization of coatings at melting by a plasma jet. 

CONCLUSIONS 
TEM and XRD allowed detecting the formation in the material of AN-35 

coating before duplex treatment nanocrystalline Co-based -phase. It has been 
proven that the plasma detonation coatings are a mixture of differently oriented 
nanograins in the size of 1-2 nanometers and lamels  of intermetallic  phases 
CoCr in length to 50 nanometers.  We suggested that the nanostructure of crys-
tallographically disoriented nanograins is formed to remove mechanical strains 
in a coating. 

After duplex treatment all the coatings become multiphase, with interme-
tallic strengthening compounds. The coatings are characterized by high micro-
hardness (8,7 GPa) and nanohardness (in order 7,0 GPa), high wearability. It is 
established that the roughness of the modified coatings decreases in 4-5 times, 
wear resistance increases in 6 time, hardness increases on the average by 15 %. 
The improvements of the properties after duplex treatment are reached on ac-
count of phase modifications and smoothening of rough coating surfaces at 
melting. Therefore the Co-Cr coatings after duplex treatment can be used for 
protection of valves and other components working in aggressive environments 
and in condition of high friction.  
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ABSTRACT  
In this study copper-nano alumina composite coatings were pulse plated on copper 

substrate aimed at the improvement of properties like finer grain size, more hardness, 
higher wear and corrosion resistance. The inclusion of hard particles such as alumina in 
a metal matrix leads to higher mechanical properties. In this investigation, pulsed electro 
deposited coatings has been analyzed from a sulfuric acid bath. Pulse duty cycle of 5% 
and 10% at frequencies 10Hz, 50Hz and 100Hz were employed. The influences of pulse 
parameters on the thickness, grain size, alumina content, hardness and corrosion 
resistance of coating were studied. Finally, the optimum conditions in order to achieve 
higher coating properties in accordance with more current efficiency were obtained. 

 
Keywords: Pulse plating, Electrocodeposition, Composite coating, Nano particle, 

alumina 
 

INTRODUCTION 
Traditional method of electro deposition is DC plating. This has been 

modified by the use of current interruption or even current reversal termed as 
pulsed electro deposition. In DC plating, only the current or potential can be 
varied. However, in pulse plating method, many variables such as pulse 
duration, pulse duty cycle and pulse current could be changed in order to obtain 
better deposited layer. Pulse plating improves the deposit properties such as 
hardness, plating thickness, finer grain size and corrosion resistance [1]. 
Generally, in electrocodeposition techniques for producing a metal or 
compound, a driving force in the form of potential or current is applied to the 
electrode. Modern electronics allows one to make use of these parameters as a 
function of time. This permits a number of possible ways of varying the 
conditions [2]. Four important parameters are of primary importance in pulse 
plating. They are: 

Peak current density (ip), average current density (ia), pulse length (on time) 
and pulse pause (off time).The sum of the on and off times constitute one pulse 
cycle.  The  duty  cycle  is  defined  as  Eq.  (1)  and  the  average  current  density  
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under pulse plating conditions is defined as Eq. (2). 
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In this approach, DC and PC electroplating were used in order to achieve 
copper/ nano-alumina composite deposits. The coating properties obtained by 
these two methods were compared and finally the optimum pulse parameters 
were characterized.  

EXPERIMENTAL PROCEDURE 
Copper-alumina nano composites were deposited from an acidic copper 

sulfate bath. The basic composition of electrolyte and deposition parameters is 
given in Table  1. Before the electroplating process, the electrolyte was under 
ultrasonic waves for 30 minutes and during the process it was magnetically 
stirred  at  a  speed  of  about  300  rpm  in  order  to  keep  the  nano  particles  in  
suspension. Copper plates of 1×1cm2 area were used as working electrodes and 
prior to the electrocodeposition were ground using 800 grade silicon carbide 
papers and degreased with Uniclean 675 solution. The surfaces of cathodes 
were activated in 10% sulfuric acid solution. Copper plates of 2×3cm2 area were 
used as anode. A Potentiostat model ZCM761 (ZAG Chemie Co) was used for 
DC plating and a rectifier model RCTP50V50A was used for pulse plating. The 
pulse plating parameters were changed according to Table 2.  

The surface 
morphology and 
microstructure of the 
coatings were 
investigated using a 
Cam. Scan. MV2300 
model scanning 
electron microscope 
(SEM). The particle 
content in the films 
was determined by 
energy dispersive X-
ray analysis 
(EDX).The Vickers 
micro hardness of the 
films was determined 

by applying 10grf force as described in ASTM E 384-05 a. Polarization curves 
in electrolytes were recorded at a scan rate of 10 mVs-1. All polarization scans 

Table 1:– Electrolyte composition and deposition 
conditions 

Materials and Conditions DC method PC method 
Metal (CuSO4.5H2O) [M] 0.8 0.2 
H2SO4 [M] 0.56 0.2 
pH 1 1.5 
Temperature [ºC] Room temperature 

 

Table 2. – Pulse plating parameters 

ton[ms] toff 
[ms] 

Pulse  frequency 
        [Hz] Duty cycle [%] 

5 95 10 5 
10 90 10 
1 19 50 5 
2 18 10 

0.5 9.5 100 5 
1 9 10 
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were performed by changing the potential from 0V down to -1V and then 
anodically to +1V and back to the starting potential. 

RESULTS AND DISCUSSION 
Metallurgical Inspections. 
The effects of pulse parameters were investigated and a comparison was 

made between DC and PC electrodeposited coatings. The surface morphology 
of  films  plated  with  DC and PC method is  shown in  Fig.1.  As  it  is  seen,  the  
surface morphology of the copper films is not homogeneous and made up of 
relatively  large  grains  in  DC  method.  In  the  case  of  PC  plated  coatings,  the  
surface morphology of coatings was significantly altered due to applying pulses 
during coating process. According to the electro crystallization as discussed by 
Denny Thiemig et al., the grain size and growth mode is defined by the 
interplay of nucleation and growth [3]. In the case of PC experiments, the 
number of atoms deposited during one cathodic cycle is defined by ton and ip. 
Furthermore, sorption process occurring during pulse pause may influence 
nucleation and growth in the following cathodic pulse cycle. Note that the 
cathodic pulse current density in PC method is comparable to the average 
current density in DC plating [3]. The visual inspection of SEM micrographs of 
Fig.1 shows that the finest most homogeneous surface morphology is at 100 Hz 
frequency and 5% duty cycle (Fig. 1d). The cross-sectional micrographs of 
coatings are shown in Fig 2. As it is seen, the thickness of coatings applied by 
PC method ranged from 48.7 to78.2 m, whereas the coating thickness of DC 
plated coating is about 10.2 m. 

 

         
Fig.1 – Surface morphology of composite coatings (×5000): a –Applied by DC method 
at i=10 mA.cm-2; b– PC method at frequency=10Hz, Duty cycle=5%; c – PC method at 

frequency=50Hz, Duty cycle=5%; d – PC method at frequency=100Hz, Duty 
cycle=5%; e –PC method at frequency=10Hz, Duty cycle=10% 
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Also, the DC plated coating is incoherent (Fig. 2a) while all the layers that 
are deposited by PC method are coherent (Fig.  2b  to  2d). The maximum 
coating thickness is obtained at 5% duty cycle and 100Hz frequency. 

   

 

Fig. 2 – Cross sectional micrographs of composite 
coating: a –Applied by DC method at i=10 mA.cm-2; b – 
PC method at frequency=10Hz,Duty cycle=5%; c – PC 
method at frequency=100Hz, Duty cycle=5%; d – PC 
method at frequency=100Hz, Duty cycle=10% 

 
The variation of the amount of embedded alumina nanoparticles in the 

metal matrix with the pulse frequency and duty cycle is given in Fig.  3.   In  
general, the particle content of the coatings increases with decreasing duty 
cycle and increasing frequency. Shorter on times are beneficial for the particle 
inclusion at the same duty cycle. The average particle incorporation in copper 
films ranged from 14.1 to 22.7 wt.% alumina.  

The maximum particle incorporation 
was observed in coating deposited at a duty 
cycle of 5% at a frequency of 100Hz. 
Compared to DC plating of Cu-Al2O3 
composites at a current density of 10 
mA.cm-2 with a particle content of about 
13.4 wt%, an enhancement of particle 

incorporation occurred due to the application of pulses. As the duty cycle 
decreases and pulse frequency increases, the alumina content of the composite 
layer increases. So the best final properties are expected at this condition. 

The effect of the individual pulse parameters (pulse length, ton and pulse 
pause, toff) can be summarized by introducing the average plating current 
density, Eq. (2).Taking into account that the average current density increases 
with the duty cycle and peak current density, ip, one can conclude that the 

Table 3 – Coating 
thicknesses of the samples in Fig. 2. 

Figure Thickness [ m] 
2-a 
2-b 
2-c 
2-d 

10.2 
48.7 
78.2 
74.8 
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incorporation of alumina nanoparticles is favored by low average current 
densities. The average current density in PC is comparable to the applied 
current density in DC deposition. Similar to the currently observed dependence, 
the maximum amount of co-deposited particles in the case of DC deposition 
was often found in the range of low current densities at which the metal ion 
reduction changes from charge transfer to mass transport control [3]. 

HARDNESS AND CORROSION RESISTANCE ANALYSIS. 
The hardness  of  composites  is  known to  be  related  to  the  structure  of  the  

matrix and the amount and distribution of reinforcing metal oxides particles. 
The results shown in Fig.  4 indicate a significant hardness increase in 
composite films comparing to the substrate. Note that the average micro 
hardness of the substrate was about 65HV, whereas the values of the composite 
coating varied between 124 and 156 HV. It means that the presence of alumina 
nanoparticles leads to about 1.4 times increase of micro hardness. During 
pulses, a very thin pulsating diffusion layer has been formed leading to an 
enhanced nucleation rate and surface coverage with denser building up of fine 
grained deposits. Also note that the micro hardness differs by changing the 
pulse parameters during the electrodeposition process. For example by 
increasing the frequency from 10Hz to 100Hz in composite coatings, the micro 
hardness of coating increased from 149 to 156 HV at duty cycle 5%. Also the 
shift of diagram by changing the duty cycle percent from 5% to 10% is clearly 
noticed in Fig. 4. The main parameter governing the hardness of the coating in 
the composite films is the microstructure of the metal films which is changed 
by the different pulse parameters, as shown in morphological pictures above 
[4]. 

 
Fig. 3 – Effect of duty cycle and pulse 
frequency on the alumina content of 

copper-alumina composites 

Fig.4 – Effect of pulse duty cycle and 
frequency on coating micro hardness 

In order to determine the corrosion resistance, the polarization curves were 
compared in coatings. As it is clear in Fig. 5 and Fig. 6, the corrosion current 
that directly related to the corrosion rate, decreases by increasing pulse 
frequency and pulse pause length. Increasing the pulse frequency and pulse 
pause length leads to more homogeneous and finer grain sizes. This leads to 
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more corrosion resistance as expected. This property combined by improved 
surface hardness in comparison with conventional materials make these 
composite coatings applicable in a variety of areas.  

 
Fig. 5 – Polarization curves for composite 

coatings in different duty cycles  
(5% and 10%) 

Fig. 6 – Polarization curves for composite 
coatings in different frequencies  

(10Hz and 100 Hz). 
Sample  
identity 

iCorr  
(mA.cm-2) 

ECorr 
(mV.cm-2) 

Sample  
identity 

iCorr  
(mA.cm-2) 

ECorr 
(mV.cm-2) 

5% duty cycle  10-4 -250 10Hz frequency  10-3.8 -270 
10%duty cycle  10-3.9 -220 100Hz frequency 10-4.7 -230 
 

CONCLUSION 
The influence of pulse duty cycle and pulse frequency  during 

electrocodeposition of copper-alumina composite coatings on surface 
morphology, coating thickness, alumina content, hardness and corrosion 
resistance of coatings have been studied. From the obtained data, the following 
conclusions are made: 

1. Comparing DC and PC deposition shows an improvement of the 
properties of pulse plated coatings in both metallurgical and mechanical 
properties. 

2. Good quality deposits (finer grain size and more homogeneous) in 
accordance with high hardness and corrosion resistance can be obtained at 
lower duty cycles and higher frequencies. For example at 5% duty cycle and 
100Hz frequency for a peak current density of 10 mA.cm-2. 
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ABSTRACT 
The aim of the work was to elucidate a nature of charge-selective properties of 

macroporous composite inorganic membranes modified with nanoparticles of the ion-
exchanger, namely hydrated zirconium dioxide. The membrane was found to be selec-
tive towards anions in acidic media: membrane potential was registered in the solutions 
containing 10-100 mol m-3 HCl. Overlapping of intraporous diffusion constituents of 
electric double layer cannot be provided under these conditions. The membranes have 
been investigated using methods of standard contact porometry, potentiometry, scanning 
electron microscopy. The method of transmission electron microscopy was used to 
research individual ion-exchanger as well as ceramic powder, which had been obtained 
by crumbling up of the non-modified ceramic matrix. Differential curves of volume and 
surface distribution have been factorized using Lorentz functions, each maximum has 
been related to either structure element both of the matrix and the ion-exchanger. Calcu-
lations according to homogeneous and heterogeneous geometrical models were carried 
out to make this relation. Structure of the ceramic matrix has been shown to be formed 
with particles of micron size. Particles of the ion-exchanger (6 nm) form aggregates.  It 
was found that the empties between the aggregates of ion-exchanger nanoparticles  are 
responsible for charge selectivity because the aggregates cork pores of the matrix. Max-
imal radius of pores caused by the aggregates has been estimated as 25 nm. This is in 
agreement with porometric data. 

 
Key words: composite inorganic membranes, hydrated zirconium dioxide, nano-

particles, aggregates, standard contact porometry. 
 

INTRODUCTION 
Inorganic membranes can operate at high temperature and in aggressive 

media, moreover they are stable against fouling with organic matters [1-3]. 
Because of these remarkable properties the membranes are attractive for separa-
tion processes, particularly for electromembrane techniques [4]. However use 
of ceramic separators for electromembrane processes is limited by an absence 
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of charge selectivity in rather concentrated solutions in spite of nanoporous 
active layer. This is due to extremely low ion exchange capacity (low charge 
density) of ceramics, since these materials are produced at high temperature [5], 
which does not provide retention of ion-exchangeable groups.   

Ceramic membranes modified with nanoparticles of inorganic ion-
exchanger, namely hydrated zirconium dioxide (HZD), were shown to demon-
strate charge selectivity: they permit migration of counter-ions as well as elec-
trolyte diffusion. At the same time migration of co-ions is not realized through 
these separators: the value of limiting current due to counter-ions is in a good 
agreement with the magnitude, which have been predicted theoretically from 
the approach for charge-selective membranes [6]. The aim of this work is to 
ascertain a cause of charge selectivity of composite inorganic membranes. The 
method of standard contact porometry, which allows us to determine pores 
whithin a wide interval of 0.3 nm  300 m, was applied for diagnostics of the 
membranes [7, 8].  

EXPERIMENTAL 
Ceramic membrane based on TiO2 (TAMI GBMH), which contains no ac-

tive layer, was investigated. The membrane was impregnated with ZrO2 sol, 
which had been prepared from a 1 M ZrOCl2 solution. ZrO2 hydrogel was de-
posited inside the membrane with NH4OH, then the sample was dried at 298 
K and heated at 423  [6]. Ion-exchange ability of the inorganic constituent 
retained under thermal treatment conditions. The modification procedure was 
repeated 7 times, after the last cycle the ion-exchanger layer was removed from 
outer surface of the membrane by means of ultrasonic activation. The samples 
were marked as TiO2 (initial membrane, i.e. matrix) and TiO2-HZD-7 (modified 
membrane). 

HZD powder has been also obtained by means of hydrogel deposition 
from ZrO2 sol, drying and heating at 423 K. The ion-exchanger was researched 
with a method of transmission electron microscopy using Leo 912 in-column 
CRYO EFTEM device. Ceramic powder, which had been obtained by mechan-
ical treatment of the TiO2 sample, was investigated by similar manner. SEM 
images of transverse section of the membranes was obtained using a ZEISS 
EVO 50XVP scanning electron microscope. Previously the transverse sections 
were polished, treated with ultrasound, dried at 373  and covered with a thin 
gold layer using a SPI ModuleTM Sputter 12151-AX device at 100 Pa.  

Before porometric measurements the membranes were heated at 423 . 
The measurements were carried out by means of home-made porometer (Insti-
tute of Physical Chemistry and Electrochemistry of the RAS) at 100 MPa to 
provide a contact of the sample with the standard sample. Octane was used as a 
working liquid. Differential porogrammes (pore volume distribution, 

)(log rd
dV , 
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where V is the volume) were factorized with Lorentz components using a 
PeakFit v. 4.12 computer program. Mathematical treatment of the poro-
grammes involved factorization within the intervals of pore radius (r) of 1 10-

9 1 10-7 and  1 10-9 1 10-4 m  and  comparison  of  the  data  for  peaks  with  a  
maximum at 1 10-7 m. Data adequacy is confirmed by coincidence of these 
maxima in two abovementioned diapasons and also high correlation coefficient 
(0.99). These procedure was necessary because the 

)(log rd
dV values are extremely 

low at 1 10-9-1 10-7 m comparing with those found for the interval of 1 10-7  
1 10-4 m.  

Bulk density of the membranes ( b ) was determined using a pycnometer 

method, particle density ( p ) was estimated taking into account geometrical 

parameters of the samples.  
The membrane potential was measured using a divided cell. HCl solutions 

(10 and 15 100 mol m-3) circulated through the chambers, Ag/AgCl electrodes 
were placed in each compartment. Transport numbers of counter-ions have 
been calculated from the integral equation for membrane potential similarly to 
[9]. 

RESULTS AND DISCUSSION 
Insertion of HZD into the matrix caused increase of particle density, how-

ever no change of bulk density was found. Thus it is possible to confirm, that 
the bulk density of the ion-exchanger ( HZD ) and the matrix are equal, this 
value was estimated as 4260 kg m-3.  Parameters  of  porous  structure  can  be  
determined as follows. HZD volume per mass unit (m) of the composite mem-

brane can be calculated approximately as 
m

V

HZD

pp 0, , where 0,p  is the 

particle density of the initial matrix, V  is the sample volume. Surface (S0) and 
porosity ( 0) and micropore volume of the ion-exchange constituent can be 
determined according to relative increase of membrane mass (Table 1).  

Integral pore distributions of pore volume are plotted in Fig. 1. Rapid in-
crease of pore volume at r>1 10-7 m indicates preferably macroporous structure 
of the membranes. However a presence of micropores is also visible: their vol-
ume can been found as intersection of the curves with ordinate axe. The volume 
of micropores was estimated as 3 10-7 (TiO2) and 5 10-6 (TiO2 HZD-7) m3 kg-

1.  Integral  distributions  of  pore  surface  (S) demonstrate also mesopores: the 
most rapid increase of S value within the interval of 1 10-9 1 10-8 m  was  
found for the modified membranes. 
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Table 1 – Parameters of globular models for non-modified membrane and HZD 
layer inside matrix  

Parameter Homogeneous model Heterogeneous model 
Matrix HZD Globules Matrix HZD 

0 0.23     
S ,  m2kg-1 820 2.09 105    

   
I 0.02 0.42 
II 0.21 0.04 

Globule 
packing CFC or HXG SC I CFC or 

HXG SC II 
Number of 

contacts with 
neighbours  

12 6 
I 12 6 

II 12 6 

0
oS ,  

m2kg-1 

  

I 8176 2.27 105 

II 201 3.88 104 

rg 109,  859 4 
I 86 3 
II 3500 20 
III  ( 400) 

rn 109,  133 (204) 1 ( 1) 

I 13 (8) 1 ( 1) 

II 542 
(204) 8 (4) 

III  (190) 

rc 109,  355 (1730) 2 (2) 

I 36 (39) 2 (2) 

II 1449 
(1730) 13 (6) 

III  (331) 
 Experimental values identified according to porogrammes are shown in brackets. Packing:  

cubic face-centered (CFS), hexagonal (HXG), simple cubic (SC).  
 
Micropores provide 10 (TiO2) and 55 (TiO2 HZD-7) % of total surface, 

which reaches  820 and 10430 m2 kg-1 for the matrix and modified membrane 
respectively. 

Differential distribution of pore volume 
r

rd
dV log

)(log
 gives more detail 

information about porous structure. Both homogeneous and heterogeneous 
globular models were applied to relate the maxima either to matrix or to ion-
exchanger. The models give pairs of peaks in porogrammes: the first maximum 
corresponds to narrowing of pores between globules (pore necks), the second 
one is related to their widening (pore cavities) [10].  Parameters of the models 
are radii of globules (rg, where

ob
g S

r 3 ), pore necks (rn) and pore cavities (rc), 
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the values of total surface and porosity are used. The magnitudes of rn and rc 
are calculated using special factors for each type of globule packing. In the case 
of TiO2 membrane the model shows that particle of micron size are responsible 
for structure formation (see Table 1), this is in agreement with SEM microsco-
py data (Fig. 2). As seen, the spheres are distorted due to heating and pressure 
(these conditions are necessary for ceramics preparation), moreover irregular 
aggregates are formed during annealing.  

 

log r,  (nm )
0 1 2 3 4 5

Vx105, m 3kg -1

0

2

4

6

8 S , m 2kg -1

0

200

400

600

1
2

3

4

 
Fig. 1 – Integral distribution of pore volume  

(1, 2) and surface (3, 4) for TiO2 (1, 3) and TiO2-
HZD-7 (2, 4) membranes 

Fig. 2 – CEM image of transverse 
section of TiO2  membrane 

 
Analysis of location, width and intensity of stripes  of the r

rd
dV log

)(log
 

curves (Fig. 3) allows us to conclude, that the maximum at 2.04 10-7 m is relat-
ed to pore necks, at the same time the peak at 1.73 10-6 m corresponds to cavi-
ties. Two maxima at log r = 0.5-2 (nm) indicate the second type of globules. 
These spheres are much smaller than the particles, which are visible in SEM 
image.  

Heterogeneous globular model was applied to identify the peaks. The 
model provides estimation of pore radius interval, which corresponds to each 
peak, using r

rd
dV log

)(log
 curves. Then the volume of pores, which are attribut-

ed to the peak, are found from integral distribution. The surface of each type of 
pores  can  be  found  as  0

oS , wh re  is the porosity due to particles, which 

form pores within the chosen interval of log r. 
Analysis of the porogramme for TiO2 membrane allows us to identify 

smaller (particles I) and larger (particles II) globules (see Table 1). Particles II 
form pores, which give two maxima about 1.7 10-6 (pore cavities) and 2.2 10-7 
(pore  necks)  m.  Two maxima at  3.9 10-8 and 8.0 10-9 m correspond to pores 
caused by particles I.  
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log r, (nm)
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dV/d(logr)x106 m3kg -1(nm -1)

0

3

6

9

8
39

a 
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c log r, (nm)
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dV/d(logr)x103, m3 kg-1 (nm-1)
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331
190132
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24322

d 
Fig. 3. Differential distribution of pore volume for TiO2 (a, b) and TiO2 -HZD-7 (c, d) 

membranes. log r = 0 2 (a, c) and 0 5 (b, d) (nm). Dashed curves correspond to exper-
imental data, solid curves are related to calculated peaks. Vertical line (c) points pores, 

which are responsible for charge selectivity 
 
Three stripes at 3.0 10-6, 4.4 10-6 and 5.0 10-5 m are outside the model, 

since their intensity decreases with increase of pore radius. These pores are 
evidently caused by irregular aggregates. Experimental rn/rg relation for parti-
cles II is larger comparing with calculated one probably due to distortion of the 
particles due to pressure and annealing. Compaction of the globules can lead to 
deviation from the globular model. No influence of pressure and annealing has 
been found for particles I: they are in a good agreement with the globular mod-
el.  

Since a radius of globules is known, it is possible to calculate the amount 
of particles per mass unit taking into consideration the surface caused by these 
globules as well as the surface of a single sphere. The magnitudes of 5.4 1016 
(particles I) and 1.2 1014 (particles II) kg-1 have been found, i.e. the relation of 
particle amounts is 450.  At  the  same  time  the  surface  of  the  particle  II  is  

1650 times larger than that for particle I. It means that the matrix structure is 
formed with particles II. Aggregates of particles I are placed on large spheres 
episodically. This consumption is confirmed by calculations according to ho-
mogeneous model and also by TEM image of the matrix powder (Fig. 4).  
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Two additional peaks   are   visible  in  the case  of modified membrane 
(1 10-9-3 10-9 m). These maxima are due to HZD layer inside matrix pores. 
Calculations according to homogeneous and heterogeneous models give na-
nosized particles, which evidently form structure of the ion-exchanger (parti-
cles I). Shift of the maxima at 4 10-9-1 10-7 m towards larger r values indicates 
evidently aggregate formation (particles II). Similar regularity has been found 
for  the  peak  at  3.9 10-8 m, this shows formation of more complex structure 
(particles III), unfortunately calculations of these particles is difficult due to 
overlapping of the stripes attributed to HZD and matrix. However their size can 
be estimated approximately from the peak at 5.2 10-8 . Particles III are seen in 
TEM image obtained for the individual ion-exchanger (Fig. 5).  

It should be stressed that the maxima related to the matrix are visible in 
the case of TiO2 -HZD-7, though the  peaks  at  r>1 10-7  are shifted towards 
lower r values. This indicates macroporous structure of the modified membrane 
on the one hand and corrugation of macropores with HZD on the other hand.  

 

  
Fig. 4 – TEM image of matrix powder Fig. 5 – TEM image of individual HZD 

 
No membrane potential has not been registered during potentiometric 

measurements of the non-modified matrix. However the modified membrane  
demonstrates electrochemical activity in rather concentrated solutions: the 
transport numbers of counter ions ( mClt , ) are higher than 0.5 (Fig. 6). Equation 
developed by Volfkovich has been applied to estimate a size of pores, which 
are responsible for charge selectivity [11]: 

1

, 1
k

FrCt
k

FrCtt ClClCl
, 

where tCl  is the transport number in a solution (0,18), k is the shape coef-
ficient (k=2.8 for pores formed with globules), F is the Faraday constant,  is 
the charge density, C is the concentration of outer solution (average value of 
concentrations of the solutions from two sides of the membranes). The values 
of transport numbers were simulated using pore radius as a fitting parameter. 

 

100 nm  

I

II

III
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Calculated and experimental values do not coincide probably due to complex 
structure of the membrane.  

However statistical treatment 
gives the best correspondence at 
r=2.5 10-8 m. This value is at-
tributed to maximal size of pore 
necks, which are formed with 
particles II of the ion-exchanger 
(see Fig. 3c, these pores are 
marked with a vertical line). This 
correlation looks logical, since 
charge selectivity is determined by 
the largest pores. Thus charge 
selectivity of the composite mem-
branes is caused by corking of 
matrix pores with aggregates of 
HZD nanoparticles. Necks of 
pores, which are formed with these 
aggregates, are responsible for 
electrochemical activity of the 
composite membrane in solutions 
of rather high concentration. 

Structure of the composite 
membranes has been proposed 
based on results both of poromet-
ric and potentiometric measure-
ments as well as SEM and TEM 
microscopy. The matrix is formed 
by large particles of micron size, 
the particles are distorted due to 
pressure and annealing. Aggre-

gates of smaller particles are placed episodically on the largest globules (Fig. 
7). Matrix pores are corked with aggregates of HZD nanoparticles. Pores, 
which are formed by particles III are not responsible for charge selectivity: they 
are evidently corked with particles II.  

CONCLUSIONS 
The method of standard contact porometry followed by porogramme fac-

torization, calculations according to homogeneous and heterogeneous geomet-
rical models and potentiometric measurements allow us to determine structure 
of composite membranes modified with HZD nanoparticles. It was found that 
the matrix is formed with particles of micron size, which are distorted due to 

C,  mol m-3

0 20 40 60

tCl,m

0.4

0.6

0.8

1.0

1

4

3

8
6

7

2

5

9

10

11

 
Fig. 6 – Transport number of counter ions as 
a function of solution concentration. Calcu-
lated data  1-10, experimental data  11. 

r=( 109 m) 20 (1); 21 (2), 22 (3); 23 (4); 24 
(5), 25 (6); 26 (7), 27 (8), 28 (9), 29 (10) 

 
Fig. 7 – Structure of composite membrane 
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annealing and pressure. Aggregates of smaller particles are placed episodically 
on the surface of large globules, The ion-exchanger consists of nanosized parti-
cles (6 10-9 m), which form aggregates (4 10-8 m). These aggregates also form 
larger structure elements (8 10-7 ). The results are confirmed with SEM and 
TEM microscopy. Aggregates of nanoparticles of the second organization level 
form pores, which are responsible for charge selectivity, radius of these pores 
has been estimated as 25 nm. Charge selectivity of the membranes provides 
their use for electromembrane separation [6, 12]. 
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ABSTRACT 
Looking at huge range of applications of nanostructures, ZnO is being considered 

as technological material. Simple and green production techniques for ZnO and other 
nanostructured material can enhance the detection of its unusual properties. In this con-
text water-based wet chemical synthesis process for nanostructured ZnO and Ag ad-
mixed ZnO nanocrystals has explored in present work. A high yield of the ZnO and Ag 
admixed ZnO nanocrystals with different Ag contents is successfully synthesized 
through a simple wet chemical method at the low temperatures in the absence of any 
surfactants/template. The as synthesized products has been characterized by X-ray dif-
fraction (XRD), transmission electron microscopy (TEM), Fourier transform IR (FTIR), 
UV-VIS spectroscopy, and photoluminescence spectroscopy. The size of the nanoparti-
cles is found to increase with the increase in Ag content. Large blue-shifts relative to the 
bulk exciton absorption are observed in the absorption and PL spectra in the pure and 
Ag admixed ZnO. The emission intensity of PL of Ag admixed ZnO has been found to 
decrease considerably with respect to that of pure ZnO. NaOH plays multiple roles in 
the formation of pure and Ag admix ZnO NPs. 

 
Key words: ZnO nanoparticles, TEM, PL, Wet chemical. 
 
INTRODUCTION 
ZnO as a versatile II–VI semiconductor material has a multiplicity in ap-

plications counting field effect transistors, gas sensors, field emitter, piezoelec-
tric devices and solar cells [1-5]. Considering the applications in optics and 
catalysis, more interests have been aroused for constructing ZnO nanostruc-
tures, including noble metal/ZnO hollow nanoparticles [6], Pt/ZnO porous 
nanocages [7], ZnO-based core/shell (ZnO/ZnS, ZnO/Ag2S, and ZnO/CuS) 
microspheres [8], and Co3O4/ZnO hetero-structured nano-wires [9]. Especially, 
ZnO/Ag nanostructures with various morphologies have been obtained with 
different synthesis strategies, such as dendrite-like Ag/ZnO hetero-structure 
nano-crystals [10-13] and a unique dimer-type hetero-structure of Ag/ZnO 
nanofibers [14]. 
                                                
* e-mail: jai.bhu@gmail.com  
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In the present work, ZnO and Ag admixed ZnO nanoparticles have been 
fabricated by simple solution method using zinc and silver precursors. In com-
parison to the other techniques, solution method offers simplicity in the process 
of synthesis with good control on size and capable of providing advantages 
such as convenient replacement of source. The structural and optical properties 
of these nanoparticles have also been investigated.  

All chemicals were of AR grade purchased from Merck, Germany and 
used as such without further purification.  In a representative synthesis of ZnO, 
(0.005M) zinc nitrate (ZnNO3. 6 H2O) was taken with 100 ml 0.001 M NaOH 
solution and stirred for ~60 min at 70 C. Similar process was adopted for the 
synthesis of Ag (0.5 and 1 at. %) admixed ZnO NPs through introducing silver 
nitrate (AgNO3) in the above solution. Finally, the precipitates were collected 
and washed with anhydrous ethanol and hot distilled water for several times, 
then dried in vacuum at 120 C for 2 hrs. The obtained products were examined 
under scanning electron microscopy, transmission electron microscopy and X-
ray diffractometer. For TEM observations, the products were ultrasonically 
dispersed in ethanol and then dropped onto carbon-coated copper grid. TEM 
observations were carried out on high resolution transmission electron micro-
scope (HRTEM, Tecnai 20 G2 FEI). The XRD analyses were performed on a 
Philips X’PERT PRO PAN Analytical X-ray diffractometer with CuK  irradia-
tion (wavelength,  = 1.5406 Å) at a scanning speed of 0.02° s–1. The photolu-
minescence (PL) spectrum at room temperature was measured by a Perki-
nElmer LS 55 luminescence spectrometer. The optical absorption properties of 
the as synthesized samples were measured using a PerkinElmer Lambda-750S 
UV-Vis spectrophotometer. 

STRUCTURAL, OPTICAL AND MORPHOLOGICAL 
CHARACTERIZATIONS 

Fig. 1 shows the XRD patterns of the as synthesized ZnO and Ag admixed 
ZnO samples having characteristic lines corresponding to (10.0), (00.2), (10.1), 
(11.0) and (11.2) planes of wurtzite hexagonal ZnO structure. As expected, the 
XRD  peaks  of  ZnO  and  Ag admixed ZnO samples were considerably broad-
ened compared to  bulk  material  due  to  small  size  of  the  NPs.  The  size  of  the  
crystallites were estimated using Scherrer formula  

 
 A  0.94 /  cos , (1) 
where A, is the crystallite size,  the full-width-at-half-maximum 

(FWHM) of the diffraction peak,  (1.5406 Å) is the wavelength of X-ray radi-
ation and  is the angle of diffraction. The average crystallite size of ZnO and 
Ag admixed ZnO samples were found to be in the range of ~ 8 - 12 nm. UV-
Visible absorption spectra of as-synthesized ZnO and Ag admixed ZnO sam-
ples are illustrated in Fig. 2a. 
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The absorption maximum 
was found at 300 nm for pure 
ZnO.  On  admixing  of  Ag,  the  
ZnO absorption band has been 
found red shifted along with the 
slight decrease in optical density 
and FWHM that may because of 
an increase in size of the nano-
crystals. The absorption spectrum 
was studied without taking into 
account the reflection and trans-
mission losses. For pure and 
admixed ZnO NPs, a sharp ab-

sorption edge close to the 350 nm is observed which is believed to arise from the 
absorption of the near band edge free excitons. Since the average diameter of the 
particles is in the quantum-confinement regime so it is expected to show a large 
blue-shift in the absorption bands of ZnO nanoparticles. 

 

 
Fig. 2 – a – UV-Visible absorption spectra of as synthesized pure and Ag admixed ZnO 
at room temperature;. b – Band gap of as synthesized pure and Ag admixed ZnO at room 

temperature. 
 
The absorption data were analyzed using the classical relation for near the 

edge optical absorption of semiconductor 
 
   (h  –Eg )n/2/h , (1) 
where h is a constant, Eg is the optical band gap and n is a constant equal 

to 1 for direct band gap semiconductor and 4 for indirect gap semiconductor 
materials [39]. The variation of ( h )2 versus h  is linear at the absorption edge 
which confirms the direct band gap transition in ZnO. Extrapolating the 

 
Fig. 1 – X-ray diffraction of as synthesized 

ZnO and Ag admixed ZnO 
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straight-line portion of the plot to zero absorption coefficient value gives the 
direct band gap Eg.  The  band  gap  energy  (Eg)  of  ZnO  and  Ag  admixed  ZnO  
samples are found to be 3.57 eV (~350 nm) and 3.52 eV (~356 nm), respective-
ly as shown in Fig 2b.  It  means  a  large  shift  from  3.57  eV  to  3.52  eV  that  
showed the large ‘blue shift’ of 0.20 - 0.15 eV from standard bulk band gap at 
room temperature (Eg = 3.37 eV). This blue shift with respect to pure ZnO can 
be explained on account of quantum size effect (due to the electron hole con-
finement in a small volume). Admixing of silver in the ZnO sample reduces the 
optical density and FWHM due to involvement of some ground state week 
interaction/perturbation of electronic states of ZnO due to the presence of silver 
particles. 

Emission spectrum of the 
samples was recorded upon exci-
tation at 325 nm. This excitation 
wavelength corresponds to the 
absorption onset detected in the 
UV-Visible spectra. The room 
temperature PL spectra of as-
synthesized ZnO and Ag admixed 
ZnO samples are shown in Fig. 3. 
The emission band centered 
around 385 nm is attributed to the 
recombination of excitons and the 
green emission resulting from the 
recombination of photon-
generated holes with charge states 

of the specific defects. The intensity of the green emission peak at 511 nm 
which arises due to the defects states in the ZnO, slightly decreases as Ag con-
tent increase. This decrease in 511 nm emission band intensity may be attribut-
ed  to  the  effect  of  the  Ag that  improves  the  separation  between the  photo  in-
duced electrons and holes [15]. A low intensity blue emission at 415 nm origi-
nates from some interface traps of radiative defects at the grain boundaries 
between silver and ZnO grains. The emission peaks are found red-shifted corre-
sponding to the absorption peak. A similar size dependent red-shift in the PL 
emission with respect to optical absorption has been observed for ZnSe quan-
tum dots. A recent report on ZnSe/ZnS quantum dots by Nikesh and Mahamuni 
has also shown a large non resonant PL stokes shift of 220-690 meV for 28-15 
nm diameter ZnSe/ZnS quantum dots [16]. Fig. 4(a & b) represents TEM mi-
crograph of pure ZnO NPs. It is revealed from TEM micrograph that the size of 
the NPs is in the range 5-10 nm. HRTEM picture of the crystallites recorded in 
order to resolve the lattice planes. Fig. 4c represents HRTEM micrograph of 
pure  ZnO  Nps  which  shows  the  highly  crystalline  nature  of  the  sample.  The  

 
Fig. 3 – PL spectra of as synthesized ZnO and Ag 

admixed ZnO at room temperature 
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interplanner separation (d) obtained from the HRTEM micrograph is d = 2.60 Å 
along (00.2) plane of ZnO. The selected area electron diffraction (SAED) pat-
tern of these nanocrystals is shown in Fig. 4d. As expected, in the case of nano-
crystals, the electron diffraction patterns show a set of rings instead of spots 
due to the random orientations of the nanocrystallites, corresponding to the 
diffraction from different atomic planes of the nanocrystallites and the SADP of 
ZnO with [10.0], [00.2], [11.0] and [10.1] diffraction planes of ZnO hexagonal 
structure.  

 
Fig.4 –a, b – TEM images of as synthesized ZnO NPs; c – HRTEM image of ZnO 

Nps; d – selected area diffraction of ZnO NPs 
 
Fig. 5a represents the TEM micrograph of 0.5 % at. Ag admixed ZnO 

NPs. The average size of the nanoparticles has found to be in the range of 8-12 
nm and is in good agreement with the observed value from XRD. It is revealed 
from  the  TEM  micrographs  of  pure  and  Ag  admixed  ZnO  samples  that  the  
average particle size is noticeably large in the case of Ag admixed ZnO. The 
high-resolution TEM (HRTEM) provides further insights into the structure of 
Ag admixed ZnO NPs. Fig. 5c represents HRTEM micrograph of Ag admixed 
ZnO. The density of the nanocrystallites is higher at grain boundaries (GBs) in 
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compression to that within pure ZnO. Such a preferential presence of nanocrys-
tallites at grain boundaries may be understood in terms of interaction of GB 
with ZnO/Ag admixed nanoparticles. The GBs are disordered regions in poly-
crystals and represent high energy configurations. Because of the Coulomb 
interaction between GB and the impurity atoms, the former attracted the later in 
order to decrease its energy.  

 

 
 
The diffusion of Ag may take place at intergrain as well as intragrain sites, 

namely, at the GB and inside ZnO grains. The diffusion of Ag to the GB form-
ing Ag admixed ZnO is easy because it will be quite difficult for Ag to diffuse 
into the grains because of the difference in sizes of Ag and Zn atoms. The 
SADP in Fig. 5(b) corresponding to the TEM micrograph reveals the spotty 
rings pattern of [10.0], [00.2], [11.0] and [10.1] diffraction planes of ZnO & 
[111] and [220] diffraction planes of Ag. These diffraction rings correspond to 
ZnO/Ag nanoparticles. 

A facile solution route, free from the use of surfactants has been devel-
oped to synthesize the ZnO NPs and Ag admixed ZnO NPs in the presence of 
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NaOH. The synthesis has been carried out at low temperature 70 C  for  the  
short duration of 1 hr.  The size of the nanoparticles is found to increase with 
the increase in Ag (0.5 to 1 at. %) content. Large blue-shifts relative to the bulk 
exciton absorption of ZnO are observed in the absorption and PL spectra of the 
pure and Ag admixed ZnO samples. The emission intensity of PL spectra of Ag 
admixed ZnO sample was been found to decrease considerably with respect to 
that of pure sample. NaOH plays multiple roles in the formation of pure ZnO 
NPs and Ag admixed ZnO NPs. It serves not only as reducing agent but also as 
a complexing agent and molecular template. 
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Composite materials are a good example of systems in which functional 

properties can be significantly increased compared to the original components. 
As such composite material in this paper we consider a multilayer system of 
alternating layers of TiN and Mo2N. Single-layer TiN and Mo2N components 
are characterized by the following structure and properties. The hardness of 
Mo-N coatings is 32…55 GPa, X-ray analysis of the coatings showed that the 
molybdenum nitride composition Mo2N contains two structural modifications 
of the high-temperature -Mo2N phase with a cubic lattice and low-temperature 
phase -Mo2N with a tetragonal lattice. TiN coatings, deposited using pulsed 
implantation during the deposition, also show the hardness  40 GPa, and pro-
vide resistance increase of tools and equipment up to 10 times.  

 
Multilayer coatings Ti-

Mo-N, obtained by simulta-
neous evaporation of titani-
um and molybdenum cath-
odes with continuous rota-
tion  of  the  substrate,  in  the  
case of deposition on a cut-
ting tool show resistance 
increase in 2 ... 4 times more 
than the TiN coatings, espe-
cially in-cut tough materials. 
Therefore the study of multi-
layer coatings is of scientific 
and practical interest. Two-
phase multilayer nanostruc-
tured coatings TiN-MoN 
were deposited in the mod-
ernized vacuum-arc plant 

                                                
* e-mail: aanndeev@kipt.kharkov.ua 

 
Fig.  1 -  scheme  of  the  plant  for  multilayer  

coatings deposition.1 – vacuum chamber; 2 – auto-
matic maintenance of the nitrogen pressure; 3 – 
molybdenum evaporator; 4 – titanium evaporator; 5 
– substrate holder; 6 – substrate; 7 – constant volt-
age source; 8 – pulsed voltage generator.  



84                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 
"Bulat-6". Fig. 1 shows the scheme of plant for multi-layer coatings deposition 
which provides a clear boundary between the layers of TiN and MoN. 

The deposition was carried out under the following technological condi-
tions. After the deposition of the first layer in a time of 10 or 20 s. both evapo-
rators were turned off, substrate holder was turned at 180o and then both evapo-
rators were turned on at the same time. The arc current during deposition was 
85...90 A for titanium and 140 A for molybdenum, the nitrogen pressure in the 
chamber was 0.665 Pa, the distance from the evaporator to the substrate was - 
250 mm, the substrate temperature was in the range of 250...350  C. Pulsed 
negative potential with duration of 10 ms, repetition rate of 7 kHz and ampli-
tude of 2 kV and constant negative potential of 5…400 V was applied on the 
substrate during the deposition process. 

Annealing of the samples was carried out in a vacuum oven at the residual 
gas pressure of 0.0013 Pa and the temperature of 800 C  for two hours after 
reaching this temperature. Photomicrographs of coatings were studied by scan-
ning electron microscope (SEM) JEOL JSM-840. Automatic microindentation 
was performed with "Micron-Gamma" indenter with a Berkovich pyramid load 
within  50  g.  The  X-ray  diffraction  studies  of  the  samples  were  carried  out  on  
DRON-3 diffractometer in Cu-K  radiation at the discrete shooting mode of the 
scattering registration with a scanning pitch changing in the interval 

(2 )=0.01...0.050. 
The average thickness of the coatings defined by electron microscopic im-

ages of coating fractures was 6-8 micron (Table 1). 
Mass  ratio  of  Ti  and  Mo  atoms  in  coating  is  49…44  mass%  of  Ti  and  

51…56 mass% of Mo. This corresponds to an atomic ratio of Ti / Mo for sam-
ples with small and medium-thick layers of 2-10 nm Ti/Mo  60/40, and for 
more layer deposition time 20 s (layer thickness  20 nm), this ratio shifts to 
Ti/Mo  70/30. 

 
Table 1 – deposition parameters, mechanical characteristics, thickness, composi-

tion and structure of coatings. PN = 0,665 Pa, U=2000 V, f=7 kHz. 

Sam-
ple U, V Time, 

 s 

H, GPa E, GPa Relation 
TiN/Mo2
N, vol.% 

Tex-
ture 

Coating 
thick-
ness, 

micron 
basi
c 

an-
neal 

basi
c 

an-
neal 

1 -230 2 47 38 470 370 90/10 (111) 6,7 
2 -230 10 26 24 370 355 60/40 (111) 7,2 
3 -230 20 39 31 440 380 80/20 (111) 7 

4 -40 2 31 24 380 370 TiN – 
100 (200) 8 

5 -40 10 42 30 430 430 60/40 (200) 6,7 
6 -40 20 40 37 480 480 80/20 (200) 8,6 
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It can be noted that composition changes were not observed after anneal-
ing in vacuum (two hours, 8000 C). 

For TiN layer thickness of about 2 nm and substrate potential -40 V due to 
alleged epitaxial growth of layers X-ray phase analysis shows the contents of 
only one phase with a cubic fcc lattice (NaCl structural type) which is typical at 
low temperature for TiN. Alternation of Ti and Mo metal evaporators during 
sputtering in a nitrogen environment should lead to layer-by-layer generation of 
TiN and MoN with thickness ratio close to atomic ratio of metal atoms, which 
according to elemental analysis corresponds to the ratio of Ti/Mo equals to 
60/40. In this case the lack of interface indicates the epitaxial growth of thin 
layers which lattice spacing is determined by the stronger bonds in titanium 
nitride layer. Mo2N lattice spacing is 0.419 nm, i.e. less than TiN which helps 
of compression stress relaxation in TiN layers during epitaxial growth and is 
accompanied by period decrease in unstressed section to 0.4248 nm (sample 4). 

When the substrate potential is -230 V the X-ray phase analysis shows the 
formation of two-phase material with the same type of TiN crystal lattice (fcc 
type NaCl) and high-temperature -Mo2N phases with phase correlation 
TiN/Mo2N equals to 90/10. In this case the reason for the appearance of two-
phase state is an intense ion bombardment which contributes to grains 
refinement and beginning of interface formation. At the same time formation of 
Mo2N as a separate layers with a cubic lattice and hence formation of the 
interface leads to stress increase in TiN phase and period increase in unstressed 
section (sample 1). 

Increase of substrate potential leads to change of deposited coating texture 
from axis [100] to [111] which is accompanied by hardness increase. 

For the second series of samples with a layer thickness of 10 nm table 1 
(samples 2 and 5) it is significant that formation of two-phase structure with an 
average grade of TiN and -Mo2N cubic phases as 60 vol.%-40 vol.% begins 
during the deposition which is close to the data results of X-ray fluorescence 
elemental analysis of atomic % components of metal atoms. 

The occurrence of significant interface specific volume due to the high 
content of the second -Mo2N-phase is accompanied by development of high 
compression stress in titanium nitride and achievement of sufficiently high 
hardness of 42...44 GPa at a relatively high elastic modulus 430...450 GPa. An 
exception is the sample obtained at substrate potential -230 V which hardness is 
relatively low. The most likely reason for the relatively low hardness appears to 
be a lack of nitrogen atoms in the coating compared with the stoichiometric 
composition as judged by reduction of titanium nitride lattice spacing which is 
0.42378 nm (table value for stoichiometric composition is 0,42417 nm). 

We should also mention that this series is characterized by more uniform 
surface morphology of the coating, but at substrate potential -230V cell is 
larger  than  at  -40  V  (Fig.2). At the same time fractures have enough correct 
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shape that is typical for destruction of material under the action of compression 
stress. 

Samples with the most thick alternating layers of TiN and Mo2N up to 20 
nm also have two-phase structure (Fig.  3), but the volume content of 
molybdenum nitride phase prior to annealing (20%, Table. 1, Fig. 1a) is slightly 
lower in comparison with the data expected based on the results of X-ray 
fluorescence elemental analysis (30%). At the same time after annealing the 
volume content of phases accurately corresponds to data expected for the 
elemental analysis 70% TiN - 30% Mo2N. 

This fact can be explained by the appearance of diffused interface in 
coatings with a layer thickness up to 20 nm, which increases contribution to the 
diffraction effect of the phase with high volume content, in this case the phase 
of titanium nitride. 

 

              
a) b) 

Fig. 2 – Photomicrographs of  fractures of multilayer TiN-Mo2N coating deposited on 
copper substrate, substrate potentials are -230 V (sample 2) a) and -40 V (sample 5) b). 

 

                 
a)                                                                     b) 

Fig. 3 – Separation of diffraction spectrum for component peaks of two phases 
(111) TiN and (111)  -Mo2N (sample 3) prior to annealing (a) and after annealing (b). 1 

– separated peak (111) TiN; 2 – separated peak (111) -Mo2N. 
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Because of diffused interface correspondence of the phase composition to 
elemental appears after annealing, when bound contribution is substantially 
reduced as a result of border area material transition from the amorphous to the 
crystalline state. 

It should also be noted that this series of samples is characterized by lower 
hardness dependence on the magnitude of U. If you change U from -40 to -230 
V total hardness varies from 40 to 39 GPa, and thus, in both cases, samples can 
be considered as superhard. 

So: 
There is a possibility of epitaxial growth of cubic isostructural modifica-

tions of titanium nitride and molybdenum nitride without formation of two-
phase state in the case of small layer thickness up to  2 nm. 

Layer thickness increase of multilayer system from 2 nm to 20 nm leads to 
increase of mechanical properties thermal stability of these coatings, which 
results in smaller decrease in hardness of coatings subjected to a high tempera-
ture annealing. 

At greater layers thickness up to 10...20 nm two-phase material in which 
the second phase is an isostructural to titanium nitride high temperature molyb-
denum nitride   -Mo2N with a cubic lattice is formed. This leads to the fact that 
at the maximum layer thickness up to 20 nm during annealing at 800º C hard-
ness decrease does not exceed 25% remains coating in a superhard state. 
 
 
 
  



88                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 
STUCTURE AND MECHANICAL CHARACTERISTICS OF 
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In order to improve the functional properties of the most currently used in 
industry TiN vacuum arc coating in this paper we used plasma-based ion 
implantation with deposition (PBIID) method. In this method a high pulse 
negative potential is applied to a surface immersed in plasma which provides 
the necessary conditions for significant atom restructuring in the area of 
collision and therefore initial stresses relaxation in coating. 

Such stresses relaxation (and associated deformed state) is necessary, 
because due to a large ionization degree characteristic of vacuum arc method 
and accordingly high flux density of accelerated particles, great compressive 
stresses in the coating can occur, which causes significant stretching of 
substrate and loss of required functional properties of the system. 

Samples were obtained with the help of vacuum-arc plant "Bulat-6" extra 
supplied with a high-voltage pulse generator. We used a stainless steel 
substrates with dimensions 20*20*3 mm and a copper foil 0.2 mm thick. 

Negative bias value of Us = - 5 V (“floating” potential),  40 V and 230 V 
was applied on a substrate during deposition process. In some cases negative 
pulse potential (Upi) with amplitude of 2 kV, 10 ms duration and repetition 
frequency  of   7  kHz  was  applied  on  a  substrate  along  with  a  constant  bias  
during deposition. Evaporator arc current (Id) was 100..110 A, nitrogen pressure 
was PN = 0,53 ... 0,66 Pa. 

Composition and structure were studied by X-ray diffraction on a 
diffractometer DRON-3M in Cu-K  radiation using a secondary beam graphite 
monochromator. 

Determination of residual macroscopic stresses in the TiN coatings with a 
cubic (NaCl structural type) crystal lattice was carried out by X-ray strain 
                                                
* e-mail: sool@kpi.kharkov.ua 
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gauging ("a-sin2 " method) and its modification in the case of strong axial 
texture type. 

Hardness test was performed using "Micron-Gamma" indenter with 
Berkovich pyramid and load up to 20 g. Wear resistance test was carried out on 
cutting plates from a high-speed steel with T N coating on the front surface by 
turning of constructional steel  at  speed of 103 m/min., feed 0.15 mm/rev. and 
cutting depth of 3 mm.  

X-ray diffraction analysis of composition and structure have shown that 
the diffraction spectra (Fig.  1, curves 2 and 3) obtained under "floating" 
potential bias -5 V revealed reflections from two phases. The most intense are 
the main phase of TiN with Bl-NaCl cubic crystal structure and significantly 
less intense for -Ti phase with the relative volume content less than 5%. The 
crystallite size determined from the Selyakova-Scherrer ratio is 27-30 nm. X-
ray diffraction spectra revealed single-phase state - TiN phase with a cubic 
crystal structure and average crystallite size of 20-21 nm in the case of coatings 
obtained under additional pulse action (Fig. 1, curve 1). 
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Fig. 1 - Plots of the diffraction spectra of titanium nitride coatings for Us = -5 V with 
high-voltage pulses (curve 1), without high-voltage pulses (curves 2 and 3), coatings 

thickness of 7 microns (curves 1 and 3) and 3.5 microns (curve2). General view (a) and 
detail of low intensity diffraction peaks (b). 

 
The formation of oriented to the axis [110] (in the case of coating 

thickness 2.5 mm) and [100] (coating thickness 7 mm) crystallites mainly 
occurs in coatings obtained under "floating" bias without any additional effects 
of high-voltage pulse (Fig. 1a). In the case of coating deposition at “floating” 
bias and high-voltage pulse action preferred crystallite orientation is practically 
absent, which indicates a high disorienting ability of such exposure. 

The tendency to formation of two-phase coating (TiN phase and -Ti) also 
remains at bias increase (Us) to -230 V and absence of high-voltage pulse (Fig. 
2,  curve 1). At the same time with an increase of Us crystallite size decreases, 
accounting for Us = - 230 V average value 24-25 nm and 15 nm for TiN and -
Ti phases respectively.  
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Single-phase crystal-
line state of TiN coating is 
characterized by substan-
tially smaller crystal size up 
to 12 nm when high-
voltage pulses are applied.  

In the case of relative-
ly  high  Us =  230  V  the  
formation of preferred 
crystalline orientation with 
the axis of the axial texture 
[111] perpendicular to the 
plane of the growth surface 
is observed in spite of 
presence or absence of 
high-voltage pulses (Fig. 
2). 

Comparison of the 
diffraction spectra of 
coatings obtained by 
applying high-voltage 
pulses and different 
constant bias (Fig.  3) 
shows that at “floating” 
bias (curve 1, Fig.  3), and 
at relatively low potential 
Us = - 40 V(curve 2, Fig. 3) 
polycrystalline coatings 

without significant preferred orientation plane of crystallite growth are formed, 
and  only  applying  of  relatively  high  Us =  -  230  V  leads  to  preferential  
orientation of crystallites growth, expressed in the diffraction spectra as 
redistribution of peaks intensity (curve 3, Fig. 3). 

For investigating the elastically stressed state, the X-ray tensometry tech-
nique (“ -sin2 ”  method)  was  used,  and  in  the  case  of  an  axial-type  strong  
texture a modified version of the method was used, based on the measurement 
of interplanar spacings from different planes at certain crystallographically 
preset tilt angles  of the sample. From the “ -sin2 ” plot given in fig. 4 it can 
be seen that with an increase in the constant bias potential on the substrate 
residual stresses and the titanium nitride lattice constant increase, this being 
apparently the result of an increased intensity of ion bombardment during depo-
sition.  
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Fig. 4 - The function “ -sin2 ” for TiN 

coatings: 1 – without pulses, Us = -5 V; 2 – 
with pulses, Us = -5 V; 3 – with pulses, Us = 

-40 V; 4 – without pulses, Us = -230 V;  
5 – with pulses, Us = -230 V 

Fig. 5 - Cutting bit flank wear (h3) versus 
turning time(t). 1 – uncoated bit, 2 – with 

coating with no HVP (Us=-230V), 3 – 
with coating and with HVP(Us=-20V),  
4 -  with coating and HVP (Us=-200V). 

 
A special feature of the effect of high-voltage pulses on the properties of 

the coating during its deposition is the deformation reduction of the material. 
Note, however, that, in this case, irrespective of the absence or presence of 
high-voltage pulses, the increase in the constant voltage Us leads to the increase 
in elastic deformation. 

The characteristic property of the coatings deposited under the action of 
high-voltage high-frequency pulses is the increase in their hardness from 38 … 
45 GPa at floating and low (less than – 100V) bias potentials up to a superhard 
state (60 … 62 GPa) at a high bias potential ranging from -150V to -230V.  

Another important performance parameter of TiN coatings is their wear 
resistance. The strength tests of TiN-coated cutting tips from high-speed steel 
R6M5 by turning steel 45 have demonstrated that the cutting bits having the 
coatings deposited under the action of high-voltage pulses (HVP) are more 
efficient even at a low constant potential Us (fig. 5).  
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ABSTRACT 
Plasmonic nanoparticles are being researched as a noninvasive tool for ultrasensi-

tive diagnostic, spectroscopic and, recently, therapeutic technologies. With particular 
antibody coatings on nanoparticles, they attach to the abnormal cells of interest (cancer 
or otherwise).  Once attached, nanoparticles can be activated/heated with UV/visible/IR, 
RF or X-ray pulses, damaging the surrounding area of the abnormal cell to the point of 
death. Here, we describe an integrated approach to improved plasmonic therapy com-
posed of nanomaterial optimization and the development of a theory for selective radia-
tion nanophotothermolysis of abnormal biological cells with gold nanoparticles and self-
assembled nanoclusters. The theory takes into account radiation-induced linear and 
nonlinear synergistic effects in biological cells containing nanostructures, with focus on 
optical, thermal, bubble formation and nanoparticle explosion phenomena. On the basis 
of the developed models, we discuss new ideas and new dynamic modes for cancer 
treatment by radiation activated nanoheaters, which involve nanocluster aggregation in 
living cells, microbubbles overlapping around laser-heated intracellular nanoparti-
cles/clusters, and laser thermal explosion mode of single nanoparticles (‘nanobombs’) 
delivered to the cells. 

 

INTRODUCTION 
In recent years, there has been a tremendous increase in research at the 

nanoscale for materials (for example, [1] and references in this book).  One 
particular area is the application of plasmonic nanoparticles to enhance the 
diagnostic and treatment methods available for cancer [2-8].  The application of 
nanotechnology for laser thermal-based killing of abnormal cells (e.g., cancer 
cells) targeted with absorbing nanoparticles (e.g., gold solid nanospheres, 
nanoshells or nanorods) is becoming an extensive area of research.  Studies 
have shown that by coating the surface of nanoparticles with a specific protein 
(a ‘targeting agent,’ normally an antibody), the nanoparticles will bind to a 
complementary protein such as found on a cancer cell [3,7-12], as shown in 
Figure 1a.  After the nanoparticles are bound to the cancerous cells, they can be 
heated with electromagnetic radiation (UV/visible/IR, RF or X-ray pulses), 
inducing a variety of effects around the particles [7,9,11,12], as shown in Fig-
ure 1b.   
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(b) 
Fig 1 – Principle of selective nanophotothermolysis of cancer cells: (a) cancer cell 

targeted with primary antibodies (Ab) which are selectively attached to secondary anti-
bodies conjugated with gold nanoparticles; (b) schematic of laser-induced heating ef-

fects around the particles 
 
The heated particle can cause the cell to experience hyperthermia, result-

ing in surface-protein denaturing [13] and changing membrane permeability 
[14]. Alternatively, the nanoparticle itself can heat to the point of melting, 
evaporation or explosion [5,6], causing further damage to cells.  These effects 
can be used to increase the sensitivity of photoacoustic diagnosis or aid in ther-
apy, such as selective photothermolysis, by selective thermal killing of tumor 
cells into which absorbing nanoparticles have been incorporated.  The potential 
advantages of these new photothermal sensitizers heated with short laser pulses 
may include: 

 selective cancer-cell targeting by means of conjugation of absorbing par-
ticles (e.g., gold nanospheres, nanoshells or nanorods) with specific antibodies; 

 localized tumor damage without harmful effects on surrounding healthy 
tissue; 

 absorption at longer wavelengths in the transparency window of most 
biotissues; 

 no undesired side effects (e.g., cytotoxicity or cutaneous photosensitivi-
ty); and 

 relatively fast treatment involving potentially just one or several laser 
pulses. 

Progress towards the development of selective nanophotothermolysis 
technology requires the investigation of new physical concepts and new ap-
proaches to the study of short/ultrashort laser pulse interactions with biological 
systems containing nanostructures.  In this paper, we present a theory for laser-
induced linear and nonlinear synergistic effects in biological cells containing 
nanostructures with focus on cluster aggregation, bubble formation and nano-
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particle explosion phenomena. The theory is based on our experience in theo-
retical studies relevant to the nanoparticles [1,5,5,6,12,15-25]. 

Our  presentation  consists  of  two parts.  In  part  I  we discuss  the  new dy-
namic modes in selective nanophotothermolysis for nanomedicine applications. 
The second part of the presentation is devoted to the education and workforce 
development in nanomedicine and medical physics in general.  

NEW DYNAMIC MODES IN SELECTIVE CANCER NANOMEDICINE 
Microbubble overlapping mode.  Bioconjugated nanoparticles are selec-

tively attached to chosen cellular targets, in particular to membrane receptors 
activated by other antibodies as shown in Fig. 1a.  When nanoparticles are 
irradiated by short laser pulses, they absorb the laser radiation, and their tem-
perature rises very quickly, reaching the threshold of microbubble formation in 
the surrounding liquid medium. We proposed and studied theoretically a new 
dynamic mode for selective cancer treatment that involves the overlapping of 
bubbles inside the cell volume (shown in Fig. 1b and Fig.2b).  The microbub-
ble overlapping mode around intracellular structures induced by short laser 
pulses can dramatically increase the efficiency of the cancer treatment as a 
result of the larger damage range and higher expenditure rate in comparison to 
a thermal damage mode. 

 
Fig. 2 – Principle of the nanocluster aggregation mode (a), and microbubble overlapping 

mode around gold nanoparticles (b) in selective nanophotothermolysis 
 
Nanoclusters aggregation mode.  We also proposed a new mechanism for 

selective laser killing of abnormal cells by nanoclusters aggregated in the cell 
volume, as shown in Fig. 2a).  A cluster is a group of closely-located nanoparti-
cles separated by the thickness of antibodies (10-30 nm), which has a typical 
size of 200-400 nm.  Here, the effective therapeutic effect for cancer cell killing 
is achieved due to a large damage area at the relatively-low energy density of 
the incident laser pulse. 

Thermal explosion mode – nanobombs.  We have proposed another new 
mechanism for selective laser killing of abnormal cells by laser thermal explo-
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sion of single nanoparticles – nanobombs – delivered to the cells, as shown in 
Fig. 3. 

 
Fig. 3 – Principle of the thermal explosion mode of nanoparticles –“nano-bombs”, in 

selective nanophotothermolysis of the cancer 
 

Thermal explosion of nanoparticles is realized when heat is generated 
within the strongly-absorbing target more rapidly than the heat can diffuse 
away.  Here, the effective therapeutic effect for cancer cell killing is achieved 
due to nonlinear phenomena, which accompany the thermal explosion of the 
nanoparticles:  generation of a strong shock wave with supersonic expansion of 
a dense vapor in the cell volume, producing sound waves and optical plasma as 
shown in Fig. 4.  

 
Fig. 4 – Laser-induced thermal explosion of a gold nanoparticle 

 

NANOMEDICINE EDUCATION AND WORKFORCE DEVOPMENT IN 
MEDICAL PHYSICS 

The coming ability to carry out targeted medical procedures by means of 
nanotechnology at the molecular level will bring unprecedented power to the 
practice of medicine.  Within a few short decades, we can expect a major revo-
lution in how the human body is healed.  Nanomedicine lays the foundations 
for understanding this revolution. Nanomedicine demands expertise from a 
wide variety of disciplines, and scientists will often have physics, engineering, 
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and optics backgrounds, but at the same time possess knowledge about laser-
tissue interactions and good general knowledge of biology, anatomy, and phys-
iology.  Training of professionals and contributing to this rapidly growing tech-
nological field requires multidisciplinary education. 

Nanomedicine is a part of the Medical Physics science. A huge demand 
for competent Medical Physicists and Medical Dosimetrists exists in the coun-
try. Also, there is a challenge in training of qualified professions in these are-
nas. Today’s challenges in Medical Physics (MP) education and workforce 
development are to: 

 Train the next generation of scientists and clinicians in a multidiscipli-
nary environment. 

 Invent and train to use novel MP products to fight life-threatening dis-
eases. 

 Expand the talent pool for translation and commercialization of novel 
MP treatment/diagnostic technologies. 

 Bring relevant information to the public regarding new developments in 
MP.  
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ABSTRACT 
Copper sulfide nanoparticles was synthesized via a simple hydrothermal reaction 

between Cu(NO3)2.4H2O and thioglycolic acid (TG). Then CuS nanoparticles were 
added to Acrylonitrile-Butadiene-Styrene (ABS) copolymer. The thermal stability be-
havior and the flammability properties of ABS filled with copper sulfide nanoparticles , 
at various copper sulfide amounts: 2.5, 5 and 10 wt%, were studied by thermogravimet-
ric analysis (TGA) and cone calorimetry measurements. Nanoparticles and nanocompo-
site were characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), Fourier transform infrared (FT-IR) spectra and atomic force microscopy (AFM).  

 
Key words: Copper sulfide; Nanostructures; Hydrothermal. 
 

INTRODUCTION 
Acrylonitrile-butadiene-styrene copolymer (ABS) is widely used as an 

important engineering thermoplastic because of its desirable properties, which 
include good mechanical properties, chemical resistance and good processing 
characteristics. ABS is composed of a styrene-acrylonitrile copolymer (SAN) 
matrix phase, with grafted polybutadiene particles whose composition, (ABS) 
has a good balance among various physical properties such as processability of 
styrene, toughness and chemical resistance of acrylonitrile, impact resistance of 
butadiene and excellent appearance of its moulded products [1]. However, ABS 
is extremely flammable and is known as one of the most difficult polymers to 
flame retard by employing halogen free flame retardant. There are already 
various methods of improving fire retardancy of ABS for safety consideration 
and the flame retardant ABS is mainly achieved by halogen antimony syner-
gism [2]. Nanocomposites are very attractive due to the fact that small amount 
of nanostructure can lead to great improvement in many properties, such as 
mechanical and thermal property. Very different methods have done for im-
proving ABS fire resistance, such as ABS/clay, ABS/halogenated flame retard-
ant (FR), ABS/phosphorous FR, ABS/intumescent FR, nitrogen–phosphorus 
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(FR), ABS zinc stannate, ABS/ferric chloride, synergistic agent, ABS/CNT 
[3].  We  were  interested  in  the  synthesis  of  Bi2S3, SnS, CdS and other [4,5] 
nanostructures, using thioglycolic acid, via hydrothermal method for a few 
years. In this work, we have used the thioglycolic acid assisted hydrothermal 
process to successfully synthesize CuS nanoparticles. Then this metal sulfide 
was incorporated in ABS copolymer in order to increase thermal stability. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
ABS (1 g) was dissolved in 15 mL dichloromethan and copper sulfide was 

dispersed in 15 mL of dichloromethane with ultrasonic waves. Then dispersion 
of copper sulfide was added slowly to polymer solution. The solution was 
mixed under stirring for 5 h. After stirring Product was casted on a glass plate 
after around 1 h of solvent evaporation, the nanocomposite was placed in the 
vacuum oven for another 4 h for the removal of residual traces of solvent. 

RESULTS AND DISCUSSION 
The XRD patterns of pure ABS, CuS nanoparticles and ABS/CuS nano-

composite are shown in Fig.  1. Fig 1a shows  the  XRD  pattern  of  pure  ABS  
from Aldrich Company. In Fig 1b the XRD pattern of as-prepared copper sul-
fide nanoparticles was indexed as a pure hexagonal phase which is completely 
close to the values in the literature (JSPDS No.06-0464).  

In Fig 1c XRD  pattern  of  
ABS/CuS nanocomposite filled 
with CuS content 10 wt% of cop-
per sulfide is shown that peaks of 
CuS in XRD pattern of nanocom-
posite confirmed existence of 
copper sulfide in polymeric ma-
trix. 

Fig. 2a shows SEM image of 
CuS nanoparticles obtained at 160 
C.  From  the  image,  it  was  ob-
served that the nanoparticles were 
formed, and the particles were 
quasi spherical in shape. The size 
of nanocrystals obtained from the 
XRD diffraction patterns are 

about 30–45 nm. Figs. 2(b–d) are images of ABS filled with different contents 
of copper sulfide (2.5 wt%, 5 wt% and 10 wt%, respectively) that obviously 
confirmed presence of CuS in polymeric matrix. In Fig.2d CuS nanoparticles 
attractively constitute flower like structure in polymeric matrix. The thermal 
stabilities of pure ABS and ABS/CuS nanocomposite filled with CuS contents 

 
Fig. 1 – XRD patterns of: (a) pure ABS pol-

ymer, (b) CuS nanoparticles and (c) 
ABS/CuS nanocomposite filled with CuS 

content 10 wt% of CuSNP 
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of 2.5 wt%, 5 wt%, and 10 wt% at a heating rate of 10 0C min–1 in N2 atmos-
phere were investigated by TGA. 

 

Fig. 2 – SEM images of 
(a) as synthesized CuS 
nanoparticles, (b) 
ABS/CuS nanocompo-
site filled with CuS 
content 2.5 wt% of 
CuSNP, (c) ABS/CuS 
nanocomposite filled 
with CuS content 5 
wt%  of  CuSNP and (d) 
ABS/CuS nanocompo-
site filled with CuS 
content 10 wt% of 
CuSNP 

 
There is one big weight loss for all samples with increasing the tempera-

ture from 350 ºC to 650 ºC due to the decomposition of ABS. Whereas, after 
650 ºC, the weight of samples is basically unchanged. The nanocomposite resi-
due from the TGA curves increases with increasing CuS content. Moreover, the 
measured residue amounts are in good accordance with the calculated values of 
pure CuS in the nanocomposites [6]. The thermal decomposition of the ABS 
shifted towards higher temperature in the presence of the CuS nanoparticles. 
Improved thermal stability of composites with respect to the pure ABS can be 
assigned to partially alter molecular mobility of the polymer chains due to their 
adsorption on the surface of the filler particles [7]. Also, exfoliated CuS filler 
particles have significant barrier effect to slow down product volatilization and 
thermal transport during the decomposition of the polymer, which improves 
thermal stability of nanocomposite. Simultaneously, adsorption of polymer 
chains onto the surface of CuS filler particles results in restriction of segmental 
mobility and serves to suppress redistribution and chain transfer reactions [8]. 
Polymer adsorption on the surface of filler particles is a crucial step for expla-
nation of changed thermal stability of ABS/copper sulfide composites, as was 
stated earlier [9] there is a delay of weight loss that can be attributed to the CuS 
which acts as a impervious barrier retarding the diffusion of the volatile prod-
ucts from the polymer bulk to the gas. With regard to the residues left after 
decomposition, ABS was almost completely decomposed at 500 ºC, but the 
residue amounts for ABS/CuS remained stable [10]. 
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CONCLUSIONS 
CuS nanoparticles were prepared by TG assisted with hydrothermal pro-

cess at relatively low temperature. CuS nanostructures were added to acryloni-
trile-butadiene-styrene copolymer. The influence of copper sulfide on the ther-
mal properties of ABS matrix was studied using thermogravimetry analysis. 
The thermal decomposition of the ABS shifted towards higher temperature in 
the presence of the CuS nanoparticles. Improved thermal stability of compo-
sites with respect to the pure ABS can be assigned to partially alerting molecu-
lar mobility of the polymer chains due to their adsorption on the surface of the 
filler particles. Also, exfoliated CuS filler particles have significant barrier 
effect to slow down product volatilisation and thermal transport during decom-
position of the polymer. 
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ABSTRACT 
In order to prevent agglomeration of high temperature YBa2Cu3O7-x (YBCO) su-

perconducting materials, the solid state processing method based on new and appropri-
ate yttrium complex precursors that have high stability in air and compatibility in solu-
tion, was used without applying any surfactant. A new method of preparing yttrium 
precursors on the basis of coordination hydroxynaphthaldehydate, salicylaldehyde and 
acetylacetonate compounds has been suggested. These have been prepared by a reaction 
of yttrium acetate with three various coordination compounds for forming yttrium com-
plex types. These techniques provide proper control on nanoparticles size distribution. 
The generated steric hindrance due to the structure of the novel precursors, acts like a 
protecting agent and prevents from agglomeration. We synthesized nanoparticles of a 
size about 30–50 nm with homogeneous grains distribution at high calcination tempera-
ture 920 °C. The maximum values of transition temperature into the superconducting 
state have been found to be Tc(0) = 84 K with a temperature interval  of T = 3 K for 
YBCO nanosuperconductor. The synthesized products were characterized by powder X-
ray diffraction, fourier transform infrared spectroscopy (FT-IR), transmission electron 
micrograph and scanning electronic microscopy.  

 

Key words: superconductor, coordination compositions; solid state process; 
nanostructures; YBa2Cu3O7-x. 

 

INTRODUCTION 
Currently, YBa2Cu3O7-x (Y-123) is still the best suited high-TC supercon-

ductor for most applications [1]. A great effort has been made by scientists in 
both academia and industry to study this material. One of the most important 
and conventional synthesis techniques of YBCO is solid state reaction which 
despite some limitations and problems [2] in this method, due to its relative 
ease, is widely used for the synthesis of ceramics superconductors. 

It has been found that several factors, such as the selection of the starting 
reactants, techniques employed and the calcination procedures play important 
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roles in the phase formation and the characteristics of fabricated samples [3]. 
Most of the early fabricated compounds were synthesized by reacting Y2O3 and 
CuO with BaCO3 [4–8] or BaO2 [3,  9,  10]  and  a  long  time  calcination  was  
required because the carbonates decompose with a slow rate. So, the particles 
were agglomerated with no a high quality structure. Another problem is carbon 
retention in sintered compacts that affected the critical current densities. In this 
work, for the first time we synthesized samples with various and new precur-
sors of yttrium via solid state reaction method. By comparing XRD patterns of 
products, it was found that in samples synthesized with coordination composi-
tion of yttrium as the precursor instead of yttrium oxide, BaCO3 phase disap-
pears at 900 ºC and a rather pure Y-123 phase was obtained that consists of tiny 
particles with spherical shape and a homogeneous grains distribution. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
At the first step, we synthesized three precursors of yttrium. These were 

prepared by the reaction of high-purity nitrate salt of Y with acetylacetone 
(C5H8O2), 2-hydroxo-1-naphthaldehyde (C11H8O2) or salicylaldehyde (C7H6O2) 
type ligand.  

After dropwise add-
ing of sodium carbonate 
into the mixed solution 
and refluxing for about 2 
h, the obtained precipi-
tates were centrifuged 
and washed with ethanol 
for several times. Fig. 1 
shows a schematic mo-
lecular structure of the 
prepared complex pre-
cursors. 

Then, an appropri-
ate amounts of BaO, 
CuO, [Y(acac)3], 
[Y(hna)3] and [Y(sal)3] 
were adjusted (Y:Ba:Cu 
= 1:2:3) and mixed to 
obtain sample no. 1, 2 or 
3 (Table 1). The powders 
were grinded and heated 

at temperatures 820, 900 and 920 ºC for 10 h with intermediate grindings. Fi-
nally, the powder annealed to 500 ºC in oxygen flow, then cooled down to 
room temperature. 

 
Fig. 1 – Schematic diagram illustrating the formation of 

precursors: (a) Y(acac)3, (b) Y(hna)3 and (c) Y(sal)3 
Table  1 – Chemical precursors used to obtain 

YBCO superconductor 
Samples no.            Initial materials 
1                       BaO, CuO, Y(acac)3 
2                       BaO, CuO, Y(hna)3 
3                       BaO, CuO, Y(sal)3 
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RESULTS AND DISCUSSION 
FT-IR spectra of precursors of yttrium, confirm the formation of Y com-

plexes because the stretching C=O vibration of aldehyde is shifted to lower 
frequency (about 1600 cm–1) indicating the coordination of carbonyl group to 
the metal. Results of powder X-ray diffraction of sample no. 1 at different tem-
peratures (figure 3a – c) show that at 920 ºC intensity of YBCO phase with an 
orthorhombic structure becomes strong. EDX quantitative microanalysis indi-
cates an average composition of Y (19 %.wt), Ba (45.6 %.wt), Cu (26.3 %.wt) 
and O (9 %.wt) before annealing.  

Figure 2 and Figure 3 show 
XRD results of sample no. 2 and 3 
that confirm at 920 ºC nearly the 
single phases of YBCO were 
formed along with a little addi-
tional peak with low intensity. By 
the use of Debye-Scherrer equa-
tion (d = 0.9 / cos ), crystallite 
sizes were estimated and results 
were indicated: 17.5 nm at 900 ºC, 
17.6 nm at 920 ºC for sample no. 
1, 28.1 nm and 17 nm at 920 ºC 
for sample no. 2 and 3 respective-
ly.  

According to the SEM 
images (figures 3 a–d), at sample 
no. 1 nanoparticle of a size about 
30–50 nm with homogeneous 
grains distribution have been ob-
served. Sample no. 2 consists of 
tiny, aggregated nanoparticles with 
spherical shapes and morphology 

of sample no. 3 was like to rods of a diameter about 60–70 nm. Further obser-
vation at higher magnification in TEM image reveals that the size of nanoparti-
cles obtained from the XRD diffraction patterns are in close agreement with the 
TEM studies which show average sizes of 45±5 nm.  

The Resistance-Temperature (R-T) curve for as-prepared sample with 3 
tons pressure showed that maximum values of transition temperature into the 
superconducting state have been found to be Tc(0) = 84 K with a temperature 
interval of T = 3 K. 

 
Fig. 2 – XRD diffraction patterns for sample 
no. (a) 2 and (b) 3 at 820 °C and 920 °C. The 
peaks that do not correspond to YBCO phase 

are indexed by (+) CuO, (*) Y2Cu2O5, (^) 
BaCuO2, (o) Y211 and (X) weak additional 

peaks. 
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Fig. 3 – Representative SEM images of: (a) and (b) sample no. 1 at 820 and 920 

°C; (c) and (d) sample no. 2 and 3 at 920 °C respectively. 
 
The obtained critical temperatures were slightly reduced compared with 

typically quoted values of bulk YBCO material (91 K) [4] but were enhanced 
compared with of nanosize YBCO reported elsewhere (80 K) [11]. 

CONCLUSIONS 
In  summary,  for  the  first  time  we  have  demonstrated  the  synthesis  of  

YBCO nanoparticles on the basis of coordination hydroxynaphthaldehydate, 
salicylaldehyde and acetylacetonate compounds as new precursor via a thermal 
decomposition process. By using these novel precursors, it is possible to pre-
pare nanoparticles of ceramic material at high calcination temperature. The 
pesence of methyl groups and banzene rings around the metal centers (see fig-
ure  1), act like a ptotecting agent that cover the growing nanoparticles and 
prevents from agglomeration. After raising the temperature and decomposition 
of the complex, YBCO nuclei were formed and during the reaction, the growth 
of initial nuclei into nanoparticle occurred.  

TEM images showed that the particle size of the as-synthesized powders 
was about 30–50 nm. The Tc of the obtained nanosuperconductor was deter-
mined about 84 K. The sintered material prepared with this powder showed 
clearly denser microstructure compared with that of other samples. As the 
magnetic field applied on the sample increased, due to the generated defects in 
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the superconductor structures, a visible decrease in Tc and Tc(0) temperature 
values were observed. 
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ABSTRACT 
A thioglycolic acid (TGA)-assisted hydrothermal process has been developed to 

synthesize cadmium sulfide nanostructures via the reaction between a new precursor 
cadmium (II) phthalate and TGA. X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), photoluminescence spectroscopy (PL) and Fourier transform infrared 
(FT-IR) were employed to characterize the obtained product. The effect of the reactant 
concentration,  mole  ratio  of  TGA  to  the  Cd2+, temperature and reaction time on the 
morphology, size of particles and phase of nanocrystalline CdS products were investi-
gated. 

 
Key words: Chemical synthesis, CdS, Nanostructured materials, Inorganic mate-

rials. 
 

INTRODUCTION 
Cadmium sulfide (CdS), with a wide band gap of 2.42 eV (in bulk), is 

among one of the most important nano-structured semiconductors that have 
been widely studied due to their potential applicability in the possible applica-
tion in optoelectronic devices, photocatalysis and potential applications in solar 
cells [1]. In 2004, Yang et al. developed a mild hydrothermal route to synthe-
size metal sulfides using thioglycolic acids (TGA) as nontoxic template [2], 
which shows that TGA acts as the oriented growth reactant during above pro-
cess. Recently, our group reported synthesis of metal sulfide nanoparticles via 
hydrothermal process in the presence of TGA [3–5]. In our research novel inor-
ganic complex precursor, [bis(salicylaldehydato)zinc(II)], was applied for syn-
thesis of ZnS nanoclusters in the presence of TGA via hydrothermal method for 
the first time. We found out that precursors also play an important role in con-
trolling size of particles and morphology. Meanwhile a major interest is in the 
development of organometallic or inorganic precursors. Our strategy has been 
to use a thioglycolic acid as capping agent for hydrothermal synthesis of CdS 
nanoparticles. It still remains a great challenge in the way of developing facile 
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and environmentally benign methods for creating CdS nanoparticles through a 
simple method. In this paper, we report a novel thioglycolic acid (TGA)-
assisted hydrothermal method to fabricate well-crystallized CdS nanoparticles. 

We have presented a hydrothermal method, which is milder, simpler, 
more practical, and more environmental than any other methods. The trick in 
hydrothermal synthesis of CdS nanostructures presented here is the use of thio-
glycolic acid (TGA) as sulfur source and stability agent, which was previously 
used as the stability agent to prevent the chalcogenide nanocrystals from aggre-
gating [6]. In this method cadmium (II) phthalate was used as a new precursor. 
We discussed three critical factors for hydrothermal formation of the CdS na-
noparticles, namely, Cd2+/TGA mole ratio, hydrothermal temperature, and 
reaction time. It is reasonable to believe that the TGA-assisted hydrothermal 
process offers great opportunities for preparation of tin chalcogenide nanostruc-
tures. To the best of our knowledge, this is the first report on the synthesis of 
CdS nanoparticles via hydrothermal method from cadmium phthalate in the 
presence of TGA as sulfur source. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
In a typical synthesis 10 ml of thioglycolic acid (TGA) were added into 

0.6 g [Cd(Pht)(H2O)]n under stirring and heating. The precursor complexes 
[Cd(Pht)(H2O)]n was prepared according to the literature [7]. After 40 min the 
solution was stirred vigorously.  

 
Fig. 1 – The proposed evolution process for preparation of CdS nanostructures. 
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The final solution was put into a Teflon-lined stainless steel autoclave un-
der stirring. Then, the autoclave was maintained under a static condition at 
100–160 ºC for 12–36 h and then gradually cooled down to room temperature. 
The mixture turned yellow due to the formation of CdS precipitates. The prod-
uct was centrifuged, washed with alcohol and distilled water for several times, 
and dried in the air at 60 ºC for 8 h (Fig. 1). 

RESULTS AND DISCUSSION 
The XRD pattern of the synthesized product for 24 h at 100 C shows that 

the majority of the products were poorly crystallized and diffraction pattern 
matched with no JCPDS card No. When the reaction temperature increases 
from 100 C to 120 C, the crystallinity of the products will improves. The X-
ray powder diffraction pattern of the CdS nanoparticles showing the reflections 
from (100), (002) and (101) planes, which indicates the formation of a pure 
hexagonal phase with space group of P63mc, which is close to the values in the 
literature (JSPDS No.41–1049 with cell constant a = 4.1409 Å, b = 114.1409 
Å, c = 6.7198 Å).  

Synthesis was carried out in different experimental conditions to get the 
optimum condition for the formation of CdS nanostructures. In solvother-
mal/hydrothermal process the decomposition of the precursors at a particular 
solvent depends on the temperature and pressure inside the reaction vessel. 
Here,  pressure  was  related  to  the  filing  fraction  of  the  solvent  and  was  kept  
constant for all the experiments. Initially synthesis was performed in water with 
different concentrations of thioglycolic acid (TGA) using the same cadmium 
source. Then synthesis temperature was adjusted to achieve the favorable con-
dition for the synthesis of CdS hollow spheres and subsequently the experi-
ments were carried out with different reaction time of the TGA solutions. 

The effects of the Cd2+ to TGA mole ratio in the starting solution on the 
morphology and shape of CdS powders are shown in Fig. 2. In a series of ex-
periments, the temperature was kept at 120 °C and the reaction time was 24 h. 
Fig. 2 shows the powder SEM and TEM images of the resultant products ob-
tained with TGA: Cd2+ (1:1 to 3:1) at 120 C for 24 h. With the raising mole 
ratio, TGA: Cd2+, from 1:1 to 3:1, morphologies of the as-synthesized CdS 
products change. When synthesis was performed with the mole ratio of TGA/ 
Cd2+ was 1:1, quasi naospheres were formed (Fig. 2a). The typical TEM image 
of the CdS nanoparticles prepared with TGA: Cd2+, from 1:1 at 120 ºC for 24 h 
is indicated in Fig. 2b. CdS nanoparticles with 40–50 nm diameters are shown 
in Fig. 2b. Upon increasing the TGA: Cd2+ mole ratio to 2, hollow sphere was 
produced (Fig. 2c). This data indicates that how reactant concentration could 
change the morphology of the product. Increasing the molar ratio to 3:1 hollow 
spheres, including some of nanoparticles were observed (not shown here).  
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Fig. 2 – SEM and TEM images of the as-synthesized product at 120 °C for 24 h at dif-

ferent concentration of TGA: (a, b) 0.04 M and (c, d) 0.08 M. 
 
To further probe the effect of growth conditions has been hanged the syn-

thesis temperature with constant TGA/Cd2+ mole ratio, i.e. 2:1. The SEM image 
in Fig. 3a shows that CdS powders obtained with TGA (0.08 M) for 24 h at 100 
ºC consist of irregular nanoparticles, whereas the product obtained at 120 ºC for 
24 h possesses CdS hollow-sphere based nanoparticles as shown in Fig. 4c.  

  

 

Fig. 3 – SEM images of as-synthesized 
CdS with TGA (0.08 M) for 24 h at: (a) 

100 °C, (b) 140 °C and (c) 160 °C 
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As shown in Fig. 3b one can see that by increasing the reaction tempera-
ture to 140 ºC, CdS hollow sphere was observed. It is noticeable that these 
hollow spheres were stable at 140 ºC. Upon raising the temperature to 160 ºC, 
all of the CdS hollow-sphere based nanoparticles collapsed and irregular nano-
particles were obtained (Fig. 3c). This occurs at higher reaction temperatures, 
TGA decomposed faster and thus the nanocrystallites grew at a relatively high-
er rate to larger sizes. 

The photoluminescence spectrum of the CdS samples obtained at 120 ºC 
at different TGA concentration: (a) 0.04 M and (b) 0.08 M, show an emission 
maximum at 594 nm and 580 nm ( exc = 392 nm). It presents some blue-shift 
compared to bulk CdS at 650nm, which are consistent with the result of above 
UV–vis absorption spectrum. Previous reports suggest that the emission arises 
from the recombination of an electron trapped in a sulfur vacancy with a hole in 
the valence band of CdS [8]. As the crystallite size decreases, intensity of emis-
sion peak increases and the peak shifts to higher frequencies that indicates the 
quantum confinement effect. 

CONCLUSIONS 
CdS nanostructures have been successfully synthesized through a thiogly-

colic acid-assisted hydrothermal processing using a new precursor 
[Cd(pht)(H2O)]n; as the source of Cd2+and thioglycolic acid (TGA) as sulfiding 
reagent. The possible growth mechanism of formation of the CdS nanosructures 
was discussed and the effects of TGA concentration, reaction time and reaction 
temperature on morphology and phase were proposed. We believe that this 
synthesis process can be extended to become a general method for the prepara-
tion of other novel structure function materials. 
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ABSTRACT          
The results  of TiO2 nanotube (Ntb) films crystallization in autoclaves of various 

atmospheres are presented. We found that amorphous TiO2 nanotube arrays crystallized 
into a pure anatase by autoclaving in ethanol and water vapor. The Ntb films were 
treated in PTFE-lined vials at 110 - 180ºC temperatures for several hours in the atmos-
phere of ethanol, water and ethanol-water mixtures. The photocatalytic properties of the 
vapor-treated films were superior as compared to those produced after the Ntb annealing 
at 500°C in the atmosphere of ambient oxygen. We show that autoclaving of Ntb results 
in the formation of hydrous anatase species with a larger a and a smaller c lattice pa-
rameters as determined by Raman and XRD spectroscopes.  These findings were con-
firmed by X-ray diffraction, Raman spectroscopy and photodegradation of methylene 
blue. 

  
Key words: crystallization, TiO2 nanotubes, Autoclaved treatment, Raman, Pho-

todegradation 
  

INTRODUCTION 
Recently, TiO2 nanotube (Ntb) films have become the target of focused 

investigations on account of their self-ordered structure and unique physico-
chemical properties prospective for their applications in water photoelectroly-
sis, solar cells, Li batteries, sensors, photo catalysis, etc. 

Here we present a short overview on the new trends of as-grown titania 
nanotubes post treatments seeking to improve photoefficiency of charge carri-
ers and extent their absorption edge into the vis-region. In according to Grimes 
and Mor [1], four generations of TiO2 synthesis by anodizing way can be dis-
tinguished. The first work on the growth of highly ordered TiO2 nanotube films 
in thickness of only less than 0.5 m has been reported in 2001 [2]. In second 
generation, the nanotube film thickness has been increased to  7 m by using 
the aqueous buffered F-containing solutions [3]. The use of organic Ti anodiz-
ing solutions, such as glycerol, formamide, ethylene glycol or dimethyl sulfox-
ide with fluorides (HF, NH4F,  KF,  NaF)  drastically  increased  the  lengths  of  
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TiO2 Ntbs up to 1 mm [4]. Note that in these solutions quite ordered nanotubes 
array can simply be fabricated throughout the optimization of anodizing pro-
cess parameters such as the composition of electrolyte, pH, bath temperature, 
applied voltage value and processing time (Fig. 1).  

The as-grown TiO2 Ntbs are usually amorphous and, hence, exhibit negli-
gible photocatalytic activity. To obtain the crystalline phases of anatase or 
rutile, a high-temperature post-treatment in oxygen ambient is required. How-
ever, multiple factors affect the crystallization of TiO2 species, including size, 
uniformity, and conditions applied for TiO2 formation. Noteworthy that in case 
of long TiO2 nanotubes, the annealing frequently results in detachment of some 
parts of film from the substrate. Moreover, the annealing even at 450 – 500 C, 
e.g. in a typical temperature region for anatase-TiO2 Ntb formation, leads to the 
formation of thin rutile-TiO2 sub-layer beneath the nanotube film at the Ti 
surface. This layer hinders the transport of photogenerated electrons to the back 
contact that severely limits application of crystalline TiO2 Ntb films.  

In recent years various efforts have been made to develop TiO2 nanocrys-
tals by low-temperature hydrothermal and solvothermal treatment protocols 
[5,6]. Analogously, it was decided here to use similar treatments for re-
construction and crystallization of amorphous TiO2 films formed by Ti surface 
anodizing in NH4F-containing ethylene glycol solutions. By this way we found 
that amorphous TiO2 nanotubes can be successfully converted into the crystal-
line TiO2-anatase nanotubes throughout the sonication in a Teflon-line auto-
clave containing H2O and EtOH even at 110 C.  

 

 
Fig. 1 – Illustrative FESEM images showing topology of a TiO2 nanotube film fabricat-
ed by Ti anodizing in F--containing ethylene glycol electrolyte at 60 V dc and 20 ºC for 

3 hr: (a) top-side, (b) back-side, (c) panoramic, and (d) cross-sectional views 
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We also determined that low-temperature crystallization method allows to 
escape delamination of TiO2 Ntb film from the substrate opening new possi-
bilities for their applications. 

The composition and morphology of TiO2 Ntbs after annealing as well as 
following solvo- and hydro-thermal treatments were studied by XRD, Raman 
and FESEM.  

METHODS 
All materials used in this study were purchased from Aldrich as analytical 

grade reagents and used as received. The 0.125 mm Ti foil (Aldrich, 99.7 at%), 
was used to prepare 15 ×15 mm2 specimens. Their surface was ultrasonically 
cleaned in acetone, ethanol, and water for 3 min in each, and then air dried. 
The anodization was carried out in a thermostated (20 ±1ºC) glass cell in the 50 
ml of electrolyte under stirring conditions. The doubly distilled (DD) water was 
used throughout. The solution for anodization was ethylene glycol with 20 ml/l 
of H2O and 0.3-0.5 wt% of NH4F. Each sample was anodized in a fresh solu-
tion. Two stainless steel plates positioned at 13 mm from the anode were used 
as  cathodes.  The  60  V  dc  voltage  was  applied  for  anodizing  of  all  samples.  
Typically, the anodization time varied from 3 to 20 hours. After anodization, 
samples were thoroughly rinsed for ~3 min in ethanol and ethanol-water baths 
and then air-dried. Samples were heat-treated in a PTFE-lined vial placed into 
the oven (Zhermack). The temperature in the oven was raised from 100 to 180 
ºC with a 10°C/min ramp. The samples were heated for 5 to 20 h. Various 
ethanol/water volume ratios ranging from 100:0 to 0:100 were tested. The 25 
ml autoclave was filled up with 12.5 ml of the liquid. To avoid direct contact of 
the sample with the liquid, the sample was placed on a special glass holder. 
Some experiments were done in D2O instead of H2O. For comparison, a few 
anodized Ti samples were heated in an air oven at 500 ºC for 2 h using a 10 
°C/min ramp. 

The structure and morphology of TiO2 nanotube arrays were studied be-
fore and after the post-treatments with a field emission scanning electron mi-
croscope (FESEM, model Hitachi S-6000). Phase composition of anodized and 
heat-treated samples were studied by X-ray powder diffraction (XRD) using a 
D8 diffractometer (Bruker AXS, Germany), equipped with a Göbel mirror as a 
primary beam monochromator for CuK  radiation. A step-scan mode was used 
in the 2  range from 18 to 55o with a step-length of 0.02o and a counting time 
of 8 s per step. The size of anatase crystallites was determined from the diffrac-
tion peak broadening using the Scherrer formula [7].  

Raman measurements were performed either with a 632.8 nm excitation 
(He-Ne laser) by using the Raman microscope LabRam HR800 (Horiba Jobin 
Yvon) equipped with a grating containing 600 grooves/mm and the CCD de-
tector cooled by the liquid nitrogen, or with a 785 nm excitation using the 
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Echelle type spectrometer RamanFlex 400 (PerkinElmer, Inc.) equipped with 
the thermoelectrically cooled (–50 oC) CCD camera and fiber-optic cable. 
Laser power at the sample was typically 1 mW for the 632.8 nm and 20 mW 
for the 785 nm excitation. High frequency spectra (1100-3800 cm-1) were rec-
orded with the 5 mW ( 632.8 nm) laser power. The 632.8 excited Raman spec-
tra were taken using a 50x/0.75 objective lens. Integration time was 50 s. The 
Raman frequencies were calibrated using a Si sample (520.7 cm-1 Raman 
mode). The Raman frequencies of 785 nm-excited spectra were calibrated by 
using the polystyrene standard (ASTM E 1840) spectrum. Intensities were 
calibrated by a NIST intensity standard (SRM 2241). Laser beam was focused 
to a 200 µm diameter spot on the surface.  

The nanotube films prepared by heat and autoclaving treatments were 
tested for catalytic activity. The photocatalytic activity of the crystalline TiO2 
samples was studied by observation of the degradation of methylene blue (MB) 
under UV light irradiation at 365 nm for 1.5 hours. The samples of crystallized 
TiO2 nanotube films were dispersed in ethanol using sonication for 1 h, and 
then dried at room temperature for 24 h. The 0.01 g of TiO2 were again soni-
cated in 100 ml of aqueous solution of 6.25 µM MB in the dark for one hour to 
reach the MB adsorption-desorption equilibrium. The resulting suspensions in 
a quartz photo reactor were exposed to UV irradiation with a UV diode light 
with the irradiating 26 ± 2 mW light intensity. The 2.5 ml samples were 
withdrawn from the reactor every 15 min and centrifuged at 8000 rpm for 5 
min. The concentration of MB was determined from the UV-vis absorption 
spectra recorded with a Perkin-Elmer LAMBDA 35 spectrophotometer. The 
reproducibility of the MB concentration was within 5 %. 

RESULTS AND DISCUSSION 
In the figure 2 we  show  the  XRD  traces  for  the  TiO2 nanotube films, 

which were heated in ethanol, water and their mixture atmospheres at 180 C 
for 10 h. In all cases the crystalline anatase formation from the amorphous 
TiO2 is also observed.  

 

Fig. 2 – XRD patterns of  TiO2 
nanotube film before and after 

autoclaved treatment in the 
atmospheres of H2O, EtOH and 
their indicated mixtures at 180 
ºC for 10 h. T/ t = 10 °C/min 
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Higher crystalline material was formed when the treatment time increased 
from 5 to 20 h, as suggested by stronger peaks for all  main anatase planes in 
XRD spectra. Surprisingly, the formation of crystalline anatase was observed 
after the autoclaving of TiO2 nanotube arrays in various ethanol-water mixture 
atmospheres even at 110 °C. Higher annealing temperature (Tann) facilitated the 
formation of higher crystalline product as suggested by increasing diffraction 
peaks with increasing Tann from 110°C to 180°C. Again, we did not observe 
any phase changes or impurity peaks appearing in the XRD patterns for the 
entire temperature range used in our study.  

The size of the anatase crystallite for various solvothermal threatment 
conditions in ethanol are given in Table  1. As seen, the crystallite size in-
creased from ~12.9 to 16.5 nm as the processing time increased from 5 to 20 h. 
Also, we have compared the lattice parameters for autoclaved TiO2 films with 
those  typical  for  anatase  nanocrystalls  (Table 1). Our results indicate anatase 
formation by autoclaving with a lattice parameter a from 0.3795 to 0.3793 nm 
and parameter c from 0.948 to 0.949 nm. Therefore, in case of autoclaving the 
lattice parameter a is slightly higher and the lattice parameter c is slightly 
smaller than those typical for anatase nanocrystalls, the 0.3785 nm (a) and 
0.95139 nm (c). 

 
Table 1. Effect of the TiO2 Ntb film autoclaved treatment conditions in ethanol (~ 

96 v/v%) atmosphere on the crystallite size and lattice parameters of anatase 

Sample no. Tann, 
C 

Crystallite 
size (d), nm  a, Å c, Å Heat-treatment 

time, h 
1 175 16.48 3.795 9.482 20 
2 175 15.54 3.795 9.482 10 
3 175 12.94 3.795 9.482 5 
4 150 12.45 3.798 9.490 10 
5 110 12.92 3.807 9.497 10 

Anatase  
PDF 21-1272 - - 3.7852 9.5139  

 
The composition of TiO2 Ntbs after annealing and sonochemical treat-

ment  in  H2O and/or EtOH vapor was further studied by Raman spectroscopy 
because various titanium oxide phases, including anatase [8], rutile [9], 
brookite [10], and amorphous state [11] can be discriminated based on specific 
Raman signatures. It is worth noting that as-grown TiO2 nanotubes does not 
show any Raman features characteristic for crystalline TiO2 phases, instead 
broad bands near 200, 488, and 614 cm-1 indicating the presence of amorphous 
titanium oxide [11]. We found that amorphous TiO2 nanotubes can be success-
fully converted into the crystalline TiO2-anatase nanotubes throughout the 
sonication in a Teflon-line autoclave containing H2O, EtOH or their mixture 
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even at 110 C. We also determined that low-temperature crystallization meth-
od allows escape the delamination of TiO2 Ntb film from the substrate.  

According to numerous reports, the annealing of amorphous TiO2 
nanotubes film at 450-500 °C results in the crystallization of this material and 
appearance of strong Raman bands at 144, 397, 517, and 638 cm-1 along with 
the weak feature near 198 cm-1 (Fig. 3a). All these bands are characteristic of 
crystalline anatase TiO2 structure [8]. The dominant band at 144 cm-1 we 
assigned  to  Eg(1) Raman-active mode, while the peaks at 198, 397, and 638 
cm-1 belong to Eg(2), B1g(1), and Eg(3) phonon eigenmodes, respectively.  

The Raman spectra of TiO2 nanotube film after hydrothermal and 
sonochemical treatments considerably differ from the one of calcinated 
specimen in both the position of the peaks and the width of the bands (Fig. 3b-
d). In general, Raman bands are considerably broader in the case of autoclaved 
specimens. Also the Eg(2) mode near 198 cm-1, characteristic for ordering 
structures, can not be clearly detected. Furthermore, the intense Eg(1) mode 
was found to be blue shifted by 4.5 cm-1 and nearly twice broadened.  

We also determined that ob-
served low frequency Eg(1) com-
ponent in the vicinity of 153-156 
cm-1 (Fig. 3) can not be explained 
by reduced crystal size effect, and 
suggests presence of non-
stoichiometry defects due to oxy-
gen deficiency in the autoclaved 
samples. It was found that intensity 
ratio  of  the  band  near  154  cm-1 
with respect to one near 145 cm-1 (

)1(
154
EgI / )1(

145
EgI ) increases in the 

order: 
Heat treated (0) < EtOH 

(0.20) < H2O (0.21) < EtOH:H2O 
(0.27). Thus, Raman data suggest 
the presence of non-stoichiometry 
effects for all autoclaved anatases, 
highest being for EtOH:H2O sam-
ple. In addition, decrease in crystal-

lites dimension below the 10 nm might also take place.  
Figure 4 depicts the FESEM and TEM images of TiO2 nanotubed film 

produced by Ti anodizing in the ethylene glycol electrolyte containing some 
higher content of fluoride before (a,b) and after calcinations by heating (c) and 
autoclaving (d) and the subsequent treatment in ultrasonical bath for 10 min 

 
Fig. 3 – Raman spectra of TiO2 samples in 
80-800 cm-1 spectral region: heat treated, 
(b) autoclaved in EtOH, (c) in EtOH:H2O 
1:1 mixture, and (d) H2O. The excitation 
wave-length is 633 nm, laser power at the 
sample 1 mW, and integration time 50 s 
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(e,f).  It is worth noting that nanotubes of such films are composed of 
nanocrystallites in size of several tens of nanometers because the shape, size, 
and height, as well as the Ntb wall thickness and roughness, all are depended 
on the composition of solution and anodizing conditions applied.  Thus, in the 
present work we demonstrate that by varying the anodizing and post-treatment 
conditions the unusual nanotubular/nanocrystalline structure of TiO2-anatase 
can be organized. 

 

 
Fig. 4 – Illustrative FESEM (a-d) and TEM (e,f) images showing the topology of  

as-grown TiO2 nanotube films in ethylene glycol electrolyte containing 0.4 wt% NH4F 
at 60 V and 20 C for 3 h (a,b) following calcination at 500 C for 3 h (c,d), and 

ultrasonication  for 10 min (e,f) 
 
Photocatalytic properties of the TiO2 nanotubed films calcinated by auto-

claved and heat-treatments were characterized by the study of decomposition 
of the methylene blue (MB) dye molecules by TiO2 species, obtained from 
calcinated films by ultrasonic agitation. Figure 5 gives the results. As seen, the 
MB degradation with TiO2 calcinated by heat treatment and autoclaving in the 
isotropic ethanol (~96 %) vapor proceeds rather similar. However, with the 
increasing time of the ultrasonic agitation, the decomposition efficiency on the 
TiO2 samples treated with EtOH was reduced resulting in somewhat lower 
photocatalytic efficiency compared to the heat-treated samples (see curve 2 in 
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Figure 5). Surprisingly, significantly faster photocatalytic decomposition of 
MB dye was observed for autoclaved TiO2 Ntb film species in H2O and EtOH–
H2O mixture atmospheres (curves 3 and 4 in Fig. 5). A nearly tenfold increase 
in the degradation rate, as calculated from the slope of the degradation curve 
was observed for EtOH–H2O-autoclaved species. Inset in figure 5 compares 
the kinetic plots of MB photodegradation for various TiO2 crystallization sam-
ples. 

It is apparent that 
photodegradation of MB 
molecules obeys first-order 
reaction kinetic as ex-
pressed by the equation (1) 
[12], where t is the reaction 
time in min and k’ is the 
apparent reaction rate con-
stant in min-1: 

 
ln (C/C0) = -k’t   (1) 

 
From these plots, ana-

tase species prepared by 
the autoclaving of TiO2 
Ntb film in EtOH–H2O 
(1:1) atmosphere shows the 
best photodegradation 
efficiency, reaching the 
99.5 % of MB photodegra-

dation  after one hour of irradiation, whereas the heat-treated TiO2 shows only 
~65 % of MB photodegradation at similar conditions.  

CONCLUSIONS 
Amorphous TiO2 Ntb films, produced by Ti anodizing, can be crystallized 

into pure anatase through a simple and cost-efficient procedure by the film 
autoclaving in water, ethanol and their mixture atmospheres at 110 to 180°C. 
The formation of anatase crystals was shown by the X-ray diffraction and Ra-
man spectroscopy. In some cases, the photocatalytic activity of films crystal-
lized in autoclave was advantageous as compared to the TiO2 Ntb films heat-
treated in the air. We expect that the TiO2 Ntb films prepared by autoclaving in 
EtOH–H2O atmosphere can be widely used in future for various photocatalytic 
applications. The high photocatalytic activity of these films was linked to the 
formation of the strong Ti–OH bonds with water molecules during the auto-

Fig. 5 - Photocatalytic degradation of MB with heat 
treated (1), and autoclaved TiO2 species in absolute 
EtOH (2), pure DD water (3) and EtOH–H2O (1:1) 
atmospheres. Inset: The semi-logarithmic plots of 
MB concentration decrease for the same TiO2 spe-

cies 
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claving and formation of anatase crystallites with some larger a and some low-
er c lattice parameters.  
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ABSTRACT 
The method of molecular assembly both of micro/nano-dimensional biocidal 1,6-

di(guanidinhydrochloride) hexane-containing and electroconductive thiophene-
containing silicones coatings immobilized onto the surface of materials has been devel-
oped. Some physicochemical properties of these surfaces were studied. 

 
Key-words: Thiophene-containing silicones, 1,6-di(guanidinhydrochloride)-

hexane, molecular assembly method, biocides, fungicides, electroconductivity. 
 

INTRODUCTION 
Elaboration  of chemical construction methods  of molecular and macro-

molecular structures, including nano\micro-sized ones, on the basis of function-
al organoelement and organic compounds on synthetic and natural polymer 
surface allow to impart to  polymers such relevant properties as hydrophobility, 
hydrophility, biocidity, repellent properties as well as sorption activity, flame-
resistance and incombustibility, photoluminescent properties etc. at the very 
small expense of starting compounds. 

Traditional chemical modification of synthetic and natural polymers for 
directed changing their properties consist of introduction of different com-
pounds into the structure of macromolecules or into the bulk of polymer. A new 
approach is based on the introduction of such modifiers on polymer surface by 
the method of chemical molecular construction of microamounts of organoele-
ment and organic compounds, resulting in the formation one or a few molecular 
layers, including nano\micro-sized ones. 

Directed regulation of polymer properties is achieved by means of layers 
structure. thickness and quantity variation, as well as their order. Because of 
chemical bonds formation, nano\micro-coatings are fixed and held on the pol-
ymer surface. Typical coating thickness range from monomolecular layer to 10 
nm and above. 

In case of such organoelement compounds as organosiloxanes with sili-
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con-bound alkoxy- and silanolic groups, the latter connect to the polymer sur-
face by means of  reaction of alkoxy- and silanolic groups with polymer func-
tional groups (hydroxylic, carboxylic et al.). If silicon atoms of the first layer 
bear carbofunctional groups, such as amino-, epoxy, halide alkyl, olefin etc., 
their capability to further chemical transformations can be used for construction 
of covalently bonded to the material second-layer nano\micro-sized coatings on 
the siloxane layer surface, and for construction of the next organic, organoele-
ment and inorganic layers. This approach makes it possible to create new gen-
eration of sandwich nanosized hybrid materials with given thickness, composi-
tion and structure. As a result, initial polymers with modified surface acquire a 
complex of necessary physicochemical properties.  

EXPERIMENTAL PART 
Polyorganosiloxane coatings have been synthesized by the molecular as-

sembly method  in two stages. At the first stage the immobilization of oli-
go(chloroalkyl)ethoxisiloxane (I-IX at scheme 1) has been made on the surface 
of materials by treating them with a solution in an organic solvent or with the 
water emulsion of oligomer (I-IX) with a specified 0,01; 0,1; 1,0; 3,0%- con-
centration,  with  air-drying;  after  that  the  modifier  was  fixed  by   1000  heat-
treating  during  10  minutes  or  it  was  kept  in  the  air  at  the  room  temperature  
during 24 hours. The characteristics of oligomers are given in the article [1]. 

In the result of the mentioned treating the modifier (I-IX) was covalent 
fixed on the surface of the material because of the condensation of ethox-
ygroups of the modifier with the functional groups of polymer material while 
building an grafted micro/nano-sized polyorganosiloxane coating on the surface 
(scheme 1).  

Scheme 1 

OC2H5

Si
(CH2)  Cl

H5C2O O C2H5n
 

OH

OHO

Si OO
n
 

(CH2)  Cl

x

I- IX

+
-(n+2)C2H5OH

x

... ...

where n = 5,   x = 1 (I), 3 (II), 4 (III); n = 10, x = 1 (IV), 3 (V), 4 (VI);   
n = 15, x = 1 (VII), 3 (VIII), 4 (IX) 

 
The amount of polyorganosiloxane coating on the surface of the material 

have been defined after the impregnating, drying and thermal treatment accord-
ing to  the increased  weight of material expressed in percentages from the 
initial mass of one. If after an one-time impregnation, drying and thermal 
treatment of the material the increased weight did not reach the required value, 
then the impregnation, drying and thermal treatment of the materials have been 
conducted some times more and it has been continued until an increased weight 
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with the required values was reached.  

At the second stage the condensation of the grafted poly(chlo-
roalkyl)organoxsiloxane coating with 1,6-di(guanidinhydrochloride)-hexane in 
a alcohol solution with the presence of alkali at the room temperature was car-
ried out.  

Polymeric thiophene-containing coatings were prepared via curing of  thi-
ophene-containing silicones on a 50- m-thick polyarylate film cast from chlo-
roform. 

RESULTS AND DISCUSSION 
 As the result of a two staged treatment the grafted coatings materials  

which contain 1,6-di(guanidinhydrochloride)-hexane and polythieno [2,3-b] 
thiophenes groups (scheme 2) were obtained. 

 
Scheme 2 
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The presence of guanidine groups in the coating gives to the material a 
high biocide activity. 

Such coatings are very effective for bacteria E. coli, P. Aeruginosa, fungi 
Penicillium chrysogenum, Aspergillus niger, yeast spores Saccharomyces cere-
visae, as well as for other bacteria, fungi and yeast spores. 

The presence of polythieno[2,3-b]thiophenes groups in the coating gives 
to the material a high electroluminescent properties. 
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CONCLUSIONS 
New approaches and principles of the creating of layered micro/nano-

sized functional polysiloxane  coatings of the given structure, composition and 
texture, which are immobilized on the surface of materials allow to enhance the 
efficiency of the practical using of such materials, to improve their quality and 
field-performance data.  
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The paper reports on new advanced hard nanocomposite coatings [1-4]. 
The paper is divided into two parts. The first part of the paper is devoted to the 
thermal stability of hard nanocomposite coatings and protection of the substrate 
against oxidation at temperatures above 1000 C. It is well known that the coat-
ing nanostructure is a metastable phase. It means that in the case when the tem-
perature T under which the coating is operated achieves or exceeds the crystal-
lization temperature, Tcr, the coating material starts to crystallize. This process 
results in destruction of the coating nanostructure due to formation of large 
grains  and/or  due  to  the  change  of  the  crystalline  structure  of  coating.  It  is  a  
reason why the nanocomposite coatings lose their unique properties and easily 
oxidize at temperatures T  Tcr. Unique properties of hard nanocomposite coat-
ings including the hard nc-MeN/a-Si3N4 nanocomposite films with low ( 10 
at.%) Si content, most often produced so far, are thermally stable up to a tem-
perature T  1000 C only. This temperature is, however, too low for many 
applications. 

The thermal stability of nanocomposite coatings above 1000 C is demon-
strated on thermal cycling of the magnetron sputtered Si-Zr-O nanocomposite 
coating [3]. It is shown that the nanocomposite coating is thermally stable as far 
as its structure does not change during heating and subsequent cooling. This 
fact is demonstrated by (1) the evolution of structure of the Si-Zr-O composite 
coating with low amount of Zr ( 5 at.%) during thermal cycling from room 
temperature (RT) to a maximum annealing temperature Ta and subsequent 
cooling to RT given in Fig.1 and (2) no change of its hardness H and effective 
Young’s modulus E* during thermal cycling.  

From this figure it is seen that as-deposited coating is X-ray amorphous, 
nanocrystallization starts at Ta  900 C, nc-t-ZrO2/a-Si3N4 composite is formed 
and the tetragonal structure of ZrO2 grains does not changed up to Ta  1500 C 
which is called structure conversion temperature Tstr conv ; the coating structure 
strongly changes at Ta 1500 C when interaction between coating and substrate 
takes place.  Long-time thermal stability increases with increasing difference 
between Tstr conv and  Ta max.. The Si-Zr-O coating is well resistant to thermal 
cycling up to 1400 C. 
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In summary it can be concluded that the coating material is thermally sta-
ble and exhibits no change in its properties as long as the coating structure does 
not change.   More details are given in [3]. 

 
The protection of the substrate against oxidation is perfect only in the case 

when the coating perfectly separates the external atmosphere from the substrate 
surface. It can be easily achieved with amorphous coatings, see Fig.2. Amor-
phous materials contain no grains.  

 

 
a)                                                      b) 

Fig. 2 – Comparison of 
the protection of sub-

strate against oxidation 
by protective coatings 
with a) crystalline and  
b) amorphous structure 

[1] 

Fig.1 - Evolution of structure and 
surface roughness Ra of 7000 nm 

thick Si31Zr5O64 composite coating 
during thermal cycling from RT to 

Ta max to RT [3] 
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Therefore, there is no contact of the external atmosphere with the sub-
strate and every reaction of the external atmosphere with the substrate is elimi-
nated. Therefore, it is vitally important to develop amorphous coatings with 
thermal stability above 1000 C.  

It  is  shown  that  (1)  there  are  at  least  two  groups  of  hard  ,  X-ray  amor-
phous coatings (XRAC) based on nitrides with thermal stability T  1000 C: 
(a) a-(Si3N4/MeNx) coatings with high (  50 vol,%) content of Si3N4 phase and 
(b) a-(Si-B-C-N) coatings with strong covalent bonds; here Me=Zr, Ta, Ti, Mo, 
W, Al, etc. and x=N/Me is the stoichiometry of MeNx metal nitride phase, (2) 
XRAC exhibit considerably higher resistance against oxidation compared to 
that of crystalline coatings, see Fig.3, and (3) both a-(Si3N4/MeNx) and a-(Si-B-
C-N) coatings exhibit excellent oxidation resistance in flowing air; up to 

1500 C and 1700 C, respectively.  
The second part of paper is devoted to the nanocomposites composed of 

small amount of nanograins (NG) dispersed in an amorphous matrix (AM). 
These nanocomposites, due to low values of the effective Young’s modulus E* 

satisfying condition H/E* 0.1, are very elastic (the elastic recovery We  70%); 
here H is the coating hardness, E* = E/(1 – 2) is the Young s modulus and  is 
the Poisson s ratio. The NG/AM nanocomposites with H/E* 0.1 and low E* 

containing a well lubricate phase exhibit the lowest values of (i) friction (   
0.1), (ii) wear (k  2x10-7 mm3/Nm) and (iii) erosion. 

 

 
Fig. 3 – Oxidation resistance of selected hard (1) crystalline binary, ternary, qua-

ternary nitride coatings and (2) amorphous (i) a-(Si3N4/MeNx) composite coatings and 
(ii) a-(Si-B-C-N) quaternary coatings characterized by the mass increase m as a func-

tion of annealing temperature Ta [2] 
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a b 
Fig. 4 – (a) Friction and (b) wear of sputtered TiC/a-C composite films as a function of 

the effective Young’s modulus E* [4] 
 
These facts are demonstrated in Fig.4 where the friction and wear of the 

TiC/a-C composite films as a function of the effective Young s modulus E* are 
displayed. 

The correlation between H, E*, H3/E*2 H/E* and CoF, wear and erosion are 
discussed in detail. More details on hard nanocomposite coatings are given in 
references [5-7]. 

At the end, trends of next development of high-rate sputtering of oxide 
coatings [8] and hard nanocomposite coatings with enhanced toughness will be 
briefly outlined [9]. 
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ABSTRACT 
Stimulated emission is demonstrated in volume distributed feedback (DFB) 

structures, formed by colloidal dSe/ZnS and ZrO2 nanoparticles in polymer matrix. 
Periodic redistribution of nanoparticles in organic matrix is produced by holographic 
photopolymerization of specially developed light-sensitive nanocomposite. The 
formulation consists of two acrylate photocurable monomers and two types of inorganic 
nanoparticles - highly photoluminescent CdSe/ZnS and high refractive index ZrO2. The 
core-shell CdSe/ZnS nanocrystals are used as a gain medium, while ZrO2 nanoparticles 
create the refractive index grating and enhance the distributed feedback. The period of 
the volume structure provides the feedback for lasing at the wavelength las of about 
575 nm in the second diffraction order. In proposed DFB structures the active 
nanocrystals serve as emitting materials and can create the feedback simultaneously. 
Pumping of DFB-structures by titanium-sapphire laser beam ( pump=400 nm and pulse 
duration of 120 fs) normal to the sample plane the appearance of a sharp stimulated 
emission peak is observed along the grating-vector direction. Output intensity as a 
function of the laser pumping energy shows a threshold behavior, while a full width at 
half-maximum (FWHM) of stimulated emission spectral band decreases from 33 to 12 
nm.  

 
Key words: holographic polymerization, nanocomposite, nanocrystal stimulated 

emission 
 

INTRODUCTION 
Semiconductor solid-state lasers keep a leading place in modern optical 

technologies ranging from information processing and storage to optical 
telecommunications and medicine. Nevertheless, their miniaturization and 
performance improvement are the subject of scientific research during last 
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decades. New impact in the laser improvement gives the utilization of 
semiconductor nanocrystals, so called nanocrystal quantum dots (NQDs) as 
optical gain media. Strong quantum confinement in NQDs with r < 10 nm 
provides stable laser generation at room temperature. Additionally, a 
dependence of energy spacing on the NQD-radius gives the possibility to tune 
the emission spectrum. Besides an unquestionable advantage of NQDs is the 
fact that they can be prepared using routine chemical synthesis that ensures 
precise control of NQDs size with size dispersion as small as 5% and surface 
passivation by both organic and inorganic shells. By choosing suitable caps, 
NQDs can be introduced in different organic and inorganic matrices to obtain 
nanocomposites with high semiconductor fill-factor. Lasing has been realized 
in CdSe NQDs – titania nanocomposites [1-3]. To obtain lasing the capillary 
microcavity [2], the transferred second order DFB grating, printed on the 
surface of NQDs-titania waveguide [1,3] have been used. 

In the present paper we demonstrate ASE in volume DFB structures, 
formed by inorganic nanoparticles (NPs), spatially ordered in a polymer matrix. 
Core-shell CdSe/ZnS NQDs are used as an optical gain medium. The DFB is 
formed by the spatial ordering of the NPs in organic polymer via holographic 
photopolymerization.  

RESULTS AND DISCUSSION 
The holographic photopolymerisable nanocomposite was prepared by the 

addition of a dispersion of ZrO2 NPs and CdSe/ZnS NDQs in chlorophorm to 
the monomer mixture (SR444 and IOA) containing the photoinitiator and 
following evaporation of the solvent. The reactive cells were prepared placing a 
drop of the nanocomposite between two glass substrates. The thickness 50 µm 
was controlled by Mylar spacers. Volume DFB structures were fabricated using 
conventional two-beam set-up for the holographic recording of transmission 
gratings based on an Ar-ion laser operating at r = 364 nm. As it was found 
earlier  [4],  the  formation  of  the  polymer  network  from the fast polymerizing 
monomer SR444 in the regions of the constructive interference causes the dis-
placement of a slow polymerizing monomer IOA to the regions of the destruc-
tive interference that favours the diffusion mass-transport of the chemically 
inert NPs in the regions of the destructive interference. A complete polymeriza-
tion of the layer freezes the modulation of the NPs concentration in the polymer 
film. 

Concentration of the CdSe/ZnS NQDs in the nanocomposite is ca. 2 wt.% 
(volume content ca. 0.004). The time evolution of diffraction efficiency of 
grating shows that such NQDs content does not ensure highly efficient gratings, 

=4.4%. To enhance the grating efficiency 24 wt.% of ZrO2 NPs have been 
additionally introduced into the formulation. ZrO2 NPs were chosen because of 
their weak photoactivity, low absorption in the visible spectral region and 
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sufficiently high refractive index (RI) (ca. 2.05). The addition of the ZrO2 NPs 
causes the increase in  to the value 90%. 

The recorded phase transmission 
gratings formed by the modulation of 
NPs concentration in polymer matrix, 
have been used as the light-enhancing 
DFB structures (Fig.  1). Transverse 
pumping geometry provides for a 
large  length  of  the  pumping  of  the  
gain medium that leads to the efficient 
light-amplification due to the second 
order diffraction regime. Therefore, to 

obtain lasing at las 575 nm we recorded the gratings having =379 nm. For 
the pumping of the DFB-gratings we used a frequency doubled ( =400 nm) 
titanium-sapphire laser with pulse duration of 120 fs, repetition rate of 76 MHz 
and pulse energy of 0.5 – 2.5 nJ. A super-linear growth of the emission energy 
at progressively higher pump energy shows a threshold behavior (fig. 2a), that 
evidences the development of stimulated process. At the energies > 1.9 nJ a 
reduction in ASE band line-width is observed as well (fig. 2b). Pumping of the 
film outside the grating causes almost linear increase of the PL intensity until 
the saturation at higher pump energy (fig. 2, curve 2) 

 

 
Fig.2 – Peak intensity (a) and FWHW (b) of stimulated (curves 1,3) and spontaneous 

(curves 2,4) emission as a function of pump energy 
 
In our case we could not suppress ASE and obtain a narrow-band lasing 

emission. A number of facts can hinder an achieving of lasing conditions: ) 
low reflectivity of DFB structure at the second diffraction order that does not 
provide effective feedback; b) low concentration of the active nanocrystals in 
the composite. Using the similar nanocomposite containing ZrO2 NPs doped by 
pyrromethene laser dye as an gain material instead the NQDs we have obtained 

 
Fig.1 – A scheme of ASE measurement 
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an effective lasing emission at  las = 572 nm in  the  DFB structures  with  =  
375 nm. This confirms the high reflectivity of used DFB structure. Therefore, 
the  low  concentration  of  the  optically  active  NQDs  is  a  principal  cause  
precluding the achievement of the lasing conditions. 

CONCLUSIONS 
We have shown the prospective of volume DFB structures based on the 

spatial modulation of the concentration of optically active nanocrystals with a 
strong quantum confinement in polymer matrix for obtaining of laser emission. 
Amplified spontaneous emission was obtained, indicating the possibility to 
obtain also lasing in such organic-inorganic grating. It was established, that a 
low concentration of optically active CdSe/ZnS NQDs is the crucial factor 
preventing the lasing effect. The mentioned disadvantages of the CdSe/ZnS 
NQDs used are not principally unavoidable because modern development of 
the chemical routes of the surface modification of inorganic NQDs allows con-
trolling their compatibility with different matrices. Increasing concentration of 
active NQDs can provide not only lasing but it may also allow creating efficient 
DFB structure without the use of additional high RI optically non-active NPs in 
the material formulation. 
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ABSTRACT 
Laser ablation in liquids (LAL) has been recognized to be an effective and general 

route to synthesize nanocrystals and fabricate nanostructures, especially, metastable 
nanostructures that prefer high temperature and high pressure. Therefore, we, in this 
talk, introduce recent developments in LAL for the synthesis and fabrication of novel 
nanostructures with metastable phases and shapes. There are four advantages of LAL 
over other conventional techniques of nanocrystals synthesis clearly as follows. (i) LAL 
is a chemically “simple and clean” synthesis, due to the process with reduced byproduct 
formation, simpler starting materials, no need for catalyst. (ii) There is an ambient con-
ditions not extreme temperature and pressure in LAL, and a variety of metastable phases 
that may not be attainable by the same mild preparation methods could form upon LAL. 
(iii) The composition of the new phase of the synthesized nanocrystals may involve in 
both liquid and solid, which allows researchers to choose and combine interesting solid 
targets and liquid to fabricate nanocrystals and nanostructures of new compounds. (iv) 
Phase, size and shape, and pattern of the fabricated nanostructures can easily control by 
tuning laser parameters and applied assistances. 

 
Key words: laser ablation in liquid, nanocrystals, nanostructures, synthesis, fabri-

cation 
 
INTRODUCTION 
In recent decades, laser ablation of a solid target in a liquid environment 

has been widely used in preparation of nanomaterials and fabrication of 
nanostructures. Remarkably, there are many groups that pay attention to this 
issue in the world, and a large variety of nanomaterials such as metals, metallic 
alloys, semiconductors, polymers, and etc, have been synthesized using laser 
ablation of solid in liquid. Therefore, laser ablation in liquids (LAL) has been 
recognized to be an effective and general route to synthesize nanocrystals and 
fabricate nanostructures, especially, metastable nanostructures that prefer high 
temperature and high pressure [1].  

Although nanomaterials investigations have been carried out for recent 
decades, researchers still face a fundamental challenge: how to control phase, 
size and shape of nanocrystals in the synthesis of nanomaterials. For this issue, 
we, in this talk, introduce recent developments in LAL for the synthesis and 
fabrication of novel nanostructures with metastable phases and shapes. 
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METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Basically, laser ablation in liquid (LAL) is divided into two kinds. One is 

the  laser  ablation  of  liquid  in  a  gas  or  a  liquid  environment.  In  detail,  laser  
ablates a liquid at the gas-liquid interface or the liquid-solid interface. In fact, 
the laser ablation of liquid has been intensely pursued in recent decades due to 
its enormous potential for technological applications such as the high-
temperature chemical synthesis and laser-based material processing, in 
particular for medical applications when the laser irradiation is guarded inside 
the human body to ablate the “soft” tissue. Moreover, the laser ablation of 
liquids has provided a route to understand the interaction between laser and soft 
or organic matter with more complex structures. Another one is the laser 
ablation of solids in liquid environments, i.e., laser ablates a solid target at the 
liquid-solid interface. Therefore, we focus on the later and the relevant 
applications in synthesis of nanostructures in this Account. Note that, in most 
cases that be depicted above, the confining liquid is transparent for the 
irradiation wavelength. 

 
Fig. 1 – A scheme of LAL 
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Laser ablation of solid target in a liquid has actually opened a door toward 
to synthesize nanocrystals and nanostructures due to these advantages as 
follows. (i) LAL is a chemically “simple and clean” synthesis due to the 
process with reduced byproduct formation, simpler starting materials, no need 
for catalyst, etc. (ii) Under ambient conditions not extreme temperature and 
pressure, whereas a variety of metastable phases that may not be attainable in 
usual, can be formed by the same mild preparation methods. (iii) New phase 
formation involves in both liquid and solid upon LAL, which allows 
researchers to choose and combine interesting solid targets and liquid to 
fabricate nanocrystals and nanostructures of new compounds for purpose of 
fundamental research and potential applications. (iv) Phase, size and shape of 
the synthesized nanocrystals can be availably controlled by tuning laser 
parameters and applied assistances such as inorganic salts or electrical field 
upon LAL. For example, we synthesized micro- and nanocubes of silicon with 
zinc blender structure by adding inorganic salts upon LAL, and prepared micro- 
and nanocubes of GeO2 by applied an electrical field into LAL. Additionally, 
we present further investigations involved in the new nanocarbons with C8 and 
C8-like structures synthesis and the nanopattern fabrication by pulsed-laser 
deposition in liquid. 

CONCLUSIONS 
laser ablation of a solid target in a confined liquid has been demonstrated 

an effective and general stragey for nanomanufacturing from phase, size and 
size controllably synthesis of nanocrystals to functional nanostructures fabrica-
tion, especially for the nanostructures with metastable phases and shapes. 
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ABSTRACT 
Thickness dependences of kinetic parameters of quantum wells (QWs) based on 

IV-VI compounds show non-monotonic oscillatory behavior that is associated with size 
quantization due to carrier movement restrictions in one direction. 

In work on basis of theoretical model of rectangular quantum well with infinitely 
high barriers we investigated the dependences of thermoelectric parameters on 
nanostructures thickness of compounds IV-VI (PbTe, PbSe, PbS, SnTe). It was shown, 
that in such structures it has place nonmonotonous, oscillation change of thermoelectric 
coefficients with well width. Thickness dependence of the Seebeck coefficient S, based 
on model of QW with infinitely high walls, are characterized by breaks with some peri-
od. For quantum wells SnTe it was found good agreement between the values of theoret-
ical and experimental oscillating amplitude in dependence S(d). 

Shown, that values dexp of  oscillations  period  are  equal  to  QW  thickness  dmin, 
when the bottom of lowest subband coincides with the Fermi energy EF. This thickness 
dmin was  explained  as  the  minimum QW thickness,  when  quantum size  effects  are  the  
main factor, that determines the nonmonotonous behaviour in thickness dependencies of 
thermoelectric parameters of the relevant structures. At smaller thicknesses important 
factor, affecting the change of kinetic parameters with thickness, is the phenomenon of 
percolation. It is shown that the percolation transition changes the value of the concen-
tration of main type carrier in nanostructure, thereby changing the Fermi energies and 
hence the period of oscillations. Thus, the sudden change of concentration of the main 
type carrier results in a sharp change in oscillations period of thickness dependence of 
kinetic parameters. 

 
Key words: nanostructures, quantum-size effects, thermoelectricity 
 

INTRODUCTION 
In the process of creating highly efficient thermoelectric materials at re-

cent times it has place an intensification of research in low-dimensional struc-
tures [1,2] 

The behavior of thermoelectric parameters (electrical and thermal conduc-
tivity k, Seebeck coefficient S) in bulk materials is usually described in terms 
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of electronic and phonon properties that change greatly with reducing of sample 
size below the micrometer range, where quantum effects become more signifi-
cant. Spatial restriction of acoustic phonons and the corresponding modification 
of group velocity leads to an increase in phonon relaxation rate, resulting in 
decrease lattice thermal conductivity kL. Also the nature of interactions between 
particles changes greatly.  

Electronic restriction by reducing sample size leads to increased energy 
gap Eg, which in turn affects the transport properties. By quantization the con-
duction band density of states changes abruptly with change of energy. De-
pending on probability amplitude electrons can be found in any sub-bands (E1, 
E2, … En), with a certain probability hop from one band to another nearest band 
and occupy levels up to the Fermi energy. 

THEORETICAL MODEL  
For quantum well with high walls, electrons are confined in the direction 

of oz, but in the x- and y-directions their movement is free.  
In case of quantum well thermoelectric transport coefficients can be ob-

tained from Boltzmann equations, which are written under the assumption that 
in steady state electronic distribution function remains constant and changes 
only by external forces and fields. Then system of electrons returns to equilib-
rium through various relaxation processes with characteristic relaxation times. 
for quasi-two dimentional system it can be written [3]: 

 
2

1

1FES
eT eT

.   (1) 

Transport coefficient  is defined by semi-classical approach, in which 
particles are confined in one-dimensional box. Thermal gradient and electric 
field are directed along ox-axis. Then:  
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Here f - Fermi distribution function, =E-En,  - relaxation time in the case 

of scattering by acoustic phonons.  

RESULTS AND DISCUSSION 
Basing on experimental data [4,5,6,7], which show nonmonotonous, oscil-

latory character for dependences of Seebeck coefficient on the condensate 
thickness, it is natural to assume that such behavior is due to quantization of 
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carriers energy by restriction their movement in the potential well. Increasing 
well width on the value of half Fermi wavelength leads to new sub-band below 
the Fermi energy. At width when the new band is filled in the density of states 
there is a jump, which leads to oscillating behavior. 

Using the above theoretical model to describe behavior of Seebeck coeffi-
cient in nanostructures PbS, PbSe, PbTe, SnTe at 300 K, quantum well width in 
the theoretical model was considered equal to the thickness of condensate in 
experimental dependences S (d). Calculations were carried out for different 
well widths at given values of Fermi energy, which is a function of concentra-
tion and temperature. Fig. 1 shows d-dependences of Seebeck coefficient for 
the QW PbS, PbSe, PbTe (a) and SnTe (b) with experimentally determined 
oscillation period dexp. It is seen that dependences of Seebeck coefficient S on 
well width are characterized by discontinuities with some period. Note that 
procedure of calculation the dependences S (d) for compounds IV-VI (fig. 1) 
takes into account different number of filled bands for various well widths at 
fixed Fermi energy. 

 

  
  

Fig. 1 – Dependence of Seebeck coefficient on the width d of QW PbS, PbSe, PbTe 
(a) and SnTe (b) in the model infinitely deep potential well 

 
In considered approach the experimental value of oscillation period is 

equal to minimum QW width dmin, from which quantum-size effects are the 
main factor that conditions nonmonotonous change of thickness dependencies 
TE-parameters in relevant structures. 

Evaluating value of Fermi energy on the basis of experimentally deter-
mined values of carrier concentration it is possible to compare received oscilla-
tion periods with its experimental values. Thus in contrast to PbS and PbTe 
QW for QW PbSe and SnTe it is obtained a good agreement with experiment: 
PbSe: dtheor = 27 nm and dexp  35 nm; SnTe: dtheor = 3 nm and 

dexp  2.9 nm [4,5,6,7]. 
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Assuming that percolation processes leads to the extrema points displace-
ment of experimental dependence S (d) in comparison with theoretical, we can 

note a decrease their influence with increase SnTe thickness. 
 
On the other hand, if percolation processes alter the main type carrier con-

centration in nanostructure, thereby changing Fermi energy and hence oscilla-
tion period, then abrupt change in carrier concentration would lead to abrupt 
changes in oscillation period of d-dependence of Seebeck coefficient. Since the 
oscillation period is associated with Fermi energy, it is possible to construct the 
dependence EF(d) (fig. 2). Fig. 2 shows that with changing well  

CONCLUSIONS 
1. Shown that dependences of Seebeck coefficient on width of quantum 

well  with  infinitely  high  walls  for  structures  based  on  IV-VI  compounds  are  
characterized by discontinuities with some period.  

2. Based on experimentally determined oscillation period dexp of  the  
thickness dependences of Seebeck coefficient Fermi energy values are deter-
mined in QW structures of compounds IV-VI.  

3. Shown that oscillation period value dexp of quantum well is equal to the 
width of QW dmin, where the bottom of lowest sub-band coincides with Fermi 
energy EF. We have given to the width dmin the content of minimum QW width 
from which quantum-size effects are the main factor that determines non-
monotonous change of thickness dependencies for thermoelectric parameters in 
corresponding nanostructures.  

4. For QW SnTe it was found good agreement between theoretical and ex-
perimental values of oscillation amplitude in dependence S(d).  

5. Reducing the value of difference between the experimental and theoreti-
cal extremum points with increasing SnTe QW width is explained by the reduc-
ing of the percolation phenomena impact in such growth.  

6. For SnTe nanostructures shown that dependences S(d) with different os-
cillation periods are in good agreement with experiment at different intervals of 
change the condensate thickness. Thus the dependence of Fermi energy on the 

 

Fig. 2 – Dependence of Fermi energy on 
SnTe well width, obtained by comparing 

the theoretical dependences S (d) for 
different oscillation periods with experi-

mental 



140                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 
well width is received. Revealed a sharp change of Fermi energy in the range 
from 2 to 3 nm. 
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ABSTRACT 
Magnesium and its alloys are the lightest of the structural metals, which makes 

them one of the most promising materials to minimize vehicle weight, but poor surface 
properties restrict the application of these alloys. In this paper, Ni-SiC nanocomposite 
coatings were applied on AZ91 magnesium alloy from Watts bath with SiC content 0 
g.L-1 (pure Ni), 10 g.L-1 (Ni-10SiC) and 15 g.L-1 (Ni-15SiC) by application of pulse 
electrodeposition technique. The morphology and phase analysis were carried out by 
Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) analysis, respec-
tively. Micro-hardness of specimens was measured and the results revealed a significant 
enhancement: from 74 Vickers for bare AZ91 magnesium alloy to 523 Vickers for 
coated specimen in the bath containing 15 g.L-1 SiC. The Corrosion behavior of the 
samples was studied by potentiodaynamic polarization, and the obtained data showed 
the superior corrosion resistance for the coated AZ91 magnesium alloy, i.e. the corro-
sion current density decreased from 2.69 mA.cm-2, for the uncoated sample, to 0.00046 
mA.cm-2, for coated specimen in the bath containing 15 g.L-1 SiC and the corrosion 
potential increased from -2.069 V to -0.33 V for the same conditions.  

 
Key words: nanocomposite coating, pulse electrodeposition, SiC Concentration, 

corrosion, micro-hardness 
 

INTRODUCTION 
Due to high specific strength of magnesium, magnesium and magnesium al-

loys are being widely used in automotive and nonautomotive industries [1]. How-
ever, the application of these alloys has been restricted because of the poor corro-
sion properties. the Corrosion resistance improvement of these alloys has been 
subjected to the lots of researches in recent years [2].  Application of appropriate 
coatings on these alloys is one the most applicable procedures for improving the 
corrosion behavior of magnesium, the Coatings such as Ni, Cr etc [3, 4]. These 
coatings can be reinforced by hard particles such SiC, Al2O3, TiO2 etc [5-7]. 
Among these composite coatings, Ni-SiC is one the most promising corrosion 
resistant coatings which have been used on different alloys [8, 9].  

In this study, the corrosion improvement of AZ91 magnesium alloy by 
application of Ni-SiC nano composite coating was investigated. For this aim, 
different coatings, from solute on with different SiC content, were applied on 
the alloy and the Corrosion behavior of each one was studied.  
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METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The substrate material used was AZ91 as cast magnesium alloy with a size 

of 20mm×20mm×5 mm. The chemical composition of the alloy is given in 
Table 1.  The  samples  were  abraded with  No.  2000 SiC paper  before  the  pre-
treatment processes. The Zinc immersion coating was used as the pretreatment 
[10]. 

 
Table 1 -  Chemical composition of AZ91 magnesium alloy. 

Al (% wt) Zn (% wt) Mn (ppm) Fe (ppm) Mg 
9 1 0.17 0.01 Balanced 

 
The coatings were prepared from Watts solution. The Ni-SiC layers was 

electrodeposited from a suspension of SiC nano particles (Fig. 1. TEM photo-
graph of SiC particles with average grain size of 40 nm) in the bath. The com-
positions of the bath and the operating conditions have been shown in Table 2. 
To adjust the PH of the bath, NaOH and H2SO4 were used for increasing and 
decreasing, respectively. 

Electrodeposition of Ni–SiC 
composite coatings was per-
formed under square pulse current 
conditions in which the duty cycle 
is defined as Ton/(Ton +Toff ), 
where Ton is the on-time period 
and Toff is the off-time period of 
the imposed pulses. After two 
hours electroplating, the thickness 
of  the  coatings  was  measured  as  
30 µm.  

SEM investigations were 
carried out using a Philips XL30 
instrument on the samples while a 
thin layer of gold was deposited 
on them.  XRD investigations 
were conducted using a Philips 

X’pertPro instrument with CuK  radiation. The potentiodynamic polarization 
tests were performed by suspending the samples in 3.5% NaCl solution. The 
counter and reference electrodes were platinum and Saturted Calomel Electrode 
(SCE), respectively. After about one hour stabilization at rest potential, polari-
zation test commenced at a scan rate of 1 mV/s using an EG&G273 instrument.  

 
 
 
 

Table 2 - Chemical composition and operating condition of electroplating solution 

 
Fig. 1 - TEM photograph of SiC particles 

(curtsey of Hefei Kaier Nanometer Energy & 
Technology Co., Ltd) 
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The corrosion current density was determined by varying ± 20 mV around 

the EOCP. Vickers micro-hardness of the magnesium alloy and the coatings 
were evaluated using a micro-hardness tester with Vickers indenter, at a load of 
200 g and duration of 30 s. For each specimen, the average hardness value was 
taken from at least 3 tests. 

RESULTS AND DISCUSSION 
The cross section of coated AZ91 has been shown in Fig. 2. The good ad-

hesion of the coating is seen. The results of micro-hardness of the specimens 
have been illustrated in Fig. 3.  

 

 
Fig. 2 – SEM photograph of 
cross section of coated AZ91 

Fig. 3 – Micro-hardness of the coatings with different 
SiC concentration in solution 

Fig. 4 – Polarization curves of 
bare magnesium alloy substrate, 

pulse electrodeposited Ni coating, 
Ni–10SiC (doposited from the bath 
containing  10 g.L-1 SiC) and    Ni–

15SiC (doposited from the bath 
containing 15 g.L-1 SiC) nanocom-

posite coating in 3.5 wt.% NaCl 
solution 
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It can be seen that applying the Ni coating causes a significant enhance-
ment and as the SiC concentration in the bath increases, the micro-hardness 
improves. 

The data from polarization test has been brought in Fig. 4. As it can be ob-
served, the application of the coating makes the AZ91 more corrosion resistance 
and the embedded SiC nano particles lead to considerable reduction in the corro-
sion current density and also shift the Corrosion potential to more positive value.  

CONCLUSIONS 
To improve the corrosion resistance of AZ91 magnesium alloy, the Ni and 

Ni-SiC nanocomposite coatings were applied on the alloy by pulse electrodepo-
sition. The major results attained from experimental studies can be summarized 
as: 

-  The micro-hardness of bare AZ91 alloy was 74 Vickers, and increased 
to 523 Vickers for the coating applied from the bath containing 15 g.L-1 SiC. 

-   The  corrosion  potential  increased  from  -2.069  V,  for  AZ91  alloy  to  -
0.33 V for the coating applied from the bath containing from 15 g.L-1 SiC. 

-  The corrosion current density reduced i.e. the corrosion resistance of 
coated AZ91, improved about 5600 % 
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ABSTRACT 
Decomposition processes of supersaturated solid solution of aluminium alloys al-

loyed with Sc and Zr have been studied in the work. Binary hypereutectic Al-Sc alloys, 
hyperperitectic Al-Zr alloys and triple Al-Sc-Zr alloys were chosen. Alloys were ob-
tained by the melt-spinning. Melts were quenched from temperatures of  =1000 ºC and 

=1400 ºC. The crystallization of anomalously supersaturated solid solution (Tquen. 1400 
ºC) or the crystallization with the formation of "fan" structure (Tquen. 1000 ºC) are possi-
ble. The decomposition of anomalously supersaturated solid solution is continuous, with 
the precipitation of nano-sized spherical Al3X (X - Sc, Zr) particles. The loss of thermal 
stability of Al-Sc alloys is due to the loss of coherence of the strengthening Al3Sc phase. 
In Al-Zr alloys the loss of strength is due to the formation of a stable tetragonal DO23-
ordered A13Zr phase. After co-alloying of Al by Sc and Zr a bimodal grained structure 
was  observed  for  the  hypereutectic  ternary  alloy  (Tquen. 1400ºC). Nano-sized grains of 
50-60 nm were present on the boundaries of 1-2 µm large-sized grains. TEM shows the 
formation of composite Al3Zr/Al3Sc particles. The formation of Al3Zr shell changes the 
nature of the interfacial fit of the particle with the matrix and slows down the decompo-
sition during the coalescence. 

 
Key words: Al-Sc, Al-Zr Al-Sc-Zr alloys, rapid quenching, decomposition of 

anomalously supersaturated solid solution, composite Al3Zr/Al3Sc particles 
 

INTRODUCTION 
The development of novel high-strength, heat-resistant aluminium alloys 

requires an increase in the volume fraction of particles of strengthening phase 
in aluminium matrix due to the formation of anomalous supersaturation with 
slightly soluble transition metals in Al. Conventional methods of quenching and 
aging the solid state are not effective in this case. The main task of the study is 
to examine the decomposition of anomalous supersaturated solutions by transi-
tion metals in Al obtained by quenching from the melt [1, 2]. To solve this 
problem it is necessary: 
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 to study factors that determine the formation of anomalously supersat-
urated solid solutions in aluminium alloyed with slightly soluble refractory 
elements; 

 to determine the kinetics and morphology of the decomposition of 
anomalously supersaturated solid solutions in rapidly quenched aluminium 
alloys; 

 to study the thermal stability of structures obtained during decomposi-
tion and to assess the possibility of improving their thermal stability. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
The materials investigated had to be provided with: high volume fraction 

and high precipitation density of the streightnening phase, as well as high ther-
mal stability of the structure produced [3]. It was supposed that the high vol-
ume fraction would be provided during the decomposition of anomalously 
supersaturated solid solution obtained by the melt-spinning method; high pre-
cipitation density would be formed during continuous decomposition with the 
precipitation of particles which had a low activation energy for nucleation; 
thermal stability would be ensured due to a low surface energy and low misfit 
parameter of the matrix with the phase formed, as well as low solubility and 
low diffusion coefficient of the alloying element in the matrix [4]. The for-
mation of the L12-ordered phase, isomorphic to the matrix, during the decom-
position meets the abovementioned requirements. Binary hypereutectic Al–Sc 
alloys, hyperperitectic Al–Zr alloys and triple Al–Sc–Zr alloys were chosen.  

 
Table 1 – The composition of aluminium alloys and the processing parameters of 

ribbons  
 Al, at. % Sc, at. % Zr, at. % T, ºC VL, m/s 

1 base 0.67 - 1000 0 
2 » 0.67 - 1400 0 
3 » 0.67 - 1000 44 
4 » 0.67 - 1400 44 
5 » 1.2 - 1000 30 
6 » 1.2 - 1000 44 
7 » 1.32 - 1400 30 
8 » 1.32 - 1400 44 
9 » - 0.33 1000 44 
10 » - 0.33 1400 44 
11 » - 1.2 1400 44 
12 » 0.6 0.24 1000 30 
13 » 0.6 0.24 1000 44 
14 » 0.6 0.24 1400 30 
15 » 0.6 0.24 1400 44 
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Alloys were cast with the cooling rate of 102 – 103 ºC/s on a copper plate, 
and with the cooling rate of 105 – 106 ºC/s, using melt-spinning method on the 
copper wheel with the rotation speed of VL =  30  m/s  and VL =  44  m/s.  Two 
quenching temperatures of the melt were chosen: 1000 ºC, which is higher than 
liquidus temperatures of the alloys studied, and 1400 ºC, which is higher than 
the melting temperature of Al3Sc intermetallic compound (1320 ºC) but lower 
than the melting temperatures of Al3Zr (1560 ºC). The composition of alumini-
um alloy ribbons, the quenching temperature of melt T and the copper 
wheel rotation speed VL  are summarized in tabl 1. 

The transmission electron microscopy JEM-2000FXII, conventional light 
microscopy, and microhardness measurement were used in the studies. 

RESULTS AND DISCUSSION 
The effect of cooling rate on the structure of alumin um alloys quenched 

from liquid state. The effect of cooling rate and quenching temperature of the 
melt on the alloy microstructure has been studied for Al–Sc alloys. It was es-
tablished that the phase composition and morphology of phases of Al–
0.67at.%Sc alloys solidified with the cooling rate of 102 – 103 ºC/s does not 
depend on the change of quenching temperature from 1000 to 1400 ºC. The 
investigation of alloy structure proved that the two-phase state ( -solid solution 
and the  stable  Al3Sc-phase) was formed in these alloys. Structural studies [5] 
demonstrated that the microstructures of free and contact sides of specimens 
were different. The change in the cooling rate of aluminium alloys from 102 

ºC/s to 103 ºC/s led to a change in the excess phase morphology from the com-
pact form (free side) to a branched "fan" structure (the side in contact with the 
copper plate).  

The effect of quenching temperature of the melt on the structure of alu-
min um alloys. The TEM study of structural and phase states of alumini-
um alloys rapidly quenched with the cooling rate of 105 – 106 ºC/s 
showed that the quenching temperature change from 1400 to 1000 ºC 
resulted in the crystallization mechanism change. Examination of Al–Sc 
and Al–Zr alloys showed that regardless of the alloying element, the melt 
quenching from 1400 º  led to the formation of single-phase state, i.e. anoma-
lous supersaturated solid solution (Fig.1). 

The highest concentration of the supersaturated solid solution was deter-
mined by the emergence of nano-sized grains. In Al–Sc alloys the increase in 
Sc concentration from 0.67 at.% to 1.3 at.% did not cause significant changes in 
the structure. In contrast, in Al–Zr ribbons quenched from 1400 º  the increase 
in Zr concentration from 0.33 at.% to 1.2 at.% led to a large volume fraction of 
nanocrystalline structure. This state was characterized by a bimodal distribution 
of grain sizes. Nano-sized grains of 50 – 60 nm were present on the boundaries 
of 1–2 µm large-sized grains. 
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Fig.1 - The structure of the alloys quenched from 1400 º : ) Al–0.67at.%S ; b) Al–

0.33at.%Zr; c) Al–1.2at.%Zr; d) Al–0.6at.%Sc–0.24at.%Zr. 
 
The presence of nanocrystalline grains accelerated the formation of meta-

stable and stable phases during the decomposition of supersaturated solid solu-
tion.The structure had low thermal stability. The microhardness of the Al–1.2 
at.%Zr alloy was 1300 MPa, which is twice as high as the hardness of the Al – 
0.33at.%Zr alloy. The total supersaturation limit of triple Al–Sc–Zr alloys was 
lower as compared to binary Al–Zr and Al-Sc alloys. The formation of nano-
sized grains was observed for triple Al – 0.6% Sc – 0.24% Zr alloy   (Fig.1 d). 

The melt quenching from 1000 º  led to crystallization with the formation 
of "vortex"  or "fan" structure (Fig. 2). The «vortex» structure covered several 
grains (Fig.2a, c).  «Fan» structures  were  inside  grains  (Fig.2b, d). The thick-
ness of the structure branches was about 10 nm. 

The morphology of "fan" and "vortex" structures proves their crystalliza-
tion origin. They grew directly from the melt and didn’t result from the trans-
formation  (cellular decomposition) in the solid state. 

The effect of Zr on the structure and anomalous supersaturated solid solu-
tion of rapidly quenched Al-Sc alloys. The introduction of Zr in Al–Sc alloy 
brought about certain peculiarities in the structure of rapidly quenched alloys as 
compared to binary ones. The bimodal distribution of grains with the nanocrys-
talline component was observed in triple Al–Sc–Zr alloys after quenching from 
1400 º , in contrast to the binary Al–Sc and Al–Zr alloys with the same degree 
of supersaturation. Consequently, the cumulative effect of these elements ex-
ceeded the effect of each component.  
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Fig.2 - The types of crystallized structures of alloys produced by melt-spinning 

from 1000 º : "Vortex" structure ) Al–0.67at.% Sc; c) Al–0.33 at.%Zr; "Fan" structure 
b) Al–0.67at.% Sc; d) Al–0.33 at.%Zr 

 
A decrease in the quenching temperature to 1000 º  (VL = 44m/s) led to 

the formation of single-phase state, i.e. anomalous supersaturated solid solu-
tion. The mixed structure was formed after the reduction of VL to 30 m/s. The 
grains crystallized to form a solid solution and  "fan" - structured grains present  
in  the  alloy.  Faceted  primary  Al3Zr particles of the  400–500 nm were also 
observed. Thus, the introduction of Zr in Al–Sc alloys allowed us: to reduce the 
temperature of quenching for the formation of anomalously supersaturated solid 
solution, to reduce the total concentration of alloying elements for the for-
mation of nano-sized grain structure. 

Aging processes of rapidly quenched aluminium alloys. The TEM 
study showed that regardless of the nature of the alloying elements (Sc, Zr) in 
the initial stages of decomposition of the supersaturated solid solution the 13  
(X = Sc, Zr) strengthening L12-ordered phase was formed. The Al3Sc stable 
phase particles induced static distortions in the matrix as a result of misfit of 
lattice parameters. The Al3Zr phase was metastable and did not induce static 
distortions in the matrix. It was established that the mechanism of decomposi-
tion and morphology of precipitated phase depended on the initial state of the 
alloy in accordance with the processing parameters. Ribbons crystallized with 
the formation of solid solutions (quenching from 1400 ºC) continuously de-
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composed with the precipitation of chaotically distributed particles. The varia-
tion of the temperature and aging time allowed us to obtain a highly dispersed 
structure containing nano-sized spherical Al3X  (X  -  Sc,  Zr)  particles  of  L12-
ordered phase of  about 2 nm size and the precipitation density ~ 1018 sm-3 . 

Coherent Al3Sc particles were observed in the Al – Sc alloy after aging at 
450ºC for 2 hours. The average size d, the precipitation density Nv and the 
volume fraction f of particles  are summarised in Table 2. The tendency of the 
particles being situated on dislocations was observed. When the particle sizes 
were about 30 nm they lost coherency due to the formation of misfit disloca-
tions at the interphase boundary. 

 
Table 2 – Characteristics of Al3X particles after aging at 450ºC for 2 hours 

Alloy, at. % , ºC  VL, m/s Phase type  d, nm Nv , sm-3 f , % 
Al-0.67Sc 1400 44 L12 22 4.5·1015 2.5 
Al-1.32Sc 1400 44 L12 15 1.8·1016 3.2 
Al-1.32Sc 1400 30 L12 19 1.1·1016 4.6 
Al-0.33Zr 1400 30 L12/DO23 9 2.3·1016 1.2 

 
Alloys which crystallized with the formation of "fan" structure (quenching 

from 1000 ºC) decomposed through thickening of the structure branches and 
formation of spherical precipitates of L3  (X  =  Sc,  Zr)  L12-ordered phase 
between the branches. Destruction of the "fans" occured during the aging pro-
cess. Evolution of structure led to the formation of chaotically distributed parti-
cles  of  L3  (X = Sc,  Zr)  L12-ordered phase with the precipitation density ~ 
1015 sm-3 (Al-Sc alloys) and ~ 1016 sm -3 (Al–Zr alloy). Further evolution of these 
structures was similar to that of alloys, crystallized with the formation of solid 
solutions. 

Thermal stability of structures formed by rapid quenching of binary and 
triple Al–Sc, Al–Zr, Al–Sc–Zr alloys. The morphology of the decomposition 
after long-term aging at high temperatures was studied to determine the thermal 
stability of the structure obtained (Fig.  3). Comparison of structural changes 
during isothermal aging and changes in microhardness showed that the increase 
of hardness was due to the formation of 13  (X = Sc, Zr) L12-ordered phase. 
The most high-strength state was achieved in the alloys, crystallized with the 
formation of solid solutions. 

The decrease in microhardness below the initial value was found after ag-
ing of the Al-Sc alloys at T > 300 ºC, and the Al–Zr alloys at T > 350 ºC. Al-
loys, which crystallize with the formation of "fan" structure were thermally the 
most stable of the binary alloys. It was found that the loss of strength of Al–Sc 
alloys was due to the loss of coherence of the strengthening Al3Sc phase parti-
cles (Fig. 3 b, d). 
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Fig. 3 - Decomposition processes in the Al–1.32 at.% Sc ribbons crystallized: 1) with 
the formation of solid solutions, quenching from 1400ºC at VL=44m/s: a), b) aging at 

450ºC for 2 hours, the particle size d 15 nm, Nv 1016 sm-3; c), d) aging at 450ºC for 20 
hours, the particle size d 87,4±2,6 nm, Nv 1014sm-3; 2) with the formation of "fan" 

structure, quenching from 1400ºC at VL=44m/s: e) after quenching, the thickness of the 
"fan" branches 5nm; f) aging at 450ºC for 2 hours, the particle size d  19,2 ± 2,4 nm; 
a), c), e) bright-field image, b), d), f) dark-field image in reflex (100) of the Al3Sc-phase 

 
In Al–Zr alloys the loss of strength was due to the formation of a stable te-

tragonal DO23-ordered A13Zr phase.  
The Al3Zr metastable phase particles were replaced by composite 

L12/DO23 particles during aging at 450 ºC in Al–Zr alloys (Fig. 4). The plate-
like stable phase was formed inside the metastable phase particle (the size ~10 
nm) along <100>. Further aging resulted in complete dissolution of the meta-
stable  phase  and  the  formation  of  a  rod-like  stable  phase  with  the  length  of  
about 80 nm after 70 hours of aging (Fig. 4). The continuous decomposition of 
the anomalous supersaturated solid solution of Al–0,6%Sc–0,24% Zr triple 
alloy obtained by rapid quenching from 1000 °C at VL=44 /  are most interest-
ing. 
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Fig. 4 - The structure of  the Al–0.89 at.%Zr alloy quenched from 1000 ºC at  

VL = 44m/s and aged at 450 ºC for 60 hours 
 
Two alloying elements of the alloy have a considerable difference in 

diffusion mobility DS /DZr  103 and the difference in the misfit parameters of 
the matrix and the Al3X intermetallic  Al3Sc/ Al3Zr  2. Therefore one could 
expect that the nucleation processes of decomposition would be determined by 
the diffusion mobility of Sc, and the processes of growth and coalescence – by 
Zr diffusion. This facilitates the formation of composite Al3Zr/Al3Sc particles 
with Al3Sc core and Al3Zr shell.The morphology of such particles is shown in 
Fig. 5. 

The formation of 
Al3Zr shell changed the 
nature of the interfacial 
fit  of  the  particle  and the  
matrix and slowed down 
the decomposition during 
the coalescence stage. 
Reduction in size of 
particles formed after 
long-term aging due to 
the 0.24 at.%Zr addition 
in Al–0,6 at.% Sc alloy is 
shown in Fig. 6. 

The microhardness 
change during isothermal 
aging at the temperatures 
350 and 450 ºC  for al-
loys rapidly quenched 
from 1000 º  is shown in 
Fig. 7. 

The data presented 
imply that triple Al–Sc–

 
Fig. 5 - The morphology of Al3Zr/Al3Sc phase precipi-

tate:  – bright-field image, b – dark-field image in 
superstructural reflex (100) 

 
Fig. 6 – The dark-field image in superstructural 

reflex (110) of the Al3X phase of the alloys: ) Al–0.6 
at.% Sc, quenching from 1400 ºC at VL =  44m/s, aging 
at 450ºC for 2 hours; b) Al–0.6 at.% Sc–0.24 at.%Zr, 

quenching from 1000 ºC at VL =  44m/s, aging at  
450 ºC for 40 hours 
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Zr alloys have significantly higher thermal stability during aging at the temper-
atures 350 and 450 ºC  as compared to binary Al–Sc and Al–Zr alloys. 

 

 
Fig. 7 – Microhardness change after isothermal aging 

 

CONCLUSIONS 
1. The Al–Sc and Al–Zr alloys are solidified with the formation of anoma-

lously supersaturated solid solution at quenching temperature of 1400 º . The 
"fan" structures are solidified at quenching temperature of 1000 º . 

2. The introduction of Zr in Al–Sc alloys allows one to reduce the temper-
ature of melt quenching from 1400 º  to 1000 º  for the formation of anoma-
lously supersaturated solid solution. 

3. The loss of thermal stability of Al–Sc alloys is due to the loss of coher-
ence of the strengthening Al3Sc  phase  particles.  In  Al–Zr  alloys  the  loss  of  
thermal  stability  is  due  to  the  formation  of  a  stable  tetragonal  DO23-ordered 
A13Zr phase. 

4. The composite Al3Zr/Al3Sc particles with Al3Sc core and Al3Zr shell 
form in triple Al–Sc–Zr alloys during high temperature aging. The formation of 
Al3Zr shell changes the nature of the interfacial fit of the particle and the ma-
trix, slows down the decomposition during the coalescence stage, which im-
proves the thermal stability of alloys. 
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ABSTRACT 
In order to prevent agglomeration of high temperature YBa2Cu3O7-x (YBCO) super-

conducting materials, the solid state processing method based on new and appropriate yttrium 
complex precursor was used without applying any surfactant. For the preparation of YBCO 
materials, instead of metal (Ba, Cu, Y) salts or metal alkoxides, the use of chelate type metal 
compounds as highly effective and stable precursors has been suggested. These have been 
prepared by the reaction of yttrium nitrate with 2-hydroxyacetophenone coordination com-
pound for forming [tris(2-hydroxyacetophenato)yttrium(III)], [Y(HAP)3(H2O)3] as a new 
precursor for the synthesis of Y-123 nanostructures. These techniques provide proper 
control on nanoparticles size distribution. The generated steric hindrance due to the 
structure of the novel precursor, acts like a protecting agent and prevents from agglom-
eration. We synthesized nanorods of YBCO with the length about 320-350 nm and 
diameter about 60-90 nm with homogeneous morphology at calcination temperature 870 
°C. The maximum values of transition temperature into the superconducting state have 
been found to be Tc(0) ~ 88 K with a temperature interval of T = 3 K for YBCO nano-
superconductor. The synthesized products were characterized by powder X-ray diffrac-
tion, fourier transform infrared spectroscopy (FT-IR), transmission electron micrograph 
and scanning electronic microscopy. 

  
Key words: superconductor, coordination compositions; solid state process; 

nanostructures; YBa2Cu3O7-x. 
 
INTRODUCTION 
Currently, YBa2Cu3O7-x is still the best suited high-TC superconductor for 

most  applications  [1].  A great  effort  has  been made by scientists  in  both  aca-
demia and industry to study this material. One of the most important and con-
ventional synthesis techniques of YBCO is solid state reaction which despite 
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some limitations and problems [2] in this method, due to its relative ease, is 
widely used for the synthesis of ceramics superconductors. 

It has been found that several factors, such as the selection of the starting 
reactants, techniques employed and the calcination procedures play important 
roles in the phase formation and the characteristics of fabricated samples [3]. 
Most of the early fabricated compounds were synthesized by reacting Y2O3 and 
CuO with BaCO3 [4–6] or BaO2 [3,  7,  8]  and a  long time calcination  was  re-
quired because the carbonates decompose with a slow rate. So, the particles 
were agglomerated without a high quality structure. Another problem is carbon 
retention in sintered compacts that affected the critical current densities. 

In recent years, considerable endeavors have been done for the develop-
ment of nanometer-sized superconductors [9, 10] Control over crystal mor-
phology is of the uttermost importance in superconductor fabrication. The ideal 
morphology for superconducting nanodevices and for applications in computer 
circuitry is the nanowires and nanorods. Herein, we report on the facile synthe-
sis of YBCO nanorods via thermolysis of [Y(HAP)3(H2O)3] complex as a new 
yttrium source by conventional solid state method. To the best of our 
knowledge, this is the first report on the synthesis of Y-123 nanostructures via 
thermal decomposition of this new precursor. It was demonstrated that by using 
the coordination compositions, it's possible to achieve the superconducting 
phase at lower calcination temperature due to compatibility of the coordination 
compositions in solution. So, chemical reactions and decomposition of BaCO3 
happens sooner and the calcination temperature was reduced to 870 °C. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
At the first stage, we synthesized [Y(HAP)3(H2O)3] as an active precursor. 

This was prepared by the reaction of high-purity nitrate salt of Y with 2-
hydroxyacetophenone (C8H8O2) solution. The resulting solid residue, was fil-
tered, washed and dried. FT-IR spectra of product confirmed the formation of 
Y complex because the stretching C=O vibration is shifted to lower frequency 
(about 1600 cm–1) indicating the coordination of carbonyl group to the metal. 
Then, an appropriate amounts of BaO, CuO, [Y(HAP)3(H2O)3], were adjusted 
(Y:Ba:Cu = 1:2:3) and mixed to obtain pure YBCO. The powder was grinded 
and heated at temperatures 820 ºC, 870 ºC and 920 ºC for 12 h with intermedi-
ate grindings. Finally, the powder annealed to 500 ºC in oxygen flow, then 
cooled down to room temperature.  

RESULTS AND DISCUSSION 
The EDX spectra of the calcined sample confirmed the presence of Ba 

(~31 %.wt), Y (~ 14 %.wt), Cu (~ 42 %.wt) and oxygen (~ 10%.wt). XRD 
results of calcined sample at different temperatures shows that at 870 ºC YBCO 
phase is formed with an orthorhombic structure along with Y2CuBaO5 phase as 
a  minor  phase  with  no  trace  of  BaCO3 as shown in Fig. 1. So, by comparing 
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with other work [4-6], temperature of calcination is reduced in this sample due 
to pliability and compatibility of coordination compositions in solution. By the 
use of Debye-Scherrer equation (d = 0.9 / cos ), crystallite sizes of products 
were estimated and results indicated: 17.2 nm at 820 ºC, 23.4 nm at 870 ºC and 
28.1 nm at 920 ºC so the extra heating makes the larger size of grains.  

The SEM image 
shows that the sample 
calcined at 870 ºC (Fig. 
2a) is composed of nano-
rods due to the nucleation 
and growth of discrete 
nanoparticles in the big 
precursor matrix. Accord-
ing  to  the  SEM  images,  
starting materials selec-
tion plays a key role in 
the size control of YBCO. 
For this propose, the new 

precursors of yttrium were used as an appropriate precursor that have steric 
hindrance and therefore there was no need to use a surfactant for size control. 
The length of nanorods were estimated about 320-350 nm with diameters about 
60-90 nm by TEM image as shown in Fig. 2b. 

Measurements of temperature dependence of resistivity of the sample at 870 
ºC produced by using heat-treated new precursors method were done and indicat-
ed a superconducting state with an onset at TC = 88 K and T 3 K. As the mag-
netic field applied on the sample increases, visible decreases in Tc temperature 
value were observed.  

 

 
Fig. 2 – (a) SEM and (b) micrographs of product calcined at 780 ºC 

 
Fig. 1 – XRD patterns of the sample calcined at 870 

ºC. The peaks are indexed with (*) denote Y2CuBaO5 
phase 
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The obtained critical temperatures were slightly reduced compared with typ-
ically quoted values of bulk YBCO material (91 K) [4] but were enhanced com-
pared with of nanosize YBCO reported elsewhere (80 K) [11]. 

CONCLUSIONS 
In summary, we have demonstrated the synthesis of YBCO nanostruc-

tures from the ([tris(2-hydroxyacetophenato)yttrium(III)], [Y(HAP)3(H2O)3]) 
for the first time via a solid state process at different temperature for 12 h. It 
was found that by using of the coordination compositions as new raw materials, 
it's possible to achieve the superconducting phase at lower calcination tempera-
ture due to pliability and compatibility of coordination compositions in solution 
that causes the chemical reactions and decomposition of BaCO3 happens soon-
er. This precursor has steric hindrance and therefore there was no need to use a 
surfactants for size control. At 870 ºC, nearly single phase of YBCO is formed. 
From the results of SEM and TEM images, the as-prepared samples show rela-
tively good morphologies corresponding to rod-like nanostructures with length 
of about 320-350 nm and diameters about 60-90 nm. The transition temperature 
to superconductivity of the YBCO was obtained about 88 K. 
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ABSTRACT 
Nanostructured temperature and humidity-sensitive thick-film structures based on 

spinel-type semiconducting and dielectric ceramics of different chemical composition 
Cu0,1Ni0,1Co1,6Mn1,2O4 (with p+-types of electrical conductivity), Cu0,1Ni0,8Co0,2Mn1,9O4 
(with p-types of electrical conductivity) and insulating (i-type) MgAl2O4 ceramics were 
fabricated and studied. It is shown that temperature-sensitive thick films possess sensi-
tivity in the region from 298 to 358 K and humidity-sensitive thick films are sensitive 
from 40 to 98 %. Obtained thick-film structures can be successfully applied for integrat-
ed temperature-humidity sensors of environmental monitoring and control. 

 
Key words: nanostructure, multilayers, sensor, spinel, thick films 
 

INTRODUCTION 
The simultaneous temperature (T) and relative humidity (RH) control con-

sists in principally different sensitivities of monitored solid-state system to 
thermally- and moisture-activated environmentally-induced processes [1]. The 
basis functioning principle of T-measuring systems are grounded, as a rule, on 
some changes in their physical properties, such as electrical conductivity, re-
sistance, capacity, optical absorption, magnetic susceptibility etc. stimulated by 
ambient temperature variations. Despite time delaying in system response on 
these variations caused by relative durability of temperature-influenced effects, 
the controlled parameter can be determined finally with a high accuracy. In 
contrast, the RH measurements are based on changes in physical properties of 
solid bulk or surface produced by absorbed water. The greater amount of ab-
sorbed water molecules, the better exploitation sensitivity of RH-measuring 
solid systems can be achieved. 

To join both T- and RH-measuring working cycles, the combined resolu-
tion built on independent temperature determination for conventional RH-
sensitive functional element and, vice versa, – humidity determination for con-
ventional temperature-sensitive element, – was proposed. The first approach 
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was typically applied to perovsite-type thick films like to BaTiO3 [2]. Only one 
work represented the second approach and performed in Engineering Research 
Centre for Functional Ceramics of Huazhang University of Science and Tech-
nology (China) [3] should be mentioned as the most essential scientific 
achievements in the field of integrated temperature and humidity-sensitive 
sensors. 

The use of spinel-based NiMn2O4-CuMn2O4-MnCo2O4 manganites with 
negative temperature coefficient (NTC) resistance for fabrication of disc-type 
NTC thermistors and humidity-sensitive MgAl2O4 by means of conventional 
ceramic technology was shown by us earlier [4-6]. However, applications in 
modern microelectronics (temperature and humidity sensors, fire detectors, 
power-sensing terminations, temperature-compensating attenuators, etc. [7]) 
require obtaining these materials in thick-film performance. 

The well-known advantages of screen-printing technology revealed in 
high reproducibility, flexibility, attainment of high reliability by glass coating 
as well as excellent accuracy, yield and interchangeability by functional trim-
ming are expected to be very attractive now, for new-generation sensing elec-
tronics [7]. No less important is the factor of miniaturization for developed 
thick-film elements and systems, realized in a variety of their possible geomet-
rical configurations. Thus, the development of high-reliable nanostructured 
thick films and their multilayers based on spinel-type compounds for environ-
mental sensors operating as integrated T-RH sensors are very important task [8-
10]. 

Thick-film performance of mixed spinel-type manganites restricted by 
NiMn2O4-CuMn2O4-MnCo2O4 concentration triangle has a number of essential 
advantages, non-available for other ceramic composites. Within the above sys-
tem, the fine-grained semiconductor materials possessing p+-type 
Cu0.1Ni0.1Mn1.2Co1.6O4 and p-type Cu0.1Ni0.8Mn1.9Co0.2O4 conductivity can be 
easily prepared. So, a real possibility to prepare integrated multilayer thick-film 
spinel-type structures for principally new device application. In addition, the 
prepared multilayer thick-film structures involving semiconductor NiMn2O4-
CuMn2O4-MnCo2O4 and insulating i-type MgAl2O4 spinels can be used as 
integrated T/RH environmental sensors with rich range of exploitation proper-
ties. 

The aim of this work is development of T/RH-sensitive thick-film struc-
tures for ecological environment control and monitoring. 

EXPERIMANTAL 
Bulk thermistor ceramics were prepared by a conventional ceramic pro-

cessing route using reagent grade copper carbonate hydroxide and nickel (co-
balt, manganese) carbonate hydroxide hydrates. [11]. Cu0.1Ni0.1Co1.6Mn1.2O4 
ceramics were sintered at temperature 1040 °C during 4 hours, 
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Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics were sintered at 920 °C during 8 hours, then 1 
hour at 1200 °C and 920 °C during 24 hours. 

Bulk MgAl2O4 ceramics were prepared via conventional sintering route as 
was described in more details elsewhere [6, 12]. The pellets were sintered in a 
special regime with maximal sintering temperature of 1300 °C during 5 h. 

Temperature sensitive Cu0.1Ni0.1Co1.6Mn1.2O4/ Cu0.1Ni0.8Co0.2Mn1.9O4-
based pastes were prepared by mixing powders of basic ceramics (sintered bulk 
ceramic discs were preliminary crushed, wet-milled in isopropyl alcohol medi-
um and dried) with ecological glass powder, Bi2O3 (inorganic binder) and an 
organic vehicle (contained organic binder and organic solvent). Thus, the two 
thermistor pastes and one dielectric paste on the basis of the spinel-type ceram-
ics were obtained (Table 1). 

 
Table 1 – Composition of T/RH sensitive pastes 

Based paste  
Paste constituents, % mass 

Basic ce-
ramics Bi2O3 

Ecological 
glass 

Organic 
vehicle 

Cu0,1Ni0,1Co1,6Mn1,2O4/ 
Cu0,1Ni0,8Co0,2Mn1,9O4 

72.8 2.9 2.9 21.4 

MgAl2O4 58 4 8 30 
 

The prepared pastes were printed on alumina substrates (Rubalit 708S) 
with Ag electrodes using a manual screen-printing device equipped with a steel 
screen. Then thick films were fired in furnace PEO-601-084 at 850 C (the 
temperature-time firing schedule was similar to that, applied for the metalliza-
tion of dick-type thermistors). 

The insulating (i-type) paste was printed on alumina substrates with Ag 
electrodes and previous formed temperature-sensitive (p-type) thick-film layer. 
From above of thick film, the p+-conductive paste electrodes were formed for 
study of electrophysical properties of humidity-sensitive thick-film elements. 
Then these structures were fired in furnace.  

For investigation we used one-
layered p-conductive 
Cu0.1Ni0.8Co0.2Mn1.9O4,  p+-conductive 
Cu0.1Ni0.1Co1.6Mn1.2O4 thick films, 
double-layered p-p+ thick-film struc-
ture, i-type MgAl2O4 thick-film 
formed on substrate with Ag-electrical 
contacts and integrated T/RH-
sensitive thick-film sensor structure 
(last see in the topological scheme on 
Fig. 1). 

 
Fig. 1. Topological scheme of T/RH-

sensitive thick-film structures 
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The topology of the obtained thick films was investigated using 3D-
profilograph Rodenstock RM600. The electrical resistances of T-sensitive thick 
films were measured with precise digital multimeters using temperature cham-
bers MINI SABZERO, model MC-71 and HPS 222. The temperature constant 
B for these thick films was calculated according to the equation: 

12

21

2

1log3026.2
TT

TT
R
RB ,    (1) 

where R1 and R2 were corresponding resistance at T1 = 25 C and T2 =85 
C. accordingly. 

The RH-sensitivity thick films based on MgAl2O4 ceramics is determined 
by dependence of electrical resistance R on RH of environment. 

The electrical resistance of the studied samples was measured in the heat 
and moisture  chamber  PR-3E “TABAI” at  temperatures  20  and 50 °C on the  
region of RH = 25-99 %. The values of necessary temperature and humidity 
were set by two temperature sensors placed on the front panel of this chamber. 
Transition in the mode of humidity was carried out by the special switch 
(placed on the forehand of panel). After that, the refrigerator was included for 
providing of stability. Regulation and stabilization of humidity in the chamber 
was  carried  out  by  the  values  of  humidity.  Additionally,  the  two  digital  ther-
mometers of - 24 (area of measuring of temperatures: –80 250 ) were 
assembled in a chamber for large exactness of experimental results. 

The studied thick-film samples were fastened on the special clamps and 
placed on a chamber. The electrodes were given on the connecting cables of M-
ohmmeter of alternating current of -0104 at the fixed frequency of current 
of 500 Hz. The areas of measuring of electric resistance were 0.001-1.999 
MOhm; 2.00-19.99 MOhm; 20.0-199.9 MOhm and 200-1000 MOhm. The 
testing was carried out tested by cycles in direction of increase of RH and in 
reverse direction. 

The value of RH for studied thick-film samples was determined on the re-
sult of the wet thermometer using psychrometric tables. As results, the values 
of electrical resistance R as function of RH at temperatures 20 °C and frequen-
cies of signal 500 Hz were obtained. 

RESULTS AND DISCUSSION 
According to obtained 3D-profilogramph data, the thickness of tempera-

ture sensitive p+-conductive thick films based on Cu0.1Ni0.1Co1.6Mn1.2O4 ceram-
ics and p-conductive thick films based on Cu0.1Ni0.8Co0.2Mn1.9O4 ceramics were 
near 47-49 m and 54-63 m, accordingly. The thickness of multilayered p+-d 
thick-film structures was near 135.94 m. 

The T-sensitive p+- and p-conductive thick films and their p+-p structures 
based on spinel-type NiMn2O4-CuMn2O4-MnCo2O4 ceramics posses good 
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linear electrophysical characteristics in the region from 298 to 358 K in semi-
logarithmic scale (Fig. 2). The values of B constants were 3589, 3630 and 3615 
K for p-, p+-conductive thick films and p+-p structure, respectively. 

 

 
 

Fig. 1 – Topological scheme of T/RH-
sensitive thick-film structures 

Fig 2 – R/T characteristics for p- and  
p+-conductivity thick films 

 
Firstly, in i-type RH-sensitive thick-film elements we used the Ru-

contained paste electrodes from above thick film for study their electrophysical 
properties. After initial electrophysical investigation these humidity-sensitive 
thick-film elements based on MgAl2O4 ceramics posses good linear dependence 
of electrical resistance from relative humidity without hysteresis in the range of 
relative-humidity of 40-99 %. But after natural physical storage during 2-3 
months, the elements lose of RH-sensitivity (see Fig. 3).  

It is established [13], that this effect caused by degradation processes in 
Ag-Ru contacts area. Sensitivity of i-type thick film succeeds to be picked up 
thread after the repeated update of contact. But this sensitivity can be again lost 
after some time. So, with the aim of avoid of this problem, the p+-conductive 
paste was used as the new contact area formed on i-type MgAl2O4 thick film 
layer. Since all components (p-, p+-  and  d-type  thick  films)  are  of  the  same  
chemical type (spinel-like) and possess high T/RH sensitivities, they will be 
positively distinguished not only by wider functionality (simultaneous T/RH 
sensing), but also unique functional stability. In addition, we obtained integra-
tion T/RH sensor structures in the new geometrical design and with the large 
RH-sensitive active area (see Fig. 1, right part, 5 and 6 electrodes). 

The dependences of electrical resistance R from RH for integrated p-i-p+ 
structures in new design was shown in Fig. 4. In the results of electrophysical 
measurements, it was established that such thick-film structures posses humidi-
ty-sensitivity within one-order change of electrical resistance. 

These changes can be connected with diffusion processes of the elements 
from p- and p+-conductive T-sensitive thick-film layers on i-type RH-sensitive 



Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I              163 
 
thick-film. In the results, some active pores will not take part in adsorption-
desorption processes. So, this effect needs a future investigation. 
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Fig. 3 – RH characteristics for initial i-type 
thick film and after natural physical storage 

Fig. 4 – RH characteristics for inte-
grated p-i-p+ structure 

 
CONCLUSIONS 
In the results of electrophysical measurements, it was shown that just pre-

pared RH-sensitive thick films posses good linear dependence of electrical 
resistance from RH without hysteresis in the range of RH of 40-99 %. After 
reiterated electrophysical measurements of theses thick-film sensor elements 
saved at the normal physical condition was lose of their sensitivity. This effect 
connected with degradation on contact area. The new integrated spinel-type 
T/RH sensitive p-i-p+ thick-film structures shown RH-sensitivity within one-
order change of electrical resistance.    

So, separate T- and RH-sensitive thick-film elements based on spinel-type 
NiMn2O4-CuMn2O4-MnCo2O4 manganites, their p+-p structures and i-type 
MgAl2O4 can be used to produce multilayered T/RH-sensitive thick-film sensor 
structures for ecological environment monitoring and control. 
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ABSTRACT 
Nanoparticles of gold and silver were synthesized by milling of dry mixtures of 

hydrophilic polymers and AgNO3 (or  HAuCl4) at 650 rpm. As hydrophilic polymers 
poly(N-vinylpyrrolidone) (PVP), poly(ethyleneglycol) (PEG), poly(vinyl alcohol) PVA, 
poly(acrylic acid) (PAA) and poly(N,N-dimethyl-N,N-diallylammonium chloride) 
(PDMDAAC) were used. It was found that the content of metals nanoparticles depends 
on milling time. The dispersed in aqueous solution gold and silver nanoparticles show 
the surface plasmon resonance at max = 310 nm (Au) and 430 nm (Ag). XRD analysis 
revealed that the average size of nanoparticles is in the range of 20-40 nm. The content 
of Ag nanoparticles depends on the concentration of OH groups of polymers and chang-
es in the following order: PVA (38%) > PEG (28%) > PVP (15%). The amount of gold 
nanoparticles obtained in the presence of PAA and PEG is equal to 73 and 67% respec-
tively. Nanoparticles of metals can be used as nanocatalysts for hydrogenation and 
oxidation of organic substrates. 

 
Key words: gold and silver nanoparticles, hydrophilic polymers, mechanochemi-

cal activation  
 

INTRODUCTION 
Nanoparticles have received much attention due to unique size dependent 

properties. Nanoparticles of gold and silver possess optical, antibacterial and 
catalytic properties [1]. To date, a number of procedures for synthesis of gold 
and silver nanoparticles have been reported, of which the most widely used are 
wet chemistry techniques based on chemical reactions in solution that yield 
metal nanoparticle colloids with a wide range of sizes, shapes, and dielectric 
environments [2]. Stable gold and silver colloids were prepared by the in situ 
reduction of tetrachloroauric acid (HAuCl4) and silver nitrate (AgNO3) in the 
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presence of protective nonionic, anionic and cationic polymers [3-7]. Earlier [8] 
a dry solid-state high-speed vibration milling method for the synthesis of silver 
nanoparticles in the presence of poly(vinylpyrrolidone) (PVP) has been report-
ed. In the present communication we have extended this method for synthesis 
of silver and gold nanoparticles.  

SAMPLE PREPARATION AND ANALYSIS 
Aqueous solution of HAuCl4 with concentration of 0,5mg/mL and solid 

AgNO3 were used for preparation of nanoparticles. As polymer protecting 
agents a series of hydrophilic polymers – poly(N-vinylpyrrolidone) (PVP), 
poly(ethyleneglycol) (PEG), poly(vinyl alcohol) PVA, poly(acrylic acid) 
(PAA) and poly(N,N-dimethyl-N,N-diallylammonium chloride) (PDMDAAC) 
were selected. Gold nanoparticles were prepared as follows: 100 mg of PVP, 
(PAA and PEG) were dissolved in 5 mL of HAuCl4,  dried in open air then in 
oven at 313K. The dried films of polymer and HAuCl4 were placed to ball mill 
“Retsch PM 200” (Germany) and vigorously milled at 650 rpm during 1 h at 
room temperature. The same procedure was used for the mixture of dry AgNO3 
and polymer powders. For removal of excess amount of polymer the crumbled 
mixtures were suspended in water and centrifugated on preparative centrifuge 
“Eppendorf Centrifuge 5810R” (Germany) at 5000 rpm. After decantation the 
solid  residue  was  dried  in  oven  at  313K.  XRD  spectra  were  registered  on  
“X,pert MPD PRO” (Holland) at room temeprature. UV-Vis spectra of dis-
persed aqueous solution of nanopartciles were recorded on spectrophotometer 
“UV-Mini” (Japan). 

RESULTS AND DISCUSSION 
XRD  spectra  of  Ag  and  Au  

nanoparticles synthesized in the 
presence of various polymers are 
shown in Figure 1 and Figure 2. 
Diffraction peaks at 2  = 38,29; 
44,5; 64,76  77,8 with interplanar 
spacing 2,34; 2,03; 1,43  1,22 Å 
corresponds to cubic centered (fcc) 
lattice of silver nanoparticles (111), 
(200), (220)  (311) (Table 1). The-
se results are in good agreement 
with data of authors [8]. XRD anal-
ysis revealed that the average size 
of  silver  nanoparticles  is  in  the  
range of 20-40 nm. The content of 
Ag nanoparticles depends on the 
concentration of OH groups of 

 
Fig. 1 – XRD patterns of Ag nanoparticles 
obtained in the presence of PVA (1), PEG 

(2) and PVP (3) 



Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I              167 
 
polymers and changes in the following order: PVA (38%) > PEG (28%) > PVP 
(15%) (Table 2).  

 
Table 1 – Lattice parameters of silver nanoparticles 

Sample h k l d, [Å] 2 , degree 
 
PVP-Ag0 

1 1 1 2,3487 38,291 
2 0 0 2,0340 44,508 
2 2 0 1,4383 64,764 
3 1 1 1,2266 77,805 

 
Table 2 – Results of elemental analysis of silver nanoparticles  

Silver compounds, % Polymer 
 PVA PEG PVP 
Ag 38 28 15 
Ag2O 21 1 13 
AgO 8 1 10 
Other silver compounds  33 70 62 

 
It is supposed 

that OH groups of 
polymers participate 
in  reduction  of  Ag+ to 
Ag0. 

As seen from 
Figure 2 XRD spectra 
of Au nanoparticles 
exhibit diffraction 
peaks  at  2  =  38  and  
45  that belong to 
gold nanoparticles. 
The amount of gold 
nanoparticles obtained 

in the presence of PAA and PEG was equal to 73 and 67% respectively. The 
absorption maximum of Ag and Au nanoparticles was centered at 429 and 310 
nm respectively.  

CONCLUSIONS 
It was shown that the solid-phase high-speed vibration milling method is 

simple, one-step and may result in preparation of both silver and gold nanopar-
ticles. The role of polymers is protecting of metal nanoparticles from aggrega-
tion. Functional groups of polymers are participated in reduction of tetrachloro-
auric acid and silver nitrate.  

 

 
Fig.2 – XRD spectra patterns of Au nanoparticles obtained 
from the mixture of PVP and HAuCl4 after milling during 
65 min (1), 20 min (2) and after washing of precipitate (3) 
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ABSTRACT 
Nanostructured ZnO thin film synthesized via sol-gel method. In this study, effects 

of stabilizer, as a vital part of sol with different molar ratios to Zn (stabilizer/Zn= 0.25, 
0.5, 1, 2), on structural, morphological and optoelectronic properties of ZnO thin film 
has been investigated. Triehtylamine (TeA) and triethanolamine (TEA), as two im-
portant tertiary amines for synthesize of ZnO, has been used. Spin coating technique 
performed to deposition of sol on glass substrate and after deposition process, the sam-
ples clacined at 500ºC. X-ray diffraction method conducted in order to find structural 
properties of the films. The results showed the formation of hexagonal wurtzite ZnO as 
well as increasing the unit cell parameters by increasing TeA content. Field emission 
scanning electron microscopy (FESEM) used in order to see morphological change for 
different molar ratios of stabilizer to Zn. The images demonstrated grain segregation in 
TeA samples by increasing TeA molar ratio. Also, in TEA samples, formation of micro 
holes in TEA/Zn=0.5 and smaller grain size for higher TEA ratios has been observed. 
UV-Vis spectroscopy was employed to obtain optoelectronic properties and the results 
shown dependence of optical band gap to stabilizer’s type and content. 

 
Key words: ZnO thin film, sol-gel, stabilizer, nanostructure, optoelectronic prop-

erties 
 

INTRODUCTION 
As a promising wide band gap semiconductor, ZnO received great deals 

of attentions due to the unique properties such as non-toxicity, high surface 
activity and great sustainability. ZnO is a non-stoichiometric II-VI compound 
semiconductor with direct optical band gap of 3.37 eV and exciton binding 
energy of 60 meV at ambient temperature. Oxygen vacancies as well as Zn 
interstitials make ZnO as an n-type semiconductor. Following properties caused 
ZnO widely used in various applications such as dye sensitized solar cells 
(DSSC) [1], light emitting diodes (LED) [2] and transparent conductive oxides 
(TCO) electrode [3]. 

Different methods are available for the synthesis of ZnO thin film such as 
sputtering [4], physical vapor deposition (PVD) [5], chemical vapor deposition 
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(CVD) [6], and sol- gel method [7]. Sol-gel process is a liquid-based method 
that widely used to synthesis thin films due to the excellent compositional con-
trol, atomic and molecular homogeneity, simple and controllable parameters, 
lower crystallization temperature, and good control on the microstructure. 

In the present study, ZnO thin film synthesized via sol-gel method by the 
use of spin coating technique and effects of stabilizers, as an important part of 
the sol, on structural, morphological and optoelectronic properties of the single 
and multi-layer ZnO thin film investigated.        

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Zinc acetate dehydrate (Zn2(CH3COO)2.2H2O) as a precursor, triethylamine 

(N(C2H5)3) and triethanolamine (N(C2H5O)3) as two main stabilizers and reac-
tants and methanol (CH3OH), ethanol (CH3CH2OH) and        1-propanol 
(CH3CH2CH2OH) as solvents purchased from Merck Chemical. 

Sol-gel  method  was  carried  out  for  synthesize  of  ZnO  thin  film.  For  the  
preparation of the first series sol, ZAD dissolved in methanol and then triethyla-
min (TeA) and triethanolamin (TEA) added to the solution in 0.25, 0.5, 1 and 2 
molar ratio of stabilizer/Zn and let the sol stirred for 30 min in order to obtain a 
clear and transparent sol. In the second series of sols, the solvent consisted of 1 
volumetric ratio of methanol-ethanol and methanol-1-propanol and triethanola-
mine in 0.5 molar ratio with Zn was added to the solution.  

The thin films spin coated on glass slides substrates. The substrates cleaned 
and washed with detergent and deionized water and also acetone, in order to 
remove greasy substances. The sol dropped on a substrate rotated at 3000 rpm for 
30 seconds and then films dried at 120 °C for 10 min. To achieve thicker films, 
the spin coating process repeated for 6 times. Finally, the films calcined at 500 °C 
for 1 hr.    

X-ray diffraction (XRD) measurements with scanning speed of 1.5°/min 
were performed on a Philips PW1730 X-ray diffractometer using Cu K  radiation 
( =1.5405 , 40kV, 30mA). The size and morphologies of the resultant nano-
composites were observed by Hitachi S4160 field emission scanning electron 
microscope (FESEM). UV-Vis spectroscopy was used to obtain optoelectronic 
properties of thin films. 

RESULTS AND DISCUSSION 
Fig.1 shows FESEM images of single layer ZnO thin films with different 

molar ratios of stabilizer/Zn for triethylamine and triethanolamine. In triethyl-
amine specimens, increasing the content of stabilizer tends to the segregation of 
grains that is considerable in TeA 1 sample. The following phenomenon is due 
to the increasing of the polycondensation reaction in sol and severe situation for 
elimination of the organic compounds. In contrast with triethylamine samples, 
in triethanolamine specimens, thin films morphology is more compact and the 
grain sizes are smaller than triethylamin samples. The interesting point about 
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triethanolamine series is that in TEA 0.5 sample, hole shaped structures form 
on the  surface  of  the  film just  like  porous  ZnO thin  films  that  used  PEG [9].  
Boiling point difference between methanol and triethanolamine (about 100 °C) 
as well as aggregation of solvent in micro holes during the film deposition are 
the main reasons of the formation of the following structure.  

 

 
Fig.1 – Sinle layer ZnO thin films with different molar ratios of triehylamine/Zn and 

triethanolamin/Zn 
 

Making multilayer and increasing the boiling point of the solvent by addi-
tion of ethanol or 1-propanol, yield disappearing of the hole and formation of a 
uniform thin film (Fig. 2). 

X-ray diffraction 
method performed to 
obtain structural prop-
erties of ZnO thin 
films. Fig.  3 demon-
strate X-ray diffrac-
tion pattern of TeA 
0.5 sample. The pat-
tern confirms hexago-
nal wurtzite structure 
for ZnO and also 
shows preferred orien-
tation structure in 
(002) direction (c- 
axis). 

 
In order to investigate structural parameters of ZnO precisely, XRD pat-

tern of TeA 1 and TeA 2 nano powder samples was considered (Fig.  4). Ac-
cording to the crystallographic relationship for hexagonal structure, unit cell 

 

 
Fig. 2 – Elimination of the holes in TEA 0.5 sample with 

making multi-layer and addition of ethanol and   1-
propanol to the methanol in 1 volumetric ratio 
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parameters such as a, c and c/a was calculated and has been brought in Table.1. 
The results confirm that increasing the content of triethylamine results the in-
creasing of all structural parameters. 

Fig.  5 represents transmittance spectra of TeA and TEA samples. All 
samples are transparent in visible region (T>95%) and have shoulder in band 
gap wavelength.   

 
Table 1 – Structural parameters of TeA 1 and TeA 2 samples  

Sample c (Å) a (Å) c/a I(101)/( I(101)+ I(002)+ I(100)) 

TeA 1 3.2341 5.1741 1.5998 0.3539 
TeA 2 3.2618 5.2749 1.6018 0.3542 

 

Fig. 3 – XRD pattern of TeA 0.5 sample 
calcined at 500 °C 

Fig. 4 – XRD pattern of TeA 1 and TeA 
2 powder samples calcined at 500 °C 

 

 
Fig. 5 – XRD pattern of TeA 1 and TeA 2 powder samples calcined at 500 °C 
The optical band gap of the semiconductors has been calculated by the 

following equation: 
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h  = A(h  – Eg)n     (1) 
where  is absorption 

coefficient, h  is photon 
energy, Eg is optical band 
gap, and A is constant. 

According to the 
band gap values (Fig.  6), 
the optical band gap of 
TeA samples are more than 
TEA ones that would be 
due to the remaining or-
ganic compound in TeA 
series. Moreover, ascend-

ing trend of band gap values in TeA specimens confirm this hypothesis. 
CONCLUSION 
Increasing triethylamine content tends to the segregation of the grains that 

is considerable in TeA 1 sample with separated islands and similar situation 
arise in TeA 2 sample for individual grains. In triethanolamine samples, an 
unusual behavior observed in TEA 0.5 with microscopic holes that is mainly 
due to the boiling point difference of TEA and methanol. Furthermore, TEA 
samples have smaller grain size than TeA ones. XRD results confirm the for-
mation of ZnO hexagonal wurtzite and also preferred orientation along c-axis 
for TeA 0.5. Increasing the quantity of triethylamine results the increase in a, c, 
c/a as well as increasing the crystallinity of ZnO. UV-Vis spectroscopy con-
firms that ZnO thin film samples are transparent in visible region. Optical band 
gap grows by increasing stabilizers content and due to the remaining organic 
compounds in triethilamine samples, band gap values are more than triethano-
lamine specimens.        
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Fig. 6 – Tauc plot for calculation of optical band gap 
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ABSTRACT 
Recent experiments of Ross, Kodambaka et al. proved possibility of mononuclear 

regime with heterogeneous nucleation as well as jerky growth in VLS process for silicon 
nanowires. In this work, theoretical model is presented which incorporates the effects of 
(i) mononuclear regime with layer by layer growth, (i) heterogeneous nucleation of each 
new layer at the edge of Au-Si droplet, (iii) drop of supersaturation after each successful 
nucleation and respective fast layer growth, (iv) time-dependent nucleation barrier 
during each new waiting period and (v) correlation between subsequent waiting periods 
(non-markovian sequence of waiting periods). 

 
Key words: nucleation, nanowires, modeling, thermodynamics, growth, step-flow 

kinetics 
 

INTRODUCTION 
Development of nanotechnologies provides new problems to the theory of 

phase transformations – nucleation, growth and coarsening in open nanosys-
tems.  

Step-flow kinetics is one of the newest experimentally investigated fea-
tures of nanowire’s growth [1-3] by VLS method. Nanowires grow by rapid 
increasing (few milliseconds) of the nanowire’s height by the value of height of 
one monoatomic layer with great incubation time (several seconds) between 
these increasing. It is shown for the II-VI or III-V compounds where solubility 
of one component in the liquid alloy is very low that nucleation statistics is 
self-regulated and corresponds to sub – Poissonian distribution of waiting times 
between nucleation events [3]. In contrast, the solubility of Si in Au is very 
high and one would expect that self-regulation mechanism will not work in 
such systems. Yet, nature may not meet these expectations (see below). 

Growth of sufficiently thin nanowires takes place in the mononuclear re-
gime: for the growth of one atomic layer of the nanowire it is necessary for one 
nucleus to appear [4]. So, here we will limit ourselves with nanosystems in 
which the nucleation events proceed one by one and probability of simultane-
ous nucleation and of coexistence of several nuclei is negligible. Experimental 
results show that nucleus appears on the edge of the nanowire, on the junction 
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of three phases: liquid, solid and vapor [2]. For the Si nanowires grown in at-
mosphere of low pressure of disilane it is shown that growth rate is diameter 
independent [5]. In this case, adsorbtion processes on the surface of the liquid 
droplet make the main contribution to the growth rate. 

MODEL 
We consider the possibility of stoichometric 2d island nucleation (Fig.1) 

(with concentration ci = 1 for the case of pure Si nanowire growth) from the su-
persaturated liquid solution with average Si concentration c.  

For this we calculate the Gibbs free energy of 
the system G(x) at different fixed number NSi of Si 
atoms in the droplet with NAu gold atoms (or fixed 
average concentration c=NSi/(NAu+NSi)) and look for 
minimum of this dependence. There x is one param-
eter that characterizes shape and size of the nuclei. 

The shape of the nucleus corresponds to the 
contour TMPK, which is determined by the me-
chanical equilibrium (some of forces in x and y 
directions): 

 
1 2

1 2

cos sin 0
.

sin cos 0
i

i

i

i
 (1) 

 
There i,  are the sur-

face tensions of silicon (i) 
and Au-Si liquid phase ( ) 
and i  is the interfacial 
tension between silicon and 
liquid phase. 

In the following we 
will use constant values of 
interfacial tensions at  
T = 823K:  = 0,9 J.m-2 , i 
= 1,08 J.m-2 ,  and  i  = 0,4 
J.m-2. 

 
RESULTS AND DISCUSSION 
We cannot pretend on the prediction of mean waiting time in steady-state 

regime: evidently, this average time is just an inverse total flux J. Yet, one can 
suggest other characteristics. Typical time dependence of nucleation probability 
and of silicon content in gold droplet are presented on Fig.3. In particular, 

 
Fig. 1 – Model system for 

nanowire 

 
Fig. 2 – Shape of the nucleus and the directions of 

the surface tensions 
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Fig.3b demonstrates that system possesses elements of self organization – the 
concentration of silicon in the droplet soon “forgets” about its initial value and 
fluctuates around some steady-state asymptotic value determined by the magni-
tude of incoming flux: the larger is flux, the higher is average supersaturation. 

  
Fig. 3 – Typical nucleation probability dependence on time (a) and typical  silicon  
concentration dependence on time (b) for Si nanowires with R = 22 nm grown at  

T = 823 K and disilane pressure 4·10-7 Torr 
 

Dependence of asymptotic average value of composition on incoming flux 
is described in Fig.4a. 

  
Fig. 4 – Dependence of average concentration (a) and dimensionless time correlation (b) 
on the logarithm of disilane pressure (in Torr) for Si nanowires with R = 22 nm grown at 

T = 823 K. 
 

Distributions for the disilane pressure P = 4·10-7, 5·10-6 and 3·10-5 Torr are 
presented on the Fig.5. They are rather well fitted by Weibull distribution. 
Parameters of Weibull distribution function ( )(),|( ),0(

)(1 xIexbabaxfy
b

a
x

bb ) 
are estimated. The larger is b, the narrower is distribution. 
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Fig. 5 – Distribution of waiting times 
fitted by Weibull distribution function: P 

= 4·10-7 Torr with a = 1,045,  
b = 10,526 (a);  P = 5·10-6 Torr with  

a = 1.052, b = 8,697 (b); P = 3·10-5 Torr 
with a = 1,064, b = 7,030 (c) 

 

CONCLUSIONS 
1. Possibility of jerky motion is confirmed in the model using assump-

tions of heterogeneous nucleation, mononuclear mechanism and diameter inde-
pendent growth rate.  

2. Zeldovich nucleation theory (including determination of diffusivity in 
the size space) is adapted for the case of: a) heterogenous nucleation; b) com-
plex geometry; c) time-dependent driving force. 

3. Asymptotic supersaturation of liquid Au with Si increases with in-
creasing incoming flux. Inverse supersaturation is a linear descending function 
of the flux density logarithm.  

4. Standard deviation of reduced waiting times distribution increases with 
increasing deposition flux. It correlates with time correlation for subsequent 
monolayers. Stronger time correlation corresponds to narrower waiting time 
distribution. This result obtained for silicon repeats conclusion of [3] for VLS 
growth of GaAs nanowhiskers.  
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5. Waiting time correlation for subsequent events is negative and it in-
creases by absolute value with decreasing incoming flux. Namely, the absolute 
value of the dimensionless time correlation is approximately inversely propor-
tional to the flux density. Waiting time distribution is well fitted by Weibull 
plots with standard deviation decreasing with decreasing flux density. 
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ABSTRACT 
Anisotropic nanostructures such as nano-wires, nano-tubes, nano-rods, nano-

ribbons, nano-layers, etc. are extremely attracted due to their larger surface area as 
compared to nano-particles. This research has targeted at fabrication of the metallic 
nano-wires through a simple one-step pad-dry method. The effects of mercerizing as one 
of the most common and important finishing treatments on cotton fabrics have been 
investigated. Mercerized and un-mercerized fabrics with the same structures have been 
treated and compared. SEM micrographs confirmed fabrication of the nano-wires with a 
high aspect ratio on the fiber surfaces oriented parallel with fiber axes. An enhanced 
potentiality for growing nano-wires with higher level of orientation has been observed 
for mercerized fabrics compared to un-mercerized ones. As it is well known, merceriz-
ing can cause some structural changes in cotton fibers. Reduction of crystallinity as a 
result of this process (mercerizing) leads to increasing the amorphous regions which 
have a good potentiality for growing nano-structured materials. The higher moisture 
regains, absorbency, smoother morphology, etc. caused by mercerizing can direct the 
better growth of nano-structures on mercerized fabrics.  

 
Key words: nanowire, Mercerizing, cotton; Pretreatment. 
 

INTRODUCTION 
Since the efficiency of nanostructures depends to their surface area, 

achieving a technique to synthesize nanowire as one of the most attractive ani-
sotropic nanostructures is a very important accomplishment [1]. For example to 
develop electrically conductive surfaces conductivity could be obtained in sys-
tems even where the particles were not necessarily in contact because of a car-
rier tunneling mechanism. However, for tunneling to work, the distance be-
tween particles had to be less than 10 nm [2]. Therefore anisotropic conductive 
nanostructures are more attractive for this demand.  

On the other hand, there are some difficulties in the case of applying 
nano-sized colloidal particles on textiles. In fact, various methods to produce 
silver nano-particles have been presented. One of the most applicable and eco-
nomical methods is the reduction of Ag ions, from silver salt solutions, to nano-
particles [1]. However, the stability of nano-particle dispersions is almost lim-

                                                
* e-mail: nanobiotex@yahoo.com (Roya Dastjerdi), tel: (+98)3518122685  



180                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 
ited to several hours or days. Then they are not suitable for long-time storage. 
Overlooking this problem, carrying of the produced dispersions is very difficult 
and costly because they cannot be presented in high concentration even by 
using different stabilizers. This limitation has been caused by their high ag-
glomeration potential increasing by the concentration. Therefore, the delivery 
of the produced nanoparticles in powder form is preferred. However, most of 
the textile finishing process should be performed in aqueous area. Therefore, 
for applying nano-powder making a new stable dispersion of them is necessary. 
However, providing this dispersion is very difficult, costly, energy and time-
consuming especially for anisotropic nanostructures like nano-wires and so on. 
To overcome aforementioned troubles, this paper focuses on presenting a novel 
in-situ synthesizing of silver nano-wires.  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
A solution of poly(vinyl pyrrolidone) (PVP, Mw 10,000) purchased from 

Aldrich Chemical Company and silver nitrate (AgNO3) purchased from Merck 
Chemical Company in ethylene-glycol (EG) purchased from Merck Chemical 
Company have been prepared and applied on the pre-washed cotton fabric 
samples. In fact, regarding complete solubility of silver nitrate and PVP in EG, 
the appropriate solutions of these two compounds have been provided under 
ultra-sound and then with respect to the miscibility of these solutions, the de-
sired mixtures of these three chemicals have been prepared and used through a 
one-step pad process. In detailed explanation, samples were immersed in the 
prepared baths containing 1.5 mM silver salt (AgNO3) and 8gr per100ml eth-
ylene-glycol (EG) for 1 min. and squeezed by pad to 100% wet pick-up. Sam-
ples were dried at the ambient temperature. Fabrications of the nano-wires on 
the fiber surfaces, their morphologies, and orientations have been investigated 
by means of a Vega ©Ts 5136 MM Tescan scanning electron microscopy ap-
plying 30 KeV. acceleration voltage. The Philips XL30 was also employed for 
Scanning Electron Microscopy (SEM) and energy dispersive X-ray (EDX) 
analysis of some samples.  

RESULTS AND DISCUSSION 
In present research, a new method for conducting a size controlled reac-

tion has been presented [3]. SEM micrographs verify the formation of the slen-
der and continue nano-wires on the surfaces of fibers. Figure 1 shows mercer-
ized treated sample. As shown in this figure (Fig. 1) the observed nano-wires 
have a high aspect ratio. It is highly interesting that nano-wires are oriented 
parallel with fiber axes on the fiber surface. As shown in these figures, the wire 
ends have not been detected which confirmed achieving a high aspect ratio. 
Mercerizing is one of the most common and important finishing treatments on 
cotton fabrics.  
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Fig. 1 – Formation of the slender and continues 
nano-wires and their orientation parallel with 

fiber axes with a high aspect ratio[3] 

Fig. 2 – Un- mercerized fabrics with 
the same treatment as fabrics 

demonstrated in Fig. 1[3] 
 
The  main  goal  of  mercerizing  is  increasing  the  luster.  In  addition,  it  has  

several advantages such as increasing fabric hygroscopicity, strength, dye affin-
ity, etc. Therefore, considering the effect of mercerizing on the suggested fin-
ishing treatment on cotton is worthwhile. Because of the considerable increase 
of the fibrous porosity of the mercerized fabrics, it is expected that this process 
increases the efficiency of the reaction.  

Fig. 2 illustrates the surface of un-mercerized fabric treated in the similar 
condition. As can be concluded, growth and orientation of nano-wires on the 
fabric surfaces are noticeably affected by this common pre-treatment.  

Comparing Fig.1 and 
Fig.2 reveals that merceriz-
ing can promote the reac-
tion efficiency and improve 
orientation of nano-wires 
on the fabric surfaces. 
Concequently, cotton nano-
porous structures on mer-
cerized samples can act as 
the perfect nano-reactores 
to promote this reaction. 
The  EDX  pattern  (Fig.  3) 
confirms the fabrication of 
silver on the sample.  

According to Sun et 
al. finding [4], the high temperature is a key factor to control the shape during 
synthesizing nano-wires in the solution. However, this research disclosed that 

 
Fig. 3 – EDX patterns of mercerized fabrics treated 

via pad process [3] 

Element wt.% 
AgL 2.81 
AuL 97.19 
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nano-wires can be formed even at the ambient temperature when they are form-
ing on the mercerized cotton fibers. It has been confirmed that nano-porous 
structure of cotton can act as a nano-reactor.   

CONCLUSIONS 
In this research the effect of the mercerizing as a pretreatment on the po-

tentiality of cellulose fibers to grow nano-wires has been investigated. A simple 
one-step pad-dry method has been applied to synthesize nanowire on the cellu-
lose fibers. Mercerizing has several advantages such as increasing fabric hygro-
scopicity, strength, dye affinity, luster, etc. Therefore, considering the effect of 
mercerizing on the suggested finishing treatment on cotton is worthwhile. Be-
cause of the considerable increase of the fibrous porosity of the mercerized 
fabrics, it is expected that this process increases the efficiency of the reaction. 
The results revealed the promotion effect of mercerizing on reaction efficiency 
and orientation of nano-wires on the fabric surfaces. Formation of the slender 
and continuous nano-wires with a high aspect ratio on the surfaces of fabrics 
was proven by SEM micrographs. The higher moisture regain, absorbency, 
smoother morphology, can also provide the better condition for the growth of 
the nano-structures on mercerized fabrics.   
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ABSTRACT 
Silver nanoparticles (NPs) were synthesized and stabilized by a simple method in 

aqueous solution, by the reduction of silver nitrate with stannous chloride (SnCl2.2H2O) 
and cetyl trimethyl ammonium bromide (CTAB)through day light irradiation. Thereby, 
the silver nanoparticles were colloidally stabilized by CTAB as a surfactant. The synthe-
sis of silver NPs with different size were possible by changing the reaction conditions 
such as reagent ratio. The silver NPs were characterized by Dynamic Light Scattering 
(DLS) and UV-visible spectroscopy. A very strong plasmon resonance peak at 400-500 
nm in the UV-visible spectra is a clear consequence of the silver NPs production. The 
synthesized silver NPs showed good stability by using CTAB.   

 
Key words: Silver nanoparticles (NPs), Stannous chloride, Cetyltrimethyl ammonium 

bromide. 
 

INTRODUCTION 
Silver NPs, a particle of Ag element, is a new class of material with re-

markably different physiochemical characteristics such as increased optical, 
electromagnetic and catalytic properties from the bulk materials [1-2]. NPs with 
at least one dimensional of 100 nm or less have unique physicochemical prop-
erties, such as high catalytic capabilities and ability to generate reactive oxygen 
species (ROS) [3]. Silver in the form of NPs could be therefore more reactive 
with its increased catalytic properties and become more toxic than the bulk 
counterpart. Further more toxicity is presumed to be size and shape dependent, 
because small size NPs (e.g.,<10 nm) [4-5],  may pass through cell membranes 
and the accumulation of intracellular NPs can lead to cell malfunction. 

Nano silver (silver nanoparticles, Ag NPs) have a wide range of applica-
tion including spectrally selective coating for solar energy absorption [6], catal-
ysis in chemical reaction [7], surface-enhanced raman scattering (SERS) for 
imaging [8], and antimicrobial sterilization [9-10]. Because of their effective 
antimicrobial properties and low toxicity toward mammalian cells, silver NPs 
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have become one of the most commonly used nanomaterial in consumer prod-
ucts [11-12]. These NPs will likely enter the sewage pipes and the wastewater 
treatment plants (WWTPs).  

Several methods have been employed to synthesize silver NPs [13]. 
Among them, the chemical reduction methods has been extensively investigat-
ed because of its simplicity of performance and mild conditions [13]. Usually, 
the chemical reduction is composed of silver nitrate as a precursor, reducing 
agent, and stabilizer [14]. The mechanism of silver NPs formation from solu-
tion has been elucidated [15]. Metal colloids are formed their ions in solutions 
through nucleation, followed by the growth step [16]. As reducing agent for 
silver ion to silver particles, several reducing agents, such as sodium citrate 
[17], ascorbic acid [18], potassium bitartrate [19], hydrazine [20], and polyeth-
ylene glycol [21], can be used. The strong reducing agent leads to smaller parti-
cle formation, in comparison to a weak reducing agent [22].  

Stannous chloride(SnCl2.2H2O) is widely used as areducing agent  (in acid 
solution), and in electrolytic  baths for tin-plating [23]. This is seen in its use 
for silvering mirrors, where silver metal is deposited on the glass: 

 
Sn2+ (aq) + 2 Ag+  Sn4+ (aq) + 2 Ag(s) 

 
Stannous chloride also used as a mordant in textile dyeing because it gives 

brighter colors with some dyes [24]. This mordant has also been used alone to 
increase the weight of silk. A related reduction was traditionally used as an 
analytical test for Hg2+

(aq).  Stannous  chloride  can  be  used  to  test  for  the  pres-
ence of gold compounds. SnCl2 turns bright purple in the presence of gold [25]. 
In organic chemistry, SnCl2 is mainly used in the Stephen reduction, whereby 
a nitrile is reduced (via an imidoyl chloride salt) to an imine which is easily 
hydrolysed to an aldehyde. Additionally, SnCl2 is used to selectively re-
duce aromatic nitro groups to anilines.  

SnCl2 also reduces quinones to hydroquinone [26]. Stannous chloride is 
also added as a food additive with E number E512 to some canned and bottled 
foods, where it serves as a color-retention agent and antioxidant 

Due to the high reactivity of silver NPs are not stable and rapidly undergo 
agglomeration [27]. The stabilizing agent are used to separated the particles to 
prevent agglomeration [28]. The surfactant or polymers, such as cetyltrimethyl 
ammoniumbromide (CTAB), liposome [29], poly vinyl pyrrolidone (PVP), are 
usually used as stabilizers to control the size of NPs [30].  

To our knowledge there is no report on synthesize of silver nano particles 
by SnCl2.  Thus  we  developed  a  simple  method  to  synthesize  silver  NPs  on  
aqueous solution with stannous chloride as a reducing agent and CTAB as a 
stabilizer. UV-vis spectroscopy and Dynamic Light Scattering (DLS) were used 
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to identify the products and we found that well-dispersed silver NPs in solution 
obtained. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Materials. Silver nitrate (AgNO3 extra pure, >99.8%) was used as a pre-

cursor for the preparation of silver NPs, and stannous chloride (SnCl2.2H2O), as 
a reducing agent, was purchased from Merck (Frankfurt, Lundwigshafen, Ger-
many).  CTAB from Merck (  Darmstadt,  Germany)  was  used  as  surfactant  for  
stabilizing silver NPs.  

Synthesis of silver NPs.The preparation of silver NPs was carried out by a 
simple, environment-friendly method in an aqueous solution.The CTAB was 
added to an aqueous solution of silver nitrate with rapid stirring. Then a freshly 
prepared stannous chloride (SnCl2.2H2O) solution was added by drop-wise 
addition to the mixture under vigorous stirring (approximately 3500 rpm)  for 
10 min at room temperature in dark condition. The reaction solution was then 
irradiated with daylight for different times. The silver nitrate solution was re-
duced and silver NPs formed. In this method, [CTAB]/[ AgNO3], is the influ-
encing factor in the synthesis of silver NPs. In order to obtain particles with 
different size the ([AgNO3]/[SnCl2.2H2O]) is variable. The ratio of various 
chemicals is presented in Table 1. 

 
Table 1 – Composition of variation solutions ([AgNO3] = 1mM) 

Solution [CTAB]/[ AgNO3] [ AgNO3]/ [SnCl2.2H2O] 
1 0 13 
2 0 8.5 
3 0 6.5 
4 0 4.5 
5 1 13 
6 1 8.5 
7 1 6.5 
8 1 4.5 
9 2 13 
10 2 8.5 
11 2 6.5 
12 2 4.5 
13 3 13 
14 3 8.5 
15 3 6.5 
16 3 4.5 

 
Instrumentation. Silver NPs were characterized by dynamic light scatter-

ing (DLS), using the zetasizer nano HPPSv420 (Malvern Instruments, Ltd., 
Malvern,  UK) at  25 C. The hydrodynamic diameter (z-average), mode values 
of the particle size, polydispersity index, and width distribution of the particle 
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were determined. The diameter correlates to the effective particle movement 
within a liguid, which is the particle diameter is plus electrical double layer. 
The hydrodynamic diameter is described as the Stokes-Einstein equation [31]. 

dH  kT/3 D 

Where dH is the hydrodynamic diameter, k is the Boltzmann constant, T is 
the temperature,  is the solvent viscosity, and D is the diffusion coefficient. 

The ultraviolet (UV) absorption spectrums of different samples were taken 
at room temperature on a (Optizen, Mecasys, Deajeon, Korea, 2120 UV) 
UVspectrophotometer with a 2 nm resolution. The spectrum wavelengths were 
between 200 and 600 nm and use a glass cuvette with a 1 cm optical path. 

RESULTS AND DISCUSSION 
UV-visible spectrum of silver NPs analysis 
In noble metals, decreasing the size to below the electron mean free path 

(i.e., the distance the electron travels between scattering collisions with the 
lattice center) gives rise to intense absorption in the visible near UV range. the 
UV-extinction spectra characteristics, such as the red or blue shifting, maxi-
mum absorption intensity, and full width at half maximum (FWHM) of absorp-
tion peaks, have proven to be quite sensitive to the shape, size, size distribution 
of silver NPs, stabilizer, and refractive index of solution [32].  

Formation of silver NPs by ambient light illumination. In the presence of 
(SnCl2.2H2O), AgNO3/CTAB solution remains colorless and no significant 
change can be detected in the absorption spectra of the solution in the absence 
of daylight irradiation. This indicates that reduction of Ag+ ions does not take 
place. However, the clear solution will gradually turn yellow and then reddish 
yellow when a solution is irradiated by daylight.  

A characteristic silver plas-
mon band appear at 400-500 nm on 
the absorption apectra, indicating 
the formation of metallic silver in 
the solution. Interestingly, no color 
change take place if solutions is 
kept in the dark, and no silver 
plasmon band can be detected on 
the absorption spectra (Figure 1). 
When the [CTAB]/[AgNO3] ratio  
is  decreased  from  2  to  1,  the  for-
mation of a silver colloid occurs 
instantly. The rapid formation of 
metallic silver confirmed by UV 
spectroscopy. Such a sensitive 

 
Fig. 1 – UV-vis absorption of solution 12 
irradiated via daylight for different times or 
in the dark condition. a) freshly prepared, b) 
in dark for 24 h, c) irradiated via daylight for 
24 h and d) irradiated via daylight for 2 h 
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response to the daylight implies that this method may find potential application 
in the photograghic and micropatterning fields. When the ratio increased up to 
2 and 3, no formation of silver NPs was observed even in the higher concentra-
tion of (SnCl2.2H2O) under daylight irradiation. 

It has been reported that cationic surfactant (CTAB), could slowly form 
Ag+/CTAB, AgBr/CTAB, and AgBr structures through their quaternary am-
monium groups [33-34]. In fact the reduction of Ag+ ions in the solution can 
only proceed under daylight irradiation according to equation 1-6. 
AgNO3(aq)+CTAB(aq)  Ag+/CTAB + AgBr + CTANO3 + AgBr/CTAB (1) 

 
AgBr  Ag+ + Br- (daylight) (2) 

 
2Br- +Light    Br2 + 2e- (3) 

 
e- +Ag+    Ag0    (long time) (4) 

 
2Ag+ + Sn2+  2Ag0 + Sn4+ (5) 

 
2Cl- + 2H+  2HCl    (pH <7) (6) 

 
Based on the observation and characterization results, we propose a possible 

mechanism to explain the formation of silver NPs in the system (Scheme 1).  

 
Scheme 1 – Schematic illustration of the possible formation process of silver NPs via 

daylight irradiation 
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First, Ag+ ions are incorporated in the micelles of CTAB and formation 
Ag+/CTAB, AgBr, and AgBr/CTAB structures [33-34]. This process of incorpo-
ration and formation structures causes dramatic change to the UV spectra as 
shown in Figure  1. This process is similar to the formation of the metal silver 
during the conventional photographic process where silver halide is used as a 
semiconductor to capture incident light [35]. Silver cluster will then form through 
the agglomeration of silver atoms and Ag+ ions. The reduction of Ag+ ions and 
the following agglomeration in thesystem may proceed as follows: 

 
 2e- +2Ag+   2Ag0 (7) 
 
 n(Ag0)  Ag0

n (8) 
 
 Ag0

n   Ag NPs (9) 
 

The CTAB molecules can stabilize Ag+ through complexation. This com-
plexation inhibit the agglomeration of silver clusters and thus prevent the un-
controlled growth of the silver NPs[36]. Thus CTAB plays multiple rules in the 
formation of the silver NPs:  

1) To induced the reduction of Ag+ ions by forming AgBr. 
2) To control the growth of silver NPs through complexing with silver 

cluster. 
3) To prevent the agglomeration of silver NPs through steric hindrance. 
 
Effect of concentration of [SnCl2.2H2O] 
Figure 2 shows the UV-vis absorption of silver NPs solution with differ-

ent concentration of stannous chloride.  
With the increasing 

concentration of stannous 
chloride, there was a red shift 
in the absorption peak of 
spectrum. It has long been 
known that the maximum 
absorption peak will shift to 
longer wavelength (red shift) 
when the particle size be-
come larger [36].  

In addition, increasing 
concentration of stannous 
chloride causes the formation 
of more silver NPs that is 
well clear from Figure 2. 

 
Fig. 2 – UV-vis absorption of solution with 

([CTAB]/[AgNO3]=2, illuminated via day light for 
24 h. a) solution 9 b) solution 10 c) solution 11 d) 

solution 12 
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Effect of irradiation time 
The photochemical formation of silver NPs was monitored by taking UV-

vis absorption spectra as a function of irradiation time (Figure 1). After 2 h an 
absorption peak at about 400 nm can be observed. On increasing the irradiation 
time, the absorption peak gradually increase and shifts toward longer wave-
lengths. This is characteristic of increase in the concentration and size of silver 
NPs. The amount of silver reduced and the extent of silver agglomeration in-
crease with the irradiation time. The rate of  silver NPs formation is function of 
CTAB concentration. It is readily noticed that a higher concentration of CTAB 
([CTAB]/[AgNO3]= 2 and 3) result in a slower photochemical process, which 
implies the influence of CTAB in silver reduction. 

DLS of silver NPs 
The z-average and poly dispersity index of silver NPs are demonstrates in 

Figure 3 and Figure 4. The z-average of NPs was reduced by using CTAB, and 
the smallest NPs were synthesized by presenting the lowest concentration of 
CTAB ([CTAB]/[AgNO3]=1) in the colloidal solution.  

 

Fig. 3 – Effect of various concentration of 
CTAB on z-average of silver NPS 

Fig. 4 – Effect of various concentration 
of CTAB on PDI of silver NPS 

 

In addition, CTAB concentration also effective on the poly dispersity in-
dex of silver NPs. The lowest concentration of CTAB has the lowest poly dis-
persity index. 

The lowest value of poly dispersity index of silver NPs leads to obtain a 
narrow size distribution. An increase of CTAB concentration also leads to the 
increase poly dispersity index. This means that the particles with wide range of 
size are formed at high concentration of CTAB. 

CONCLUSIONS 
A novel method has been developed to prepare silver NPs through reduc-

tion by SnCl2 under daylight irradiation. The effectiveness of daylight was 
clearly shown in that no silver particles has been synthesized without daylight. 
A possible mechanism is proposed to explain the formation of silver NPs. Also, 
silver NPs have been stabilized by CTAB. Further, the size and poly dispersity 
index depend on the CTAB concentrations. 
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ABSTRACT 
The effect of HF vapor treatment on the characteristics of porous oblique deposit-

ed and annealed at temperature of 975°C SiOx films have been studied by Raman spec-
troscopy and photoluminescence (PL) measurements. It was shown that high-
temperature annealing results in the decomposition of SiOx and the formation of amor-
phous Si nanoclusters embedded in the oxide matrix. The obtained nc-Si-SiOx structure 
is characterized by PL with a peak at the wavelength 820 nm. As a result of HF vapor 
treatment, considerable PL intensity growth and blueshift of PL peak position are ob-
served. Raman measurements indicate also on substantial reduction of strain in the nc-
Si-SiOx films caused by HF treatment. It is suggested that the evolution of the PL spec-
tra in HF vapor-treated samples can be attributed to the selective-etching-induced de-
crease in the Si nanoparticle dimensions and the passivation of Si dangling bonds (that 
are nonradiative recombination trap states) by hydrogen and oxygen.  

The possibility to control the PL characteristics (peak position and intensity) of the 
light-emitting nc-Si–SiOx structures in a wide range by above treatments is shown.  

 
Key words: nanoclusters, silicon oxide, photoluminescence, Raman spectroscopy, 

thin film. 
 
INTRODUCTION 
Thin-film structures containing Si nanoclusters (nc-Si) embedded in the 

SiOx matrix attract the attention of many researchers, because of their promis-
ing applications in advanced electronic and optoelectronic devices [1, 2]. The 
structure of the Si nanoparticles depends on the formation temperature: anneal-
ing at temperatures below 900°C results in formation of amorphous inclusions, 
whereas at higher temperatures the Si nanocrystals are formed. The photolumi-
nescence (PL) emission in such systems consists of an intense and wide band 
peaking in the near-infrared or visible spectral range in depending from 
nanoclusters structure and size. With decreasing nc-Si dimensions, the emission 
peak shifts to shorter wavelengths of the spectrum. The some peak shift is ob-
served with transition from crystalline to amorphous nanoinclusions in the SiOx 
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matrix [3].   

The most important factors influencing the characteristics of PL are nano-
particle size and state of the nanoparticle–SiOx interface. The control of nc-Si 
size and passivation of nonradiative states and defects at this interface is an 
essential requirement in order to increase the intensity of PL. The Si–SiOx in-
terface can be modified by chemical compounds of necessary composition. 
Such treating is most efficient in porous structures and at enhanced pressure 
and temperature [4].    

Recently, [5], we have proposed the method of porous nc-Si-SiOx light-
emitting structure formation using oblique deposition of Si monoxide (SiO) in 
vacuum. The electron microscopy studies show that, during such deposition, 
SiOx films with a porous (column-like) structure are formed, with the column 
diameter depending on the deposition angle. During high-temperature anneal-
ing of such films, the thermally stimulated formation of Si nanoinclusions oc-
curs in a restricted volume of the SiOx columns. This method allows high-
precision control of the thickness and porosity of the films. 

Because of free space (cavities) between the oxide columns, such struc-
tures is more susceptible to chemical treatments, e.g., to treatment with acetone 
or ammonia vapors, or etching in HF solution [6, 7]. Such treatments modify 
the nc-Si/SiOx interface, nanoparticle size and, thus, influence the light-
emission properties.  

In this paper we investigate the effect of chemical treatment in the HF va-
pors on the PL and Raman spectra of the porous light-emitting nc-Si–SiOx 
structures, produced by oblique deposition in vacuum. 

EXPERIMENT 
The thin-film SiOx samples were fabricated by thermal evaporation of 

99.9% pure silicon monoxide SiO (Cerac Inc.) in vacuum ((1–2) × 10–3 Torr) 
onto two-side polished Al2O3 or Si substrates.  During deposition, the substrates 
were oriented at an angle of 60° between the normal to the substrate surface 
and the direction to the evaporator. The evaporation rate was monitored in situ 
by the quartz-crystal-oscillator monitor system ( I -1). The film thickness 
measured with the use of an MII-4 microinterferometer after deposition was 
0.8-1.0 m.  

Because of additional oxidation by residual gases during evaporation of 
SiO, the compositionally nonstoichiometric SiOx (x > 1) films were deposited 
in the vacuum chamber. The films were annealed in vacuum during 15 min at 
temperature of 975°C. Such high-temperature annealing results in the decom-
position of SiOx and  the  formation  of  Si  nanoclusters  embedded  in  the  oxide  
matrix (nc-Si-SiOx structure) [1,2]. 

Annealed nc-Si–SiOx samples  were  placed in  closed  cell  with  HF vapor  
flow at temperature 30° . Treatment in HF vapor results in selective etching of 
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SiO2 inclusions in porous heterogeneous nc-Si-SiOx structure.  

The PL spectra were recorded at room temperature in the wavelength range 
from 440 to 900 nm using 337 nm line of a nitrogen laser as excitation source. 
These spectra were normalized to the spectral sensitivity of the experimental 
system. The Raman spectra  were registered at a room temperature using Jobin-
Yvon T64000 spectrometer equipped with a CCD detector. For excitation of the 
spectra the 488.0 nm line of the Ar laser was used.  

RESULTS AND DISCUSSION 
Results of SEM investigations of oblique deposited SiOx samples (Figure 

1) were shown in the previous papers [5,7]. Such films have a porous (inclined 
column-like) structure with the column diameter varies in the range 10-100 nm. 

The dimensions of the 
columns, their orienta-
tion, and the porosity (the 
relative volume of pores) 
of  the  films  depend  on  
the angle of deposition. 
The porosity of samples 
deposited at  = 60°, is 
equal to 34 % [8], the 
parameter x in the SiOx 
films was 1,73 before 
annealing and close to 2 
after annealing at 
975°C[9]. High-
temperature annealing of 
oblique deposited SiOx 

films do not change porosity and column-like structure of the samples.  
The normalized PL spectra of the nc-Si–SiOx samples deposited onto Si 

substrates, then annealed and HF vapor treated are shown in Figure 2. The 
emission spectrum of the initial annealed but unetched sample (curve 1) exhib-
its  a  broad  band,  with  a  peak  at  the  wavelength  820  nm  in  the  near-infrared  
region. Curves 2, 3, and 4 in Fig. 2 correspond to the samples etched in the HF 
vapor during 1.5, 10, and 30 min, respectively. With increasing time of etching, 
we observe a gradual shift of the emission peak to shorter wavelengths and 
increasing of the PL intensity. Specifically, after etching during 10 min, the 
peak of the PL band is at about 700 nm and the intensity of PL peak becomes 
near 200 times of magnitude higher then the emission intensity of the initial 
annealed sample. The further increase in the time of etching of the samples (t > 
10 min) is accompanied by a further short-wavelengths shift of the emission 
bands and gradual decreasing of emission intensity.  

Fig.1 –  Electron microscopic image of oblique 
deposited SiOx films 
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The evolution of the emission bands can be attributed to the etching in-
duced decrease in the nc-Si dimensions (from ~ 3.8 to 2.4 nm [10]) and to the 
effect of quantum confinement of charge carriers in the nanosized structures. In 
the porous nc-Si–SiOx samples HF vapor penetrates deep into the entire film 
and dissolves SiO2 at the surface of the oxide columns, thus stripping nc-Si. 
After HF treatment, the nc-Si newly forms a thin native oxidized layer on the 
surface when exposing it to atmospheric oxygen. Because of oxidation of the 
nc-Si surface, dimensions of the initial nc-Si core are reduced, resulting in the 
blueshift of the emission spectrum. Huge enhancement in the PL intensity of 
about two hundreds times during HF vapor treatment can be related to the pas-
sivation of Si dangling bonds (that are nonradiative recombination trap states) 
by hydrogen and oxygen. 

Figure 3 presents Raman 
spectra  of   the  SiOx films  de-
posited onto Al2O3 substrates 
(reference samples) as-
annealed at 975° C (nc-Si–
SiOx samples) on (curve 1), 
then HF vapor treated during  5 
(curve 2), 10 (curve 3) and 30 
(curve 4) minutes, respectively. 
The typical for amorphous 
silicon peaks ( TA ( ~ 145 cm-

1),  LA  (  ~  305  cm-1),  LO  (  ~  
365 cm-1),  TO  (  ~  475  cm-1)) 
show  up  in  all  spectra.  In  the  
spectra for HF vapor treated 
films four narrow peaks with 
frequencies 381, 420, 433 and 
a 579.5 cm-1 were appeared. 
Such modes are characteristic 
for sapphire substrate. With the 
increase of treatment time 
intensity of these peaks grows, 
that testifies to reduction of nc-
Si–SiOx film thickness. With 
the increase of HF  treatment 
time  the TO mode shift to 
high-frequency side and for the 
sample treated for 30 minutes 

such shift is equal to ~ 8 cm-1.  

 
Fig. 2 – Normalized room temperature PL spec-
tra of the nc-Si–SiOx samples annealed at 975°C 
(curve 1), then HF vapor treated during 1.5 
(curve 2), 10 (curve 3), and 30 min (curve 4) 

 
Fig. 3 – Raman spectra of the nc-Si–SiOx sam-
ples annealed at 975°C (curve1), then HF vapor 
treated during 5 (curve 2), 10 (curve 3) and 30 
(curve 4) min, accordingly, and reference spec-

trum from SiO2 film (curve 5) 
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It can indicate on substantial reduction of strain in the films caused by 
passivation of the Si dangling bonds on the nc-Si surface with the hydrogen and 
oxygen atoms. Detecting of silicon nanocrystals by Raman measurements at 
these research conditions was not succeeded. 

It should be mentioned, that semiwidth of  - bands after HF vapour 
treatment of nc-Si–SiOx samples does not change. It is known, that semiwidth of 

-bands is determined by dispersion of bond angles between atoms, i.e. by 
fluctuations in the nearest order [11]. It means, that during HF treatment no addi-
tional structural rearrangement in amorphous Si clusters does not take place.  

CONCLUSIONS 
In this study it was shown that: 
a) High-temperature annealing of the SiOx films at temperature of 975°C. 

results in their decomposition and formation of amorphous Si nanoclusters 
embedded in the oxide matrix.  

b) The obtained nc-Si-SiOx structure is characterized by PL with a peak at 
the wavelength 820 nm. 

c) As a result of HF vapor treatment an increase in the PL intensity and a 
spectral shift of the PL peak to shorter wavelengths (maximum blueshift more 
then 200 nm) are observed, that correspond to change of amorphous Si 
nanoclusters size from ~ 3.8 to ~2.4 nm. 

d) The obtained results show that by the HF vapor treatment of light-
emitting porous nc-Si-SiOx structures it is possible to control PL intensity and 
peak position in a wide range.  
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ABSTRACT 
Coherent laser irradiation of amorphous carbon films formatted on Si substrate by 

ion beam deposition (IBD) and plasma enhanced chemical vapor deposition methods 
(PECVD) were analyzed in this work. a-C:H films have various sp3/sp2 phases ratio and 
different quantity of hydrogen, so they were conditional called as diamond like (DLC) 
(IBD formation method, quantity of H = (25 – 35) % , hardness by Vickers (HV) = 15 – 
25 GPa) and graphite like carbon films (PECVD method,  H < 20 %, HV = 6 – 12 GPa).  

Films were irradiated with nanosecond Nd:YAG laser (Ekspla NL301G) at  the 
first (1064 nm; 6 ns),  the second (532 nm, 4.2 ns) and the fourth  
(266 nm, 3 ns) harmonic by scanning or repeating (10 pulse to one point) regime. The 
same power was in both regimes, intensity was increased to the threshold of ablation.  
Irradiation by the first laser harmonic with the power density (30 – 70) MW/cm2 stimu-
lates  minor increasing of graphite phase.  The peaks at  ~ 800 cm-1(intensive) and at ~ 
970 cm-1 (weak) showed SiC formation. Formation of carbides was observed at the 
second and superior harmonics irradiation when intensity of irradiation is low (< 10 
MW/cm2). Graphitization becomes more intensive when intensity of radiation increased 
and films transform to the glass carbon and nano/micro crystallite compound at inten-
sive ablations regime (second harmonic~ 24 MW/cm2). Ellipsometry measurements 
show not only the reduction but also high dispersion of film thickness. Micro relief 
analysis showed that film swelling proceeded during the graphitization process.  

 
Key words: amorphous carbon films, laser irradiation. 
 

INTRODUCTION 
Amorphous carbon films are perspective materials for many applications 

because of their unique optical, mechanical, electrical, and chemical properties. 
The physical properties of plasma-deposited amorphous hydrogenated carbon 
(a-C:H) films are determined by carbon sp3/sp2 bonding ratio and by hydrogen 
content [1-3].  

Depending on the type of predominating bonds, the a-C:H films are divid-
ed into three groups: (i) diamond-like carbon (DLC) with sp3 bonds, (ii) graph-
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ite-like carbon (GLC) with sp2 bonds, and (iii) polymer-like carbon (PLC) with 
sp3 bonds and a high concentration of hydrogen. The hydrogen concentration 
and hence the physical properties of a-C:H films can be varied by laser irradia-
tion because of the energy of bonds C-H (and C-C) is considerably smaller than 
that  of  C=C or  C C bonds.  In  general,  the  effect  of  laser  irradiation  on  DLC 
films is determined by superposition of three processes: graphitization, spalla-
tion, and evaporation, that are characterized by different threshold intensities 
[4]. The laser-induced graphitization of the surface layer has the lowest thresh-
old and causes the changes of material properties. Among these changes, a 
noticeable reduction of the mass density is the most important for the surface 
morphology, as it leads to a pronounced surface swelling. Two other processes 
(spallation and evaporation) cause the material removal and lead to the for-
mation of characteristic surface profiles. The effect of multilevel spallation in 
DLC films manifests itself in peeling and removal of one or more layers, whose 
lateral size is comparable with irradiated area and the thickness is much less 
than the film thickness [4]. 

The aim of the present work was to study optical properties of laser-
irradiated a-C:H films. The critical values of irradiation for essential structural 
transformations were estimated. The corresponding changes in bonding and 
concentration of sp3 bonds were discussed. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Amorphous carbon films of a thickness up to 250 nm were formed on Si 

(100) and (111) wafers by applying a direct ion beam deposition method at 
room temperature. The substrates were degreased by immersing twice for 10 
min in a chemically pure dimetilformamide. The substrates were cleaned for 1 
to 10 min by hydrogen plasma before deposition. The films were formed from 
pure acetylene. The following deposition conditions such as ion energy 700 eV, 
ion current density ~ 0.12 mA/cm2, pressure below 10-2 Pa, deposition duration 
30 min were used. The details of deposition procedure were presented else-
where [5,6].  

The samples were irradiated in a scanning mode with the step of 25 m, 
and pulse to one point by a q-switched YAG:Nd laser ((Ekspla NL15100TH) 
with pulses repetition rate of 12.5 Hz. 

The hydrogen concentration was determined by elastic-recoil detection  
using a 2.4 MeV 4He2+ beam. The optical properties of laser-irradiated a-C:H 
films were studied by Raman scattering (Yvon Jobin), infrared (Perkin Elmer) 
spectroscopy, null- ellipsometry (Gaertner L117). The Rutherford backscatter-
ing spectroscopy and elastic recoil detection measurements indicated that the 
films consist of carbon (73 at.%) and hydrogen (27 at.%). These films are at-
tributed to the typical diamond-like carbon (DLC) films. The properties of 
films before and after laser irradiation by first harmonic are shown in Table 1. 
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The IR-laser irradiation at both 35 mw/cm2 and 70 mw/cm2  intensities led to an 
insignificant graphitization of the DLC films. The formation of the SiC started 
at the interface between the substrate and the films. The presence of the sic 
phase was confirmed by the appearance of the peaks at 800 cm 1 and 960 cm 1 
in the RS spectra. However, despite the graphitization and SiC formation, the 
films had good adhesion with the substrate. The microhardness of the laser-
irradiated thin films decreased slightly with the increase of the energy density 
(Table 1). The irradiation with infrared light did not change the films’ structure, 
and the films still remained as DLC. The ellipsometric calculations were per-
formed with or without the SiC layer depending on the rs results. The irradia-
tions with the first harmonics led to a lower refractive index and thicker DLC 
and SiC layers (Table 1). These results indicate that the graphitization process 
of films was initiated.  

 
Table 1 – The conditions of irradiation (  – wavelength, laser intensity) and char-

acteristics of the films’ refractive index (n), extinction coefficient (k), film thickness (d), 
microhardness (HV). 

Sample  
nm 

Irrad. int. 
MW/cm2 Model n k 

dDLC, 
(dGC ) 
Nm 

dSiC, 
nm 

HV, 
GPa 

B4 - - DLC/Si 2.41 0.16 145 - 23 
B4-1 1064 70 DLC/SiC/Si 2.36 0.27 169 50 17 
B4-2 1064 35 DLC/SiC/Si 2.13 0.4 165 10 19 

 
The DLC films were found to be more sensitive to the VIS (532 nm) and 

UV laser irradiation (266 nm). The dispersion of film thickness showed that 
evaporation and surface swelling took place, and the transformation of sp3/ sp2 
conditioned. When the intensity of irradiation is >1 MW/cm2, the Si and C 
diffusion also took place and caused the formation of the high intensity SiC 
peaks in the Raman spectra (at 800 cm 1and 960  1000 cm 1, respectively). 
Simultaneous processes, such as spallation and phase conversion, stimulated 
transformation  of  the  sp3  bond  to  the  sp2  bonds  and  the  DLC  films  to  the  
graphite-like carbon/glass carbon.  

 
Table 2 – The conditions of irradiation ( -wavelength, laser intensity), ellipsome-

try data  and the fitting parameters of the Raman spectra 

Sample nm 
Irrad. int. 
MW/cm2 D, cm-1 D, 

cm-1 G, cm-1 G, 
cm-1 ID/IG n k 

B4  1312 1540 0.4 2.41 0.16 
B4-1 70 1322 1545 0.6 2.36 0.27 
B4-2 35 1365 1546 1.06 2.13 0.4 
 24 1346 1598 1.33 1.9 0.11 
 42 1385 1584 1.23 2.47 0 
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The RS spectra of DLC films were fitted to determine the D and G peaks 
position, the full width at half-maxima of the D ( D) and G ( G) bands, and 
the integral intensity ratio between the D and G peaks (ID/IG) (Table 2). 

The Gaussian fitting results demonstrated that the G peak narrowed (86 
and 111 cm 1) and shifted to the higher wave numbers (58 and 44 cm 1), and 
the (ID/IG) ratio increased. The films can be called a mixture of DLC/GLC 
with the glassy carbon phase inserts [2,7]. 

CONCLUSIONS 
The investigations showed that thin DLC films are resistant to IR-laser ir-

radiation (1.16 eV). Irradiation by the first harmonics of a Nd:YAG laser stimu-
lated formation of SiC and a slight hydrogenization of Si at the interface region. 
The films’ graphitization and formation of the SiC clusters took place by in-
creasing the photon energy.  
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ABSTRACT 
Nanopowders of titanium oxide were synthesized by method of electrical explo-

sion of wires with the purpose of creation of photocatalytic electrode materials on their 
base. To improve the photocatalytic properties of titanium oxide its surface was modi-
fied by silver. In the work the procedure of doping of TiO2 matrice by Ag2O directly 
during explosion was used.  

Nanostructured fractal TiO2 films were formed from synthesized nanopowders. 
After annealing of the films on air at 450°C a mesoporous surface is formed. Its feature 
is the presence of nanosized TiO2 fibers. 

The investigations of an electronic structure of nanopowders and films were car-
ried out using XPS, optical and electron microscopy. The presence of Ti3+-states on the 
surface is the characteristic feature of TiO2 films. After annealing the ratio of Ti3+-/Ti4+-
states and OH-groups connected with them is changing. The appearance of nanosized 
TiO2 fibers on the surface after annealing and features of their electron structure may be 
interesting for photo- and electrocatalysis. 

 
Key words: nanopowders, iO2, electrical explosion of wires.  
 

INTRODUCTION 
Electrical explosion of wires is a promising technology which allows to ob-

tain nanopowders with high density of surface catalytically-active centers, that is 
a sequence of nonequilibrium of synthesis process [1-2]. Electroexplosive films 
and titanium dioxide nanopowders are promising for using in photo-
electrochemical systems of solar energy conversion. The attention to TiO2 na-
nopowders incorporated nanoparticles of noble metals is caused by the fact that 
the particles of silver on the surface of metal can be centers of charge distribution 
and accumulation. At that such parameter as photosensitivity greatly increases 
[3]. In the work the phase contents changes of the surface of doped TiO2 na-
nopowders were examined at different annealing conditions. 
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METHODS OF SAMPLES MANUFACTURING AND ANALYSIS 
The features of the electron structure of the surface of nanodisperse 

TiO2:Ag samples were explored by XPS method at electron spectrometer with 
PHOIBOS-100_SPECS energy analyzer and X-ray source with magnesium 
anode (  g   = 1253.6 eV,   = 200 W). 

The spectra of Ti2p- and Ag3d-levels were decomposed into related pairs 
of components 2p3/2/2p1/2 and  3d5/2/3d3/2 with  parameters   =  5.76  eV,  I1/ I2 = 
0.3 and  = 6.0 eV, I1/ I2 = 0.66 correspondingly for taking into account spin-
orbit splitting. The decomposition was carried out by Gauss-Newton method in 
linked parameters mode. The intensity of components and binding energy was 
varied. The width of components and ratio of the contributions of Gauss-
Lorentz distributions during process of spectra decomposition were constant. 
The area of the components was determined after background subtraction by 
Shirley method [4]. Obtained in such way integral intensities of components 
were proportional to the contents of nonequivalent ions of titanium and silver in 
the samples. 

TiO2, TiO2:3%Ag, TiO2:5%Ag nanopowders were synthesized in dry air 
atmosphere. The energy of explosion was  = 3,1· ,  where E  is sublimation 
energy of titanium. 

RESULTS AND DISCUSSION 
The main feature of Ti2p-spectra of electroexplosive titanium oxide na-

nopowders is the considerable contents of the states with EbTi2p3/2 = 457.5 eV, 
which correspond to Ti3+-states. This points out on the high degree of imperfec-
tion of the nanopowders surface. Dominating are the Ti4+-states with EbTi2p3/2 
= 458.3 eV, which can be related with the anatase phase, and states with 
EbTi2p3/2 = 458.8 eV, which can correspond to the rutile phase [5-6]. A shift to 
the region of higher binding energy represents the decrease of Ti – O bond 
length. A signal in the region EbTi2p3/2 = 459.4 eV can be related to Ti4+-states 
in the titanium peroxicomplexes. 

According to the XPS data silver on the electrode surface is present as 
Ag0-, Ag+- and Ag2+-states. It was determined that the final phase distribution 
of silver is determined by the character of the segregation processes during 
annealing, temperature and medium of the annealing, influence of reduction 
processes and initial total contents of silver. 

It was determined that modifying of TiO2 by silver particles leads to in-
crease of Ti3+-states contribution. The highest contents of Ti3+-states were rec-
orded for TiO2:5%Ag samples. 

The  contact  of  the  nanopowders  surface  with  H2O2 with further annealing 
on air leads to the decrease of contents of the phase with EbTi2p3/2 = 458.3 eV 
and  increase  of  the  contribution  of  the  phase  with  EbTi2p3/2 = 458.8 eV, that 
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depicts rutilization process of TiO2. Simultaneously a part of oxide forms of 
silver reduces to metal.  

The replacement of air medium by argon during anneal practically doesn’t 
change the phase contents for silver and greatly changes the phase contents for 
titanium. 

From the initial TiO2 nanopowders the nanostructured fractal films which 
have highly developed surface were formed (fig.1) with agglomerates size 20-
60 nm (fig. 2). 

 

  
Fig. 1 – Nanostructured  

TiO2 film 
Fig. 2 – SEM image of nanostructured 

TiO2 film 

  
Fig. 3 – SEM image of nanostructured 

TiO2 film after annealing 
Fig. 4 – SEM image of nanostructured 

TiO2 film after annealing 
 
After  anneal  on  air  at  450°C  the  mesoporous  surface  of  the  films  is  

formed. Its main feature is the presence of nanosized TiO2 fibers with diameter 
50 – 100 nm and length 1 - 5 m (fig. 3-4). Applied approach allows to create 
on the base of nanopowders miscellaneous nanodisperce films and materias 
with high specific surface without connectives and loading.  

CONCLUSIONS 
The possibility of synthesis of TiO2:Ag nanopowders by EEW method 

was shown. 
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Doping of the electroexplosive titanium oxide powders by silver leads to 
the increase of the contribution of Ti3+-states. 

A contact of TiO2 and TiO2:Ag nanopowders with hydrogen peroxide and 
further annealing switches on the rutilization process of TiO2-matrice. 
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ABSTRACT 
With the use of AFM, nanohardness and elastic modulus measuring, as well as 

measurements of the forces of cohesion, friction coefficient by means of a scratch test, 
oxide coatings of Al2O3, obtained by magnetron sputtering of Al were investigated. 

The hardness of the coating Al2O3, nanostructured film deposited on TiN, in-
creased as compared with the coating deposited on steel. A comparison of the morphol-
ogy of samples obtained by reactive magnetron sputtering synthesis and a source of RF 
plasma using oxygen ions was carried out. The mechanical characteristics of hardness, 
elastic modulus, adhesion strength and friction coefficient of obtained coatings were 
investigated. 

 
Key words: Aluminium oxide, adhesion, magnetron sputtering, roughness, hard-

ness, friction coefficient. 
 

INTRODUCTION 
Aluminum oxide films Al2O3 are among the most promising materials. 

Their exclusive range of mechanical and physical properties (high hardness, 
excellent corrosion resistance, high stiffness, excellent thermal conductivity, 
high electrical resistivity, good wear resistance, chemical inertness, etc.) makes 
it indispensable in the manufacture of Al2O3 corrosion, wear and heat resistant 
products for a variety of industries [1]. 

Among the huge number of physical methods of deposition of oxide films 
are the following: Thermal evaporation of metals and semiconductors in a vac-
uum. Oxides tend to have high melting points, which limits the wide applica-
tion of this simple and effective method. However, for some oxide systems use 
thermal evaporation is possible and it is widely used to produce films of V2O5. 

Reactive magnetron deposition – one of the most common ways to obtain 
oxide films [2]. Usually there are used different forms of DC (direct current) or 
RF (radio frequency) magnetron sputtering of metal targets, or RF sputtering 
targets of massive oxide plasma with various ratios of Al and O2. By changing 
the composition of the target, substrate temperature, the gas mixture and dis-
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charge power oxides both the highest and lowest oxidation state of the family 
can be obtained. 

One of the most productive methods of obtaining oxide coatings are the 
methods of plasma-detonation and detonation deposition, which provide suffi-
ciently thick (300-400 m) layers of Al2O3, as well as with a low concentration 
(density) then, from 0.5 to 2.5%, and high enough adhesion of the coating to a 
substrate of steel. 

The method of micro-arc oxidation allows obtaining of aluminum oxides 
on the Al samples or alloys of aluminum. This method is high-efficient and 
economical, but in the coatings obtained by this method, there are pores and 
very difficult to get coating of Al2O3 without impurities [3]. 

Therefore, there is a problem to get high-quality coatings of Al2O3 (with-
out additives) with high heat-shielding properties, high hardness and good ad-
hesion to the substrate steel. This problem is being solved in this work. But in 
order to evaluate the influence of substrate on the mechanical properties of 
Al2O3 coatings, they were deposited on nanostructured thin layer of TiN. 

EXPERIMENTAL STUDIES 
Aluminum oxide coatings were prepared on installation URM-3 by mag-

netron sputtering, which allows good control over strength, elastic modulus, 
adhesion and physical properties of the coating [4]. The photo and scheme of 
URM-3 is shown in Fig. 1 [5]. To obtain coating the magnetron (2) was used, 
which is fed from a source (1). Power supply for the magnetron produces the 
voltage to 1 kV and discharge current to 20 A, the maximum power of the 
power supply – 6 kW. 

 

 
a)     b) 

Fig. 1 ) General view of the reactive synthesis of coating unit on the basis of a 
magnetron plasma sources and ion HF; b) The scheme of the reactive coating synthesis 

unit 
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Target magnetron with the diameter of 190 mm made of aluminum. Dis-
tance from the target to the samples can be changed within 100-700 mm in the 
case of magnetron sputtering only, and is fixed at about 300 mm, in the case of 
both the magnetron and ion source. 

The  unit  is  schematically  shown  in  Figure  1  (b).  It  consists  of  the  low-
pressure magnetron (2), located on the opposite end of the chamber lid, the RF 
plasma source and the active particles jet of gas (3) is located inside the cham-
ber, (5) - (7) - a matching device; ion source (8) is located on the side flange of 
the chamber. The relative position of these elements is chosen in order to let the 
treated surface simultaneously feed stream of metal particles of activated reac-
tive gas and ions of inert or reactive gases. 

 The coatings deposited on steel specimens (12X18H10T, Ø 20 mm,  = 
4 mm), as well as witnesses samples (glass substrate). The evaporated material 
was aluminum 999. Before coating, the metal specimens were grounded, pol-
ished, and then together with the samples, witnesses were treated in the ultra-
sonic bath for 100 seconds with output power 50 W. Technological parameters 
of deposition are shown in Table 1.  The thickness of coatings Al2O3 is 1.25 - 
1.5 m. 

 
Table 1 – Physical-technological parameters of coating deposition Al2O3 

Coatings 
Cleaning (inductive discharge) Deposition 

P, 
P  

magn, 
W U, V Ishift, 

m  , min PAr, P  Q (acid), 
cm3/ min 

gen, 
P  

U, 
V I, A 

Al2O3 0,07 500 300 2,5 20 0,078 24 0,083 650 7,7 
 

RESULTS AND DISCUSSION 
A good coating should have an effective resistance to abrasion, adhesion, 

corrosion-oxidative and other types of wear, both at room and elevated temper-
atures. To determine these properties it is necessary to take into account a lot of 
data. Among them: the elemental composition of the coating, its hardness, 
topography, roughness, adhesion, deformation, etc. [6], [7]. 

Surface topography of coatings was studied on witnesses samples (glass 
substrate) using the atomic force microscope (AFM). AFM is designed for 
study and research of the surface topography to obtain 3D image of the surface 
with a resolution of 0.01 nm.  

To determine the initial surface roughness of the samples, the automated 
high-precision contact profilometer SURTRONIC 25 was used. It allows quick 
and accurate determination of the surface roughness.  

X-ray diffraction studies were carried out on DRON-3 diffractometer in 
filtered Cu-Ka radiation. X-ray diffractometer gets the phase analysis of poly-
crystalline objects and study of textures, the orientation of the single-crystal 
blocks, gets the full set of intensities of reflections from single crystal to inves-
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tigate the structure of many substances in various environmental conditions, 
etc. 

 Investigation of the hardness of the samples coated with Al2O3 was con-
ducted by the triangular Berkowitz indenter on the nanotverdometer Nano In-
denter G200. The accuracy of the depth measuring of indentation ± 0,04 nm. 
Measurements  of  the  samples  were  carried  to  the  depth  of  100  nm  to  avoid  
contributions to the measured hardness of the substrate composition of the film-
substrate,  which  does  not  exceed  1/10  of  the  film  thickness.  Tests  were  con-
ducted using the console CSM (continuous stiffness measurement), which al-
lows continuous monitoring of the stiffness of the contact in the implementa-
tion of the indenter. 

The tests were performed at a constant rate of deformation in the contact, 
and it is equal to 0.05 s-1.  At least 6 prints at distance 15 m from each other 
were applied to each sample. The technique by Oliver and Farr was applied to 
find the hardness and elastic modulus. Before testing the sample, the fused 
silica was tested, which is the standard of hardness in nanoindentation. The 
resulting value for fused silica hardness allows judging the reliability of the 
calibration of nanotverdometer. 

To determine the adhesive/cohesive strength of coatings and to determine 
the mechanism of destruction the scratch-tester REVETEST (CSM Instru-
ments) was applied. To determine the adhesive strength of coating the diamond 
spherical indenter of the "Rockwell C» with radius of curvature 200 mm con-
tinuously scratched the surface at an increasing load, and registered the physi-
cal parameters: acoustic emission, friction coefficient and the penetration depth 
of the indenter. At a certain critical load coating starts to break down. Critical 
loads are accurately recorded by the acoustic sensor, attached to the shoulder of 
loading, but also can be detected via built-in optical microscope. 

The critical load is used as a quantitative assessment of adhesion of micro- 
and nanofilms, coatings, and combinations of layers. 

Tests were carried out under the following conditions: the load on the in-
denter increased from 0.9 to 70 N, the speed was 1 mm/min, the length of 
scratches was 10 mm, loading rate - 6.91 N/min, the frequency of the signal 
discretization - 60, acoustic emission - 9.To obtain reliable results, we applied 
two scratches on each sample. 

 
The surface morphology of Al2O3coatings  
The quality of preparation of the coating surface was investigated by using 

profilometer. Figure 2 shows the original surface profilograms samples. 
The results of profilogram processing show that the average surface 

roughness Ra is 0.088 m. The surface roughness of Al2O3 changed after the 
coating process.  
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Fig. 2 – Profilogram of initial surface samples 12X18H10T. 

 
Comparison of the results of Al2O3 surface topography and surface mor-

phology of coatings on titanium nitride base research shows that the roughness 
of coatings TiN (Ra = 2.6989 nm) obtained under the same physical and techno-
logical parameters of deposition, as in the magnetron sputtering 
(Ra = 0.9867 nm) is much higher.  

This is due to the 
fact that in vacuum-arc 
deposition method the 
deposited surfaces con-
tain a large number of 
droplets of evaporated 
material (the cathode). 

The results of the 
phase composition re-
search  of  Al2O3coatings 
are shown in Fig. 3. The-
se  results  of  X-ray  analy-
sis  show  that  the  only  

phase which is formed is the Al2O3 phase. 
 

The mechanical characteristics of Al2O3coatings  
The hardness of coatings deposited on steel substrate was H = 11.05 GPa, 

and Young's modulus E = 193 GPa. 
According to [8] the mechanical characteristics (hardness) of the substrate 

influence on the hardness of coatings. To get the information on the effect of 
substrate on the hardness of coatings we conducted the following studies. Al2O3 
coating was deposited directly on the steel substrate and the substrate, which 
was previously coated by hard coating based on titanium nitride by vacuum-arc 
method.  

The results of hardness measurements of Al2O3 coatings, deposited on a 
steel substrate, with the solid titanium nitride (TiN) surface, demonstrated the 
increase of the hardness and Young's modulus: H = 26.07 GPa, E = 294.4 GPa. 

 
Fig. 3 – Fragments of the Al2O3 film diffractogram 
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The mechanical properties of the coatings strongly depend on the ratio of 
hardness (H) to the reduced Young's modulus (E*) H/E* [9]. To increase the 
resistance to elastic deformation of the destruction and to reduce plastic defor-
mation of the material, it should have high strength with low elastic modulus. 
Analysis of these values for some materials shows that this ratio can reach 0.14. 
One of the parameters characterizing the structural state of the material is vis-
coplastic criterion. The viscoplasticity for all types of the materials, studied in 
the massive state does not exceed the value of 0.04.  

With size of nanocrystallites decreasing below a certain critical value, the 
hardness and resistance to elastic deformation of the material increases. In this 
case, the limiting mechanism of nanostructured films deformation becomes the 
diffusion mass transfer, whereas the movement of dislocations is hindered by 
the small crystallite size and by the presence of intergranular amorphous layers. 
The N/E* value of our Al2O3 coating was 0.057, which characterizes the state 
of the material as fine grained. And the N/E* of Al2O3 coating, deposited on a 
substrate with the intermediate layer of titanium nitride, was 0.08, which char-
acterizes the state of the material as nanocrystalline. Thus, it can be concluded 
that depositing Al2O3 on  the  surface  of  the  substrate  with  a  hard  surface,  en-
hances the hardness of the material. 

 
Bond strength of ion-plasma coatings Al2O3 
The process of destruction and the strength of adhesion of coatings formed 

in the substrate were analyzed by the Scratch-test method. When scratching the 
material with a low H/E it is naturally to expect establishing of contact in a pair 
of elastic friction, while the flow of plastic deformation is less likely. Figure 4 
shows photographs of the scratches of Al2O3 coating and results of tests for 
adhesive strength. 

Comparative analysis of the coatings indicates that coating wears out dur-
ing the scratching, but do not peel, which means that it is not destroyed by the 
cohesive mechanism associated with plastic deformation and the formation of 
fatigue cracks in the coating [15,16]. 

 

 
Fig. 4 – Photos of Al2O3 coatings scratches at different loads on the indenter: a - 6.19 N 

load, b - load 10.83 N; - load 16.65 N 



210                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 1, Part I             
 

The analysis of Al2O3 coating scratches indicates that under the load P = 
6.19 N there are no cracks appearing on the coatings surface (Fig. 4a). With 
further increase in load at P = 10.83 N the coating is becoming chipped (Fig. 
4b). Then, when the load P = 16,65 H (Fig. 4c) the coating starts to destruct. 

The process of destruction of Al2O3 coatings by scratching with a dia-
mond indenter with the account of changes in acoustic emission, friction coef-
ficient, penetration depth can be divided into three stages, see Figure 5. 

 

 
 

Fig. 5 – Results of adhesion tests of Al2O3 coating: 1 - coefficient of friction, and 2 - the 
value of the normal load, 3 - depth of penetration of the indenter, 4 - the value of acous-

tic emission 
 

At the beginning of the process (A) the indenter is monotonously pene-
trate into the coating, and the coating has a substantial resistance to penetration 
of the indenter, the coefficient of friction ( ) monotonically increases, the sig-
nal of acoustic emission (Ae) remains practically unchanged. Then, with in-
creasing load (B) the level of amplitude Ae begins to change, but also slightly 
changes the value of the friction coefficient, while the penetration depth re-
mains practically unchanged. With further increase in load (B) is a slight in-
crease in friction coefficient, penetration depth increases and there is a destruc-
tion of coatings. 

CONCLUSIONS 
The detailed analysis of Al2O3 coatings shows that by manipulating of dif-

ferent regimes and parameters of deposition there can be obtained films with 
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excellent physical and mechanical properties. The obtained coatings demon-
strated enhanced hardness and wear resistance, and also good adhesion to sub-
strate. It is also important to note, that the material of substrate effects on hard-
ness of coating, which is demonstrated in this work.    
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ABSTRACT 
New Superhard coatings based on Ti-Hf-Si-N featuring high physical and mechan-

ical properties were fabricated. We employed a vacuum-arc source with HF stimulation 
and a cathode sintered from Ti-Hf-Si. Nitrides were fabricated using atomic nitrogen (N) 
or a mixture of Ar/N, which were leaked-in a chamber at various pressures and applied 
to a substrate potentials. RBS, SIMS, GT-MS, SEM with EDXS, XRD, and nanoinden-
tation were employed as analyzing methods of chemical and phase composition of thin 
films. We also tested tribological and corrosion properties. The resulting coating was a 
two-phase, nanostructured nc-(Ti, Hf)N and -Si3N4. Sizes of substitution solid solution 
nanograins changed from 3.8 to 6.5 nm, and an interface thickness surrounding -Si3N4 
varied from 1.2 to 1.8 nm. Coatings hardness, which was measured by nanoindentation 
was from 42.7 GPa to 48.6 GPa, and an elastic modulus was E = (450 to 515) GPa. 

The films stoichiometry was defined for various deposition conditions. It was 
found that in samples with superhard coatings of 42.7 to 48.6GPa hardness and lower 
roughness in comparison with other series of samples, friction coefficient was equal to 
0.2, and its value did not change over all depth (thickness) of coatings. A film adhesion 
to a substrate was essentially high and reached 25MPa. 

 
Key words: superhard, nanostructured coatings, Ti-Hf-Si-N, stoichiometry, phase 

composition. 

INTRODUCTION 
The development of the new nanostructural coating with high hardness 

(40 GPa) and thermal stability (> 1200° ) is one of the most urgent problem of 
the modern material science. According to the previous experimental results it 
can be considered that not only grains size has strong influence on properties of 
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the solid but also structural states of interfaces (grains boundary). As the quan-
tity of atoms at grains boundary reaches about 30-50%, properties of the mate-
rial are strongly depend on condition of the grains boundary: gap of the border 
band (in this band lattice parameter deviate from standard value), disorientation 
of the grains and interfaces, concentration of the defects at boundary and value 
of the free volume. 

So, nanocrystalline materials, that contain nanosized crystallite along with 
rather extensive and partially disordered boundaries structure, present new 
properties by comparison with the large-grained materials. 

These stable nanocrystalline materials can be created on base of multi-
component compound, since such materials have the heterogeneous structure 
that include practically non-interacting phases with average linear dimension 
about 7-35 nm. In this case nanocrystalline materials demonstrate high thermal 
stability and long-term stable properties [1-7]. 

Presently, there are many papers related to the research of the structure 
and properties of the multi-component hard nanostructures (nanocomposite 
coating based on Zr-Ti-Si-N, Zr-Ti-N and Mo-Si-N etc.) were already pub-
lished [5-8]. However, the development of the new type of the coating is still 
continuing. It is well known that superhard coating can be formed on base of nc 
- TiN or nc-(Zr, TiN) covered with -Si3N4, or BN amorphous or quasiamor-
phous phase. Hardness of such coating can reach 80 GPa and higher. In addi-
tion, the deposition of the coating at temperature about 550 – 600°  allows to 
finalize spinodal segregation along grain boundaries and hence improve proper-
ties of the coatings.  

The main goal of the research is the development of the new type of Ti-
Hf-Si-N-based superhard nanostructured coatings and analysis of their proper-
ties and structure. 

EXPERIMENTAL DETAILS 
Ti-Hf-Si-N films were deposited on steel 3 substrate (20 mm diameter and 

3 mm thickness) with the help of vacuum source in the HF discharge of the 
cathode, sintered from the Ti-Hf-Si. In order to obtain nitride, atomic N was 
flooded to the chamber at different pressure and substrate potential. Deposition 
conditions are presented in Table 1. Bulat 3T-device with generator was used 
for the deposition of samples [5]. A bias potential was applied to the substrate 
from a HF generator, which generated impulses of convergent oscillations with 

 1 MHz frequency, every duration of the impulse was 60µs, their repetition 
frequency about 10 kHz. Due to HF diode effect the value of negative auto bias 
potential at substrate was about 2÷3 kV. 

Secondary mass-spectrometers SAJW-0.5 SIMS with quadruple mass ana-
lyzer QMA-410 Balzers and SAWJ-01 GP-MS with glow discharge and quad-
ruple mass analyzer SRS-300 (Poland, Warszawa) was used for studying of the 
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samples chemical composition. In order to obtain complete information about 
samples chemical composition, 1.3 MeV ion RBS spectrometers equipped with 
16 keV resolution detectors was applied. Helium ion dose was about 5 µC. 
Standard computer software [7] was used for the processing of the RBS spectra, 
as a result the depth distribution of the concentration of compound components 
was plotted. 

The research of the mechanical properties of the samples was carried out by 
the nanoindentation methods with the help of Nanoindenter G200 (MES Systems, 
USA) equipped with Berkovich pyramid (radius about 20 nm). An accuracy of 
measured indentation depth was ±0.04 nm. Measurements of the nanohardness of 
the samples with coating were carried out till 200 nm depth, in order to decrease 
influence of the substrate on the nanohardness value. The depth of indentation 
was substantially less than 0.1 of coating depth [1]. XRD analysis was performed 
using DRON-4 and X´Pert PANalitical (Holland) difractometers (step size 0.05 , 
speed 0.05 , U = 40 kV, I=40 mA, emitter-copper). 

The cross-sections of the substrates with coatings were prepared by the 
ion beam. Further analysis of surface morphology, structure and chemical com-
position of these cross sections was carried out by the scanning ion-electron 
microscope Quanta 200 3D.  

RESULTS AND DISCUSSION 
Prior to analysis of XRD data, it should be noted that for better under-

standing of processes occurred at near-surface region during deposition it is 
necessary to compare formation heats of the probable nitrides. According to 
[10] standard heats of formation of such nitrides are next: H298(HfN) = -
369.3 kJ/mole, H298(TiN)=-336.6 kJ/mole, H298(Si3N4) = -738.1 kJ/mole, i.e. 
values of the formation heats are quite large and negative. It indicates high 
probability of those systems formation during all stages of transport of the 
material from target to substrate. In addition, proximity of formation heats for 
TiN and HfN establish conditions for formation of the sufficiently homogenous 
(Ti,Hf)N solid solution.  

The XRD-analysis revealed the presence of two-phase system. This sys-
tem was determined as the substitutional solid solution (Ti,Hf)N because dif-
fractions peaks of this phase are located between peaks related to mononitrides 
TiN (JCPDS 38-1420) and HfN (JCPDS 33-0592). The diffused peaks with less 
intensity at 2  values from 400 to 600 are related to the -Si3N4 phase (Fig.1).  

The analysis of the XRD data showed that specific structural properties of 
coating obtained from the same target strongly depend on beam mode (separated 
or non-separated). The results of XRD-analysis are represented in Table 1.  

According to Fig.1, in direct-flow mode without separation the non-
textured polycrystalline coatings are formed. Rather high intensity of the peaks 
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at XRD-patterns of (Ti,Hf)N solid solutions is attributed to relatively large 
concentration of hafnium, which has larger reflectance value than titanium.  

 
Fig. 1 – XRD spectra of the coatings deposited on a steel substrate at modes (1-(23) – 

100V, separated, 2-(28)-200V, non separated, 3 (35)-100V, non separated, 4 (37)-200V, 
separated). 

 
Table 1 – Results of diffraction spectrums treatment 

 

Lat-
tice 
pa-

rame-
ter, 
nm 

Aver-
age size 

of 
crystal-
lit, nm 

Hf content in 
solid solution 
(HfTi) coming 
from the size 
of period ***, 

.% 

Hard
ness,
GPa 

Nitrogen pres-
sure in chamber, 

 

Sub-
strate 
poten-
tial, V 

23(100V, 
separated) 

0.429
4* 6.7** 19 42.7 0,7 -200 

28(200 , non 
separated) 

0.443
0 4.0 65 37,4 0,6-0,7 -200 

35 (100 , non 
separated) 

0.443
7 4.3 69 38,3 0,6-0,7 -100 

37 (200 , 
separated) 

0.433
7 5.0 33 48.6 0,6 -100 

31 (200 , 
separated) 

0.437
0 3.9 45 39.7 0,3 200 

*- in textured crystallites of samples (series 23) with texture axis (220), the period is 
more than 0.43602 nm, which can be connected with high Hf content in them (about 40 at%). 

**- in the texture axis direction of textured crystallites the average size is larger (10.6 
nm). ***- Calculation was carried out according to Vegard rule from period values of solid 
solution ( the influence of macrostresses on the change of diffraction lines was not taken into 
account).  
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In case of beam separation the coatings have different texturation. At low 
substrate potential (100 V) coatings have [110] texture, and coatings consist of 
textured and non-textured crystallites. The volume content of textured crystal-
lites is about 40% of total amount of the crystallites, and their lattice parameter 
enlarged in comparison to non-textured crystallites. We suppose that the in-
creased lattice parameter may be caused by the inhomogeneous distribution 
(mainly in the lattice sites of the textured crystallites) of the hafnium atoms in 
coating.  

At the same time, coating texture leads to increasing of the average grains 
size of the crystallites along the direction of particle incidence (perpendicular to 
the growth front). For example, in non-textured fraction of the crystallites the 
average grains size is about 6.7 nm, whereas in textured crystallites the value of 
the average grains size is substantially more, namely 10.6 nm. It should be noted 
that such coatings have the highest nanohardness (Table 1). 

The increase of the substrate potential up to 200 V caused the decrease of 
average grains size to 5.0 nm. The volume content of textured crystallites is 
also significantly decreased (less than 20%), moreover the texture axis changed 
from [100] to [001]. However in this case the lattice parameter is 0.4337 nm 
and it is larger than for the nontextured fraction in samples obtained at low 
substrate potential.  

According to Vegard law this value of the lattice parameter corresponds to 
33 t.% of Hf in metallic (Hf,Ti) solid solutions of the nitride phase (the refer-
ence data of the lattice parameters of  TiN=0.424173 nm (JCPDS 38-1420) 
and  HfN = 0. 452534 nm (JCPDS 33-0592) was used).   

However, as a rule, the compressive stresses in coatings caused the de-
crease of the angles of corresponding diffraction peaks during -2  scan, hence 
calculated values of lattice parameter can be overestimated. As a result inaccu-
racy of the calculation of Hf concentration in solid solutions can achieve about 
5-10 t. %. Therefore presented results can be considered as estimation of up-
per limit of the Hf concentration in solid solution.  

All above mentioned results are related to samples obtained at typical pressure 
(0.6-0.7) P , whereas in a case of coating deposition at 200 V substrate potential in 
mode of separation (set of samples 31), the decreasing of pressure up to 0.3 P  
caused the increase of relative content of heavy Hf atoms in coatings (Table 1). In 
addition, the average grains size of the crystallites decreased with pressure. 

Indeed, the decrease in pressure should be accompanied by decrease of the 
probability of energy loss of atoms during collision between targets and substrate. 
Thus, atoms at substrates have relatively high energy which can promote second-
ary sputtering and radiation defect formation. So, secondary sputtering leads to 
decrease of relative content of heavy Hf atoms, while radiation defect formation 
provide the decrease of grain size with the increase of nucleus amount. 
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The coatings obtained under the typical pressure (0.6-0.7) P  in case of non-
separated beam (direct-flow mode) have considerably larger lattice parameter; it 
can be explained by the high concentration of heavy Hf atoms (Table 1). 

Apparently, the more intensive direct-flow mode leads to the increase of the 
nucleus density and hence to the decrease of average grain size. In addition, more 
pronounced decrease of the grains size is caused by the higher substrate potential 
200 V. It is obviously because increasing of radiation factor leads to the disper-
sion of structure [11]. The results of the research of chemical composition of the 
Ti-Hf-Si-N nanostructured superhard films by the several methods are shown in 
Fig.  2 (RBS(a), SIMS(b), GT-MS(c)). As follows from Fig. 2a, 1b (curves 1) 
chemical composition of samples from first set is (Ti40-Hf9-Si8) N46.  

 

 

 
Fig. 2  – The depth profiles in the Ti-Hf-
Si-N coating obtained from spectrums (2) 

on Fig. 2a (mode 2) 

Fig. 2  –  RBS  spectra  of  + with 1,3 
MeV energy, obtained from steel sample 
with Ti-Hf-Si-N film: curve 1-potential 
100V, =0,6 , curve 2 - potential 200V, 
=0,7  

 
Fig. 2b – The depth profiles of elements in 
the Ti-Hf-Si-N coating, obtained from 
RBS spectrums (Fig. 2a). Considering that 
atomic density of layer is close to atomic 
density of titanium nitride. Taking into 
account the results of SIMS analysis, 
obtained for this coating and represented 
on Fig. 3 a, b (mode 1) 
 

It is well known that RBS method is a reference for the determination of 
concentration of the elements with high atomic number and films thickness; 
also RBS is a nondestructive method. Whereas SIMS is more sensitive method 
(threshold of sensitivity is about 10-6 at.%). Therefore comparison of results 
obtained  by  the  RBS,  SIMS  and  GT-MS  methods  allows  obtaining  of  more  
reliable data of the chemical composition and depth distribution of the concen-
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tration of compound components. This joint analysis let us to study the chemi-
cal composition along the films cross-section from the surface to the films-
substrates interfaces. Analysis of samples chemical composition also includes 
measurement of the concentration of uncontrolled oxygen from the residual 
chamber atmosphere. 

As a result we have determined chemical composition (Ti40-Hf9-Si8)N46 of 
the coatings (films) with thickness about 1µm±0.012 µm. The second set of Ti-
Hf-Si-N samples was obtained at increased bias potential (200 V) under the 
pressure of 0.3 Pa.  

Joint analysis of the films chemical composition by the RBS (Fig. 3a 
curves 2), EDXS and SIMS methods allowed determining of stoichiometry of 
films as (Ti28-Hf18-Si9) N45 (Fig. 3 a,b). 

The measuring of nanohardness by the triangular Berkovich pyramid 
(Fig.4) showed that the nanohardness of the samples from the first set is 

=42.7 G  (Fig. 4a ) and elastic modulus is =390±17 GPa (Fig.4b), and for 
the Ti-Hf-Si-N samples from the second set, the nanohardness is =48.4±1.4 
GPa and elastic modulus is =520±12 GPa.  

 
 

Fig.3 - SIMS depth profile analysis obtained under assumption that atomic concentra-
tions in the TiHfSiN layer are Ti – 25%, Hf – 12,5%, Si – 12,5%, N – 50% (first series): 

in linear and ( ) – at.%, standard scale of concentration; 
(b) – Logarithmic scale of concentration. 

 
The XRD-analysis of the phase composition and calculation of the lattice 

parameter allow us to consider that the two-phase system based on substitution-
al solution ( i, Hf)N and -Si3N4 is formed in films.  

It was determined that lattice parameter of the solid solution increased with 
pressure and does not depend on substrate potential. The minimal lattice parameter 
of the ( i, Hf)N solid solution was observed in samples from the 23 set. 
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The calculation by the Debye-Scherrer method showed that the size of 
nanograins of the (Ti28-Hf18-Si9) N45 samples from the second set is 4 nm, and it 
is approximately 1.5 times less than for the first set of the samples. Moreover 
size (thickness) of amorphous (or quasiamorphous) interlayer was also less than 
for the first set of the samples (Table 1). 

The preliminary 
results of the HRTEM 
analysis of samples 
with nanostructured 
superhard films are 
revealed that size of 
nanograined phase is 
about 2-5 nm, this result 
is in correlation with 
XRD data. In addition it 
was determined that 
size of -Si3N4 interlay-
er, which is envelop the 
(Ti,  Hf)N  nanograin,  is  
about (0.8-1.2) nm. 

The properties 
(hardness, elastic modu-
lus) of Ti-Hf-Si-N sam-
ples  from  the  first  set  
were not changed dur-
ing the storage time 
from 6 to 12 month. 

An analysis of 
thermal and oxidation 
resistance was not per-
formed. Therefore it is 
difficult to conclude 
that the process of spi-

nodal segregation at the grain boundaries is fully completed. In addition the 
substrate temperature during the deposition was not more than 350÷400 C, and 
it is substantially less than full segregation temperature (550÷620 C) [2, 5, 8].  

CONCLUSIONS 
The Ti-Hf-Si-N-based superhard nanostructured coating with different 

chemical composition was obtained under different growth conditions. An 
analysis of properties and structure of the coatings was carried out.   

It was determined that size of nanograins of solid solution changed from 

 
Fig. 4 – The dependence of hardness (GPa) (a) on the 

depth of indentation, (b) he dependence of elastic 
modulus (GPa) on the depth of indentation (the regions 

of ,  measurements are marked with points) 
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3.8  10.6 nm, at the same time the size of -Si3N4 interlayer, which is envel-
op the (Ti, Hf)N nanograin, is about (0.8÷1.2) nm. 

The nanohardness varied from 36.4 to 48.6 GPa depending on bias poten-
tial on substrate and pressure in chamber. 

Preliminary measurements of the friction coefficient showed that samples 
with high hardness and good surface morphology have low friction coefficient 
(about 0.2), which is stable along the whole wear length. The adhesion of film 
to steel also changes almost in 2,5 times (39,5 MPa). 
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INTRODUCTION 
A lot of recent works devoted to investigation of thin metal films dispersion kinet-

ic. The materials often used in researches are low-melting metals such as tin, lead, bis-
muth (see eg [1, 2]). On their example scientists do attempts to work out theoretical 
models for describing this process. In other works (such as [3, 4]) present the results of 
studying physical properties of dispersed films, in some of them this process is consid-
ered as a method of producing magnetic and nonmagnetic metallic nanoparticle arrays, 
which can be used to create functional elements of microelectronics and sensor technics. 
This article devoted to the method of obtaining cobalt nanoparticle arrays on a polymer 
substrate during thermal annealing of thin metal films in a vacuum. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Polymer substrates for thin metal films deposition were obtained on mi-

croscopic copper grids from a solution of polyamic acid (see more details in 
[6]). Imidization (transformation to solid polyimide state) was made in vacuum 
at T = 420 K for 40 min. The thickness of produced polymeric substrates was 
less than 100 nm. Thin films of Co with an effective thickness of 1.5-3 nm were 
obtained using vacuum system VUP-5M with a residual gas pressure 10-3 Pa 
by thermoresistive evaporation of material. Effective thickness was measured 
using quartz crystal method. Studying of the structure and phase composition of 
samples prosecuted using a transmission electron microscope TEM-125K. 

RESULTS AND DISCUSSION 
Microscopic studies of Co thin films with an effective thickness of 1.5-

3 nm showed that all samples after the deposition have nano-dispersed structure 
and hexagonal close-packed (hcp) crystal lattice. 

To obtain arrays of metal nanoparticles samples were annealed in vacuum 
at different temperatures and annealing modes. Examples of TEM images 
showing structure and electronograms of cobalt films with initial effective 
thickness of 1.5 nm, annealed at T = 1000 K for different time periods are given 
on fig. 1. 

Images shows dispersion process of Co films and metal islands formation 
with subsequent coalescence and formation of nanoparticles. The average parti-
cle size in the array in fig. 1b is 10 nm. Also there is a transition from the (hcp) 
lattice to a face-centered cubic (fcc). 
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 a b   

Fig. 1 – TEM images of Co thin films (initial effective thickness 1.5 nm)  
annealed in vacuum during 30 min (a) and 60 min (b) (T = 1000 K) 

 
Experimental data shows that the increasing of initial effective thickness 

of metal films cause the increasing of average particle size. For example for Co 
films with initial effective thickness of 1.5 and 2 nm obtained nanoparticle 
average size (T = 900 K) was 6-7 and 8-9 nm, respectively. 

Another factor affecting on the size of the metal nanoparticles is the an-
nealing temperature. The increase in temperature leads to coalescence of small-
er particles and increases their average size. Fig. 2 shows TEM images of struc-
ture and electronograms of dispersed Co films with an initial effective thickness 
of 1.5 nm, annealed at T = 850 K and T = 1030 K. 

 

 
 a b   

Fig. 2 – TEM images of Co thin films (initial effective thickness 1.5 nm) annealed in 
vacuum at T = 850 K (a) and T = 1030 K (b) 

 
The average size of obtained nanoparticles is 6-7 and 11-12 nm, respective-

ly. 
Annealing of samples at different conditions showed that the decrease in 

speed of heating during annealing from 30-40 K/min (images of samples are 
shown in fig. 1, 2) to 3-6 K/min leads to formation of labyrinthine structures. 

Also it should be noted that the optimal initial effective Co films thickness 
for formation of uniformly distributed on the substrate surface metal nanoparti-
cle arrays (for chosen modes of annealing) was 1.5-2 nm. 
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CONCLUSIONS 
The process of cobalt thin films dispersing, considered in this article gives 

the ability to create magnetic metal nanoparticle arrays with uniform distribu-
tion on the polymeric substrate surface. Thus selection of annealing mode and 
initial effective thickness allows to set the size of produced particles. Ad-
vantage of the given method is its relative simplicity as it doesn't demand intro-
duction of surfactants and other substances to control the formation and coating 
process of nanoparticles, exception (reduction) of superficial interaction be-
tween them and fixing on a substrate surface (that frequently is necessary when 
using chemical methods). 
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ABSTRACT 
Zr-Ti -Si-N coating had high thermal stability of phase composition and remained 

structure state under thermal annealing temperatures reached 1180oC in vacuum and 
830oC in air. Effect of isochronous annealing on phase composition, structure, and stress 
state of Zr-Ti-Si-N- ion-plasma deposited coatings (nanocomposite coatings) was re-
ported. Below 1000oC annealing temperature in vacuum, changing of phase composition 
is determined by appearing of siliconitride crystallites (B-Si3N4) with hexagonal crystal-
line lattice and by formation of ZrO2oxide crystallites. Formation of the latter did not 
result in decay of solid solution (ZrTi)N but increased in it a specific content of Ti-
component. 

Under 530oC annealing in vacuum or in air, nanocomposite coating hardness in-
creased. When Ti and Si concentration increased and three phases nc-ZrN, (Zr, Ti)N-nc, 
and -Si3N4 were formed, average hardness increased to 40,8 ± 4GPa. Annealing to 
500oC increased hardness and demonstrated lower spread in values H = 48 ± 6GPa and 
E = (456 ± 78)GPa. 

 
Key words: annealing, nanocomposite, Zr-Ti-Si-N, hardness. 
 

INTRODUCTION 
Recently, nanocomposite coatings of new generation composed of at least 

two phases with nanocrystalline and/or amorphous structures are of great inter-
est. As is known, there are two groups of hard and superhard nanocomposites 
with nc-MeN/hard phase and nc-MeN/soft phase [3-5]. Moreover, bicrystalline 
phases and/or phases with different crystallographic grain orientations of the 
same material are distinguished in nanocrystalline and/or amorphous phases. 
Experimental data of a number of authors demonstrated that Zr-Si-N system 
was  composed  of  two  phases  ZrN  and  (Si,  Zr)N  [6].  It  is  possible  to  assume  
that Ti addition to this system, would allow one to obtain several phases: nc-
ZrN/a-Si3N4 and nc-TiSi2 with definite Si and N concentrations.  

                                                
* e-mail: alexp@i.ua 
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We should like to note works [6], in which the authors studied structure 
stability and mechanical properties of Ti-Zr-N films deposited by vacuum-arc 
source (Cathodic Arc Vapor Deposition – CAVD) under various plasma densi-
ties from metallic cathodes Ti and Zr. 

Also we should like to note theoretical works [3,4], which studied electron 
structure, stability, decohesion mechanism, shear of interfaces in superhard and 
heterostructures nc-TmN/ -Si3N4. 

Therefore, the purpose of this work was to study formation of superhard 
coatings on Zr-Ti- Si-N base and their properties including thermal stability. 

EXPERIMENTAL 
Coatings were fabricated using vacuum-arc deposition from unit-cast, Zr, 

Zr-Si, and Zr-Ti-Si targets. Films were deposited in nitrogen atmosphere. Dep-
osition was carried out using standard vacuum-arc and HF discharge methods. 
Bias potential was applied to substrate from HF generator, which produced 
impulses of convergent oscillations with  1MHz frequency, every impulse 
duration being 60µs, their repetition frequency – about 10kHz. Due to HF diode 
effect, value of negative autobias potential occurring in substrate increased 
from 2 to 3kV at the beginning of impulse (after start of discharger operation). 
Coatings of 2 to 3.5µm thickness were deposited to steel substrates (of 20 and 
30mm diameter and 3 to 5mm thickness).  

Annealing was performed in air medium, in a furnace SNOL 8.2/1100 
(Kharkov, Ukraine), under temperature T = 300oC, 500oC, and 800oC, and in a 
vacuum furnace SNVE-1.3, under 5 x 10-4Pa pressure, and T = 300oC, 500oC, 
800oC, and 1180oC. Studies of phase compositions and structures were per-
formed using X-ray diffraction devices DRON-3M, under filtered emission Cu-
K , using secondary beam of a graphite monochromator. Diffraction spectra 
were taken point-by-point, with a scanning step 2  = 0.05 to 0.1o.  

To study stressed states of the coatings, we applied X-ray strain and 
stresses measurements (“a – sin2 ” method) and its modifications, which were 
used to films with a strong texture of axial type. Element compositions were 
studied using X-ray fluorescent spectrometer SPRUT (AO UkrRoentgen, 
Ukraine) with a shoot-through tube employing a silver anode, and under excit-
ing voltage 40kV. Surface morphology, structure, and element compositions 
were analyzed using a scanning electron microscope (REMMA-103M, Quanta-
1000) with microanalysis (EDS- energy disperse X-ray spectroscopy). Addi-
tionally, to study element composition and stoichiometry, we used RBS under 
1.35MeV 4He+ ion energy, 170o scattering angle, and 16keV detector resolu-
tion. Studies of mechanical characteristics were realized with the help of 
nanoindentation under 10nN load of NANOINDENTOR II (MTS System Inc., 
USA) indentation device with diamond Berkovich pyramid [9]. 

RESULT AND DISCUSSION 
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Figure 1 shows energy spectra of ion backscattering measured for steel 
samples with deposited Zr-Ti-Si-N coatings. Since Zr and Ti concentration was 
high, these spectra could hardly help to determine Si and N background con-
centration. Measurements of Si and N concentration using eating away of the 
RBS  spectra  gave  higher  error  than  for  Zr  and  Ti.  But  still,  Si  concentration  
was not less than 7at.%, while that of N might reach more than 15at.%. 

Analyzing phase 
composition of Zr-Ti-
Si-N films, we found 
that a basic crystalline 
component of as-
deposition on state was 
solid solution (Zr, Ti)N 
based on cubic lattice 
of structured NaCl. We 
presents x-ray diffrac-
tion curves: a lattice 
period in non-stressed 
cross-section (a0), value 
of macrodeformation , 
microdeformation < >, 

and concentration of packing defects def.pack. The data were obtained both for 
samples after coating deposition and for those annealed in vacuum and air un-
der various temperatures. 

Crystallites of solid (Zr, Ti)N solution underwent compressing elastic 
macrostresses occurring in a “film-substrate” system. Compressing stresses, 
which were present in a plane of growing film, indicated development of com-
pressing deformation in a crystal lattice, which was identified by a shift of 
diffraction lines in the process of angular surveys (“sin2  – method”) and 
reached – 2.93% value. With E  400GPa characteristic elastic modulus and 
0.28 Poisson coefficient, deformation value corresponded to that occurring 
under action of compressing stresses c  -  8.5GPa.  We should  also  note  that  
such high stresses characterize nitride films, which were formed under deposi-
tion with high radiation factor, which provided high adhesion to base material 
and development of compression stresses in the film, which was stiffly bound 
to the base material due to “atomic peening”- effect. 

At substructure level, microdeformation was still high, and amounted 
1.4%. With a relatively small average crystallite size (L  15nm), development 
of such high microdeformation indicated significant contribution of crystallite 
deformed boundaries. 

Phase composition of ion-plasma films under temperature of vacuum an-
nealing lower than 1000oC remained practically unchanged, corresponding to 

 
Fig. 1 – Energy spectra of Rutherford ion backscattering 

(RBS) for top thin coating  Zr-Ti-Si- N 
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post as-deposition state. An average crystallite size of solid solution (Zr, Ti)N 
also remained practically unchanged. Under this temperature range (300-1000o), 
microdeformation at substructure level typically decreased from 1,4 to 0.8% , 
which indicated decreasing amount of lattice defects. 

Compressing macrodeformation partially relaxed when annealing temper-
ature increased within 25 to 1000oC range. Practically, it decreased by a factor 
of three, reaching a value   - 1.1% under Tan = 1000oC. We should note that  

 -1%,  which  was  close  to  that  obtained under  annealing,  was  reached in  the  
case of pure, ordered ZrN ion-plasma deposited coatings. A lattice period a0 
defined for non-stressed cross-section (under sin2

0 =0.43) decreased with 
decreasing annealing temperature. If one would relate such decreased period to 
ordering of titanium atoms with lower atomic radius, which were built-in into 
metallic sublattice instead of Zr atoms, then using Vegard’s rule, the decrease 
from 0.4552nm to 0.4512nm corresponded to 8.5at.% to 19.5at.%.increase of 
titanium atom content. 

Shift of diffraction lines to various directions corresponding to planes tak-
en at - 2  (according to Bregg-Brentano scheme) seems to be explained by 
packing defects, which are present in metallic fcc-sublattice. Concentration of 
packing defects may be evaluated by comparison of shifting (222) and non-
shifting (333) peak positions[10]. After condensation, average packing defect 
concentration in a lattice of (Zr, Ti)N solid solution was 5.7%. As a result of 
annealing, packing defect concentration increased and reached 15.5% under Tan 
= 800oC. 

Qualitative chang-
ing of phase composition 
was observed in films 
under vacuum annealing 
at Tan > 1000oC.  

Appearance of zir-
conium and titanium 
oxides was related to 
oxidation relaxation 
under coating surface 
interaction with oxygen 
atoms coming from 
residual vacuum atmos-
phere under annealing. 
Under annealing temper-
atures below 1000°C, 
coatings phase composi-

tion remained practically unchanged (Fig.2 ). One could note only changed 
width of diffraction lines and their shift to higher diffraction angles. The latter 

 
Fig.2 – XRD diffraction patterns for Zr-Ti-Si target in 

0.3Pa nitrogen atmosphere (vacuum-arc source with HF 
discharge): 1 - for initial (as-received) samples; 2 - for 
annealed at 500°C (30min in vacuum); 3 - for annealed  

at 800°C (30min in vacuum) 
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characterizes relaxation of compressing stresses in coatings. Changed diffrac-
tion lines were related to increased crystalline sizes (in general) and decreased 
micro-deformation. 

Figure 3 shows the film 
cross-section, which demon-
strates that in the course of depo-
sition, no cracks were found, that 
indicated good quality of the 
coating. These results indicated 
that amount of N is essentially 
high, and this allowed it to par-
ticipate in formation of nitrides 
with Zr , Ti, or (Zr, Ti)N solid 
solution. Si concentration was 
low, however, results reported 
by Veprek et al. [3, 4] indicated 
Si  concentration  as  high  as  6  to  
7at.%, which was enough to 

form siliconitride phases. 
Changes occurred under macrodeformation of crystallites of basic film 

phase – (Zr, Ti)N solid solution. Compressing deformation of crystallite lattices 
increased, which seemed to be related to additional new crystalline compo-
nents, which appeared in film material: oxides and siliconitrides. In the lattice 
itself, a period decreased corresponding to increased Ti concentration.  

Ordered atoms in metallic 
(Zr/Ti) sublattice of solid solu-
tion increased from 8.5 to 
21at.%. In this temperature 
range, crystallite size increased 
from 15 to 25nm, crystallite 
lattice microdeformation in-
creasing non-essentially up 0.5 
to 0.8%[10,11]. summarizes 
substructure characteristics of 
(Zr, Ti)N solid solution crystal-
lites. 

Figure 4, shows XRD-
diffraction patterns, and lower 

(b), a histogram of volume phases for nano-structured Zr-Si-N coating with 10 
to 12nm grain sizes for nc-ZxH phase (where nc is a nano-structured phase). 
These data demonstrate 17% volume fraction of quasi-amorphous -Si3N4 

 
Fig. 3 – Cross-section of hard coating Zr-Ti-Si-

N (high concentration of Si and N) 

 
Fig. 4 – A fragment of diffraction patterns for 

Zr-Si-N coating deposited by vacuum-arc meth-
od with HF stimulation (Fe-K  radiation) 
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phase, 54% of nano-composite nano-structured phases, and the rest was -Fe 
from samples substrates. 

When annealing temperature came close to 550°C to 600°C range[12], the 
process of spinodal segregation was over, i.e. all nano-grains were totally sur-
rounded by an interlayer of several -Si3N4 nano-layers (quasi-amorphous 
phase). 

In initial state, after 
deposition, those samples 
(second series), which 
phase composition in-
cluded three phases 
(Zr,Ti)N-nc, ZrN-nc, and 

-Si3N4), hardness was H 
= 40,6 ± 4GPa; E = 392 ± 
26GPa (Fig.5). 500oC 
annealing increased H 
and E and decreased 
spread in hardness val-
ues, for example, H = 48 
± 6GPa and E = (456 ± 
78GPa). 

In such a way, hardness, which was increased in the process of annealing, 
seems to be related to incomplete spinodal phase segregation at grain bounda-
ries resulting from deposition of Zr-Ti-Si-N-(nanocomposite). Annealing 
stimulated spinodal phase segregation [3,4], forming more stable modulated 
film structures with alternating in volume concentration of phase components 
(ZrN; (Zr,Ti)N; Si3N4). 

CONCLUSION 
In such a way, decreased concentration of active oxygen atoms coming 

from annealing atmosphere increased stability of film phase composition from 
500 to 1000oC. Changing crystalline phase composition was determined by 
crystallization of siliconitrides and formation of  – Si3N4 crystallites with 
hexagonal lattice, as well as low ZrO2 concentration formed in the film surface. 

The relaxation was accompanied by formation of deformation packing de-
fects in a metallic sublattice of (Zr, Ti)N solid solution. This can be revealed by 
X-ray scanning, which demonstrated shift and broadening of diffraction peaks. 
Highest content of packing defects indicated shift of most closely packed 
planes in a fcc-sublattice (111) with respect to each other [1,4,8,11] and became 
pronounced under vacuum annealing at Tan = 800 to 1100oC reaching 
15.5vol.%.   

 
Fig. 5 – Load on sample vs displacement into surface 
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When Ti and Si concentration increased (second series) and three phases 
nc-Zr-N, (Zr, Ti)N-nc, and -Si3N4 were formed, average hardness increased to 
40,8 ± 4GPa. After annealing (a dark dotted curve) at 500oC in vacuum, coating 
nanohardness reached H = 55.3GPa.  

In Zr-Ti-Si-N coatings, increased Ti concentration, formation of three 
phases- (Zr, Ti)N-nc-57vol.%, TiN-nc-35vol.%, and  – Si3N4  7.5 vol.%, as 
well as changes of grain size, which decreased to (6 to 8)nm in (Zr, Ti)N and 
(10  to  12)  in  TiN  in  comparison  with  first  series  resulted  in  increased  nano-
hardness and decreased difference in hardness values. Annealing in vacuum 
below 500oC finished the process of spinodal segregation at grain boundaries 
and interfaces. Annealing stimulated segregation processes and formed stable 
modulated coating structure [1,4,8]. 

The work was funded by the program “Nanosystems, Nanomaterials and 
Nanocoatings. New Principles in Nanomaterial Manufacturing by Ion, Plasma 
and Electron Beams” NAS of Ukraine. 
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ABSTRACT 
Coating structure was mainly composed of -fcp- and -fcc-cobalt. Selected tem-

perature interval for coating formation, according to XRD analysis, allowed us to form 
inter-metalloid compounds of CoxCry-type cobalt with chromium. Subsequent melting 
of a surface layer by a plasma jet resulted to doping of the coating surface by Mo atoms 
(compounds) from doping electrodes. It was demonstrated that essential improvement of 
servicing characteristics was due phase transformations induced by high-temperature 
plasma jet, Mo doping, redistribution of elements in the coating, and appearance of 
micro- and nano-grained structure, as well as decreasing porosity due to repeated melt-
ing. 

 
Key words: coating Co-Cr, wear, hardness, corrosion resistance, plasma jet. 
 

INTRODUCTION 
The process named “Aero-Spray Supersonic” (in which a blend of an air and 

fuel is used) is an alternative to using a blend of a fuel and oxygen. Investigations 
have shown [1-7] that to form a dense coating which is closely bonded to a sub-
strate, one needs a velocity of powder (usually an alloy on a metal base) of 600-
1000 ms-1 before heating. Analysis of the efficiency of the different devices ap-
plied in high-velocity deposition shows [4] that to deposit 1 kg of coatings based 
on tungsten carbide, one needs least 10m3 of the combustible mixture and a 600-
650 ms-1 maximum velocity of the powder (45-10) m in size) to be accelerated in 
these devices. To form a high-velocity flow of the combustion products, 30-150 
m3 of the combustion mixture should be fired in the combustion chamber. Howev-
er, the deposition efficiency and the resulting coating quality, as a rule, are not 
proportional to the increase of heat power [8]. 

In comparison with other methods of gas-thermal deposition, the advantages 
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of high-velocity gas-plasma HVOF (High Velocity Oxygen Flow) are particularly 
its high particle velocity (up to 750m/s) and minimal porosity of its resulting coat-
ing of (1 to 4 %). Several commercial HVOF deposition systems as JP-5000/8000 
(Tafa-Praxair, USA), DJ 2600/2700 (Zulser Metcom, USA), Intelli-Jet (Solid 
Spray Technologies, USA), HV 50 HVOF (Flame Spray Technologies, The Neth-
erlands), etc. are in common use. TOPGUN AIRJET [9], which is able to sputter 
powders and wires, is an example of successful improvement of the HVOF device. 
The National Institute of Materials (NIM) of Japan developed a mouthpiece (an 
additional device) for HVOF [10], which is able to decrease the temperature of the 
working gas. Up to 30 m2 per hour of nitrogen (N) can be feed to this mouthpiece. 
The most interesting mouthpiece for HVAF (Intelli-Jet) was presented by “Mash-
prom” (in Ekaterinburg, Russia) [11]. This mouthpiece needs more than 300 m3 of 
air  and  up  to  16  m3 of  propylene  per  hour.  The  mouthpiece  was  economically  
cooled by the combustion mixture components. 

Disadvantages of the above HVOF devices seem to be their high energy ex-
penditures and high pressure of the fed gases – 4 MPa. This complicates the gas 
control systems, increases safety requirements, and decreases the efficiency of the 
gas feeding systems. In practice, the cooling systems all HVOF devices consume 
30  to 50 kW of electrical power.  

Today, a new technology --  Cold-Spraying -- is developing very actively. 
Cold Spraying can deposit plastic materials using high-velocity inert gas or air jets. 
Gas is heated to increase its efficiency. In spite of high electrical power for gas 
heating of 10 to 35 kW [12], this technology is efficient for special applications 
and is being improved [13 – 15]. Cold spraying deposition systems provide high-
velocity gas jets by compressing the gas to  high pressures of 1 to 3 MPa and using 
a narrow nozzle. 

Pulsed detonation systems, which can provide high-velocity gas jets with 
significantly lower heat flux is  an alternative to Cold Spraying and HVOF tech-
nologies. High power of the gas jet in pulsed systems has a dominating kinetic 
component. Powders in these jets acquire high kinetic energy without powder 
overheating. This can form a lamella coating structure on a hard substrate. Low 
heat flux, and high gas and powder velocities, prevent overheating of the mouth-
piece, increasing its life time by several orders of magnitude. Various detonation 
device configurations are known, but those featuring higher efficiency of detona-
tion combustion of the gas mixtures are better. Aerostar Coatings, who employs 
high frequency devices HFPD [16] are among them. 

“Grom” device of OAO Khimmash, Novosibirsk, Russia, “Perun” device, 
Ukraine are employed for deposition of coatings of hard alloys and metal ceram-
ics. Low productivity and limitations in components of a combustion mixture 
seem to be disadvantages of the detonation technology. 

Devices, where products of detonation combustion of gas mixtures imparted 
additional kinetic energy, were developed. For this purpose, high-power trans-
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former of an electric energy of up to 20kW, which was switched into a special 
electrode occurring in a detonation chamber [17], was used. It should be noted that 
the Stellite 6 was used in studies in high power laser cladding, Hot Isostatically 
Pressed [18]. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
We formed the protecting coatings of 300 to 500µm thickness from the 

powder alloy STELLITE-6 on cobalt base with the following composition: Cr 
(8 to 32%); Ni (  3%); Si (1.7 to 2.5%); Fe ( 3%); C (1.3 to1.7%) and W (4 to 
5%) on the substrate of stainless steel 12X18M9 ( 321 stainless steel with 
doped Mo 6-9 at%). Using the plasma-detonation facility “Impulse-6”. The 
powder with fraction dimensions 56 to 200 µm was used. Steel samples of 
20x30x2 mm, which surfaces were preliminarily subjected to sand-blasting 
treatment, were used as the substrate materials. Plasma-detonation powder 
materials were deposited using the following regimes for pulsed-plasma deposi-
tion: a distance from the sample to the plasmatron (detonation gun for deposi-
tion) nozzle was 60 mm, a velocity of sample motion was 360 mm/min. fre-
quency of pulsed repetition exceeded 4 Hz, powder expenditure was 21.6 g/min, 
capacity of a capacity battery was 800 µF, and propane, oxygen and air were 
used as combustion and plasma-forming gases. We chose Mo for the material 
of doping electrode. After cooling samples in the plasmatron chamber a half of 
the samples was covered, and the other half was treated by pulsed plasma flows 
till meting for one to three passes. Operation regimes of the plasmatron were 
the same as in the case of deposition, however, the pulsed repetition frequency 
was 2.5 Hz. After this the samples were spark cut into pieces, studied and sub-
jected to different tests. 

The surface  morphology was studied  using scanning  electron microsco-
py  with reflected and secondary electron modes a scanning electron micro-
scope REMMA-103-01, (Selmi, Sumy, Ukraine) and optical profiler VEECO 
WYKO NT 1100 (AZ 85706 USA) To determine a chemical composition used 
energy dispersive  X-ray spectroscopy (EDS). The surface phase composition 
was analyzed by X-ray structure analysis using an X-ray diffraction facility 
DRON-2 (St.-Peterbourg, Russia) in CuK  emission under conditions of Bregg-
Brentano focusing. The diffraction patterns were taken by an continues X-ray 
scan in the range of 2  angles from 20o to 100o. We interpreted diffraction 
peaks using a reference book  and a data base PCPDWIN. 

Microhardness measurements for plasma-detonation produced powder 
coatings were performed using a PMT-3 (St.-Peterbourg, Russia) apparatus 
with a diamond Vickers’s pyramid under indenter load 10, 25, 50 g. Nanohard-
ness tests were performed by a three-side Berkovich indenter of a nanohardness 
facility Nano Indenter-II (USA). These tests were performed in the following 
way: first, loading till 10mN, then hold during 20 sec, then the load was de-
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creased to 80%, stay under a constant load during 30 sec to measure a heat 
drift, and finally we applied full indenter loading. To determine hardness and 
elastic modulus under maximum loading of the indenter, we used methods of 
Oliver and Pharr. Wear resistance tests were performed using the apparatus 
SMTs-2 (Kiev, Ukraine) according to the set-up “plane-cylinder” in a medium 
of technical vaseline. A criterion for evaluation of the samples’ friction perfor-
mance was the material volume ablated in the friction zone. The bulk wear was 
measured by microweighing  every 800 cycles. A total number of rotations (a 
counter body or an engine) were about 10000. Corrosion resistance tests of a 
modified coating were performed using a Bank-Wenking Potentio-Galvanostat 
PGS 81R and cells Princeton Applied research corrosion test. The tests were 
performed in sulphuric acid solution 0.5M under temperature up to 200o. Poten-
tial from 1 to 1.3V was applied to the facility electrodes. In all cases the sam-
ples surface exposed to the corroding medium was 1 cm2.  The  test  in  0.5  M  
H2SO4 solution were carried out in the potential region – 1000 to + 1500 V at 
ambient temperature. Five rapid scans (scan rate = 25 mV/s) followed by one 
slow scan (scan rate = 0.25 mV/s) were performed on specimen. 

RESULTS AND DISCUSSION 
Figure 1a taken from the optical microscopy, shows that plasma-

detonation modification of a stainless steel surface in the case we applied co-
balt-based powder coating deposition was accompanied by formation of the 
strongly alloyed structure. The surface structure of such coatings looked scaly 
and flaky. These coatings had highly pronounced relief without acute protru-
sions. Also we in the surface we observed many deformed protuberances, 
which looked as powder particles in-melted into the surface.  

First of all, we relate 
this to wide spread in powder 
particle dimensions – from 
56 to 200 µm.  During their 
flight in the pulsed plasma jet 
small particles were totally 
melted, but those of bigger 
dimensions – only partially 
and being deformed on im-
pacting formed the coating 
matrix. A mechanism of 
powder coating formation 
was the following: 

The substrate surface 
treatment by high-energy 

plasma jet with high ion and electron density (1 to 5) x1017 cm-3 intensified 

 
Fig. 1 – Surface morphology of plasma-detonation 

produced coatings of STELLITE-6 powder an 
initial surface state 
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electron heat conductivity and heating of an external substrate material layer. 

Moving with 
high rate developed 
in the process of 
detonation of plasma-
forming gases pow-
der particles were 
melted in the high-
temperature plasma 
jet of pulsed plasma. 
In  a  first  pass  when  
impacting the sub-
strate they were 
deformed and filled 
in various micro-
valleys in the sub-
strate surface. 

Fig. 2 shows the contents of chemical elements: for each item - a line of 
color. It is evident that iron (blue) penetrates the coating layer (top) to a small 
thickness. To understand how much interest has changed the iron content, the 
analysis on several points. Choose three of them: on the surface, the transition 
layer substrate-coating and the substrate itself. 

Metallography studies 
(Fig.  3) of detonation-
produced coating structures 
demonstrated that the cobalt-
based powder deposition 
process under chosen re-
gimes was accompanied by 
the formation of a developed 
interphase boundary between 
the coating and substrate. As 
a result of this interaction 
some places in the substrate 
surface layer were deformed 

(the process of “micro-channeling” of powder particles). At the interphase 
boundary there are regions in which powder particles were introduced into the 
melted substrate surface at an initial stage of coating formation. Following the 
interphase boundary we found a region of a transition layer developing approx-
imately to the coating depth. In the process of deposition his transition layer 
was subjected to high temperature action and mechanical hardening. To study 

 
Fig. 2 – Cross-sectional images of the sample coated with 
STELLITE-6, obtained in secondary electron mode The 

specified markings shooting for microanalysis 

 
Fig. 3 – Optical photo of STELLITE-6 coating 

structure, that of the transition layer and substrate 
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the structure of such coatings and evaluate their element composition, we ap-
plied SEM and took imaged of their surface with secondary electrons.  

 

 a 

Fig. 4 – Structure and chemical com-
position of the plasma-detonation 

produced coating: a) a photo for the 
surface region subjected to element 
analysis (under secondary electron 
regime conditions); b) integral ele-

ment surface composition 

b 
 

The pictures (Fig.4a) show that in the process of deposition a coating with 
a highly pronounced relief was produced. The surface of such coatings was 
composed of a great number of non-fully melted powder particles. We consider 
that pictures show round regions (  50 µm in diameter), which seem to be cen-
ters of a hard powder matrix. Our studies of a local and integral element com-
position (Fig.4b) of the powder coatings demonstrated that their matrixes pos-
sessed high atomic concentration of Co (about 19.17 wt.%) In addition we 
found about 21wt% of Cr; 30.5wt% of Fe, 3.5wt% of Si and 4.7wt% of Ni, 
carbon, molybdenum (the material of doping electrode) and calcium playing a 
role of impurity elements. They only sweated together with other non-
uniformities. SEM analysis performed in some regions of the coating demon-
strated that the same structure as in the case of concentrated energy flow treat-
ment (CEFT) was formed in the surface [27,29,33]. Coating surface morpholo-
gy studies demonstrated that some changes took place in the coating matrix 
under selected regimes of surface thermal modification. The obtained photos 
show that the HVPJ treatment was accompanied by through-melting of the 
surface since an amount of non-fully melted powder particles decreased essen-
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tially in the coating matrix. Traces of some powder particles remained in the 
photos, but they were significantly lower in diameter (Fig.5a), and the coating 
itself had higher degree of alloying. Surface melting by pulsed plasma flows 
provided also changed element composition of near surface coating layers. To 
evaluate parameters of relief roughness for Co-Cr coating surface after plasma 
jet melting, we additionally employed an optical microscope with laser attach-
ment VEECO.  

 

 a 

Fig. 5 – Effect of high-velocity 
pulsed plasma flows on the structure 
and element composition of STEL-

LITE-6 powder coating surfaces: a) a 
general view of the surface obtained 
using secondary electrons; b)   inte-

gral chemical composition of the 
surface region presented in Fig.4a  

b 
 
Earlier we found that near surface coating regions formed without melting 

had a porous structure. But in the process of melting an amount and dimensions 
of these pores essentially decreased, and those which remained were filled-in 
by atoms of the eroding electrode. Studies of the surface element composition 
by micro analysis demonstrated that these light aggregates by 95% are com-
posed of molybdenum atoms. Integral spectra of the coating surface element 
composition after melting demonstrated high intensity chromium, iron and 
cobalt peaks (Fig. 5b). 

CONCLUSIONS 
Plasma detonation deposition of powder coatings on cobalt base was ac-

companied by formation of an alloyed powder structure with a highly devel-
oped relief. Basic matrix components of these powder coatings were cobalt, 
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chromium, nickel, iron, molybdenum (the eroding electrode element) and car-
bon (a component of the plasmatron gas atmosphere). In the process of powder 
deposition in a high-temperature plasma jet the initial material underwent a 
number of phase transformations after which we found a solid substitution 
solution of cobalt and intermetallic CoCr compound in the content of produced 
plasma detonation coatings. In the process of powder deposition we succeeded 
to develop out of place, a transition region “coating-substrate” with a greatly 
hardened coating occurring in the vicinity with this zone. Thermal coating mod-
ification using a high-velocity plasma jet resulted in a decreased surface relief 
due to melting of various non-uniformities and filling-in of valleys in the sur-
face by this liquid material. We also found a decreased porosity of near surface 
layers by local saturation and simultaneous filling-in of pores by molybdenum 
atoms. 

We conclude that this change in the element and phase composition (ap-
pearance of molybdenum oxide films in the surface), the decrease in porosity 
and surface relief occurred in the process of thermal treatment by high-velocity 
pulsed plasma treatment resulted in increased nano- and micro-hardness, as 
well as higher coating wear resistance and their long life in aggressive media. 
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ABSTRACT 
The systems of antimony oxide (III) – antimony chloride (III), antimony oxide 

(III) – antimony bromide  (III), bismuth oxide (III) – bismuth chloride (III) and 
bismuth oxide (III) – bismuth bromide (III) are the sections of the triple systems metal - 
oxygen - halogen. In the present report there is considered the information found in 
literature of the phase diagrams of binary systems components: metal – oxygen, metal – 
halogen – and literature data of methods of obtaining, structures and properties of the 
compounds in the systems. The analysis of the elementary cells parameters permitted to 
suppose their laminated structure and to build these compounds structures models. By 
the NQR method there was established the absence of the inversion center in some 
bismuth oxo-halogenides (by the presence of piezoelectric resonance lines) and revealed 
a significant dependence of NQR spectra transitions intensity on weak magnetic fields. 

From the practical point of view the interest presents further studying of crystal 
structures and physical properties of some bismuth oxo-halogenides, as due to the defect 
oxygen sublattice they can appear to be efficient solid electrolytes. 

 

INTRODUCTION 
For the first time crystal structure  of  – Bi2O3 modification was defined 

by Sillen [1, 2] according to Weisenberg’s X-ray photographs. Bismuth atoms 
position were defined from the analysis of interatom function of Paterson and 
of oxygen atoms – from space considerations. Repeated studies confirmed the 
positions of the two oxygen atoms and verified the position of the third oxygen 
atom  [3,  4].    –  Bi2O3 structure  presents a layer of bismuth atoms, parallel 
planes y o z at x = 0 and x = 0,5, which are divided by oxygen atoms layers at x 
= 0,25 and x = 0,75. Around bismuth atoms there are located five or six oxygen 
atoms. In both cases coordination polyhedron can be described as distorted 
octahedron  [2]. In the structure there are a number of voids parallel to ‘c’ axis. 
In work [3] there was established the connection of   – Bi2O3 structure with the 
distorted defect structure of fluorite type  – Bi2O3/    

In work [1] there was studied the cubic phase with the elementary cell pa-
rameters a = 5, 525 10-1 Nm obtained by hardening. The author considers that 
its structure is connected with the fluorite structure but has ordered defects in 
oxygen sublattice in the direction <III> (Fig. 1).  
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Space group Pn3m. On the ba-
sis of electronic-and-graphic studies 
in  work  [1]  there  was  made  a  con-
clusion that the elementary cell must 
be volume-centered because bis-
muth and oxygen atoms take private 
positions answering the conditions 
of extinguishing h +k + 1 =2n. The 
authors of [1] suggested the model 
of the structure -modification of 
bismuth oxide (III) (Fig.1), in which 
bismuth atoms are located in the 
nodes of the cubic face-centered  
cell and oxygen atoms statistically 
take the centers of six (from eight) 

octants. models in [4] showed the best coincidence for model 6b. 
  – Bi2O3. Metastable tetragonal modification was obtained by sedimen-

tation  on  the  cold  base  of  Bi2O3 spray which was formed at oxygen passing 
through metal bismuth melt and thin layers of melted bismuth oxide hardening 
(III).  On  the  basis  of  studying   X-ray  photographs  of  the  powder  there  was  
selected space group 24 .  The  authors  of  [6]  obtained  fine  crystals   of  p-
modification by means of pouring bismuth salts solutions into the boiling solu-
tion of potassium hydroxide or caustic soda. X-ray structural analysis  of the 
crystals permitted to verify the ‘a’ parameter and space group of  – modifica-
tion. The results of the work are confirmed in [4] by X-ray photographs and in 
[5] electrographically.  According to the data  – Bi2O3 structure supposes the 
possibility of significant composition variation by oxygen (from Bi2O3 to 
Bi2O3,5). Other authors suggest the formula of  – modification to be Bi2O2,5 [1, 
2, 4]. 

 - Bi2O3. Metastable - modification of bismuth oxide (III) crystallizes in 
the cubic volume-centered lattice (table 4) and is isostructural  to the large 
group of compounds formed by bismuth oxide (III) with many metals oxides 
Al, Si, Fe, Ti, Zn, Ge, Ce, Pb and many others) called “sillenites” or “sillenite-
phases”  [4]  (by  the  name  of  L.  Sillen  who  was  the  first  to  study   Bi12SiO20 
phase). In the case of tetravalent metal oxide the formula of the compound is 
Bi24MeO40, as a rule, and in the case of trivalent iron and bivalent zinc oxides 
they are  40

35
i

3
24 OFeBBi   60

25
2

3
36 OZnBiBi , respectively [5]. The parameter 

of the elementary volume-centered cell, sillenite phases depends on metal ion 
radius and lies in the limits of 10, 10-10, 27 10-1 Nm.. The parameter maximum 
value corresponds to pure -modification of bismuth oxide. The determination 
of   Bi12GeO20 structure [5] showed that germanium atoms are located in tetra-
hedron voids formed by oxygen atoms and have coordinates  (000)  (1/2 1/2 

 
Fig.1 – System fusibility diagram 
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1/2). Atoms coordinates determination for  – Bi2O3 showed significant in-
crease of oxygen tetrahedrons dimensions at (000) and (1/2 1/2 1/2), which is 
conditioned by the bismuth atoms increase (almost two times) as compared to 
germanium atoms [4]. Coming from the structural considerations the authors of 
[5] suggest in the case of pure -modification the formula 40

53
25 OBiBi . Such a 

formula with the ordered places of atoms Bi3+ - (000) and Bi5+ - (1/2 1/2 1/2) is 
useful in energy (20 J/mol) [4]. The necessity to keep oxygen in the atmosphere 
during two hours at 800-820°  of the bismuth oxide (III) sample for obtaining 
pure  –modification indirectly confirms the formula suggested in [5]. However 
it’s necessary to notice that in spite of the large number of works relating to 
bismuth oxide (III) polymorphism, the presence of pentavalent bismuth in  - 
Bi2O3 structure is nor confirmed experimentally and requires to be proved. 

 It’s interesting to notice that many representatives of sillenites class pos-
sess perspective electro-physical properties such as piezo- and photoelectrical, 
electrical and acoustic and optical (Bi24Si2O40, Bi24Ge2O40, Bi24Ti2O40) [5]. 
From the publications it’s also known that bismuth oxide (III) is a semiconduc-
tor and the conductivity type (p or n) depends on temperature and oxygen par-
tial pressure. 

BISMUTH-CHLORINE AND BISMUTH-BROMINE SYSTEMS  
In publications there is information about BiCl3 – Bi system obtaining by 

means of thermal analysis [6] and by visual observations. In all the cases there 
were built fusibility diagrams. In Fig. 2 there is shown a diagram obtained in 
the work and coinciding with the data of [6]. In the system there was revealed 
the presence of bismuth monochloride (I) BiCl. The eutectic between bismuth 
trichloride and monochloride is  such that it has in the composition about 29 
at.% of bismuth and  melts at  202° , and between monochloride and metal – at 
267°  [7]. Bismuth monochloride melts with decomposing into two liquid 
phases at 320° . In the composition ranges 45-95 at.% of bismuth  and temper-
atures 320-780°  in the system there is observed stratification in the liquid 
phase. In work [6] there is reported about an individual bismuth chloride (I) 
emission from the reaction mixture of bismuth trichloride with metallic bismuth 
by means of excess BiCl3 distillation  at 180°  in vacuum  or by means of ex-
tracting this excess with benzene. Bismuth monochloride presents a diamagnet-
ic powder of black color, stable  in air at ambient temperature. Structural stud-
ies showed that bismuth monochloride crystallizes in a rhombic syngony with 
the parameters of an elementary cell   = 23,057, = 15,040, = 8,761 10-1 Nm 
and has the formula Bi12Cl14.  

Studying the system BiBr3 -  Bi  was  carried  out  in  works  [6,  7,  8].  The  
view of the diagrams obtained by the authors coincides with each other  and is 
analogous to the fusibility diagram  of BiCl3 – Bi system. In BiBr3 – Bi system  
there was also revealed the existence of bismuth monobromide melting at 
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294°  [7]. Eutectic between bismuth bromides (10) and (I) has in its composi-
tion 21 mol% of bismuth and melts at 205° , between BiBr and metallic bis-
muth - 98,7 mol.% of bismuth and melts at 263°  [7].  In the system there is 
observed the region of stratification in the liquid phase in the composition 
ranges 57,4-98 mol.% of bismuth and temperatures 294-538° . In the composi-
tion ranges 0-66 mol.% of bismuth at 158°  there is observed a phase transfer  
  BiBr3   – BiBr3 [7]. Thus, it can be considered that in the publications 

there are reliable data about bismuth-chlorine and bismuth-bromine systems. 
 
STRUCTURE AND SOME PROPERTIES OF  BICL3 AND I R3 
The crystal structure of bismuth trichloride was studied in [8].The data of 

the primary X-ray structural analysis are given in table 1. The crystal lattice of 
bismuth trichloride is molecular. Bismuth atoms have three neighboring chlo-
rine  atoms  at  the  distance  about  2,5  10-1 Nm  and  five  atoms  of  halogens  are  
located farther (about 3,2 10-1 Nm) [8]. On the whole the coordination polyhe-
dron of bismuth atoms can be described as trigonal prism with six chlorine 
atoms in the apexes and two chlorine atoms outside of the prism two side faces. 
In the publications there are described two modifications of bismuth tribromide 
[9]. Low temperature   –modification is stable at lower than 158°  and has a 
molecular lattice (table 1). High temperature  –modification exists at higher 
than 158°  and is isostructural to aluminium trichloride [9]. In the coordination 
structure  – BiBr3 each bismuth atom is surrounded by six bromine atoms at 
the distance 2,82 10-1 Nm.  –tribromide of bismuth is the only trihalogenide of 

 group having a coordination structure. In work [9] there were compared 
structural data for all antimony and bismuth trihalogenides.  

Steam pressure over bismuth trichloride was studied by a statistical meth-
od in [6]. There was shown that the steam over bismuth trichloride consists of 
monomer molecules of  BiCl3. In the same work we can find references to other 
authors’ works relating to steam pressure and composition over bismuth tri-
chloride. Bismuth tribromide and trichloride melting temperatures are 218 and 
230,5° , respectively [9]. 

 
Table 1 –X-ray data for bismuth chloride and bromides (III) 

 Chloride [7]  – bromide [8] - bromides [9] 
Syngony rhombic monoclinal monoclinal 

Space group Pn21a Pn21/a 2/m 

Cell parameters 
10-1nm and degree 

 = 7,641 
 = 9.172 
 = 6,291 

 = 8,429 
 = 9,848 
 = 6,756 
 = 109,65 

 = 7,249 
 = 12,528 
 = 6,849 
 = 110,68 

Number of form.units 4 4 4 
.g/ m3 4,75 5,79 5,12 
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Of bismuth trichloride and tribromide chemical properties there is worth 
mentioning their special hygroscopicity and tendency to hydrolysis in the result 
of which there are formed oxo-halogenides of compositions  BiOCl  BiOBr 
[17]. 

 
BISMUTH OXIDE (III) SYSTEMS  
There was not found any information about system studying the systems 

of bismuth oxide (III)-bismuth chloride (III) and bismuth-bromide (III)  in 
publications. Oxo-halogenides of the simplest compositions BiOCl and BiOBr 
are obtained in hydrolysis of a corresponding bismuth trihalogenide [4,5] and 
crystallize into a structural type PbFCl of tetragonal syngony (table 2). The 
crystal structure of these oxo-halogenides is characterized by brightly expressed 
stratified structure [10]. 

The authors of [4] worked out a method of obtaining monocrystals  BiOCl 
and BiOBr by means of growing from the steam with the help of chemical gas-
transporting reactions. There were obtained thin plate crystals with the area 1 

2. On the monocrystals there were studied such properties as heat-
conductivity, energy spectrum of adhesion levels, two-phonon absorption, af-
fect of compression and electrical field on the absorption strip edge [6], lumi-
nescence and energy levels, photo-emission properties and dispersion interfer-
ence studies of refraction index and the analysis of direct and indirect transfers 
[7]. In work [10]  there were obtained and interpreted in the terms of group 
theory spectrum G and combination scatterings in frequency ranges 40-600 m-

1 and in [9]  in frequency ranges 50-205 m. 
The authors of [10] using electronic microscopy studied the affect of 

growth conditions on the crystal structure and crystal morphology of bismuth 
oxo-chloride BiOCl. 

Standard enthalpy and entropy of crystal bismuth oxo-xhloride was de-
termined by EDS method in [8]. 

The authors of [9] studied the spectra of nuclear quadrupole resonance of 
BiOCl,  BiOBr  and  on  the  basis  of  molecular  orbitales  theory  there  were  ex-
plained the laws of changing the constants of quadrupole tie. 

By the method of thermo-gravimetry there was studied thermal stability of 
BiOCl  BiOBr. The compounds begin decomposing  at 720 and 620° , re-
spectively. The final product of thermolysis in the both cases is bismuth oxide 
(III). The compositions of bismuth oxo-chlorides and oxo-bromides different 
from BiOX there are described in the publications such as Bi7O9Cl3, BI24O31X10 
(where = l, Br) and Bi12O15Cl6. Bi7O9Cl3 phase was obtained in the form of 
pale-yellow needle crystals by means of heating BiOCL in air at 600° . 

The conclusion about the compound forming was made only on the basis 
of the chemical analysis, that’s why the existence of such composition of bis-
muth oxo-chloride cannot be considered finally established. 
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Table 2 –X-ray graphic data for bismuth (III) oxo-halogenides  

Oxo-
halogenide Syngony Space 

group 

Elementary cell 
parameters 

in 10-1 Nm, degree. 

 exp.. 
g/ m3 Z 

Ref-
eren
en-
ces 

BiOCl etragon. 4/nmm  = 3,883  = 7,347 7,717 2 7 
BiOBr etragon. 4/nmm  = 3,915  = 8,076 8,127 2 7 

Bi12O15Cl6 Rhombic. Pnma a = 40,532 
 = 15,487  = 3,8688 8,14 4 8 

Bi24O31Cl10 noclinal 2/m  = 9,99 
 = 29,44 

 = 3,969 
 = 88,77 8,20 1 9 

Bi24O31Br10 noclinal 2/m a = 10,13 
c = 29,97 

 = 4,008 
 = 90,15 8,50 1 10 

 
When heating the mixture of BiOCl and (BiOBr) b Bi2O3 in the ratio 1:1 

in the sealed quartz ampoules at 800-900oC during several hours the authors 
obtained some compounds which were prescribed the compositions of 
Bi24O31Cl10  Bi24O31Br10 (10:7)  according to the data of chemical and X-ray 
analyses. Bismuth oxide excess formed with quartz a compound Br4Si3O12  
crystallizing in cubic syngony  with the parameter  =10,27 10-1 Nm. In the 
result of the study there was established that iso-structural Bi24O31Cl10 and 
Bi24O31Br10 crystallize in the monoclinal syngony (table 2). The crystal struc-
ture of the compounds resembles the structures of bismuth oxo-halogenides of 
the simplest composition BiOX. In the lattice Bi24O31X10 alternating bismuth 
and oxygen atoms form bismuth-oxygen layers between which there are halo-
gen layers. 

Bismuth oxo-chloride Bi12O15Cl6 was synthesized by means of heating the 
mixture Bi2O3 and BiOCl The product consisted of colorless needle-form crys-
tals  extended  along  the  axis   " ".  In  the  structure  there  were  found  bismuth  
atoms of both types with the coordination number (by oxygen) four and five. 
Taking into account non-divided pair of trivalent bismuth elements, coordina-
tion polyhedrons of bismuth atoms can be described as four-face pyramid and 
distorted octahedron. These polyhedrons form bismuth-oxygen network of 
(Bi12O15

6+) formula passing in zigzag through the structure parallel to the plane 
Z. In the voids of this network parallel to the axis " " there are located col-

umns of chlorine ions in the form of tri-face prisms. The above-mentioned 
review of publications on triple systems of antimony-oxygen-chlorine (bro-
mine) and bismuth-oxygen-chlorine (bromine) shows that there was little 
known about them before our work. In triple systems there are comparatively 
completely studied only binary components of metal-oxygen and metal-halogen 
systems. The information about the main systems are limited by the data about 
individual oxo-halogenide structure obtained by means of hydrolysis of a corre-
sponding trihalogenide. Even for the phases described there are unknown the 
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regions of thermodynamic stability. Studying some physical properties was 
carried out only for compounds BiOCl, BiOBr and Sb4O5Cl2.  In  the  systems   
antimony oxide (III) –antimony halogenide (III) it can be expected analogous to 
the system antimony oxide (III)- antimony iodide (III) the possibility of exist-
ence of oxo-bromides and oxo-chlorides analogous to oxo-iodide Sb5O7I, hav-
ing ferroelastic properties. Besides, it can be supposed that there are must exist 
oxo-bismuth halogenides with higher content of bismuth than the described 
Bi24O31X10 (75,6 mol.% Bi2O3). In the system bismuth oxide (III)-bismuth 
iodide (III) there was found oxo-iodide of the composition Bi5O7I (87,5 mol.% 
Bi2O3 ). The question of the possibility of halogenides stabilizing affect on high 
temperature metastable modifications of bismuth oxide (III) is still unclear 
(particularly the possibility of sillenite phases forming). 

STRUCTURE AND PROPERTIES OF ANTIMONY TRICHLORIDE AND 
TRIBROMIDE 

Antimony trihalogenides molecules in the gaseous state have trigonal-
pyramidal configuration, and metal atom in the pyramid apex. The interatom 
distances are: Sb – Cl  2,352; Sb – Br 2,52 (10-1Nm), nd valent angles   Hal-
met-Hal are 99,5 and 96° for chloride and bromide, respectively [11]. X-ray 
graphical studying trichloride [12] and two antimony tribromide modifications 
[13, 14] showed that monomeric molecular structure with trigonal pyramidal 
configuration maintains in crystal condition, which provides relatively low 
melting temperatures of halogenides. Both chloride and two antimony bromide 
modifications crystallize in the rhombic syngony and   – SbBr3 is isostructural 
to trichloride (table 3). Elementary cells parameters   – and   –modifications 
are connected by the following ratios: 1/2   ,.2   ,   . 

The molecular package in the structure  – SbBr3 can be presented as a 
dense package of bromine atoms in slightly riffled layers parallel to plane 
(100). The layers are connected  with each other by antimony atoms contained 
in the distorted octahedron voids [14].  /14/.   

 
ble 3 – X-ray data for antimony (III) chloride and bromides 

 Chloride [12]  – bromide [13]  – bromide [14] 
Syngony rhombic Rhombic Rhombic 

Space group  bnm 212121  bnm 

Cell parameters 
10-1Nm 

 = 6,37 
 = 8,12 
 = 9,47 

 = 10,12 
 = 12,30 
 = 4,42 

 = 6,68 
 = 8,25 
 = 9.96 

Number of form.units 4 4 4 

 exp.
3/   4,35 4,27 

 calc.
3/  3,09 4,37 4,38 
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The authors of [15] established the existence at high pressures of two 
more modifications both of antimony trichloride and tribromide, however in the 
work there was not discussed peculiarities of changing structures at these trans-
formations. In work [15] there was carried out studying  antimony trihalogeni-
des and senarmonite by the method of nuckear gamma-resonance and stated 
that the chemical shift for 121 Sb is a linear function of electrical negation of 
halogen or oxygen atom.   

Of chemical properties of antimony trichloride and tribromide there must 
be noticed their tendency to hydrolysis [17] with forming oxo-halogenides, 
which provides for a strong hygroscopicity of compounds. 

 
THE SYSTEMS OF ANTIMONY (III) OXIDE  
Bt the beginning of our studies there were no data about phase diagrams 

of antimony  oxide-antimony chloride and antimony oxide-antimony bromide 
systems in publications. There were found only the data about the existence of 
antimony oxo-halogenides  SbOCl /18-20/, Sb4O5X2 /11,22/, Sb8O11X2 [19] 
(where = Cl, Br). The compounds were obtained by hydrolysis of a corre-
sponding antimony trihalogenide at different starting solution concentrations 
and temperatures. For example, SbOX  is formed at the ratio of antimony tri-
halogenide and water 1:8, Sb4O5X2 1:27 [20]. The composition of all the phases 
was established with the help of chemical analysis, their individuality was con-
firmed in all the cases exept SbOBr and Sb8O11Br2 X-ray graphically. 

X-ray structural analysis was carried out for compounds SbOCl [18], 
Sb4O5Cl2, Sb4O5Br2 18],  Sb4O5Cl2 [22]. Individual crystals necessary for the 
structural analysis in all the cases were obtained in hydrolysis. The results of 
the primary structural analysis are presented in table 4. By the data of work [18] 
the structure SbO 1 consists of endless layers of (Sb6O6Cl 2

4 ) , nnected by 
chlorine atoms, located between the layers, besides, interlayer chlorine atoms 
are  in  ion  form.  The  crystal  structure  of  isostructural  Sb4O5Cl2 and  Sb4O5Dr2 
are also characterized by the existence of endless antimony-and-oxygen layers 
(Sb4O5

2+)  between them there are located halogen atoms [21, 22]. In the struc-
ture Sb4O5Cl2 can be separated two different variants of coordination for anti-
mony atoms: trigonal pyramid one of the equatorial apexes of which is taken by 
a free pair of electrons, and tetrahedron, one of the apexes of which is also 
taken by a free pair of electrons. 

Crystal structure Sb8O11Cl2 is not decoded but there is only established its 
belonging to triclinal syngony [19] (table 4). 

The authors of works [21, 22] studied infrared spectra and spectra of com-
bination scattering of compounds SbOCl, Sb4O5Cl and Sb4O5Br2 in frequency 
range   100-900  m.  Plate  monocrystals  (dimensions  from  5   7  mm  )  were  
obtained for the phase Sb4O5Cl by means of sublimation-condensation in vacu-
umed ampoule at temperatures of evaporation and condensation 505 and 
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465° , respectively. There was established semiconductor character of the 
compound, determined the forbidden zone width (3,77 Ev) and specific re-
sistance to electric current (3 x 109 Ohm  m). nocrystals are transparent in 
the range of 0,38-8 Mkm. 

 
ble  4 – X-ray graphic data for antimony oxo-halogenides 

Phase 
Parameter 

SbOCl 
/18/ 

Sb4O5Cl2 
/22/ 

Sb4O5Br2 
/21/ 

Sb8O11Cl2 
/19/ 

Syngony Monoclin. monoclin. monoclin. triclinal 
Space group. 21/  21/  21/  1  

Cell parameters 
10-1Nm 

and degrees 

=9,54 =6,238 =6,61 =18,92 
=10,77 =5,111 =5,14 =4,03 
=7,94 =13,54 =13,47 =10,31 

   =88,0 
 =103,6 =97,1 =97,7 =110,0 
    =86,8 
z 12 2 2 2 

 exp.
3/  4,31 4,95 5,19 5,15 

 calc.
3/  4,36 4,947 5,53 5,47 

 
The temperature of congruent melting of phase Sb4O5Cl  is  590  ±  3° .  

There were no data about obtaining monocrystals of other antimony oxo-
chlorides and oxo-bromides in the publications. Thus, it can be considered 
proved that there exist only oxo-halogenides  SbOCl ,  Sb4O5Cl, Sb4O5Br2 and 
Sb8O11Cl2. Absence of the X-ray phase analysis data doesn’t permit to make a 
final conclusion as to existence of oxo-bromides SbOBr and Sb8O11Br2. 
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Basic researches of films nanostructures and coverings of phases of intro-

duction (nitrides, carbides and borides transitive metals) are one of the basic 
perspective directions of development of nanotechnologies. As it is known, the 
given compounds concern the category of superhard materials, i.e. possessing 
high thermodynamic stability. 

This materials received in nanostructure a condition, in a kind of films, 
leads to increase of their physics-mechanical characteristics, i.e. to hardness 
increase in 1,5-2 times and thus to decrease in the module of elasticity on (20-
40 %) in comparison with a polycrystalline condition. However, as show the 
researches, the given film materials are in a metastable condition, their thermo-
dynamic stability therefore is of great importance. 

The most investigated is thermal stability thin of nitrides [1-6], and to a 
lesser degree carbides films [7-8]. Thermal stability nanostructure on a basis 
borides and nitride of borides transitive metals was studied now in not enough 
degree. Thus, as show researches [1-6], thermodynamic stability nitrides films 
is limited by temperatures 1000-1100o .  In work [8], it  is possible to see that 
the size of crystalline particles and hardness stably to 1100o  for coverings nc-
TiN/a-Si3N4. 

Films of borides or nitrides of borides transitive metals are investigated in 
very limited quantity, basically on a basis diboride of  titan [9-12]. 

Research of thermal stability of films TiB2,4 [10] with fine columned (co-
lumnar) structure show that the synthesized films keep the structure and super-
hardness 48,5 GPa at temperature up to 900o .  In  one  of  the  first  works  C.  
Mitterer, etc. [12] it is shown that after higher vacuum annealing at temperature 
1200o  throughout 1 hour primary orientation practically disappears.  

For films synthesized in system Ti-B-N after higher vacuum annealing 
under the same conditions observed formation of sharp peaks TiB2 and TiN. 
Besides, authors observed "peaks" boride molybdenum, as result of interaction 
between molybdenum  substrate and a covering. 
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Composites received in system Ti-B-N showed streamlining process that 
led accordingly to growth of hardness of synthesized coverings. For example 
composite TiB0,8N0,83 having cluster structure, consisting of 2-3 nanometres 
grains TiN and TiB2, encapsulated in 50 % unrank areas at rise in temperature 
of annealing to 900o  was exposed to crystallization process that as a result led 
accordingly to growth of hardness from 36,7 GPa to 43 GPa. The similar effect 
of structure streamlining for quasibinary system TiB2-W2B5 was observed by 
authors in work [12]. 

Comparison of the structural data to results of research of hardness and 
the module of elasticity of condensates a method nanoindentation has shown 
that in system (W,Ti)B2 – a covering - «the silicon substrate» at increase of 
structural streamlining of a covering which is observed in the range of tempera-
tures 300-700o , occurs continuous growth of hardness and the module of 
elasticity from =28,6 GPa and =290 GPa at S=300o  to =34,6 GPa and 

=323 GPa at S=700o . The further increase S to 950  doesn't result in 
essential changes ( =35,6 GPa, =300 GPa) that completely correlates with 
earlier resulted results [10]. 

That is, for films put in "inadequate" conditions [14] the increase in hard-
ness connected with process of streamlining, i.e. film crystallization is charac-
teristic.  

Thus, one of the major factors which have affected an urgency of given 
research is feature nanostructure films to pass, under the influence of high tem-
peratures, from one structural condition in another. And, in the course of transi-
tion, under the influence of the high temperatures arising in the field of contact 
«the tool - preparation» in the course of processing physics-mechanical charac-
teristics of a sheeting change. It is connected by that there is a chemical reac-
tion of a covering to the air environment at high temperatures. It is shown [6] 
that annealing on air nitrides coverings in comparison with vacuum is charac-
terized by fall of temperature stability to 500-600o  above which formation of 
oxides in a condensate, leading to its destruction is observed. Similar researches 
of stability dorides films in the vacuum environment at high temperatures, 
except for work [15], practically it was not spent. 

Therefore, researches of phase structure of films are conducted in the giv-
en work  a hafnium in the course of high-temperature annealing on 
air within one hour on substrates 15 6 and a steel 12 18 9 . 

On fig. 1., are presented difractogram films diboride a hafnium with a 
structure of growth (00.1), i.e. in an initial condition (a) and after annealing on 
air at temperature =600o  within  1  hour.  As  a  substrate  the  plate  of  mark  

15 6 is usedhard-alloy. It is possible to see that in the course of film anneal-
ing, the structure of growth by a plane (00.1) practically disappears, new lines 
which are identified as phase Hf 2 are thus formed, i.e. there is a formation of 
oxides on which earlier it was informed in works [6,15]. 
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Fig. 1 – Difractograms of system films of HfB2 – substrate T15K6, in an initial  

condition (a) and after high-temperature annealing on air (b). 
 
Thus, from the point of view of practical application has interest of re-

search kinetics of process of high-temperature annealing on air depending on 
temperature and annealing time. The given process represents a great interest 
from the point of view: to use the given coverings in processing of metals cut-
ting since cutting process occurs in the air environment and knowing kinetics 
covering destructions, it will be possible to predict without special work period 
firmness and time before full breakage of the cutting tool. 
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