




MINISTRY OF EDUCATION, SCIENCE, 
YOUTH AND SPORTS OF UKRAINE 

Sumy State University 
V.N. Karazin Kharkiv National University 

NATIONAL ACADEMY OF SCIENCE OF UKRAINE 
Lublin University of Technology  
Kaunas University of Technology  

 
1-st INTERNATIONAL CONFERENCE 

 

NANOMATERIALS: 
APPLICATIONS & 

PROPERTIES 
 

NAP-2011 
 
 

PROCEEDINGS 
 

Vol. 2, Part II 
 

Alushta, Crimea, Ukraine 
Sept. 27-30, 2011 

 
 
 
 
 

Sumy, Sumy State University 
2011 



 



 
 
 
 
 
 
 

The Proceedings NAP-2011 are in 
commemoration of Academician 

NAS of Ukraine  
Shpak Anatolii Petrovich 



Contents 
 
 

 

Consolidated nanomaterials ................. 246 

Advances in equipment and   
technologies ............................................................ 286 

Radiation effects in solids ...................... 354 
 
 
 
 



Organizing Committee 
 

Chair  
A. Shpak (Ukraine) A. Vasylyev (Ukraine), A. Pogrebnjak (Ukraine) 

chair co-chair co-chair 
 

International Scientific Committee 
A. Grigonis (Lithuania) G. Abrasonis, (Germany) P. Zukowski (Poland) 
A.Cavaleiro (Portugal) R. Andrievskii (Russia) E. Levashov (Russia) 
A. Korotaev (Russia) P. Panjan (Slovenia) E. Majkova (Slovakia) 

N. Azarenkov (Ukraine) V. Uglov (Belarus) F. Komarov (Belarus) 
N. Ali (UK) V. Anishchik (Belarus) J. Musil (Czech Republic)

F. Cui (China) V. Beresnev (Ukraine) I. Protsenko (Ukraine) 
G. Abadias (France) J.P. Riviere (France) J. Han (Korea) 
G. Bräuer (Germany) D. Cameron (Finland) A. Leson (Germany) 

R. Boxman (Israel) 
 

Organizing Committee 
V. Uvarov (Ukraine), chair of Organazing Committee 

T. Lyutyy (Ukraine) V. Kosyak (Ukraine) V. Partyka (Poland) 
O. Ivanov (Russia) S. Protsenko (Ukraine) 

 
Local Organizing Committee 

Address: NAP-2011 Conference, Sumy State University  
 2, Rimsky-Korsakov Street, Sumy, 40007, Ukraine 
Web: www.nap.sumdu.edu.ua 
E-mail: nap@sumdu.edu.ua  
Fax: + 380 542 33 40 58 
Contact persons: 

Salutation Prof. Ass. Prof.  Ass. Prof.  
Name Alexander  Taras  Serhiy  
Family Name Pogrebnjak  Lyutyy Protsenko 
Tel: + 380 68 6529647 + 380 66 9379149 +380 50 6358863 
E-mail: alexp 

@ekt.sumdu.edu.ua 
lyutyy 
@oeph.sumdu.edu.ua 

serhiy.protsenko 
@elit.sumdu.edu.ua 

 



246                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II           
 
 
 
 
 
__________________________________________________ 
 
 

Consolidated nanomaterials 
 
 
__________________________________________________ 
 
  



Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II                  247 
 
STRUCTURAL CHANGES IN FRICTION-STIR WELDED 

Al-Li-Cu-Sc-Zr  (1460) ALLOY 

Alla L. Berezina1, Nataliya N. Budarina1, Andriy V. Kotko1,  
Oleg  A. Molebny1*, Alla A. Chayka2, Alexander Ya. Ischenko2 

 
1 G.V.Kurdiumov Institute for Metal Physics, National Academy of Sciences of Ukraine, Vernad-

sky Blvd. 36,03142, Kyiv, Ukraine 
2 E.O.Paton Electric Welding Institute, National Academy of Sciences of Ukraine, Bozhenko Str. 

11, 03680, Kyiv, Ukraine 
 

ABSTRACT 
Structure and properties of Al-2.3%Li-3%Cu-0.1%Sc-0.1%Zr (1460) were studied 

after FSW on thin cold-rolled sheets with the thickness of 2mm. Sheets were aged in the 
T8mode. During FSW, severe plastic deformation and material flow occurs at the tem-
perature lower than melting temperature. Welding was performed at the tool rotation 
speed 2880 rps. The tool was moved along the weld joint at the constant speed 16m/h. 

 
Key words: friction stir welding, Al-Li-Cu-Sc-Zr alloys, plastic deformation, re-

crystallization, structural evolution 
 

INTRODUCTION 
Friction stir welding (FSW) is a relatively new solid-state joining process. 

FSW  and  friction  stir  processing  (FSP)  are  emerging  as  very  effective  solid-
state joining/processing techniques. FSW was invented at the Welding Institute 
of  UK in 1991 as a solid-state joining technique, and it was initially applied to 
aluminium alloys [1] (Thomas et al., 1991).During FSW the metal transforms 
to the special plasticized state (an analogue of non-Newtonian liquid) due to 
high-speed intense plastic deformation at high temperatures. FSW involves 
complex interactions among a variety of simultaneous thermo-mechanical pro-
cesses. The interactions affect the heating and cooling rates, plastic deformation 
and flow, dynamic and post-dynamic recrystallization phenomena, as well as 
the mechanical integrity of the joint [2]. 

A unique feature of the friction-stir welding process is that the transport of 
heat is aided by the plastic flow of the substrate close to the rotating tool. The 
heat and mass transfer depends on material properties as well as welding varia-
bles including the rotational and welding speeds of the tool and its geometry. In 
FSW, the joining is produced by extrusion and forging of the metal at high 
strain rates. The effect of welding on microstructural evolutions and resulting 
joint properties have been investigated. Durometric, resistometric, X-ray and 
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electron-microscopy studies were performed on different weld zones: the 
stirred zone; the thermo-mechanically affected zone; the heat-affected zone; the 
base metal. The density and nature of dislocations, and average grain sizes in 
different weld zones were determined using X-ray diffraction peak profile 
analysis. Particular attention was given to the effect of post-weld ageing on the 
strength of the weld. Structural and durometric studies were performed after 
repeated aging. 

METHODS OF SPECIMEN MANUFACTURING AND ANALYSIS 
Structure and properties of Al-2.3%Li-3%Cu-0.1%Sc-0.1%Zr (commer-

cial 1460 alloy) were studied after FSW on thin cold-rolled sheets 2mm thick. 
Sheets were aged in the T8 mode. During FSW, severe plastic deformation and 
material flow occurs at temperature lower than melting temperature. Welding 
was performed at the tool rotation speed of 2880rps. The tool was moved along 
the weld joint at the constant speed of 16m/h.  

The cross-section of the FSW plate was cut in the middle along the plate 
length for the microstructural characterization. 

Metallographic studies were carried out on polished and etched cross-
section surface. Etching was done using Keller’s reagent at room temperature. 
Four different etching zones were observed: A – stirred zone (SZ); B&C – 
thermo-mechanically affected zone (TMAZ); D – heat affected zone (HAZ) & 
base metal (BM). Location of HAZ can be estimated by hardness curve behav-
ior. 

The half–plate where the direction of tool rotation is the same as the direc-
tion of half-plate motion is called the retreating side  (marked as  C),  with  the  
other side designated as being the advancing side (marked as B). Extrusion 
phenomena were observed on the retreating side. This in itself proves that ma-
terial flows from advancing to retreating side during FSW. 

The phase structure as well as dislocations and grain sizes were observed 
in the base material and FSW sample using transmission electronic microscopy 
(TEM). Disc specimens (3mm in diameter) were prepared by mechanical grind-
ing to 250µm thickness and electropolishing using a 30% nitric acid solution in 
methanol with 60Vx1A at –20ºC. Material for these specimens was taken from 
different weld zones at four different sites along the midthickness of the cross-
section in FSW sample as marked with rectangles in Fig.1.  

Resistance measurements were carried out using an experimental ar-
rangement based on the classical four-probe d.c. method. Measurements were 
performed at the heating rate of 3ºC/min in the temperature range from room 
temperature to 600 ºC. 

The X-ray diffraction profiles for the base material and FSW sample were 
measured by a HZG-1 diffractometer.  
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The radiation was 
CuK  at operating parame-
ters of  20 mA and 35 kV, 
and Al2O3 single crystal 
(standard) was used to 
separate the instrument 
broadening effects. The 
pseudo-Voigt analytical 
function plus the linear 
background were fitted to 
the overlapping peaks. 
Physical broadening was 
obtained by the Halder-
Wagner relation

etalonphys exp
2
exp

, 

where  is integral peak 
profile of experimental and 
standard peak profiles. 

RESULTS AND DISCUSSION 
The Vicker’s hardness was measured on polished surfaces across the weld 

1mm below the surface from the advancing to the retreating side from base 
metal to base metal (Fig. 1). Hardness data were obtained with a hardness me-
ter, with the test load of 5kg and the load time of 20 s. Durometric study 
showed a 50% weakening in SZ after FSW and suggested a plausible hardening 
up to 75% of base metal hardness after aging in the T8 mode. 

The following results were obtained by OM and TEM: texture and partial 
recrystallization were observed in the base metal zone. Nano-dispersed T1-
phase and nano-composite / , /Al3(Sc,Zr) particles [3] were present in the 
matrix. This resulted in alloy hardening. Complete recrystallization occurred in 
the stirred zone after FSW, the texture disappeared, grains became equiaxial, 
were of 1-3µm size, without substructure.  and  1 phases dissolved. There 
were only  and /Al3(Sc,Zr) phases present in the stirred zone. The  and 

/Al3(Sc,Zr) phases were only present in the stirred zone; hardness decreased.  
Grain sizes in the thermo-mechanically affected zone remained constant. 

But the volume part of 1 phase increased significantly and 2 phase appeared 
on the 1 phase – matrix interface. Anomalous grain growth up to 30 – 100 µm 
occurred in the heat-affected zone. 

TEM results (Fig. 2) are in good agreement with metallographic and resis-
tometric ones. 

 
Fig. 1– Vicker’s hardness plot scaled to the weld 

macrostructure picture 
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Fig. 2 – Metallographic and TEM studies: base metal: a – grain structure, d – phase 

structure, g – selected area diffraction pattern; stirred zone: b – grain structure, e – phase 
structure, h – selected area diffraction pattern; thermo-mechanically affected zone:  

f – phase structure, i – selected area diffraction pattern; heat-affected zone:  
c– grain structure 

 
As one can see from the curves of changes in temperature coefficient of 

electrical resistivity (Fig. 3), two main temperature areas can be marked out on 
 all curves: the positive 
peak at low temperatures 
caused by  phase disso-
lution and the negative 
peak at high tempera-
tures, which can be ac-
counted for by T1 phase 
formation. Small negative 
peak before  phase 
dissolution peak on SZ 
sample curve proves that 
the  material  in  SZ  
changed to solid solution 
state because of intensive 

 
Fig. 3 – Changes in temperature coefficient of electri-
cal resistivity  at continuous heating at the speed of 

3ºC/min during 20-600º  temperature range 



Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II                  251 
 
plastic deformation during FSW. 

X-ray diffraction analysis is known to be a useful technique for evaluating 
the microstructural characteristics such as dislocation density and size of the 
coherent scattering domains [4]. The presence of dislocations and small size of 
crystallites lead to X-ray diffraction peak profile broadening, which is used in 
methods of microstructural parameters estimation. 

The Williamson-Hall plots [5] show the qualitative behavior of diffraction 
peak broadening with full width at half maximum (or integral breadths) as a 
function of K, where K=2sin / ,  and  are the diffraction angle and the wave-
length of X-ray radiation, respectively. Strain anisotropy in the conventional 
Willimson-Hall plot was rationalized by substituting KC1/2 for K [6], which is 
now known as the Willimson-Hall-Ungar method. 

Where anisotropy microdistortion resulted in anisotropic diffraction line 
broadening [7], Ungar added the dislocation contrast factor , which can be 
determined by elastic anisotropy and dislocation type of the material [8], to the 
known relation: 

)(
2

9.0 22
12

1
22

CKOCKbM
D

K K . + K C +

O(K C) K . + K C + O(K C), 

Where sin2K K = 2 sin ,  – diffraction angle,  – X-ray wave-

length, /)2(cosK K = cos [ (2 )]/ , here )2( is the integral 
weight of diffraction peak, D – the average size of crystallites,  – the constant 
of effective outer cut-off radius of dislocation,  – the average dislocation den-
sity, b – Burgers module. 

The average value of dislocation contrast factor is determined using elas-
tic constants for Al, and constructed as a function of elastic constants for possi-
ble dislocations in face-centred cubic (f.c.c.) lattice.  
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Fig. 4 – The Williamson-Hall-Ungar plot 

for base metal 
Fig. 5 – The Williamson-Hall-Ungar plot 

for stirred-nugget zone. 
 
The Williamson-Hall-Ungar relations are shown in Fig.4-6 for different 

states of materials. The Willimson-Hall-Ungar plot provides two important 
microstructural features in the material under investigation. First, the slope of 
the linear regression is proportional to the microstrain.  

Second, the intercept of 
the linear regression with the 
data points at K =  0  is  a  rough 
size-estimation of the coherent 
scaterring domains indicating 
by the similar average crystal-
lite size. 

Such type of dislocation 
structure was proved to persist 
in all specimens. This is evi-
denced by the fact that the best 
linear regressions were 
achieved with elastic constant 
c12/c44 = 2. It is to be noted that 
the Williamson-Hall-Ungar plot 

is parabolic for the stirred zone (Fig. 5). The average coherent domain size is 
70.86 nm, which agrees with electronic microscopy data. It can be seen from 
Table 1 that the largest distortions are present in the base material, and the 
smallest ones – in the stirred zone. 

Calculation results of microstructural parameters are shown in Table1 (R-
factor is accuracy of regression): 

 
Table 1 

State D, nm  R-factor  

 
Fig. 6 – The Williamson-Hall-Ungar plot 

for TMAZ/HAZ 
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Base metal 118.9 0.0077  0.96 

Stirred zone 193.18 (linear regression) 0.0019 0.90 
70.86(parabolic regression) 0.96 

NMAZ/HAZ 159.84 0.0037 0.99 
 

CONCLUSIONS 
It is possible to conclude relying on the data obtained that:  
-  the  base  alloy  is  non-recrystallized,  textured,  with  banded  grain  struc-

ture, there are highest internal strains (Table 1) observed, work-hardening takes 
place due to composite phases /  , /Al3(SC,Zr) and triple T1 phase; 

- there is complete recrystallization with dissolution of /Al3(SC,Zr) 
phases and T1 phase observed in the stirred zone, complete relaxation of strains 
with the formation of equiaxial grains of 2-3 µm size. There are both composite 

/Al3(SC,Zr) phase particles and fine-dispersed homogeneous  phase parti-
cles present in the matrix; 

- there are internal strains in the thermo-mechanically affected zone, 
grains are equiaxial of 2-3 µm size, there is mainly rough T1 phase present in 
the matrix and 2 phase emerged on the 1 phase – matrix interface; 

- the areas of anomalous grains growth appear in the heat-affected zone.  
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IMPROVING THERMO-MECHANICAL PROPERTIES OF 

TABULAR ALUMINA CASTABLES VIA USING  
NANO STRUCTURED COLLOIDAL SILICA 

Alireza Souri*, Fatemeh Kashani Nia, Hossein Sarpoolaky 
 

Iran University of Science and Technology, Tehran, Iran 
 

ABSTRACT 
Great attempts were made  to reduce the amount of calcium aluminate cement 

(CAC) content in refractory castables to improve their hot strength. Using more than 2-3 
wt% CAC may cause low melting phases formation in the refractory matrix leading to 
weak thermo-mechanical propereties of the castables. Colloidal Silica can affect the 
structure of refractory castables to achieve superior thermo mechanical properties. Re-
placing calcium aluminate cement (CAC) by colloidal silica as a water base binder, 
speeds up drying, reduces the amount of liquid phase at high temperatures and may lead 
to mullite formation, which will increase the hot strength of the refractory castables. In 
this research, the influence of colloidal silica addition on bulk density, apparent porosity 
and HMOR of a tabular alumina based refractory castable containing have been studied. 
The results showed that samples containing colloidal silica have higher hot strength 
compared to those containing only CAC as binder due to the better compaction, less 
liquid phase formation at high temperature. 

 
Keywords: Nano Silica, Alumina Castable, Cement, HMOR 

 
INTRODUCTION 
After more than 20 years of development and testing, low and ultra low-

cement castables have proven their suitability for many applications in different 
industries particularly in iron and steel production. The main difference be-
tween the traditional and the castables with reduced cement content can be 
stated as fraction of fine (a few microns) and ultrafine (sub-micron) material 
addition. 

These particles aid packing and increase thereby the compactness of the 
castables. Consequently, the cement and so the water needed for casting is 
lowered.[1] Using less water leads to less porosity when heated, so the castable 
loses less strength upon firing and will be less prone to gas and slag attack (Fig. 
1). [2, 3] 

Moreover, lowering cement conten reduces CaO in alumina castables, de-
creases the amount of low melting phases at around 1200°C[2] which in turn 
improves the corrosion resistance and creep strength in service.[4] 
                                                
* arsouri@gmail.com 
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Fig. 1 – A comparison of porosity for cement bonded and colloidal silica bonded (a sub-

micron agent) refractories[3]. 

 
Colloidal Silica is a sole with ultra fine particles of silica (Fig. 2) which 

can affect the structure of refractory castables due to its superior thermo me-
chanical properties. Replacing calcium aluminate cement (CAC) by colloidal 
silica as a binder, provides all the advantages of the low and ultra low cement 
castables, while eliminating most of their disadvantages. [5].  Although the 
colloidal silica bonded products show a lower initial strength than cement 
bonded ones due to decreasrd hydraulic bond, they show a good progression in 
strength development similar to the cement bonded products at moderate tem-
peratures. At elevated temperatures, the strength differences become more 
dramatic. 

Low-melting-temperature 
CaO-Al2O3-SiO2 phases asso-
ciated with CAC castables are 
responsible for liquid phase 
formation which resulting 
lower hot strengths. Because 
the colloidal silica bonded 
materials are CaO-free, they 
do not generate these low 
melting phases and typically 
exhibit higher hot strengths 
which results in better in-
service erosion resistance for 
these materials. [3] Also Silica 
fumes with extremely small 
particle size (average size is 
0.15 mm) replace water by 

attaching themselves to cement particles because of their opposite charge; so, 
lower water requirement reduces the porosity while increases the density and 

 
Fig. 2 – Colloidal Silica under TEM [6]  
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strength. Moreover, since the cement is partially hydrated, there is no loss of 
strength for the colloidal silica containing castable at intermediate tempera-
tures.[7] Another factor which increases the strength of colloidal silica bonded 
castables at high temperatures is the mullite bond formation. Mullite formation 
in refractory castables has been found dependant on several factors[8] such as 
using nano-sized silica which promotes it and causes mullite formation at lower 
temperatures. [9,10]  Mullite is a very much desirable phase in castables devel-
oping improved hot strength, creep resistance, good thermal stability as well as 
slag penetration resistance.[11] In the present study, apparent porosity, bulk 
density, hot modulus of rupture and phase analysis of a cement-free colloidal 
silica containing castable have been compared to those of the normal LCC one.  

EXPERIMENTAL 
1. Raw Materials 
The chemical analyses of the raw materials used in this study are listed in 

Table 1. 
 
Table 1- Chemical analyses of the raw materials 
 Tabular Alumina, 

(wt%) 
Reactive 

Alumina, (wt%) 
Calcium Aluminate 

Cement(wt%) 
Colloidal Silica, 

(wt%) 
Al2O3  99.4 99.5 69.8-72.2 0 
CaO  0.03 0.03 26.8-29.2 0 
SiO2  0.03 0.04 0.2-0.6 40.2 
Fe2O3  0.02 0.02 0.1-0.3 0 
Na2O  0.35 0.04  

 < 0.5 
0 

K2O  0 0 0 
The recipes of the studied castables (sample C, which is a low cement 

castable, LCC, containing 5 wt% cement and sample N, a no-cement castable 
containing  colloidal silica) are provided in Table 2. 

 
Table 2 – Composition of castabales  
Castable Composition (wt%) C N 

Tabular Alumina 85 87 
Reactive Alumina 10 10 
Cement 5 0 
Colloidal silica 0 7.5 
Dispersant 0.1 0.1 
water 5 4.5 

 
2. Castables Preparation  
For  each  sample,  a  3kg  batch  mixture  using  the  formulation  in  Table 2 

was prepared by dry mixing for 4 minutes at slow speed, using a Hobart mixer 
with 5 liter capacity mixing bowl. Then wet mixing was carried out by addition 
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of water with further 4 minutes mixing at medium speed. Test samples were 
prepared by casting the mixture into the stainless steel molds for 1 minute, with 
the dimensions of 150*25*25 mm by vibrating at 50HZ, The castables were 
cured at 20°C and a relative humidity of 95% for 24 hours in the mold. After 
curing time, the samples were allowed to be dried at the temperature of 110°C, 
and then fired at 1400°C for 5 hours (by the rate of  300°C per hour). 

3. Testing  
Bulk density and apparent porosity were determined by ASTM standard 

methods. The given values of these properties in result section are the average 
of three samples for each formulation. Hot modulus of rupture, HMOR, was 
carried out according to DIN 51048 using the Netzsch 442D/3 model. These 
values are also the average of three measures. 

RESULT AND DISCUSSION 
1. Bulk density and apparent porosity 
Bulk density and apparent porosity of the samples are given in Fig 3 and 

Fig 4. 

  
Fig. 3 – Bulk density of the samples fired 

at 1400°C for 5 hrs 
Fig.4 – Apparent porosity of the samples 

fired at 1400°C for 5 hrs 
 
In LCC castables (Sample C), the cement content requires water for 

placement. This leads to high porosity when heated, the castable loses strength 
and becomes vulnerable to infiltration e.g. by slags. Besides, due to dehydration 
of the hydrate phases before the ceramic bond is formed, the castables also 
show a strength lowering at intermediate temperatures.[2]   Colloidal silica 
particles, due to their nano sizes (~15 nm), could behave as a liquid[12]  and so 
less water was needed in preparation of the sample N, which led to less amount 
of apparent porosity upon drying and firing.   

Colloidal silica, due to its high specific area, anticipates sintering and so 
the sample N shows higher bulk density than sample C. 

2. HMOR 
The HMOR amounts of the samples are shown in Fig. 5. Using fine and 

reactive powders such as reactive alumina and colloidal silica in the bond phase 
of sample N can precipitate mullite needles from 1300°C in which the mullite 
needle-like particles grow out of a the matrix promote a good reinforcement 
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according to Schumacherrs report. [2]  In Fig. 5, It can be seen that the sample 
containing colloidal silica (Sample N) shows higher amount of HMOR, better 
compaction, lower apparent porosity and higher bulk density due to presence of 
colloidal silica and concequently, formation and growth of long, needle-shaped 
mullite crystals.  

  
Fig.5 – Hot Modulus of Rupture 

(HMOR) of the samples fired at 1400°C 
for 5 hrs 

Fig. 6 – XRD patterns of the sam-
ples fired at 1400°C for 5 hrs. A repre-

sents alumina and CA represents calcium-
hexaluminate(6Al2O3.CaO) 

 
3. Phase Analysis 
The XRD patterns of the samples can be seen in Fig. 6. 
In the XRD pattern of sample C, calcium aluminium oxide can be detected 

besides alumina, which is a cement phase and has a lower melting point than 
alumina and acts as a flux, so can lower the HMOR of the sample. 

Phase analysis of the sample N reveals mullite (3Al2O3.2SiO2) peaks, alt-
hough they are weak due to low amount in the total phase constituents of the 
castable, so  mullite was assumed as a trace phase. 

CONCLUSIONS 
Colloidal silica sol could behave as a liquid and so the castables 

containing colloidal silica need less water to be prepared, which leads to 
lower their apparent porosity than that of LCC ones. Colloidal silica, due 
to its high specific area, anticipates sintering and so leads to better com-
paction. Comparing the traditional low calcium aluminate cement casta-
bles, colloidal silica containing refractory castables attains better me-
chanical strength at high temperatures. 
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ABSTRACT 
This study is primary addressed to the problem of grain refinement of ferrite sub-

jected to severe plastic deformation (SPD). In particular, ultra fine refining the original 
coarse grain of Fe  was shown to be realistic using severe plastic deformation with 
friction (SPDF). Several structural sections of different scale regimes consisted of the 
grains from several nanometres at the top surface to several micrometres in the region 
adjacent to the strain-free matrix are formed in assistance of multi-directional defor-
mation mode indicative of SPDF process. Structural revolution induced by SPD and 
governed by simultaneous high level of strain rate and temperature control was ade-
quately described using Zener-Hollomon parameter, Z. Ultra grain refinement of ferrite 
down to submicrometer–nanometer scale regimes was found to be available when pa-
rameter Z exceeds the critical value roughly about 11610 s . High efficiency of processes 
assisted by multi-directional deformation for ultra fine grain refining caused through 
continuous dynamic recrystallisation has been justified compared to those ensured by 
unidirectional deformation mode and supported by conventional dynamic recrystallisa-
tion. At the multi-directional deformation the variation of grain size d with Z parameter 
has a tendency to follow the equation 47.0

0
7106 Zd  while unidirectional deformation 

by shear or compression gives the equation 16.0
0

2103 Zd . 
 
Key words: severe plastic deformation (SPD), iron, grain refinement, dynamic re-

crystallisation, Zener-Hollomon parameter 
 

INTRODUCTION 
In the recent years much attention has been paid to ultrafine grained 

(UFG) materials with grain sizes ranged from submicrometer- to nanometre-
scale. UFG materials have been found to exhibit interesting combination of 
physical and mechanical properties, making them of growing interest to re-
searches employed both in scientific and engineering applications [1-6]. How-
ever, structure and, hence, performance metrics of UFG materials are strongly 
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dependent on the particular route employed for their production.  Compared to 
others routes severe plastic deformation (SPD) technique offers the essential 
advantages for ultra grain refining the structure of metallic materials, making 
them completely dense without risk of contamination. Generally, grain refine-
ment induced by plastic deformation has been known for long time. During the 
last decade the efforts intent to microstructure refinement of metallic materials 
have been continued and tremendous progress has been achieved in material 
grain refining down to submicrometre- and nanometre-scale by using different 
techniques of severe plastic deformation (SPD) [1–6].  

The formation of nanocrysalline structure with high-angle boundaries 
(HABs) is limited to those processes like ball milling [5, 6], surface mechanical 
attrition treatment (SMAT) called often by shot peening [5, 7], high speed drill-
ing [5], hard turning [5], and sliding friction [4, 5, 8] or high-pressure torsion 
(HPT) [9]. Among these processes HPT is the mostly effective to produce bulk 
nanocrysalline materials whereas other processes are capable to give only 
nanocrystalline surface layers. As shown in previous papers [4, 8] high-energy 
friction process can result in SPD of metal, leading to generation of defor-
mation-induced grain refinement of the surface layer and improvement proper-
ties of material work piece itself. 

The present study describes characteristic features of grain refined struc-
ture created by severe plastic deformation of -Fe pieces being subjected to 
friction (SPDF). Mechanism of grain refinement is discussed and clarified on 
the base of characteristic features of structural sections within deformation 
region induced by SPDF. Special attention is paid to finding the processing 
parameters and deformation mode responsible for ultra fine grain refinement 
and especially to those quite enough for creation of nanocrystalline structure.  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Cylindrical–shaped samples of iron (purity 99.9 wt. %) with mean grain 

size of 80 m with 8 mm in diameter and 50 mm in height were subjected to 
SPDF in argon gas using the set up described elsewhere [4, 8].  

Fig. 1 shows schematically the set-up 
used for SPDF treatment. Meaningful parts 
of the set-up are as follow: (1) hermetically 
closed chamber filled by argon gas; (2), (3)  
system for argon gas inputting/outputting 
and pressure control; (4) sample rotation 
system; (5) two blocks of hard alloy (WC-8 
% Co) being forced to the sample surface.  

Sample sited between the forced 
blocks of hard alloy (5) was rotated with 
velocity about 6 103 rpm.  Friction process 

 
Fig. 1 – Schematic presentation of 

severe plastic deformation with 
friction (SPDF) 
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under forced blocks ensures its heating the rotated sample up to the constant 
temperature of 773 K. Rotation was stopped after the time about 60 min and the 
sample was free cooled down to the room temperature.   

Structural characterisation of as-treated samples was performed on diffrac-
tometer (20 kV; 10 m ) with Fe K  radiation. Stepwise X-ray diffraction (XRD) 
study including XRD line profile analysis was employed for estimation of the 
average size of coherent domains and mean dislocation density from the broad-
ening the (110)  and (220)  peaks. Cross-sectional microstructure of as-treated 
samples was studied by using optical microscope Neophot-21. Morphology 
(size and shape) of refined grains and subgrains evolved by SPDF of iron sam-
ples was studied by transmission electron microscopy (TEM) images (bright and 
dark fields) and selected area electron diffraction (SAED) patterns performed using 
microscope JEM–CX (operating at a voltage of 125 kV). 

RESULTS AND DISCUSSION 
Fig. 2 shows cross-sectional microstructure of as-treated Fe sample ob-

served by optical microscopy. Gradient deformation region with the overall 
thickness 60 m  and  consisted  of  grains  different  to  those  of  untreated  -Fe 
matrix is revealed in the surface layer.  

Four meaningful structural 
sections of different grain mor-
phology (size and shape) are well 
visible within deformation region, 
as indicated in Fig. 2. Section 1 at 
the  top  surface  and  adjacent  to  it  
dipper section 2 demonstrate very 
fine grain structure for which opti-
cal microscopy was inadequate to 
recognise grain size. If so, the 
structure of section (1) and that of 

section (2) were expected to be refined down to nano- and/or submicrometre 
scale regimes. Section 2 is followed by section 3 consisted of fine  and nearly 
equiaxed grains with the size ranging from 1 m to 5 m whereas the last sec-
tion 4 adjacent to the strain-free matrix exhibits banded structure consisted of 
micrometre-sized (10 m  in  the  width)  and  elongated  grains   inclined  to  the  
sample cylindrical surface. In addition, interlayers of ultrafine and nearly equi-
axed grains are sited between neighbouring pancake-shaped grains.  

The results of XRD analysis show substantial broadening of Bragg dif-
fraction peaks along the depth of deformation region compared to that for the 
strain-free matrix. XRD peak broadening is usually ascribed to grain refinement 
down to ultra fine domains as well as to increased dislocation density.  Accord-
ing to the results of XRD line profile analysis listed in Table 1 the smallest size 

 
Fig. 2 – Typical cross-sectional optical 

observation of the as-treated Fe showing 
structural sections of different scale regimes 
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of coherent domains about 13 nm is revealed in section 1. Moreover, this sec-
tion is characterised by the highest dislocation density ranging from 1016 m/m3 
to 1015 m/m3.  As  could  be  seen  in  Table  1 the average coherent domain size 
increases gradually up to 150 nm in the direction from the top surface to strain-
free matrix while dislocation density decreases steadily.  

 

Table 1– Variation of structural characteristics along deformation region of  as-
treated -Fe subjected to SPDF 

Structural 
sections 

Distance to  
surface ( m) 

XRD analysis Microscopy results 

Size of coherent 
domain (nm) 

Dislocation 
density  (m/m3) 

Mean grain size d 
(nm) 

1 0 13 8.9 1015 20* 
1 3 18 7.8 1015 70* 
2 10 23 7.2 1015 150* 
2 20 37 6.5 1015 400* 
3 30 70 4.5 1015 1000** 
3 40 112 2.5 1015 2000** 

4 50 146 8.5 1014 3000** 
4 60 – 5 1014 7000** 

strain free 
matrix  – 1011 80000** 

* data obtained by observation of TEM images and ** optical micrographs 
 
Fig.  3 shows detailed cross-sectional TEM observations of the structure 

and corresponding SAED patterns attributed to the each of four sections created 
in the deformation region of as-treated Fe sample. Diffraction rings/spots in the 
SAED patterns attributed to all of the sections correspond to -Fe, and no other 
phases were detected. In the sections numbered by 1, 2, and 3, the ringed 
SAED patterns with a great number of point reflections indicate the presence of 
ultrafine equiaxed grains with random crystallographic orientations.  

 

 
Fig. 3 –  TEM  images  and  SAED  patterns  of  different  structural  sections  of  

as-treated  -Fe: (a, b) –section 1 (of 1 µm deep to the top surface) (a) – bright-field 
image;  (b) – dark-field image in (110)Fe reflection; (c) – section 2 (of 10 µm deep to the 
top surface); (d) – section 3 (of 30 µm deep to the top surface); (e) – section 4 (of 40 µm 

deep to the top surface) 
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Within the section 1 the number of point reflections located on the Debye 
rings is the greatest while their size is the smallest, indicating the presence of 
mostly fine grains at the top surface. Grain size measured using duck-field 
TEM images was believed to be about 20 nm at the top surface of section 1, as 
depicted in Fig. 3b. Correlation of TEM observation to XRD results determined 
for section 1 seems to be good, indicating for this case that the average size of 
coherently diffracting regions reflects actual grain size d, as could be seen in 
Table 1.  If so, refined grains of actual crystal structure are formed in section 1. 

As shown in Fig. 3, number of the point reflections presented on the de-
bye rings of SAED patterns decreases along the depth of the sections 2 and 3 
while their size increases step by step, demonstrating the increasing of grain 
size toward the free-strain matrix. It is noticeable that SAED pattern for section 4 
consists of individual spots indicative of coarse grained Fe.  

Generally, the results of plastic deformation are defined by dislocation ac-
tivities in metals and depend strongly on crystal structure and stacking fault 
energy (SFE). For example, in materials with low SFEs, plastic deformation 
may only originate transformation from dislocation slipping to mechanical 
twining  while  in  materials  with  high  SFEs  and,  in  particular,  in  iron,  where  
dislocation mobility is much higher, dislocation walls (DW) and cells will be 
formed, finally resulting in formation of sub-boundaries within the original 
grain. The refinement process of coarse grains upon plastic deformation, in 
principle,  depends  on  many  extrinsic  factors  such  as  intensity  of  strains  and  
strain rates, deformation temperature, and so on. Apart from, dominating mech-
anisms and clear sceneries for ultra fine refining the coarse grains into the na-
nometer sized crystals are yet far from understanding.  

Generally, three different mechanisms for deformation-induced grain re-
finement of ferrite under elevated temperatures are presently discussed in litera-
ture: (i) dynamic recovery (DRC) [10-13], (ii) conventional dynamic recrystal-
lisation (DRX) [10-15], (iii) continuous dynamic recrystallisation (CDRX) or, 
equivalently, recrystallisation in situ [6, 12, 16-20]. The levels of strain and 
strain rate are commonly considered as basic regulative factors to initiate the 
ultra grain refinement by one or another mechanism.  

As applied to subject matter SPDF process provides for unique opportuni-
ty to investigate the grain refinement mechanism owing to gradient variation of 
the strain and strain rates along the depth of deformation region. This means 
that microstructure features (including grain size and grain boundary misorien-
tations) at the different sections of deformation region could be attributed to 
different levels of strains and strain rates. Therefore, one or another underlying 
mechanism for deformation-induced grain refinement in different scale regimes 
ranged from nanometre to micrometre levels can be recognised and specified. 

The stored true strain, e,  along the  structural  sections  involved in  defor-
mation region induced by SPDF process was estimated from dislocation densi-
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ty, , using the relation originally proposed in [6]: 15 0,61,87 10 e .  In addition, 
following [21] stored true strain e operating the structural section 4 was derived 
from the shear strain, , being determined using the angle of grains slope, , as 
shown in Fig. 2.  It is noticeable that the values of true strain estimated in sec-
tion 4 by two different ways were in good agreement. The results of calcula-
tions show that both extremely high stored strain about 13.5…10 and strain 
rates about 104-103 s-1 arise at the top surface of the sample and dropped steeply 
along the deformation region toward the strain free matrix.   

The results show that structural sections 1, 2, and 3 consist of equiaxed 
grains with HABs, suggesting their formation through CDRX. The important 
point concerns the fact that the grain refinement in the sections above occurs 
under hot-to-warm working. Indeed, processing temperature about 773K was 
very close to the regular recrystallisation temperature, Tr. Moreover, Tr tends to 
decrease as the level of stored strain e increases.   

Flattened shape of original grains with deformation-induced LABs formed 
in section 4 indicates the fact that dynamic recovery under warm working dom-
inates structural evolution under considerable decreasing the stored strain and 
strain rate, as shown in Fig. 2, 3e. Development of CDRX micrometre-sized 
grains within interlayers between original grains is additional notable character-
istic of banded structure in section 4. The former phenomenon is attributed to 
the large strain gradients evolved near initial grain boundaries and around triple 
junctions, as was pointed out in [20]. Strain incompatibilities between joint 
grains lead to formation of strain-induced LABs [20, 22, 23] followed by their 
fast transformation into HABs [24, 25]. Thus, it  can be resumed that the level 
of stored strain and strain rate is not enough to refine completely grain structure 
of section 4 through CDRX.  

Several aspects could be mentioned here. First of all the important point is 
that the transformation of cellular structure to granular one is achieved when 
dislocation density reached the critical density that was believed to be not less 
than about 1014 m/m3 while the limit of dislocation density being achieved by 
SPD processes does not usually exceed 1016 m/m3 [6]. Therefore, grain refine-
ment continues to advance until dislocation multiplication superior to disloca-
tion annihilation. Stabilized grain size is formed when refinement process gets 
the steady state at the balance between dislocation multiplication and annihila-
tion. As pointed out in literature [7, 18] stabilised grain size is probably limited 
to about 10 nm since deformation takes place mainly by grain boundary sliding 
and/or grain rotation. 

The next aspect concerns the fact that different levels of stabilized grain 
sizes are available by using different technical approaches. It seems that defor-
mation mode contributes directly in final results of microstructural revolution 
induced by SPD. In fact, SPD techniques [4-8, 18] assisted by multi-directional 
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deformation are commonly considered to be mostly effective in term of their 
application for ultrafine grain refinement of -Fe down to nanometre-scale 
level. Unlike to this grain refinement below submicrometre scale is probably 
difficult to achieve in processes assisted by unidirectional deformation.  As 
evidenced from the data published in literature, application of multi-directional 
deformation involving compressive and shear modes is greatly beneficial in fast 
strain storage and generation of dislocations as compared to unidirectional 
deformation by shear. Nevertheless, assessment of techniques in term of their 
effect on grain refinement efficiency and finally stabilised grain size is rather 
complicated because of the differences in combination of strain rate and 
achievable stored strain, resulted from differences in deformation mode and 
temperature conditions.  

The theory advanced in the latest publications [11, 14, 26] for grain re-
finement by repeated deformation could be viewed as that adequately describ-
ing grain formation in the regime governed by simultaneous high level of strain 
rate and temperature control. As applied to subject matter deformation-refined 
grain size has generally been reported with variation of Zener-Hollomon pa-
rameter, Z, presently considered as valuable criterion to govern a competitive 
effect of dislocation accumulation under high strain rate and dislocation annihi-
lation caused by temperature. Following expression is commonly [14, 26] used 
for calculation of Z parameter with allowance for the effect above:  

RTQZ /exp  (1) 
 
where  is strain rate in s-1, Q is activation energy of deformation that is 

closed to the activation energy of volume diffusion of metallic atom ( 254 
kJ/mol for ferrite iron); T is deformation temperature in K; R = 8.31 J/mol K is 
universal gas constant.  

According to [14, 15, 26] empirical relationship between finally stabilised 
grain size and Z parameter was given in convenient form: 

 
mkZd  (2) 

 
where d is grain size in m; k is numerical constant.  
Following the procedure at which dependence of stabilised grain size on 

parameter Z is determined in logarithmic co-ordinates, the applicability of Eq. 
(2) in predicting final results under the present conditions was verified, as 
shown in Fig.  4. Actually, the data obtained in the present study for different 
structural sections are fitted well to a straight line. Moreover, the data reported 
in literature [6, 7, 13, 18] for grain refinement of -Fe produced via the other 
processes being assisted by multi-directional deformation line up well on the 
strait line together with those determined in the present study. 
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However, the stabi-
lised grain size of -Fe 
achieved in processes being 
assisted by unidirectional 
deformation mode [14, 17], 
form different strait line 
with the slop that is smaller 
than that for the straight 
line joining the data deter-
mined by multi-directional 
deformation, as shown in 
Fig. 4. Thus, m power and 
numerical constant k in 
Eq. (4) are found to be 
variable and depend on the 
deformation mode. At the 
multi-directional defor-
mation mode the variation 
of grain size d with Z pa-

rameter could be expressed by the equation 47.07106 Zd while it has a tendency 
to follow the expression 16.02103 Zd  under unidirectional deformation mode. 
It is noticed that the value of constant and powder index at the Z parameter 
found under unidirectional deformation mode are numerically almost the same 
as those reported previously [10,   14,  26]. 

Several important conclusions could be derived from the data exhibited in    
First of all, it is clear that deformation-refined grain becomes smaller as param-
eter Z increases. Nevertheless, grain refinement of ferrite to submicrometer-, 
nanometer-scale level would be achieved when parameter Z exceeds the critical 
value Zc roughly about 1016.  Apart from, as modified Zener-Hollomon parame-
ter Z increases up to the value Zc by using multi-directional deformation mode 
controlling effect on grain refinement is passed from CDRX under warm work-
ing to CDRX under hot working while at the unidirectional deformation mode 
DDRX under hot working was changed to CDRX under warm working.  The 
next aspect concerns the fact that the value of Z parameter required for grain 
refinement down to nanometer-scale regime through CDRX mechanism is 
much smaller at the multi-directional deformation mode under hot working 
than that for processes supported by unidirectional deformation mode in assis-
tance of CDRX under warm working. In particular, the value of Z parameter 
higher than 1019 is quite enough to ensure finally stabilised grains of nanome-
tre-sized level under hot working performed by multi-directional deformation 
mode.   Unlike  the  above  it  is  easy  to  show  that  Z parameter has exceed the 

 
Fig. 4.  Variation of grain size, d, of ferrite vs param-
eter Z for (I) multi-directional deformation mode, (II) 
unidirectional deformation mode either by shear or 

compression. Numbers at the strait (I) indicate struc-
tural sections in deformation region of as-

treated -Fe subjected to SPD 
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value about 1031 to achieve nanometre-sized grains of ferrite under warm work-
ing performed by unidirectional deformation mode. This means that in assis-
tance of CDRX under warm working strain rates should be maintain at the level 
ranged on the order magnitude from 103 to 1013 s-1 that is hardly achieved by 
using presently developed SPD techniques performed by .unidirectional defor-
mation mode.    

CONCLUSIONS 
As a general conclusion it should be resumed that multi-directional de-

formation assisted by CDRX during straining under hot-to-warm working 
greatly facilitates grain refinement down to submicrometer-, nanometre-scale 
regimes although DDRX provided by unidirectional deformation mode during 
straining under hot working has a preference in grain refinement limited to the 
micrometre-scale regime. 

The results of the present study hold the key for greater understanding the 
underlying mechanisms and kind of deformation mode operating ultrafine grain 
refinement of ferrite under severe plastic deformation and also could be promis-
ing for both the current basic research and application in engineering practice. 
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ABSTRACT 
A brief outline of the processing parameters involved in the search for technique 

offering efficient consolidation of high-temperature strength Al-based powdered alloys 
reinforced by metastable nanoquasicrystalline particles is presented. Feedstock powder 
of Al94Fe3Cr3 alloy was employed in experiments. Superior advantages of the cold-
spraying as alternative solid-state process for consolidation and structural performance 
of quasicrystalline alloys by plastic deformation is discussed in comparison with that 
resulted from currently employed hot extrusion put into practice at the 623 K. As op-
posed to extrusion assisted by unidirectional deformation, adiabatic shear instability is 
primary responsible for creating the mostly effective intimate metallic bonding between 
the adjacent Al-powder particles under cold spraying when the temperature was even 
well below melting point, i.e. 473 K. The main benefit of cold-spraying is that the com-
posite quasicrystalline structure in the interior of heavily deformed particles was be-
lieved to be actually the same as that of feedstock powder while warm extrusion results 
in the decrease by 23% fraction volume of metastable quasicrystalline particles, shifting 
their decomposition to the lower temperatures. Advantage of cold-sprayed Al94Fe3Cr3 
alloy concerns excellent balance between high ductility (plasticity characteristic H  0.9) 
and high strength that superior roughly about 35% to that of as-extruded composite.  

 
Key words: Cold spraying, Al-Fe-Cr alloy, nanoquasicrystalline particles, pow-

der, consolidation, bonding, microstructure, mechanical properties 
 

INTRODUCTION 
High strength of Al-Fe-based nanoquasicrystalline alloys exebited attrac-

tive mechanical properties are presently of great attention for researches em-
ployed in scientific and engineering applications [1-4]. Some of them show 
increased structural stability and, therefore, are much promising for application 
under elevated temperature. Quasicrystalline Al-Fe-based alloys belong to the 
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group of metal matrix nanoquasicomposite. Their microstructure typically con-
sists of nanometer-sized icoshedral (i-phase) quasicrystalline particles embed-
ded in an -Al matrix [1]. Compared to commercial Al-based alloys recom-
mended for service under elevated temperature, Al-based nanoquasicomposites 
show remarkable advantages in material mechanical performance because of 
excellent balance between high strength and sufficient ductility [2, 3]. For-
mation of quasicrustalline i-phase with long range orientation order and no 
translational symmetry in rapidly-cooled Al-alloys was originally discovered 
by Shehtman et al. in 1984 [5] and, then, promoted by additions of Mn, Fe, Cr, 
V,  Ti,  Zr,  Nb and Ta [2-4,  6].  Since  nanoquasicrystalline  Al-based alloys  are  
usually performed as semi-product in form of melt-spun ribbons/flakes, [6], and 
gas/water atomised powders [3, 4] their following consolidation is required for 
manufacturing the bulk-shaped material and, as consequence, further improve-
ment of its microstructural stability is desirable to maximize elevated tempera-
ture. Superior advantages of cold-spraying as alternative solid-state process for 
consolidation and structural performance of nanoquasicrystalline Al-Fe-based 
alloys by plastic deformation is presented and discussed by comparison with 
currently employed warm powder extrusion under the temperature usually 
ranged from roughly about 673 to 723 K [3, 4].  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Feedstock quasicrystalline powders of Al-alloy with nominal composition 

of Al94Fe3Cr3 (oxygen content about 0.3%) was chosen for experimentations and 
fabricated by water-atomisation technique using inhibited high-pressure water with 
Ph 3.5 [8]. Fraction volume of quasicrystal particles contained by feedstock powder 
was not less than 35% [4]. After atomisation powder was sieved to less than 40 

m. Consolidation of powdered Al-based alloy was performed by two different 
techniques, i.e. by cold spraying and by powder extrusion process.  

A commercial cold spray system (DYMET 403) was used in spraying ex-
periments done under compressed air. Cold-sprayed principle and technical set-
up for cold spraying are described elsewhere [9]. Velocity of air/particle jet was 
roughly about 700 m/s whenever its temperature was not higher than 473 K 
[10-12].  

Consolidation of pre-compacted feedstock powder via extrusion was done 
in hermetic capsule at the temperature of 653 K [4, 10]. Prior extrusion degas-
sing the capsule of 25mm in diameter filled by powdered compact was imple-
mented at the temperature of 623 K during 1 hour. Press of 2000 kg in power 
equipped by extrusion die with inner diameter of 9.3 mm and length for work-
ing part of 2 mm was used in extrusion process. Extrusion was fulfilled in the 
single pass with reduction coefficient, ke, of 7.2. Extrusion velocity was as great 
as Ve =15  10-3 m/s.  
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Scanning electron (SEM) microscope Jeol Superprobe-733 (JEOL, Japan) 
equipped with X-ray detectors (EDX and EPMA) was used to recognise feed-
stock powder morphology (particle size and shape) and microstructure as well 
as to get basic information about particle/particle bonding achieved in cold-
sprayed and extruded samples. Differential scanning calorimetry (DSC) togeth-
er with X-ray diffraction (XRD) analysis using Cu K  radiation and transmis-
sion electron microscopy (TEM) observation were employed to study thermal 
stability of the quasicrystalline phase under elevated temperatures. TEM images 
and selected area electron diffraction (SAED) patterns were performed using JEM 
2100 F (JEOL, Japan) microscope. 

Microhardness measurements were performed using conventional micro-
hardness machine equipped by standardised Vickers pyramid and determined 
under indentation load as high as 1.0 N. Plasticity characteristic H as dimen-
sionless parameter that can vary in the range from 0 (for “pure” elastic contact) 
to 1 (for “pure” plastic contact) was derived by calculations through micro-
hardness measurement results and Young’s modulus, E [14]. Microtester capa-
ble for load-displacement measurements and equipped by Berkovich pyramid 
was used to determine Young’s modulus, E, according to the test method proce-
dure originally proposed by Oliver and Pharr [15]. In addition, plasticity charac-
teristic A, which is physically close to that denoted by H was derived from load-
ing and unloading data according to demands of International standard ISO 
14577-1:2002 (E). Yield stress, y, was extracted from ‘stress-strain’ curve 
constructed by a set of trihedral pyramids with different angles at the tip 1 
(ranged from 45  to 85 ) according to the test method procedure [16]. 

RESULTS AND DISCUSSION 
Fig.1 shows the XRD patterns recorded for the feedstock WA powder, as-

extruded rod, and cold-sprayed alloy.  
In  all  of  the  XRD  pat-

terns the presence of the X-
ray peaks for -Al is clearly 
seen together with those 
indexed as i-phase using 
Cahn’s indexation scheme 
[17]. 

Fig.  2 displays repre-
sentative bright field TEM 
image showing the micro-
structure  of  the  Al94Fe3Cr3 
alloy fabricated via different 
routes.  All  kinds  of  the  
Al94Fe3Cr3 alloy show the 
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Fig.1 – XRD patterns of (a) feedstock powder, (b) 

cold-sprayed material, and (c) extruded rod, all 
performed by Al94Fe3Cr3 alloy 
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similar microstructure composed of quasicrystalline particles embedded in -Al 
matrix, as shown in Fig. 2a. Quasicrystals have the clear and characteristic 
spherical shape with a diameter roughly about 200 nm and smaller. Selected 
area diffraction patterns (SAED) reveal five-fold reflection spots indicative of 
i-phase, as can be seen in Fig. 2b. 

 

  
a) b) 

Fig.2 – (a) Bright field TEM image and (b) SAED pattern of the Al94Fe3Cr3 alloy 
 
However, intensity of diffraction peaks attributed to i-phase in the XRD 

pattern for as-extruded rod is much smaller, suggesting reduced fraction vol-
ume of metastable quasicrystalline particles. The proper are thought to be par-
tially decomposed under combined effect of high pressure and enhanced tem-
perature during extrusion process. This assumption is confirmed by the pres-
ence of the addition reflections for -Al overlapping those typical for -Al 
recorded in the feedstock powder and as-sprayed alloy. This is because of two 

-Al solid solutions of different elementary composition were formed in the 
matrix after extrusion. As could be seen in Table 1, one of them has reduced 
lattice parameter ao, indicating enrichment of -Al by solute Fe and Cr. In 
addition, broadening of diffraction peaks for -Al matrix, which could be re-
sulted from combined effect of delaminating the -Al solid solution and dislo-
cation activity, are seen in the XRD pattern of as-extruded bar.  

 
Table 1 – Lattice parameter ao of elements and -Al solid solutions in Al94Fe3Cr3 

alloy performed via different routes 
Material Al Fe Cr Feedstock 

powder  
Extruded  

rod 
CS-alloy 

ao, nm 0.4049 0.2866 0.2885 0.4041 0.4045/0.4006 0.4045 
Notice: CS – cold spray 
 
The  results  of  DSC analysis  shown in  Fig.  3 are helpful to estimate the 

diminishing the fraction volume of quasicrystalline particles resulted from 
powder consolidation via extrusion process.  
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It  is easy to show that 
heat flow of exothermic 
reaction associated with 
decomposition of quasi-
crystalline phase in the as-
extruded Al94Fe3Cr3 alloy 
are smaller by roughly 
about 23% than that for 
quasicrystalline feedstock 
powder of the same compo-
sition. Moreover, a shift of 
the main exothermic peak 
toward lower temperature 
after extrusion indicates 
increased kinetic of quasi-
crystalline particles decom-

position. Dislocation activity in -Al matrix, which has been indicated by XRD 
analysis of as-extruded rod, can principally facilitates dissolution of alloying 
elements released from decomposed metastable quasicrystalline particles.   

As opposed to extrusion process, cold spray technique allows one to retain 
entirely fraction volume of quasicrystalline phase created in powdered 
Al94Fe3Cr3 alloy by rapid solidification. Processing temperature under cold 
spraying is much smaller than that for warm extrusion process. Despite of this 
cold spraying finds oneself capable to create effective intimate metallic bonding 
between the adjacent particles by breaking off the oxide films presented naturally 
on the feedstock Al-powder and promoting intimate contact between two clean 
surfaces the same as those in extrusion process. Actually, remnant agglomerations 
of broken oxide layer have been revealed by TEM observation at the parti-
cle/particle interfaces [12]. However, compared to extrusion process intimate 
bonding at the particle/particle interfaces under cold spraying is controlled by 
different mechanisms of deformation. Characteristic features observed in cross-
sectional microstructures of cold-sprayed alloy and extruded rod are helpful to 
elucidate the matter at the issue above. With retaining the quasicrystalline parti-
cles of unchanged shape in deformation-induced structure, cold spraying causes 
powder particles to become flattened and heavily deformed in cross-sectional 
microstructure and get lens-like shape with aspect ratio kfcs   4.7 while extrusion 
process results in elongated powder particles of perfect fibred-like shape and 
aspect ratio kf e  7.2 that is the same as extrusion coefficient ke, as shown in Fig. 
4a and Fig. 4b.  
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a) b) 

Fig. 4 – SEM images of cross-sectional microstructure for (a) extruded rod (b) cold-sprayed 
alloy, both performed by Al94Fe3Cr3 -feedstock powder. Black arrows in (b) indicate the 

evidence of shear instabilities at the particle/particle boundaries whereas white arrows 
indicate the local metallurgical bonding between the powder particles due to impact 

fusion. 
 
Homogeneous severe plastic deformation under extrusion results in elonga-

tion of powder particles that is assisted by two components of pressure such as 
longitudinal, Pl, and transversal one, Pt. By considering the accepted experi-
mental conditions and following the calculation procedure reported previously 
in [10] components of pressure have been estimated as great as Pl = 1.42 GPa 
and Pt = 3.30 GPa.  In contrast to extrusion process, two different kinds of de-
formation ensure intimate bonding at the particle/particle interfaces under cold 
spraying. Among them severe plastic deformation of powder particles results in 
their flattening and mechanical interlocking the splats by cold forging under for-
ward pressure  estimated in line with [10] as great as pf =1.45 GPa. Nevertheless, 
flow jet or adiabatic shear instability resulted from localised deformation at the 
particle boundaries is commonly believed to be primary responsible for creating 
the mostly effective intimate metallic bonding between the adjacent particles 
under extremely high strain rate as a result of high impact velocity. Adiabatic 
interaction between particle/particle is based on the fact that the thermal diffusion 
distance is very small (on the order of 10-6 m) during the very short operational 
time of impact, i.e. 10-7 to 10-5s [18]. This is the reason of that why kinetic energy 
is mainly dissipated as heat, causing material softening and shear localisation 
and promoting intimate contact between two adjacent particles by mechanical 
interlocking and even by impact fusion, as evidenced from Fig. 4b. 

Mechanical characteristics of feedstock powder, extruded rod and cold 
sprayed material, all performed by Al94Fe3Cr3-alloy, are listed in Table 2.  

Several aspects resulting from mechanical performance of as-sprayed al-
loy could be mentioned here to clarify superior advantages of cold-spraying 
technique in comparison with extrusion process.  
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Table 2 – Mechanical characteristics of feedstock powder, extruded rod and cold 
sprayed material, all performed by Al94Fe3Cr3-alloy  

Parameter 
Material 

E, GPa HV, GPa 
Plasticity Yield stress 

0,2, MPa H/ A 
Feedstock powder* – 0.91 0.3 0.92/0.92 – 
Extruded rod 87.5 2.3** 1.62 0.04 0.90/0.89 380  
Cold sprayed alloy 90.0 2.5 2.19 0.02 0.86/0.87 515  

   Notice: *– adopted from [10]; **– adopted from [4] 
 
First of all it could be seen that the Vickers hardness, HV, of extruded rod 

and as-sprayed alloy is much higher than that of feedstock powder, suggesting 
material strain hardening upon consolidation. Compared to extrusion rod, 
Young’s  modulus  is  somewhat  smaller  whereas  hardness  number  of  the  as-
sprayed alloy is higher by roughly about 35%. The same is true for the value of 
yield stress of as-sprayed alloy that is by roughly 35% as high. The question is 
that what structural and processing parameters are responsible for enhanced 
strength properties of as-sprayed alloy. It is reasonable to though that retaining 
the entire number of quasicrystalline particles causes the strength of as- sprayed 
alloy to be greater than that for as-extruded material partly loosed quasicrystal-
line phase. The effect of quasicrystalline phase is intensified by extremely high 
values of strain rate (on the order of 105...107s-1) sustained by powder particle 
under impact. As was pointed out in [10] strain rate of powder particle under 
cold spraying exceeds by several orders magnitude to that for extrusion pro-
cess. Following the calculation procedure [10] the latter could be estimated for 
the present study as great as 15.2 s-1. Apart from reduced at the least by 180 K 
processing temperature of cold-spraying causes yield stress, y, to rise up, sug-
gesting the decrease of material deformation when applied pressure is of the 
same value. Taking into consideration nearly the same pressure conditions  (Pl 

 pf), essential increase of yield stress, y could play crucial role in decrease of 
aspect ratio for powder particle in the as-sprayed alloy compared to that re-
vealed in as-extruded material. As notable characteristic, it is easy to show that 
the ratio of true deformation for powder particles of as-extruded rod to that of 
as-sprayed alloy is nearly the same as the ratio of aspect ratio for powder parti-
cle in extruded rods to that revealed in as-sprayed material, i.e. ee/ecs  1.7 and 
kfe/kfcs  1.6. This result justifies the validity of suggestion attributed to that the 
difference in deformation conditions applied to extruded rods and a 
cold-sprayed alloy causes the difference in their structural features. 

Another aspect concerns ductility of Al94Fe3Cr3-alloy fabricated via differ-
ent techniques, i.e. water atomisation, extrusion, and cold-spraying. It is im-
portant that plasticity characteristics H ( A) of feedstock powder are greater 
than critical value H  0.9, indicating ductile behaviour of material in convention-
al tensile and bending tests [14] and, therefore, ensuring its good deformability 
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under consolidation. That is why no evidences of delaminating and cracking 
have been observed in microstructure of as-received extruded rod and cold-
sprayed alloy, see Fig. 4. It is also essential that despite of increased hardness 
numbers for both kinds of Al94Fe3Cr3-alloy fabricated via extrusion process and 
cold-spraying keep the values of plasticity characteristics H ( A) just about 
critical value, implying their workability under loading during exploitation. 
Thus, the essential advantage of both kinds of these metal matrix composites and 
especially that processed by cold spraying is their high hardness combined with 
rather high ductility valuable with respect to damage tolerance.  

Among them composite performed by cold spraying gives mostly crucial 
benefit since its hardness number superior to that for hardest commercial Al al-
loys (Al-Cu-Mg-Fe-Ni) modified with 0.16 wt.% Sc and ascribed to series 7075-
T6, which has been developed and successfully used for application under inter-
mediate temperature (~ 230ºC). As reported in [18] Vickers hardness of 2618 Al 
alloy is about 1.45 GPa whereas cold-sprayed Al94Fe3Cr3-alloy guarantees HV 
values by roughly 50 % as high. In addition, quasicrystalline Al-Fe-Cr -based 
alloys exhibit the thermal stability of mechanical properties at least up to 300º C 
[4], making them competitive with those of 2618 Al alloy for application in air-
craft industry. 

CONCLUSIONS 
By using feedstock powder with nominal composition such as Al94Fe3Cr3 the 

present study demonstrate significant advantages of cold-spraying in performance 
of composite Al-based coatings reinforced by metastable nano- and submicrome-
ter-sized quasicrystalline particles as compared to currently employed warm 
extrusion process. 

The main benefit of cold spraying is that the composite quasicrystalline 
structure of initial feedstock powder is entirely retained in as-sprayed material 
whereas extrusion process results in loosing by roughly about 23% of quasicrys-
talline phase. The latter is presumably decomposed under combined effect of 
elevated temperature and high pressure used in extrusion process. 

Overall, hardness number and yield stress of cold-sprayed Al94Fe3Cr3–alloy 
superiors nearly by 35 % to those of as-extruded material. Retaining the number 
of quasicrystalline particles at the most combined with extremely high values of 
strain rate sustained by powder particle under impact at the rather low pro-
cessing temperature play crucial role in remarkable strain hardening of cold-
sprayed alloy.  

It was justified experimentally that essential advantage is combination of 
high hardness and rather high ductility valuable with respect to damage tolerance. 
Despite of strain hardening plasticity characteristics H ( A) of cold-sprayed 
Al94Fe3Cr3–alloy was determined to be just about critical value H  0.9 indicat-
ed in literature [14] as criterion for ductile behaviour of material under conven-
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tional tensile and bending tests and, thus, quite enough for their workability 
under loading during exploitation. 
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ABSTRACT 
A new synthesis route for the production of bulk nanostructured materials is pre-

sented. Fine Ni powder was made by selected appropriate electrolysis conditions. A 
compact material with an average grain size below 40 nm was obtained by subsequent 
cold pressing. Then, using the high pressure torsion (HPT) deformation technique dense 
bulk nanocrystalline Ni was achieved. The detailed structural investigations of the as-
prepared and HPT deformed Ni powder, including X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM), reveal in both cases the presence of a face centered 
cubic (FCC) phase without presence of any oxides. Coherently scattering domain size 
measurements by XRD show a value of 24 nm for the as-deposited powder and an even 
smaller value of 13.5 nm after HPT deformation. In addition, optical emission spectros-
copy was employed to determine the impurity content of the obtained nanostructured 
material, showing a relatively low content of 0.9 % carbon and oxygen. The microhard-
ness increased after deformation from (1.5 ± 0.08) GPa for the as-deposited Ni powder 
to (6.6 ± 0.2) GPa for the HPT deformed Ni powder.  

 
Key words: electrodeposition, high pressure torsion, powder consolidation, hard-

ness, bulk nanocrystalline Ni. 
 

INTRODUCTION 
Bulk nanocrystalline metals containing a large volume of grain boundaries 

receive increasing interest since they often show improved mechanical proper-
ties as high strength combined with high ductility [1]. Bulk metals are frequent-
ly made nanocrystalline using a top down approach (e.g. high pressure torsion 
[2-3]), but the final grain size that can be reached is limited. On the other hand 
bottom up approaches (e.g. electrodeposition [4]) allow the production of nano-
crystalline metals with considerable smaller grain sizes, but the resulting mate-
rial is present in the form of powders or thin films.  

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Ni powders were obtained galvanostatically at a selected high constant cur-

rent density. As-deposited powders, compactified by cold pressing and deformed 
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by HPT at room temperature under a hydrostatic pressure of 8 GPa (Fig. 1) were 
systematically studied by X-ray diffraction analysis and TEM methods.  

The impurity content 
was determined by optical 
emission spectroscopy. 

RESULTS AND 
DISCUSSION 

Figure 2 shows X-ray 
diffraction patterns of the 
as-deposited and the HPT 
deformed Ni powder. Co-
herently scattering domain 
size measurements by 

XRD revealed a value of 24 nm for the as-deposited powder. By the subsequent 
HPT deformation, the coherently scattering domain size was decreased even 
further to 13.5 nm. 

The low content of 
impurities and the ab-
sence of oxides are cru-
cial for the mechanical 
properties as impurities 
would cause embrittle-
ment in the material. 
Glow discharge optical 
emission spectroscopy 
shows a composition of 
99.1 at.% of Ni and 0.9 
at.% O and C. The TEM 
study (Fig.  3)  shows  a  
comparable grain-size of 

around 35 nm for the as-deposited and HPT deformed Ni powder.   

 
Fig. 3 – Dark field images of (a) as-deposited and (b) HPT deformed Ni powder. The 
grain size of both samples is comparable (35 nm), but the HPT deformed sample con-

tains a high density of dislocations. 

 

Fig. 1 –  Sketch  of  the  HPT  
deformation technique. The 
upper and the lower plunger 
(grey, cylindrical) are pressed 
against the disk-shaped sam-
ple (black). The lower anvil is 
rotated against the upper one, 
leading to a torsional defor-
mation in the sample 

 
Fig. 2 – X-ray profiles of as-deposited and HPT  

deformed Ni powder, showing the presence of FCC  
Ni only. 
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Due  to  the  small  grain  size  a  very  high  microhardness  of  6.6  GPa  was  
achieved in the case of the HPT deformed Ni powder. 

CONCLUSIONS 
We show that by combining electrodeposition and HPT deformation it is 

possible to obtain dense bulk specimens with small grain sizes. Preliminary 
results obtained by XRD and TEM analysis show that the very fine grain size 
of the as-deposited powder (35 nm) is preserved after HPT deformation. The 
coherently scattering domain size is reduced during the HPT deformation due 
to the generation of dislocations in the sample. The small grain size and high 
dislocation density in the achieved specimen leads to an enhanced microhard-
ness.  It can be concluded that the combination of electrodeposition and HPT 
deformation presents a new route for synthesizing bulk nanostructued metals. A 
dense specimen with a low content of impurities, a very small grain size and 
improved mechanical properties was achieved. 
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ABSTRACT 
A new model of effective medium is proposed for the transition zone located be-

tween two diffusion-interacting phases. In the model the effective diffusivity depends on 
the kinetic coefficients in each phase, volume fractions of phases and on the additional 
parameter, which generally characterizes the structure type of the two-phase zone. 

 
Key words: effective diffusivity, two-phase zone, Maxwell’s model, percolation 

effect.  
 

INTRODUCTION 
As known, materials can have inhomogeneous structure with essentially 

different kinetic coefficients in subsystems. As to account of diffusion proper-
ties, one can mention two characteristic structure types where effective diffu-
sivities determination becomes a crucial issue in describing solid state reac-
tions. Firstly, it is important to describe effective diffusion permeability of 
nanocrystal materials [1], when volume fractions of both grains and intergranu-
lar amorphous layers between them are considerable. Secondly, effective diffu-
sion permeability in two-phase zones of ternary systems determines the mor-
phology of the diffusion zone as well as the growth rate of phase layers and 
two-phase zones between them [2]. Traditionally, effective kinetic coefficients 
are defined on the basis of Maxwell-Garnett model [3] and some other ap-
proaches (for details see [4]). Kalnin’s model [5] is the most highly developed 
one from the viewpoint of diffusion processes description by the modified 
Maxwell-Garnett model. At that, when treating inhomogeneous systems with 
noticeable volume fractions of both phases, we face the problem of ambiguity, 
since systems with high-conductive matrix and almost inert inclusions and vice 
versa will involve different effective diffusivities at equal ratios of phase vol-
ume fractions. This means that there always exists a certain branching, like, for 
example, at choosing between abstract models of parallel and series connection 
of  phases.  The  aim  of  the  present  work  is  to  find  a  new  method  of  defining  
effective diffusivities. 
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METHODS OF EXPERIMENT AND CALCULATION 
We aim at developing a self-consistent method for calculating the effec-

tive diffusivities in two-phase regions of ternary systems with the help of Brug-
gemann’s approach and Kalnin’s basic model for combined transition diffusion 
zone between two phases (Fig.1). 

The paper provides 
derivation of the expres-
sion for effective kinetic 
coefficient in the case of 
transition zone between 
two phases containing 
two structure types: both 
the matrix of  -phase 
with inclusions of -
phase particles (basic 
structure K1) and con-
versely – -phase matrix 
with inclusions of -
phase particles (basic 

structure K2). 
In order to derive the formula of the combined model for defining the ef-

fective kinetic coefficients in two-phase cells Kalnin’s basic models are ap-
plied: 
Kalnin’s model (K1) [5] for the structure, presented in Fig. 1 (left-hand side): 
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Kalnin’s model (K2) [5] for the structure, presented in Fig. 1 (right-hand side): 
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where c , c  – concentration of component in the -and - phases, respec-
tively; L , L  – kinetic coefficients; p , p  –  volume  fractions  of  -  and  -

 
Fig. 1 – Schematic two-phase system. In the transition 
zone of diffusion contact the particles of -phase pre-
cipitate in the -phase matrix and the particles of -

phase – in -phase 
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phases, respectively, dim – model’s dimension (in case of dim=3 a three-
dimension system is considered), f11 – volume fraction of -phase in the bottom 
side of the transition zone with respect to the total volume fraction of -phase; 
f21 – volume fraction of -phase in at the bottom side of the transition zone with 
respect to the total volume fraction of -phase; f12 – volume fraction of -phase 
in the top side of the transition zone with respect to the total volume fraction of 

-phase; f22 – volume fraction of -phase in the top side of the transition zone 
with respect to the total volume fraction of -phase. 

In our calculations we consider the transition zone to contain basic struc-
tures K1 and K2 in arbitrary proportion, given by coefficient s. Using the condi-
tion of the parameters unity for the effective medium for two alternative struc-
tures of the transition zone L1

eff,  L2
eff, calculate the unknown parameter f11. 

The obtained formula for effective kinetic coefficient of the transition 
zone taking into account the basic structures K1 and K2, as well as their interre-
lation, given by coefficient s, is as follows: 

)]([][

(][

1111

1121

)()1dim(

1dim1dim )
ccfvsc

fvs
csLL

fvLLLLs

LLLL
sKK

eff

 (3) 

RESULTS AND DISCUSSION 
In Fig.  2 the dependencies of effective diffusivities, obtained at treating 

the two-phase media with essentially different kinetic coefficients in each 
phase, are shown. The comparative analysis confirms branching of the values 
of effective kinetic coefficients.  

 
 ) b) 

Fig. 2 – The dependencies of effective kinetic coefficients on the volume fraction of -
phase, calculated by the models of: 1 – series phase connection, 2 – parallel phase con-
nection, 3 – combined model of parallel connection of the basic models (those of paral-
lel and series connection) with the weight coefficients W  0.5, 4 – Kalnin’s (K1), 5 – 
Kalnin’s (K2), 6 – combined model based on Kalnin’s models with the weight coeffi-

cients s, 7 – Maxwell-Garnett (MG1), 8 - Maxwell-Garnett (MG2), 9 – combined model 
based on Maxwell-Garnett models with the weight coefficient s. The calculations were 

done using the following parameters: c1  0.1, c2  0.6, L1  10 –13 arbitrary units, L2  10 –

17  arbitrary units; ) at s  0.5, b) at s  0.2. 
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Fig. 1. – Dependencies of effec-
tive kinetic coefficients on the 
volume fraction of -phase, 
calculated according to the 
following models: 1 – Kalnin’s 
(K1), 2 - Kalnin’s (K2), the 
model combined of Kalnin’s 
basic models at weight coeffi-
cient 3 -  s  0.25, 4 - s  0.5, 5 - 
s  0.75,  6  -  s  0.99 using the 
parameters, given in Fig. 1 

 
In Fig.3 the dependencies of effective kinetic coefficients on the volume 

fractions of phases in the developed model of effective two-phase medium, at 
different values of coefficient s (describing the fraction of base structures K1 
and K2 in the combined transition zone), are given. 

Using different approaches to the assignment of effective diffusivities we 
have performed model calculations of diffusion interaction in the planar diffu-
sion couple of a ternary system, the diffusion path crossing the two-phase re-
gion on the phase diagram. The detailed calculations are provided in [6]. 

CONCLUSIONS 
The paper provides derivation and further analysis of the expression for 

effective diffusivity in the general case of transition diffusion zone at the con-
tact of two phases in quasi-steady state conditions, grounding upon Kalnin’s 
basic models. It is presupposed that effective diffusivity in the transition zone 
depends on the diffusivities of the phases brought to contact, and an additional 
parameter s, which allows general considering of the transition zone structure. 
In the developed model the general expression for effective diffusivity depend-
ing upon the additional parameter (correspondingly, depending on the volume 
fractions of phases and transition zone structure) between two marginal cases of 
Kalnin’s model, is obtained.  
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ABSTRACT 
The given article discusses a variant of natural nanotechnology in a volume mate-

rial under solid-phase transformation. The article provides results on acoustic splitting in 
ammonium oxide NH4ClO4 in the low-temperature region. Ammonium oxide NH4ClO4 
is structurally complex and chemically unstable. It has been stated that splitting of an 
acoustic wave in ammonium perchlorate under acoustical spectroscopy clearly detects 
coexistence of centrosymmetrical and noncentrosymmetrical phases. So, by example of 
ammonium perchlorate we consider possible use of acoustic splitting as a method of 
onset registration and growth control of a new phase within the parent one.  

 
Key words: solid transformations, nanotechnologies, thermodynamic ambiguity, 

ammonium perchlorate. 
 

INTRODUCTION 
In the recent years words “nanoscience”, “nanotechnology”, “nanomateri-

als”  sound  as  an  overture  to  innovations.  At  the  same  time  many  previous  
achievements are being revised from this modern and, in many cases, justified 
point of view. As an example we can remember soot of the recent past and 
nanopowder of the present day. The given work can be attributed to the second 
of the named research areas and its idea is that solid transformations are anoma-
lous properties. Nonequilibrium state of electron, dipole, spin or phonon  sub-
system of a solid together with the size factor result in lattice lability and prac-
tically important, sometimes unique properties which develop in the substance 
under certain temperature and pressure. 

However, we should admit that in solid body technologies there are a lot 
of “white” spots, for example, we don’t quite understand the mechanisms of 
onset and consecutive growth of new phases within the parent phase under the 
phenomenon of “polymorphism”. The most widespread theories about poly-
morphous transformation going simultaneously in the whole amount of the 
solid body under elastic deformation have not been confirmed experimentally. 
The presence of an extended area instead of a line (which is characteristic for 
usual phase first- and second- order transitions) at the real phase diagram (fig.1) 
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supposes existence of a complex heterogeneous structure made up of nanore-
gions with fluctuating or “frozen” order parameter. 

Almost 80 years ago academician 
V.D. Kuznetsov stated an idea in his mon-
ograph [1] that under polymorphous trans-
formations “there are moments when tran-
sition from one phase into another has not 
yet been completed and the substance is 
simultaneously (emphasis added) in its two 
crystalline modifications”. Such structural 
crystalline states don’t have a generally 
accepted name yet and are found in litera-
ture under the names of diffuse phase tran-
sitions, hybrid crystals, fluctuation of 
symmetry, structurally-mixed phases, spa-
tially heterogeneous condition, phase mix-
ture, coexisting phases, order-in-disorder 
(or vice versa) and other. Some crystals of 
mixed composition, for example, ferroelec-

tric-antiferroelectric under the polymorphous transformation form non-
traditional state of the substance for which the most suitable name will be di-
pole glass [2]. The characteristic feature of this state is random distribution of 
nanometer regions with “frozen” local polarization in the crystals. 

Obvious interest to the nanocondition of a solid in a natural compact state 
is limited in diagnostic methods. In work [3] we described the effect of acoustic 
splitting as an experimental fact of coexistence of two structures of a substance. 
Potassium nitrate (KNO3) was used to show that there are two speeds of propa-
gation for a wave of one type under similar ambient conditions. The given 
report provides results on acoustic splitting in a complex ammonium oxide 
(ammonium perchlorate, NH4ClO4), which structural and chemical instability 
was described before [4]. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Fig. 2 shows the low-temperature spectrum of speed and longitudinal waves 

damping (internal friction Q-1) in the polycrystal of NH4ClO4 received by the 
method of two-part piezoelectric vibrator at the frequencies  100 kHz. 

When cooling ammonium perchlorate samples from room temperature at 
about  = 175  the derivative changes its sign d /d . Under the further decrease 
of temperature 0 when approaching the temperature of liquid nitrogen the 
“secondary” sound is registered twice – near   135  and   95 , i.e. two 
resonances appear instead of one resonance of the acoustic vibrator. Parallel data 
on the changes of Q 1( ) at the temperature scale show that absorption of one 

 
Fig. 1 – “Thermodynamic uncer-

tainty” in the hysteresis area under 
the phase transition (F – free ener-

gy, T – absolute temperature) 
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acoustic wave in the sample of ammonium perchlorate increases and absorption 
of the second wave decreases. Although both forms of NH4ClO4 under low tem-
peratures are orthorhombic, they have different space groups – nma  n21/a due to 
the different environment of ammonium ions in ammonium perchlorate lattice. 
The corresponding ions are denoted as NH4(1) and NH4(2).  

The first of them has five 
perchlorate ions and the second 
has six perchlorate ions (in 
both phases). Existence of two 
types of ammonium ions in 
ammonium perchlorate under 
low temperatures can be the 
cause of the observed acoustic 
splitting. When the ammonium 
perchlorate crystal is cooled 
ammonium ions are of the 
same type until the temperature 
of 200 K. Below this tempera-
ture NH4(1) and NH4(2) appear. 
They reorient in the lattice with 

different speed (one of the cations is less mobile). The sound begins to spread 
in one as well as in the other group of cations. This is the qualitative interpreta-
tion of existence of two sound velocities in one and the same substance under 
the same conditions. At the reversal of temperature (defrosting) the acoustic 
diagram is reproduced but it has a significant hysteresis effect – d /d  sign 
changes only near the room temperatures (fig. 2 shows the change of Q 1( ) 
only when cooling).  

The observed peculiarities of ( ) and Q–1( ) in NH4ClO4 under low tem-
peratures correspond to some results in works [5-13]. Anomalies of some lattice 
and inner modes of ions 

4ClO   
4NH  near 180 and 40 K in the temperature 

spectra of Raman scattering in monocrystals of ammonium perchlorate [10]; 
overlapping of infrared fringes under   200  [11], appearing of 1 fringe under 
120  and splitting of forced oscillation fringe 3  4  of ammonium ion under 

 < 50  [9]; splitting lines 635 sm 1 (oscillation 4 of 4ClO  ion) near the tem-
perature of liquid nitrogen [12], abnormal change of quadrupole interaction con-
stant for the atoms of 35Cl in NH4ClO4 under the temperatures 200 and 20 K [13] 
and direct X-ray diffraction study [8] give non-linear temperature dependences of 
all parameters of ammonium perchlorate lattice. 

Fig. 3 shows the parallel results of low temperature X-ray diffraction studies 
of dimensional changes of elementary ammonium perchlorate lattice in two 
works [8 and 10].  

 
Fig. 2 – Low-temperature changes of ultrasonic 

speed and internal friction in the polycrystal 
NH4ClO4. Modes: 1 – heating, 2 – cooling 
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The dynamics of changes in 
linear dimensions of the ammo-
nium perchlorate lattice appears 
to be especially impressing as 
shown by the authors [8] who 
were completing precise measur-
ing of the lattice parameters in 
the cooling and heating modes 
(we provide these data in 
smoothed form with our own 
approximation of linear parts of 
functions ( ), b( ), ( )). Fig. 3 
shows that qualitative structural 
studies of different authors corre-
spond: structural ammonium 
perchlorate lattice anomalies are 
grouped near 200 and 100 K. 
Non-linear change of unit cell  
parameters near 200 K is caused 
mainly by parameter c anomaly, 
and near 100 K all three lattice 
parameters behave anomalously: 
at curves ( ) and b( ) we regis-
ter a knee with a change of quan-
tities d /dT and db/dT (below 
120 K the derivatives increase) 
and derivative d /dT changes its 

sign (below 120 K in direction c (across the layers) the unit cell begins to expand 
with the decrease of temperature). In the interval 120 ÷ 298  in work [10] the 
measurements are not completed but the authors note that lattice parameters in 
similar systems (NH4IO4, NH4ReO4) form an arc with an extremum under 200 K 
and temperature spectra of Raman scattering have pronounced anomalies under 
180 K. Comparing our results (fig. 2) and thorough X-ray diffraction and spectro-
scopic studies of NH4ClO4 lattice (fig. 3) we can state coinciding anomalies of 
acoustic and structural parameters under the temperatures near 100 and 200 K 
and consider that under the given temperatures we observe transformation corre-
sponding to two isostructural phase transitions. 

In ammonium salts structural order or disorder under low temperatures is 
usually associated with cation reorientation [5]. Orientation ordering (disorder-
ing) of some ammonium ions in ammonium perchlorate lattice is represented as 
follows. In every unit cell with NH+

4  ion in its middle the connections N – H are 
directed to the neighbouring chlorate ions.  

 
Fig. 3 –Low-temperature changes of lattice 

parameters , b and c (in ) of NH4ClO4 
monocrystal (full line – the data [8], dashed-dot 
line – the results [10], averaging and approxi-
mation of the data [8] have been done by the 

authors) 
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Fig. 4 – Two orientations of 
ammonium ion 4NH  in am-

monium perchlorate lattice [14] 
 
In this case every ammonium ion has two possible orientations (fig. 4). In 

the ordered form under the low temperatures all ions have the same parallel orien-
tation which makes the system an analog of a ferroelectric or a ferromagnetic. 
With the rise of temperature the ions are disordered along two possible orienta-
tions mentioned above which are open for each of them (the collection of unit 
cells in this phase possesses an effective centre of symmetry) [5]. 

RESULTS AND DISCUSSION 
Splitting of an acoustic wave in ammonium perchlorate under acoustical 

spectroscopy clearly exposes the coexistence of centrosymmetrical and non-
centrosymmetrical phases. Thus, having taken ammonium perchlorate as an 
example we have considered the possible use of acoustic splitting as a means of 
onset registration and growth control of a new phase within the parent one. As 
for the nanoscale we don’t exclude that it is the so called secondary structure 
that is realized under polymorphic transformations (“minimum crystal”, “crys-
tal quantum”, the minimal size when the crystal keeps its form unchanged: 10-

7 10-8 m). The secondary structure under the usual states of a real crystal is con-
sidered to be supplementary to the atom-molecule structure of the substance [15]. 
In our case it is possible to regulate the dimensions of the secondary structure by 
changing the time of polymorphic transformation. Another aspect of the problem 
marked by us is that polymorphic transformation and other solid body reactions 
where the key role is played by the onset of a new phase can serve as models for 
studying (yet fragmentary) mechanism of forming bulk materials nanostructures 
even taking into consideration that the problem of polymorphic transformation 
itself is far from satisfactory solution. It is appropriate to consider the onset of a 
new phase on the defects of parent matrix, kinetic and morphological peculiari-
ties, the size factor and other problems of nanosystems physicochemistry in the 
context of polymorphism.  

CONCLUSIONS 
Of course, study of the structural forms of a nanometer scale substance in 

its pre- and posttransition states is not limited by the method of acoustical spec-

N H ClO4 
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troscopy. For example, another classical method of diffuse X-ray scattering in a 
“classical” object – quartz under the “classical” -transformation 
( 576 ) suggests describing the transition from trigonal to hexagonal form in 
three stages: 1) preparation for the transformation (from 300  to 540-560 ), 2) 
transformation itself, so to say, “culmination” (560-580 ), and 3) completion 
(580-700 ) 16 . Meanwhile, it is noted that changes in the Laue maximums 
ratio are observed in the experiment under the temperature of 100 , and on the 
other hand under  full symmetry 6 is not observed yet. Another thing is that 
acoustical methods allow to register phase transitions of any nature (speed sensi-
tivity is / 5 10-7). 

However, for the natural nanotechnologies in bulk material the first place is 
probably occupied not by the method but by the object. Mesoscopic materials of a 
new type with complex molecules (Sn(CH3)4  Fe(CO)5) demonstrating nanoef-
fects in bulk are considered with application of Mössbauer effect in work [17]. 
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ABSTRACT 
The quantitative regularities of structure phase states formation in different H-

beam cross sections under accelerated cooling in different regimes are established. The 
gradient structure-phase states formation being characterized by the regular change of 
dislocation substructure parameters, nanosized range -phase fragments and cementite 
particles on cross section are revealed by methods of transmission electron diffraction 
microscopy.  

 
Key words: structure-phase states, dislocation substructure, strengthening, H-

beam  
 

INTRODUCTION 
Currently, the production of rolled steel uses thermo-mechanical 

hardening technology, providing enhanced mechanical properties without the 
use of expensive alloying additives [1-3]. Targeted management of the rolled 
steel operational properties, and development of optimal modes of its hardening 
should be based on knowledge of the structure-forming process under various 
technological operations [1-3]. 

The aim of this study was to investigate the formation of nanosize struc-
tural-phase states of 09G2S steel H-beam subjected to thermomechanical 
strengthening (accelerated cooling). 

MATERIALS AND METHODS  
Temperature-speed parameters of rolling and accelerated cooling of two 

technological options are presented in Table.  1. As the research material we 
used H-beam DP155 made from 09G2S steel (0.095 wt. % C, 1.560 wt. % Mn, 
0.660 wt. % Si). 

Analysis of structure phase states and dislocation structures were 
performed by transmission electron microscopy of thin foils on the different 
distances from cooling surface. 
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Table 1. The modes of accelerated cooling 

M
od

e 
N

um
be

r  

R
ol

lin
g 

sp
ee

d,
  

V
, m

/s
 

, º  
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after 
3rd roll 
stand 

after 
9th roll 
stand 

when 
entering 
the cooler 

1b 2t 3b 4t 1m 

1 4.5 1050 -
1150 

1040 - 
1080 690-730 1.5 1.5 2.5 2.5 3.5 

2 6.0 1050 -
1160 

1060 - 
1100 800-850 1.5 1.5 2.5 2.5 3.0 

 
The plates with thickness of 0.3 mm were cut out from the segment 

parallel to the inner surface of the profile of the H-beam at a distances of 4, 7 
and 10 mm from the surface cooling, and in addition, the layer structure, 
directly adjacent to the cooling surface was analyzed.  

The diffraction analysis with the dark-field technique and subsequent 
indexing of microelectron diffraction pictures was used for identification of the 
phases. The images of material's fine structure (bright-field image) were used to 
classify the morphological features of the structure; determine the size, the 
volume fraction and the localization of the particles of the second phases; 
measure the scalar  dislocation density [4, 5]. 

RESULTS AND DISCUSSION 
Thermostrengthening of the 09G2S steel of the H-beam performed on the 

device of accelerated cooling according to regimes P1 and P2, leads to the 
formation of a multilayer (surface, transitional and central layers) of the 
microstructure of the H-beam profile. The structure of the stele in the transition 
layer and the central zone of the shelve under these cooling conditions resulted 
from the transformation according to diffusion mechanism, and consists of 
ferrite, perlite, a "degenerate" pearlite and carbide precipitates along the ferrite 
grain boundaries. The structure of the surface layer is formed as a result of the 
intermediate (regime P2) and shear (regime F1) mechanisms of    
transformation, followed by "self-tempering" process. Quantitative 
characteristics of the surface (hardened) layer, reflecting the most significant 
effect of hardening regime on the substructure of steel and identified according 
to the results of electron microscopic studies are presented in Table. 2. 

Accelerated cooling of the surface is accompanied by formation of the 
gradient of the structure phase states. Quantitative relationships that 
characterize the gradient nature of the organization of the defect substructure of 
H-beam subjected to forced water cooling are shown in Fig. 1. 
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Table 2. Quantitative characteristics of the structure of the 09G2S steel hardened 
layer 

Process 
mode 

The parameters of the structure 

V1 
d1, 

m 
1, 1010  

cm-2 V2 
d2, 

m 
2, 1010 

cm-2 
< >, 1010 
 cm-2 

<d>, 
m 

1 0.9 0.2 5.0 0.1 0.5 2.8 4.78 0.23 
2 0.6 0.3 4.8 0.4 0.5 3.6 3.84 0.38 

Note: V1, V2 - the volume fraction of lamellar (martensite or bainite) and subgrain type, 
respectively; d1,  d2 - the average transverse sizes of plates and subgrains, respectively; 1, 2 -  the 
scalar density of dislocations arranged in plates and subgrains, respectively; < > - the average 
scalar density of dislocations in the layer (taking into account the types of structures); <d> - the 
average size of the substructure in the layer (taking into account the types of structures). 

 
Analysis of the results presented in this figure confirms the conclusion 

about the gradient nature of the defected substructure. Namely, the closer to the 
cooling surface the scalar density of dislocations in the ferrite grains (Fig.  1, 
curve 2) and ferritic interlayers of pearlite grains (Fig.  1, curve 1), are 
increasing and the average size of fragments of the ferrite (Fig. 2, curve 1) and 
particle size of cementite (Fig. 2, curve 2) are reducing.  

It can be seen that in the surface layer of H-beam the state is formed, 
which based on the average size of fragments of -phase and cementite 
particles can be regarded as a nanostructure.  

  
Fig. 1 – Dependence of the scalar 

density of dislocations located in the 
ferrite component of the pearlite grains 
(curve 1) and ferrite grains (curve 2) on 
the distance to the surface of treatment 

Fig. 2 – Dependence of the cementite 
fragments average size (curve 2) and ferrite 
fragments D average size (curve 1) on the 

distance to the surface of treatment 
 
Formation of nanostructured phases during thermomechanical hardening 
Analysis of the results presented above gives us grounds to conclude that 

the formation of nanoscale phase in the studied steel under thermomechanical 
processing and subsequent accelerated cooling of rolled products is possible 
with  the  implementation  of  such  a  processes.  First,  by  dispersing  of  pearlite  
cementite plates colonies by cutting them by moving dislocations. Secondly, in 
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the process of dissolution of pearlite colonies cementite plates and repeated 
precipitation of cementite particles on the dislocations, the boundaries of 
blocks, subgrains and grains. Third, during the decay of solid solution of carbon 
in the -iron, formed under the conditions of accelerated cooling of the steel 
("self-tempering" martensite). Fourth, when during the final transformation of 
the retained austenite in the structure of carbideless beinite with the formation 
of -iron and cementite particles. Fifth, in the implementation of the diffusion 
mechanism of    transformation under the conditions of high degree of 
deformation and high temperature treatment. 

 
Dispersion of the pearlite colonies cementite plates by cutting them by 

moving dislocations 
Fig.  3 shows electron microscopy images of the pearlite colony, the 

cementite plates which are divided into separate fragments (the blocks). Sizes 
of fragments vary from 5 to 30 nm. Simultaneously, cementite particles are 
found in ferritic interlayers of the pearlite colony, the sizes of whose particles 
vary from 5 to 10 nm (Fig. 3, the particles are indicated by arrows).  

 

 
Fig. 3 – The fragmentation of the cementite plates of perlite grains, a, c – light-field 

image, b - dark field image obtained in the reflection [121] Fe3C; d - electron diffraction 
pattern image, the arrow indicates the reflection, in which a dark field image was 

obtained. On c) the arrows indicate cementite particles located in the plates of ferrite 
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Nanoscale range of the cementite structure of given pearlite colony is 
confirmed by quasicircular construction of the electron diffraction image 
derived from this plot foils (Fig. 3, d). Presented micrographs of the steel 
structure suggest that the thermomechanical processing is accompanied not 
only by mechanical destruction of the plates of cementite, but also their 
dissolution of with the departure of the carbon atoms on the dislocation and the 
subsequent precipitation in the body of ferrite plates. 

Dispersion of the cementite plates may be accompanied by the formation 
of the block (subgrain) structure (Fig.  4). The newly evolved cementite 
particles in such a structure are located at block boundaries, stabilizing their 
sizes. 

 
Dissolution of cementite plates of the pearlite colonies and repeated 

precipitation of the cementite particles on the dislocations, the boundaries of 
the blocks, subgrains and grains  

Removal of carbon atoms from destructed particles of cementite is 
possible and even at much greater distances. Studies of the block (subgrain) 
structure of -iron grains by methods of dark-field analysis revealed the 
cementite particles in the body of the blocks on the dislocations and block 
boundaries (Fig. 5). Particles have a rounded shape, particle sizes vary from 5 
to 15 nm. 

 

 

Fig.  4 – The formation of a 
subgrain structure of the 
steel and fragmentation of 
the pearlitic grain cementite 
plates a - light-field image, b 
- dark field image obtained 
in the reflection [121] Fe3C; 
c - electron diffraction 
pattern image, the arrow 
indicates the reflection, in 
which a dark field image 
was obtained 
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Fig. 5 – Precipitations of second phase particles (cementite) within the body and at the 
boundaries of -phase subgrains: a - dark field image, obtained in the reflections [012] 

Fe3C + [110] -Fe (particles indicated by arrows), b - electron diffraction pattern image, 
the arrow indicates the reflection, in which a dark field image was obtained. 
 
The decay of solid solution of carbon in the -iron, formed under the 

conditions of accelerated cooling of steel ("self-tempering" of martensite)  
Accelerated cooling of the H-beam leads to the formation of the 

martensitic structure in the surface layer. Subsequent "self-tempering" of the 
steel under the influence of the residual heat is accompanied by relaxation of 
the dislocation substructure, which manifests itself in reducing the scalar 
density of dislocations, the destruction of low-angle boundaries of martensite 
crystals, precipitation on dislocations within the body of martensite crystals 
(Fig. 6a) and along the boundaries of cementite particles (Fig. 6b). The sizes of 
particles located on dislocations, vary between 5 ... 10 nm (Fig. 6a), located on 
the borders - in the 10 ... 30 nm range.  

 
Fig. 6 – The microstructure of the hardened layer of the H-beam, cooled by P1 regime, a 

- bright-field image, b - dark field image obtained in the reflection [120] Fe3C;  - 
electron diffraction pattern image, the arrow indicates the reflection, in which a dark 

field image was obtained. On (b) the arrows indicate cementite particles. 
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Formation of cementite particles during the process of complete 
transformation of retained austenite presented in the structure of carbideless 
bainite 

In the surface layer of the steel sample cooled according to P2 regime, 
along with grain-subgrain structure the structure of plate type, the so-called 
carbideless bainite was observed. As shown above, the plates are arranged 
parallel to each other and there was an alternation of plates of light and dark 
contrast. Microdiffraction analysis of these structures revealed the presence of 
only the reflections of -phase. Reflections of the retained austenite and 
carbide phase particles are not detected. At the same time, mottled contrast 
reminiscent of the contrast from the pre-precipitates of second phase particles 
(Fig.  7) is revealed within the structure of the darker plates (formed, 
presumably as a result of the process of complete transformation of residual 
austenite).   

Formation of 
nanosize phases as 
a  result  of  
polymorphic    
transformation 

The high level 
of steel plastic 
deformation, which 
is realized by 

thermomechanical 
processing of rolled 
products, leads to 
dispersion of 
structures formed 
in the process of 
diffusion of the  

  transfor-
mation. Fig.  8 
shows electron 
microscopy images 

of the structure of lamellar pearlite. The measurements show that the thickness 
of plates of -phase, separated by the plates of carbide, is about 70 nm; the 
thickness of the plates of the carbide phase of ~ 25 nm. 

Formation of nano-sized particles of the carbide phase, is also observed in 
the formation of the so-called pseudoperlite, namely ferrite grains, containing 
particles of cementite of globular morphology (Fig. 9). The sizes of particles of 
cementite in these grains vary in the range 40 ... 60 nm. 

 

 
Fig. 7 – Electron microscopic image of the structure formed 
at the transformation of the residual austenite; a - light field 
image, b - electron diffraction pattern image of (a). Arrows 

indicate pre-precipitates of second phase particles 
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Fig. 8 – Electron microscopic image of the structure of the lamellar (plate) perlite: a – 

light field image, b - dark field image obtained in [021] Fe3C the reflection; c – electron 
diffraction pattern image, the arrow indicates the reflection, in which a dark field image 

was obtained 
 

. 
Fig. 9 – Electron microscopic image of the pseudoperlite structure: a – light field image, 
b - dark field image obtained in the reflection [012] Fe3C; c - electron diffraction pattern 

image, the arrow indicates the reflection, in which a dark field image was obtained. 
 
CONCLUSIONS 
A study of the H-beam's structure phase states after thermomechanical 

strengthening was carried out using the methods of transmission diffraction 
electron microscopy.  

The formation of gradient structure, characterized by regular changes of 
parameters of the structure-phase states and dislocation substructure as it 
approaches to the surface of the accelerated cooling was revealed. It was 
established that nanosize structure-phase states are formed in the surface layer. 

The analysis of the processes leading to the formation of the structure 
within the beam profile of 09G2S steel nanoscale phases was carried out.  

It  is  shown  that  the  formation  of  nanoscale  phases  was  carried  out  
possibly in the implementation of the following processes. First, during 
dispersing of the cementite plates of pearlite colonies by cutting them by 
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moving dislocations. Secondly, during the dissolution of pearlite colonies 
cementite plates and repeated precipitation of the cementite particles on the 
dislocations, the boundaries of blocks, subgrains and grains. Third, during the 
decay of solid solution of carbon in the -iron, formed under the conditions of 
accelerated cooling of steel ("self-tempering" of martensite). Fourth, during 
final transformation of the retained austenite in the structure of carbideless 
beinite with the formation of -particles of iron and cementite. Fifth, during the 
implementation of the diffusion mechanism of    transformation under the 
conditions of high degree of deformation and high temperature processing.  
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ABSTRACT 
SnO2 is an important functional material having a wide range of applications in 

gas sensors and optoelectronic devices. There is a great interest for finding new cost-
effective and straight-forward methods for production of these particles. In this research, 
hydrogel thermal decomposition method (HTDM) is used for production of high purity 
SnO2nano-particles. Cost effective reactants and green routs of production are the ad-
vantages of polysaccharide based hydrogel as starting material for this method. Visual 
observations indicated that there is very little tendency for agglomeration in the 
SnO2nano-particles produced by this method which can be considered as an advantage 
for this method over other methods for production of SnO2nano-particles. SnO2nano-
particles are also characterized by X-ray diffraction (XRD) in terms of purity and the 
sizes. It is found that high purity SnO2nano-particles in the size range of 25 – 36 nm can 
be produced by HTDM. 

 
Key words: nanomaterials, production, SnO2, X-ray techniques, hydrogel thermal 

decomposition method 
 

INTRODUCTION 
SnO2 is widely used in gas sensors and optoelectronic devices as a func-

tional material [1, 2]. Depending on the production method, SnO2 can be pro-
duced with various morphologies [3–8]. Recently, SnO2 with two-dimensional 
structure has attracted more attention due to its potential applications in gas 
sensors [9] and photocatalysts [10]. Dai and Pan reported synthesizing SnO2 
diskettes by evaporating SnO2 powders at elevated temperatures [11]. Two-
dimensional (2D) hierarchical SnO2 were synthesized by Xie et al. [12] using a 
hydrothermal method based on the reaction between tin foil, NaOH and KBrO3. 
Hexagonal SnO2nanosheets were synthesized by hydrothermal process using 
ethanol/ water solution [13]. Flower-like zinc-doped SnO2 nanocrystals have 
been prepared by a simple hydrothermal process [14]. In addition, SnO2 has 
been synthesized by template-freemethods [15]. An in-depth study on the pro-
ductionmethods and the morphological characteristics of the produced SnO2 
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[2–15] indicates that there is a huge tendency toward finding newcost-effective 
and straight-forwardmethods for production of these particles.  

In the research presented in this article, hydrogel thermal decomposition 
method (HTDM) is used for production of SnO2 nano-particles. The strategy is 
the application of starch-graft-poly (acrylic acid) acting as an economical and 
available effective capping agent. Starch-graft-poly (acrylic acid) with hydroxyl 
and carboxyl functional groups has a certain binding affinity to metal ions, 
which may control the size and morphology of SnO2nano-particles without any 
agglomeration. The feasibility of synthesizing these nanoparticles by HTDM 
has been verified using XRD. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
0.50 g starch, purchased from Merck Chemical Co., was dissolved in 

35 ml distillated degassed water. The three-neck reactor was placed in a water 
bath at 70 C. 0.05 g of potassiumpersulfate (KPS, Merck) as an initiator was 
added to starch solution and was allowed to stir for 10 min at 70 C. 0.3 g acryl-
ic acid (AA, Merck) and methylenebisacrylamide (MBA, Fluka) solution 
(0.050 g in 5 ml H2O) were added simultaneously to the starch solution. After 
addition of monomers, the mixture was continuously stirred (at 200 rpm) for 
1 h under argon atmosphere. After 60 min, the reaction product was cooled 
down to room temperature and neutralized to pH = 8 by addition of 1 N NaOH 
solution. 500 ml ethanol was added to the gelled product while stirring. After 
complete dewatering for 24 h, the hardened gel particles were filtered, washed 
with fresh ethanol and dried at 50°C. A tea bag, i.e., a 100 mesh nylon screen 
containing 0.1 ± 0.0001 g hydrogel powder was immersed entirely in tin chlo-
ride solutions (2000 ppm) and allowed to soak for 48 h at room temperature.  

The tea bag was hung up for 15 min in order to remove the excess fluid. A 
2000 ppm tin chloride solution was prepared in Erlenmeyer flasks. 
0.1 ± 0.0001 g of chelating hydrogel was added to flask. Themixture was shak-
en for 48 h by a rotary shaker to complete the equilibrium state of reaction. 
Production line of SnO2nano-particles has been schematically shown in Figure 
1. SnO2nano-particles were produced by the following typical synthetic proce-
dure. 0.2 g SnCl2 and 0.5 g starch-graft-poly(acrylic acid) hydrogel were sus-
pended in 100 ml water. 

The suspension was stirred at room temperature for 48 h. The decantation 
and  freeze  drying  of  the  white  suspension  yielded  white  powder  which  was  
heated at 400 C for 8 h. The final product was washed with water and hexane. 
X-ray diffraction (XRD) was preformed with a Siemens D5000 X-ray diffrac-
tometer using graphite-mono-chromatized high-intensity Cu-K radiation 
(  = 0.15406 nm). 
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Fig. 1– Schematic presentation of the production procedure of SnO2nano-particles. 

 

RESULTS AND DISCUSSION 
The produced SnO2nano-particles were investigated by visualobservations 

for the possibility of agglomeration and by X-raydiffraction method for check-
ing purity and the size range of thenano-particles. Visual observations of the 
produced SnO2 nanoparticles demonstrated that by HTDM there is very little 
tendency for agglomeration. This can be counted as an advantage of the 
HTDMmethod for production of SnO2nano-particles. 

XRD patterns of the produced SnO2nano-particles are shown in Figure. 2. 
It is clear that no obvious reflection peaks from the impurities, i.e., other tin 
oxides, are detected. This indicates that the HTDM results in a product with 
high purity which yields an effective procedure for synthesis of pure SnO2nano-
particles. The Miller indices are indicated on each diffraction peak. The diffrac-
tion peaks of the (110), (101), (200), (211), (220), (002), (310), (112), and 
(301) planes can be readily indexed to the tetragonal structure of SnO2 with 
lattice constants of a = 4.738 Å and c = 3.187 Å (JCPDS File No. 41–1445). 

 
The mean parti-

cle size was calculat-
ed  for  the  SnO2nano-
particles using the 
Scherer's equation, 
Eq.  (1),  from  the  
reflections with 
(110), (101) and 
(211) indices 

cos
kD

 
(1) 

Where D is the mean size of particle (nm), k, a constant (0.89), , the X-
ray wavelength (0.15405 nm), , the full-width at half-maximum (FWHM 
radian) of XRD peaks and , the Bragg's angle (deg).  

 
Fig. 2– XRD patterns of the SnO2nano-particles 
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The mean size of nano-particles was calculated in the range of 25 to 
36 nm. This value was in good agreement with TEM observation of the 
SnO2nano-particles. This indicates that production of finer SnO2nano-particles 
with high purity is the significant advantage of synthesizing by HTDM. The 
results  demonstrated  that  the  presented  hydrogel  in  this  study may serve  as  a  
platform for production of tin oxide nano-particles. Low-priced reactants and 
green routs for synthesis are the advantages of polysaccharide based hydrogel 
as starting material for this method. 

CONCLUSIONS 
In this research, the feasibility of synthesizing SnO2 nano-particlesby 

HTDM was investigated. The sizes and purity of the nano-particleswere inves-
tigated by X-ray diffraction method. It was found that thepresented hydrogel in 
this study may serve as a platform for production of tin oxide nano-particles. 
According to the results ofthe current investigation the following conclusions 
were made: 

1. – Production of high purity SnO2nano-particles with a size range of 25–
36 nm is possible by application of the HTDM method. Lowpricedreactants and 
green routs for synthesis are the advantages of polysaccharide based hydrogel 
as starting material for this method. 

2. – There is very little tendency for agglomeration in the SnO2 nanoparti-
cles produced by HTDM. This can be considered as an advantage for this 
method over many other methods for production of these particles. 
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ABSTRACT 
Microbial synthesis of nanoparticles has a potential to develop simple, cost-

effective and eco-friendly methods for production of technologically important 
materials. In this study, for the first time a novelactinomycete strain Streptomyces glau-
cus71 MD isolated from a soy rhizosphere in Georgiais for the first time extensively 
characterized and utilized for the synthesis of silver nanoparticles. Scanning Electron 
Microscope (SEM) allowed observing extracellular synthesis of nanoparticles, which 
has many advantages from the point of view of applications. Production of silver nano-
particles proceeded extracellularlywith the participation of another microorganism, blue-
green microalgae Spirulinaplatensis (S. platensis). In this study it is shown that the 
production rate of the nanoparticles depends not only on the initial concentration of 
AgNO3 but also varies with time in a nonmonotonic way. SEM study of silver nanopar-
ticles remaining on the surface of microalgae revealed that after 1 day of exposure to 1 
mM AgNO3 nanoparticles were arranged as long aggregates along S. platensiscells 
strongly damaged by silver ions. However, after 5 days of exposure to silver S. platen-
siscells looked completely recovered and the nanoparticles were distributed more uni-
formly on the surface of the cells.  

 
Key words: silver, nanoparticles, Spirulinaplatensis, Streptomyces glaucus 71 

MD, scanning electron microscope 
 

INTRODUCTION 
Silver nanoparticles have a great number of applications, e.g. in nonlinear 

optics, spectrally selective coating for solar energy absorption, biolabelling, 
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intercalation materials for electrical batteries, high-sensitivity biomolecular 
detection and diagnostics, antimicrobials and therapeutics, catalysis and micro-
electronics.  

Various microorganisms (bacteria, yeast, fungi) are known to synthesize 
silver nanoparticles. The produced nanoparticles have different size and shape. 
Nanoparticles resulting from some microbial processes are composite materials 
and consist of inorganic component and special organic matrix (proteins, lipids, 
or polysaccharides) and they have unique chemical and physical properties 
different from the properties of conventionally produced nanoparticles and of 
other microorganisms even when they are incubated in the same medium under 
the same conditions. 

The ability of Streptomyces glaucus 71MD, a novel strain of actinomy-
cetes isolated in Georgia, and microalga S. platensis to produce silver nanopar-
ticles was studied 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Cultivation of Streptomyces glaucus 71MD 
Cells were grown aerobically at pH 7 – 8, 28 – 30 0 C in 500 ml Er-

lenmayer flasks. The cells were grown in a liquid medium Gauze-1 [1]: 
K2HPO4 (0.05 %), MgSO4 (0.05 %), NaCl (0.05 %), KNO3 (0.1 %), FeSO4 × 
7H20 (0.001 %), starch (2 %), yeast extract (0.03 %), pH 7.5. The culture was 
grown with continuous shaking on a shaker (200 rpm) at 30  C for 9 days. 
After cultivation, mycelia (cells) were separated from the culture broth by cen-
trifugation (4500 rpm) for 20 min and then the mycelia were washed thrice with 
sterile distilled water under sterile conditions. The harvested mycelial mass 
(16 g of wet mycelia) was then resuspended in 100 ml of 10-3 M aqueous Ag-
NO3 solution in 500 ml Erlenmeyer flasks. The whole mixture was put into a 
shaker at 30 C (200 rpm).  

Cultivation of S. platensis 
Cells were cultivated in Zarrouk growth media at constant shaking at 30–

31 C,  pH  9  [2].  The  bacterial  cells  were  harvested  after  5  –  6  days  and  then  
were  washed twice  in  distilled  water.  Then 1  g  of  wet  biomass  was  placed in  
a 250-ml Erlenmeyer flask with 100 ml 10-3 M aqueous AgNO3 and incubated 
at room temperature for different time intervals (1 – 5 days). The pH was 
checked during the course of reaction and it was found to be 5.6.  

UV-vis Spectrometry 
The UV-vis spectra of the samples were recorded on a “Cintra 10e” spec-

trophotometer (GBC Scientific Equipment Pty Ltd, Australia, wavelength range 
190-1100 nm).  

Scanning Electron Microscope 
SEM was carried out using the SDB (small dual-beam) FEI Quanta 3D 

FEG with the EDAX Genesis EDX system with the resolution 1.2 nm. Opera-
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tional features of the microscope used in the experiment: magnification 5000 –
 150000x; voltage 1–30 kV.  

RESULTS AND DISCUSSION 
1) Synthesis of silver nanoparticles by a novel actinomycetes strain Strep-

tomyces glaucus 71MD  
Addition of actinomycetes biomass to a silver nitrate solution led to the 

appearance of yellowish brown color in the solution after a few days, indicating 
formation of silver nanoparticles. First, the UV-visible spectroscopy method 
was used to quantify this process (Fig. 1). 

 

Fig. 1–UV-Vis spectra recorded 
after one week for the reaction 

mixture prepared using 1mM silver 
nitrate and 1 g biomass of Strepto-

myces glaucus 71MD 
 
The  cells  of  Streptomyces  glaucus  71  MD  were  imaged  by  the  SEM  

method after the reaction with the silver nitrate solution for one week. The 
SEM images (Fig. 2) illustrate that most of the particles are spherical-like and 
do not create big agglomerates.  

 

   
Fig. 2–SEM of Streptomyces glaucus71MD cells with silver nanoparticles 
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EDAX (Energy dispersive analysis of X-rays) spectra also prove the pres-
ence of silver in Streptomyces glaucus 71 MD. The particle sizes range from 
4 nm to 25 nm with an average of 13 nm. 

1)Synthesis of silver nanoparticles by S. platensis 
Synthesis of silver nanoparticles by S. platensis under different experi-

mental conditions was investigated. 
The size and the distribution of the silver nanoparticles depend on the time 

of silver action. After one day of the silver ion action, large agglomerates of 
nanoparticles could be observed. The mean size of the nanoparticles observed 
in these agglomerates is about 27 nm (Fig. 3).  

 

     
Fig. 3– SEM of Sp. platensis cells at different magnifications at 1 mM AgNO3 for 1 day 

After immersion of S. platensiscells in the silver nitrate solution for 5 
days, the produced silver nanoparticles are relatively uniformly distributed 
along the surface of the cyanobacterium cells. In this case, the maximum size of 
the formed agglomerates is about 235 nm and the minimum size is 75 nm (Fig. 
 4). 

 

      
Fig. 4–SEM of Sp. platensis cells at different magnifications at 1 mM AgNO3 for 5 days 
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CONCLUSIONS 
(a) ActinomycetesStreptomyces glaucus 71 MD produces silver nanopar-

ticles extracellularly which offers a great advantage over an intracellular pro-
cess of synthesis from the point of view of applications.  

(b) Production of silver nanoparticles proceeded extracellularly by blue-
green microalgae Spirulinaplatensis; however, process depends on the experi-
mental conditions 
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ABSTRACT 
Some results from applying nuclear and related analytical techniques in medical, 

environmental and industrial biotechnologies are presented. In the biomedical experi-
ments biomass from the blue-green alga Spirulina platensis (S. platensis) has been used 
as a matrix for the development of pharmaceutical substances containing such essential 
trace elements as selenium, chromium and iodine. The feasibility of target-oriented 
introduction of these elements into S. platensis biocomplexes retaining its protein com-
position and natural beneficial properties was shown. The negative influence of mercury 
on growth dynamics of S. platensis was observed.  Detoxification of Cr and Hg by Ar-
throbacter globiformis 151B was demonstrated. Microbial synthesis of technologically 
important silver nanoparticles by the novel actinomycete strain Streptomyces glaucus 71 
MD and S. platensis was characterized by a combined use of scanning electron micros-
copy (SEM) and epithermal neutron activation analysis (ENAA).  

 
Key words: biotechnology, nanotechnology, ENAA, SEM, Spirulina platensis, 

Arthrobacter globiformis 151B, Streptomyces glaucus 71 MD  
 

INTRODUCTION 
Investigation in the field of biotechnology by using various microorgan-

isms is one of actual trends in life sciences and industry. Owing to their small 
size, relatively simple morphology, and reproduction modes, microorganisms 
can be easily cultivated under laboratory conditions by microbiological meth-
ods in artificial mineral or organic solid or liquid nutrient media.  

Neutron activation analysis with epithermal neutrons (ENAA) was used as 
a well-proven analytical technique for the determination of elemental composi-
tion of biological objects. Due to activation with resonance neutrons, the tech-
nique makes it possible to minimize matrix effects of biological samples and at 
the same time to determine concentrations of over 40 major, minor and trace 
elements. Biochemical investigations for substantiation of the experimental 
technique were carried out at the Andronikashvili Institute of Physics (Tbilisi, 
Georgia). Analytical research was conducted at the IBR-2 pulsed fast reactor of 
the FLNP JINR (Dubna, Russia). Using ENAA, significant results were ob-
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tained in the following three directions – medical biotechnology [1], environ-
mental biotechnology [2–4] and industrial biotechnology [5]. The fourth prom-
ising direction of ENAA application in nano-biotechnologies using microor-
ganisms is under development [6]. These studies are reviewed in the given 
paper. 

MEDICAL BIOTECHNOLOGY 
The blue-green algae S. platensis is a living microorganism and in the 

process of cell cultivation it is capable to assimilate certain amounts of some 
essential microelements (Se, Cr, and I) from a nutrient medium and to incorpo-
rate them into the composition of its biological macromolecules.  

The analytical control of accumulation process makes it possible to estab-
lish a unique dependence between the element concentration in the nutrient 
medium and its content in the obtained S. platensis biomass. This dependence 
determined by means of ENAA serves as a basis for substantiation of biotech-
nology for the production of substances for pharmaceutical preparations with 
required doses of a given essential element.  

Based on the results of ENAA, the curves of concentrations of elements in 
question in the obtained S. platensis substance versus concentrations of these 
elements in the nutrient medium were built. These curves served as the basis 
for biotechnology of cultivation of Se, Cr, I- containing biomass of S. platensis 
and they allow a precise choice of doses depending of the purposes these medi-
cations (therapeutic or prophylactic) are created for [1].  

Methods for obtaining selenium and chromium-containing substances of 
spirulina are protected by patents of the Russian Federation. Visual microscopic 
observation of the state of culture, determination of total protein content in the 
biomass as well as investigation of its electrophoregrams revealed natural prop-
erties of the obtained Se-, Cr-, I-containing biomass.  

ENVIRONMENTAL BIOTECHNOLOGY 
Spirulina platensis as a sorbent of mercury. The possibility to use spiruli-

na in remediation of sewage waters from toxic metal – mercury was studied by 
means of ENAA at the reactor IBR-2, FLNP JINR. The accumulation of metals 
in the cells of microorganisms goes at different rates. The binding time of a 
metal depends on the accumulation mechanism. If a metal is adsorbed on the 
cell surface, which is caused by ionic interaction, that does not depend on tem-
perature and does not take energy, the process goes fast and takes from several 
seconds to an hour. The process of active transport of metals inside the cell 
goes more slowly and takes more than one hour. In the long-term experiments 
to study the Hg accumulation by the S. platensis cells the concentrations of Hg 
in nutrient medium loading by mercury glycinate constituted 100, 50, 5 

g Hg/L. Cultivation of the S. platensis cells  was  conducted  for  6  days.  Sam-
ples in all the series were taken every 24 hours.  
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The results of ENAA show the exponential character of the dependence of 
Hg concentrations in S. platensis biomass  on  time.  Such character  of  depend-
ence seems to be clear, as the number of S. platensis cells grows exponentially, 
the number of sites of Hg(II) ion binding surpasses considerably the number of 
Hg(II) ions in nutrient medium [2]. In the short-term experiments the Hg ad-
sorption by S. platensis cells was studied. Concentration of nutrient medium 
loading of mercury glycinate was 500 g Hg/L. Dynamics of the adsorption 
process, usually taking place during 1–2 hours, was observed during 1 hour.  

Theoretical calculations of the adsorption isotherm on the basis of the ob-
tained experimental data were performed in accordance with the Langmuir-
Freindlich model, which takes into account both physical adsorption and chem-
isorption. Thus, at relatively low Hg concentrations (of the order of 100 g/L) 
in the medium S. platensis can be used in the remediation of industrial and 
sewage waters from mercury.  

Biotechnology of Cr(VI) and Hg(II) transformation. The mechanisms of 
toxic Cr(VI) transformation into non-toxicCr(III) by Cr(VI)-reducer bacteria 
belonging to Arthrobacter genera isolated from the polluted basalts from the 
Republic of Georgia have been studied. In the experiments the dose-dependent 
formation of Cr(III) complexes and uptake of chromium by Arthrobacter ox-
ydans – a gram-positive bacterium from these rocks were studied along with 
the testing under aerobic conditions of two bacterial strains of Arthrobacter 
genera [3]. ENAA in Dubna was used to track accumulation of chromium in 
the bacterial cells. To monitor and identify Cr(III) complexes in these bacteria, 
the electron spin resonance (ESR) spectrometry was employed. It was shown 
that the tested bacteria of Arthrobacter genera could efficiently detoxify high 
concentrations of Cr(VI). It was revealed that under aerobic conditions accumu-
lation of chromium in bacteria is dose-dependent and its character is changing 
significantly at higher concentrations of Cr(VI). The chromium accumulation 
process fits well with the Langmuir-Freundlich model.  

Several types of bacteria (Arthrobacter genera) can reduce of cationic 
mercury Hg(II) to the elemental state Hg(0). INAA was applied to study accu-
mulation of Hg(II) in A. globiformis 151B and accumulation of Cr(VI) in bacte-
rial cells in the presence of Hg(II) [4]. Experiments were carried out using the 
facilities of the 2 MW nuclear research reactor ‘‘Hoger Onderwijs Reactor’’ of 
the Reactor Institute Delft, Delft University of Technology, the Netherlands [4]. 
In experiments the ability of A. globiformis 151B to accumulate Hg(II) was 
investigated at different (50–5000 g/L) Hg(II) concentrations. The strong 
accumulation of mercury by bacteria suggests that this undesirable element 
might be removed from the environment by bacterial trapping and 
sequestration. Addition of Hg(II) to A. globiformis 151B cells enhanced 
significantly the accumulation and toxicity of other heavy metals, namely 
Cr(VI) in our case. 
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INDUSTRIAL BIOTECHNOLOGY 
An attempt to study the technological process of bacterial leaching of a 

wide range of rare and scattered elements contained at low concentrations in 
lean ores, rocks and industrial wastes in Georgia was undertaken by instrumen-
tal epithermal neutron activation analysis at the IBR-2 reactor, FLNP JINR, 
Dubna. As the source of microorganisms the natural organic mass of vegetal 
origin – peat – was used. Abundance of peat bogs in West Georgia and thus the 
opportunity of obtaining a cheap source of microorganisms with their inherent 
optimal bacterial content predetermined our choice of peat as the natural source 
of microorganisms.  

The study of behaviour of different elements during the bacterial leaching 
was conducted on the basis of neutron-activation analysis of 30 elements of 
initial and leached metals also.  

The  results  of  NAA showed that  bacterial  leaching may be  used  for  ex-
traction such elements as Au, Se, Rh, In, Cd, Ir, Ru, Hf, Ta, Zr, as well as the 
radioactive elements Sr, U, Th [5].  

MICROBIAL SYNTHESIS OF NANOPARTICLES 
In our study a novel strain of actinomycetes, Streptomyces glaucus 71MD, 

isolated in Georgia, was used to produce silver nanoparticles [6]. In addition, 
synthesis of silver nanoparticles by S. platensis was investigated. 

Scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) and energy-dispersive analysis of X-rays (EDAX) were used as the key 
techniques. According to our experiments, the tested actinomycete Streptomy-
ces glaucus 71 MD produces silver nanoparticles extracellularly when acted 
upon by the silver nitrate solution (AgNO3), which offers a great advantage 
over an intracellular process of synthesis from the point of view of applications. 
Production of silver nanoparticles proceeded extracellularly by blue-green 
microalgae S. platensis; however, in this study we have shown that this process 
depends on the experimental conditions. Specifically, it is different under the 
short-term and long-term silver action.  

REFERENCES 
[1] Frontasyeva M.V. et al., Ecological Chemistry and Engineering, 2009, Vol. 16, P. 

277-285. 
[2] Frontasyeva M.V. et al., Journal of Neutron Research, 2006, Vol. 14, P. 1-7. 
[3] Tsibakhahsvili N. et al., Journal of Radioanalytical and Nuclear Chemistry, 2008, 

Vol. 278, P. 357-370. 
[4] Tsibakhashvili N. et al., Journal of Radioanalytical and Nuclear Chemistry, 2010, 

Vol. 286, P. 533–537.  
[5] Tsertsvadze L.A. et al., In: Frontasyeva MV, Perelygin VS, Vater P (eds) Radionu-

clides and Heavy Metals in Environment.  Kluwer,  NATO Science Series,  Ser.  IV. 
Earth and Environmental Sciences 5, 2001, P. 245-257. 

[6] Tsibakhashvili N et al., Advanced Science Letters, 2011 (in print) 
  



Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II                  315 
 

OPTICAL MONITORING OF TECHNOLOGICAL PRO-
CESSES FOR FABRICATION OF THIN-FILM  

NANOSTRUCTURES 

Andrey Yu. Luk’yanov*, Petr V. Volkov, Alexandr V. Goryunov,  
Vyacheslav M. Daniltsev, Dmitriy A. Pryakhin, Anatoliy D. Tertyshnik, 

Oleg I. Khrykin, Vladimir I. Shashkin 
 

Institute for Physics of Microstructures of the Russian Academy of Sciences,  
GSP-105, Nizhny Novgorod, Russia 

 

ABSTRACT 
Thisworkillustratesapplicationofthe uniquefiber-optic instrumentationforin si-

tumonitoringofseveral technologicalprocessescommonlyusedinfabricationof semicon-
ducting thin-film nanostructures. This instrumentation is basedonprinciplesoflow-
coherenttandeminterferometry, whichdetermineshighsensitivityandprecision in measur-
ing basic technological parameters, such as thickness of forming layers, temperature and 
bending of the substrate.The probing wavelength  = 1.55 m allows carrying out the 
measurements on majority of substrates for semiconductor technology: Si, SOI, GaAs, 
InP,  GaP,  Al2O3, diamond, ZrO2:Y. Monitoring of such processes as MOVPE, 
MBEandplasmaetchingin various set-ups was realized. The absolute resolution achieved 
in these experiments was limited only by calibration accuracy and corresponds to 1  at 
sensitivity of 0.01  . The accuracy limit in estimating the thickness of layers during 
their growth is 2 nm. 

 
Key words: in situ characterization, optical monitoring, thing films, plasma etch-

ing, MBE, MOVPE 
 

INTRODUCTION 
Modern technologies for manufacturing of micro- and nanostructures and 

devices demandabsolute reproducibility at each stage. Besides, efforts are made 
to improve the production output within a single process. Therefore, presence 
of reliable instrumentation for in situ control of the technologically important 
parameters [1] is mandatory. For most processes (including film deposition, 
annealing or etching of the finished thin film structures), fundamental parame-
ters are the substrate temperature and the rate of growth or etching. Up to now, 
the substrate temperature is routinely controlled by thermocouples or pyrome-
ters.The accuracy of these methods is fairly low. For the first class, the lack is 
absence of a good, reproducible thermal contact, especially at reduced pressure. 
In the second case, uncertainty of irradiation sources and significant variation 
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in optical properties of the objects themselves during experiment are disad-
vantages. Thus, accurate determination of both temperature and rate of the 
epitaxial growth of semiconductors in the processes of molecular-beam epitaxy 
(MBE),metalorganic vapor phase epitaxy(MOVPE) or plasma etching (PE) 
represents a very important and still challenging problem. 

OPERATING PRINCIPLE 
The proposed technique is based on the principle of low-coherent tandem 

interferometry (Fig. 1) [2, 3]. The instrumentation consists of a low-coherent 
source of light and two interferometers (delay lines) optically coupled via an 
optical fiber.  

 
Fig. 1– Optical set up of the apparature. SLD – a low coherent light source, PD – photo-

diode, F – optical fiber, BS – beam splitter, M – mirror, S – sample (wafer under test) 
 
First delay line (reference) is placed in the measurement unit. Second de-

lay line is essentially the wafer under testing and operates similarly to a Fabri-
Perho interferometer. Two waves reflected from the front and rear surfaces of 
the wafer have a difference in the optical paths, which is equal to the doubled 
optical thickness of the wafer L2 = 2nD. Hereinafter, n and D are the refraction 
index and the geometrical thickness of the wafer, correspondingly. Interference 
at the device output occurs if I) L1 or L2 < Lcoh and II) L = |L2-L1| < Lcoh. Here, 
L1 and L2 are differences of optical path lengths (delays) of the fist and second 
interferometers, respectively, and Lcohis a coherence length of the light source.  
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Fig.1b shows the signal at the device output during tuning the length of 
the  first  delay  line.  Peak  #I  at  L1 = 0 corresponds to the first condition. It is 
determined  by  the  autocorrelation  function  of  the  light  source.  Peak  #II  at  
L1 = L2 corresponds to the second condition. This peak is determined by the 
cross-correlation function of reference delay line and the wafer. Peak #III ap-
pears in presence of an additional reflecting surface located near either surface 
of wafer (e.g., unruffled surface of the susceptor). If the gap between this addi-
tional surface and the surface of wafer  meets the conditions  < Lcoh, then 
peaks #I and #II merge giving one peak with distorted shape (Fig.1c). Similar 
distortions arise when additional layer with different refraction index is formed 
on the wafer surface. By taking this into account, absolute optical thickness of 
the wafer can be measured as a distance between positions of the envelope 
maximums of the Peaks #I and #II (measurements “along the envelope”). Simi-
larly, value of the gap between wafer and susceptor is derived from the distance 
between Peaks #II and #III.  

Position (phase) of interference fringes inside the Peak #2 is more sensi-
tive to changes of the optical thickness and less sensitive to the form of the 
envelope curve. Therefore, recording of the phase shift of the interference 
fringes (measurements “along the phase”) is preferable for the measurements of 
minor relative changes in optical thickness.  

Thus, we are now able to monitor both growth (etching) process and the 
temperature of objects using the same experimental set-up. In the latter case, 
dependence of optical thickness d on the temperature T is used. It may be writ-
ten as follows: d = n(T)D(T) = d0(T0)(1+f(T)). Here, d0(T0) is optical thickness 
measured at the known temperature T0, and f(T) is a calibration curve.  

For the InPsubstrates: 
 8 2 5 3 o

g 0f T  5 10 T 8.1 10 T 8.6 10 at T 1 00 C  (1) 
 
 8 2 5 3 o

ph 0f T  2.7 10 T 5.9 10 T 6.2 10 at T 1 00 C  (2) 
 
Here and after fg(T) is the calibration curve for the phase velocity of the 

probe light and fph(T)is the calibration curve for the group velocity of the probe 
light. 

For the GaPsubstrates: 
 8 2 5 3 o

0  3.6 10 4.9 10 5.2 10 at T 1 00 Cgf T T T  (3) 
 
 8 2 5 3 o

0 1 .8 10 4.8 10 4.9 10 at T 1 00 Cphf T T T  (4) 
 
For the GaAssubstrates: 
 8 2 5 3 o

0  4.5 10 9 10 9.4 10 at T 1 00 Cgf T T T  (5) 
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 8 2 5 3 o
0  3.1 10 7 10 7.3 10 at T 1 00 Cphf T T T  (6) 

 
For the diamondsubstrates: 
 8 2 7 4 o

0  3.9 10 9.1 10 3.9 10 at T 1 00 Cgf T T T  (7) 
 
 8 2 6 3 o

0  2 10 3.9 10 5.9 10 at T 1 00 Cphf T T T  (8) 
 
For the ZrO2:Ysubstrates: 
 8 2 6 4 o

0 1 .8 10 6.4 10 8.3 10 at T 1 00 Cgf T T T  (9) 
 
 9 2 6 3 o

0  5 10 9.8 10 1 10 at T 1 00 Cphf T T T  (10) 
 
For the sapphire substrates 400 – 1400 : 
 9 2 5 3 o

0  4.327 10 1.451 10 1.494 10 at T 1 00 Cgf T T T  (11) 
 
 9 2 5 3 o

0  3.364 10 1.543 10 1.577 10 at T 1 00 Cphf T T T  (12) 
 
For the Si substrates   300 – 800 : 
 8 2 5 3 o

0  3.469 10 6.6327 10 6.674 10 at T 1 00 Cgf T T T  (13) 
 
 8 2 5 3 o

0  2.117 10 5.445 10 5.669 10 at T 1 00 Cphf T T T  (14) 
 

EXPERIMENTS 
Experiments were done in several types of reactors.GrowthofGaN based 

structures by MOVPEtechnique was performed in a home-made apparatus with 
a vertical-type reactor [4].Plasmachemicaletchingofsilicon-on-insulator (SOI) 
structures was carried out in aPlasmalab 80Plus reactor (Oxford Instru-
ments). Thesereactorswereequippedwithaopticalwindow positioned in front of 
the measured sample, which provides normal incidence of probing light on the 
sample. GaAsstructures were grownusing MOVPEtechnique inEpiquipVP502-
RPwith a horizontal-type reactor. Here, the inputofoptical irradiation was im-
plemented through the reactor wall perpendicular to the sample. Finally, 
growthofSi/Ge structures was carried out by means ofMBEusing aRIBER sta-
tion. Inthiscase, theprobinglightwasshedon sample at the angle of 45 . Toprovi-
detheinputandoutputoftheprobinglightinthe same optical fiber, a mirror was 
installed into the reactor. 
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RESULTS AND DISCUSSION 
Fig. 2 presents “finger print” of growth of a GaN film on sapphire wafer. 
In the inset to Fig. 2a, formation of the seeding GaN layer with thickness 

of 100 nm at 550  is monitored for the first time (thickness variations “along 
the phase” are shown).  

In Fig.  3, some results comparing the temperature of GaAs substrate in 
Epiquip reactor measured by a thermocouple and our instrumentation are given.  

Fig.  4 displays therecordofplasmachemicaletchingofthethree-layered SOI 
structure (a 500 m thickn-Sisubstrate, a 1 m thick SiO2l ayer, and 
1.5 mthickp-Si layer) usingareactiveBCl3 – Armixture.  

 

 

Fig. 2 –  Growthof  a  GaN  film  
on sapphire wafer.a) Changes 
inopticalthicknessalong envelop 
(green line) and along phase 
(blueline). b) Changes inthick-
nessof gap between susceptor 
plane and rear surface of wafer 

 
a)

 

b)

 
Fig. 3 – Comparison of the GaAs substrate temperature.a) Changes ina substrate tem-
perature due to changes flow of a carrier gas (H2) were recorded by optics and not rec-
orded by thermocouple. b) Difference in temperature measured by a thermocouple and 

our instrumentation ( T) on pressure in the chamber, as well as on the camera point 
(X = 0 is inlet of the chamber) 
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Fig. 4 – Plasma etching of a SOI struc-
ture.a) Changes inopticalthicknessalong 
envelop. b) Changes inreflectivity. 
c)Changes inopticalthickness along 
phase. d) Changes inopticalthicknesscal-
culated from reflectivity (b). e) Changes 
inthe wafer temperature calculated from 
reflectivity (b) and opticalthickness along 
phase (c) 

 
Asseenfrom Figure 4a, estimationofthicknesschangesalong the envelope 

seems difficult, since the observed oscillations have very complicated shape. 
However, ingeneralthepictureis similar to that observed when reflectivity factor 
(Fig. 4b) is registered: I  cos(kh+ ). Here  isanadditionalphaseshiftthatap-
pearsduetolightinterferenceinunderlyinglayers, kis a wave number, andhis an 
optical thickness of the film.  

In Figure 4a and 4c (changes “along phase”), the temperature induced 
jump of thickness during around 3600 seconds is seen, which is associated with 
rapid cooling of sample by incoming cold air from the room. As expected, 
reflectivity factor (Fig. 4b) is weakly affected by the temperature and depends 
exclusively on the layer thickness. In Figure 4d the changes in the layerthick-
ness derived from variations of the reflectivity factor are plotted, whereas Fig-
ure 5e shows the changes in the substrate temperature that was calculated as 
difference between 4c and 4d. Atthat, the calibration data taken from Ref. [5] 
were used forconvertingofchangesinopticalthicknesstothetemperature. 

CONCLUSIONS 
By using the novel principles of the optical thickness registration for 

transparent wafers, we introduced high-accuracy instrumentation for in situ 
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optical monitoring of the real substrate temperature (the accuracy is equal 
to ± 1° ) and bending (the accuracy is limited by the roughness of the suscep-
tor surface, here it is equal to ± 3 m), as well as the thickness (the accuracy is 
equal to ± 2 nm) of the growing (etching) layers during MOVPE, MBEand 
plasma etching processes.  

Serious disagreement (10 – 100 oC) between the readings of the thermo-
couple and the temperature measured by the proposed optical method was ob-
served in all cases. This disagreement rises with increasing substrate tempera-
ture and gas flow, as well as with decreasing pressure in the MOVPE reactor. 
InMBEconditions, thediscrepancy between the temperature values measured by 
a pyrometer and by our instrumentation was revealed.Disagreement rises with 
decreasing substrate temperature and with presence of hot parts inside the reac-
tor. Inplasmaetchingconditions, thetemperaturemayriseupto 200 depending 
on the conditions of discharge maintenance and on presence/absence of the 
stage cooling.  

It was shown that changes of overall optical thickness of the structures 
due to changing temperature can be distinguished from variations in physical 
thickness of the layer. To do this, the changes of amplitude of zero interference 
peak caused by an alteration of the interference conditions inside of the layer 
with increasing (decreasing) thickness should be accounted for. As result, sim-
ultaneous determination of both temperature and thickness of the treated layers 
becomes possible. 
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ABSTRACT 
The researches done on particle size of explosive materials show that with reduc-

ing of particle size of explosive materials, reduced impact, friction and shock waves 
sensitivity. also by using of ultrafine explosive materials in propellant in comparison to 
larger particle size improved density, stability, calory and mechanical properties. Mean-
while the reduction of particle size of explosive materials influence on combustion 
mechanism of propellant and reduced burning rate and exponent pressure of different 
methods used for reduction of particle size, for example, milling, crystallization and etc. 
In this article for preparation of ultrafine HMX the method of solvent-anti solvent has 
been used by assistance of ultrasonic device. In optimum state the average size of parti-
cle is 106 nm and size distribution is narrow.  

 
Key words: Sedimentary Crystallization, Ultrasonic, Reduce Particle Size, HMX 

 

INTRODUCTION 
By the development of explosive materials with improvement perfor-

mance and the reduction of sensitivity to mechanical stimuli such as impact and 
friction is one of the important researches goals in energetic fields. With reduc-
ing particle size of explosive materials decrease crystal defects and inclusion. 
This will reduce the sensitivity of explosive materials. Therefore safety of ma-
terials increases during handelling, processing, warehousing, and transporta-
tion. There searches done on the role of superfine particles of explosive materi-
als in propellant show that with reducing of particles size increase density, 
calory, stability, and mechanical properties. Also one of the most important 
affecting issues on burning rate of propellant is the particles size of explosive 
materials. By using these ultrafine explosive materials in the propellant, the 
burning rate and exponent pressure decrease [1]. Various methods used for the 
reduction of the particles size of materials that the selection methods depend 
materials and expected properties such as the particles size distribution. Two 
general methods used for the reduction of the particles size up to down method 
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including mechanical methods (grinding) and down to up method, including 
crystallization method (sediment crystallization fusion, supercritical fluid, and 
etc . In the reduction of particles size in mechanical technique reduction of 
particles size in mechanical technique, solids construction elements have been 
broken by mechanical forces and increasing the mass distribution happens. To 
reduce the particles size with mechanical method used various equipment such 
as pinned disk mill, jet mill, colloid mill, ball mill, etc. . Mentioned methods 
have disadvantages such as static, electricity, pressure, and trituration that with 
considering the disadvantages, these methods are powerless and insecure to 
produce these ultrafine explosive materials [2-6]. Crystallization is the conver-
sion of one or more material from liquid or gas state to crystalline state. This 
method used for modifying the physical properties of substance. In addition, the 
crystallization is a process for thickening pure material  from solution, melt or 
gas  phase one of the suitable methods for producing these ultrafine crystal of 
explosive materials is sedimentary crystallization method solvent-anti solvent . 
Because in method nucleation is high and high degree of saturation is seen. 
Although crystallization methods for preparing explosive materials have signif-
icant and advantages and crystals can grow slowly away from stress and obtain 
an ideal crystal. These methods have disadvantages such as [6-9]: 

A: Sample should be soluble in one or more solvent solution and 
precipitate with reduction of temperature or increasing of anti-solvent.  

B: Contaminate crystals to solvent and other solvate. 
C: They spend too much energy. 
D: Having lower yield (Because occurs in several stages) 
A new method to produce ultrafine explosive is the kinetic spray 

crystallization that submicron size HMX and RDX are prepared with this 
method. The obtained particles size distribution with this method is very 
narrow. This schematic has been shown in Fig.1 [10] Solvent/anti-solvent for 
spray  solution  by  air  into  anti-solvent  is  used  to  produce  ultrafine  HMX  The  
average of the obtained particles size with this method is 245 nm [1]. Also Mr. 
Lee and et al. by using sedimentary crystallization method have achieved HMX 
with an average particle size of 300 nm [11]. 

 
Fig. 1 – Principle of kinetic spray crystallizing method [10]. 
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In this research solvent/anti-solvent method has been used for producing 
ultrafine HMX by the assistance of ultrasonic device. In this method for 
controlling the crystallization process, the ultrasonic energy is used. To create 
ultrasonic waves, piezoelectric converters are used. These converters converted 
electrical energy into mechanical vibration with the same frequency. 
Mechanism to reduce the particles size of solid and emulsions by ultrasonic 
waves  is  cavitation.  Cavitation  is  used  as  the  center  of  nucleation  of  new  
crystals and growing. Also producing bubbles and bursting them caused 
trituration and grinding of solid particles [12]. 

SAFETY 
Generally by development of nanotechnology and producing nano parti-

cles in different scientific fields duet to the specific nature of nano particles 
produced  and creating risk for human health, Considering the work, safety 
during producing, transportation, warehousing, and applying of nano particles 
should be considered. Therefore at the same time by growing the technology in 
producing nano particles, safety problems and diseases have been considered. 
In Considering the risks of  toxicity of nano material in three contact areas in 
human body with the environment can be mentioned: skin, respiratory system, 
lungs, digestive system (mouth-esophagus).These three elements  are  the enter-
ies for the nano particles in human body and  from the way it can be entered in 
blood stream and internal systems and nervous. Of course it should be men-
tioned that the safety hints for producing nano explosive materials are not 
available. There fore, the respiratory mask, gloves, and suitable ventilation 
system can be away to control damages [13].  

EXPERIMENT 
Equipment 

Ultrasonic device used 
H80 model is made in Elma 
Company of Germany. To 
determine the morphology and 
particle size of electronic 
Microscope XL30 
manufactured in Philips 
Company of Dutch has been 
used. Installed equipment for 
doing the experiment is shown 
in Fig.2. 

 Procedure 
In this method certain concentrations of HMX in acetone solvent prepared 

at room temperature (Table 1)  and  then  by  using  of  a  burette  of  0.5  cc  are  
injected into an erlenmeyer flask containing anti–solvent (water) that its 

 
Fig. 2 – Installed Equipment 



Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II                  325 
 
temperature is zero degrees Celsius. Solvent injection rate is about 0.7 ml per 
minute. Ultrasonic frequency is 80 Hz and its power is 750 Watt. 

 
Table 1 – Characteristic of produced samples 

Sample 
name 

Amount of 
HMX (gr.) 

Solvent 
(acetone) (ml) 

Anti-
solvent(water)(ml) 

Anti-solvent 
Temperature 
(centigrade 

degree) 
Sample-1 0.1 5 80 0 
Sample-2 0.1 10 80 0 
Sample-3 0.1 20 80 0 

 
RESULTS AND DISCUSSION 
SEM image and the particles size distribution graph of sample respectively have 

been shown in Fig. 3 and Fig. 4. Also SEM image and the particles size distribution 
graph of sample-2 in Fig. 5, Fig. 6 and sample-3 in Fig. 7, Fig.  8 have been shown 
respectively.  

 

 
 Fig. 3 – SEM image of sample -1 

 
Fig. 4 – The particles size distribution by 

analysis of sample -1 

 
Fig. 5 – SEM image of sample -2 

 
Fig. 6 – The particles size distribution by 

analysis of sample -2 
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Fig. 7 – SEM image of sample -3 

 
Fig. 8 – The particles size distribution by 

analysis of sample -3 
 
According to the images and the particles size distribution graph, it is 

observed with reduction of concentration samples can be achieved to smaller 
particle size. The best particle size is related to sample -3 that have the lowest 
concentration among the prepared solutions. The obtained average particles 
size is 106 nm. The reason for the reduction of the particles size with reduction 
of concentration is expressed with the degree of relative supersaturated 
theories. In other words, with reduction of samples concentration increases the 
degree of relative super saturation. Consequently, nucleation rate is more than 
nuclei growth and obtained smaller particle size. The results about the obtained 
particles size have been shown in Table 2. 

 
Table 2 – The analysis of particles size distribution 

Sample name Number of 
particles 

Average of 
particles 

Minimum  of  
particles  size 

Maximum  of 
particles  size 

Sample-1 80 0.0141 0.061 0.261 
Sample-2 85 0.133 0.043 0.0210 
Sample-3 85 0.106 0.037 0.0261 

 

CONCLUSION 
By the development of science in various fields application of nano 

materials has been expanded considerably. Among its applications can be 
mentioned to pharmaceutics, explosive materials, and etc. Various methods 
such as grinding, crystallization and sol-gel are used for producing materials in 
nano scale. One of the most common methods for producing nano-size 
explosive is sedimentary crystallization or solvent/anti-solvent method. 
Ultrasonic method combining this method and it can be a good idea for 
producing materials in nano scale. In this method different factors can influence 
on the particles size and the particles size distribution production. One of these 
factors is the concentration of produced solution. Investigation results showed 
that by reduction of solution concentration can achieve to smaller particle. In 
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optimum state, the average of particle size was 106 nm One of the most 
important factors for producing of the nano particles that should be considered 
is agglomeration  of them that it has been a little reduced by using of ultrasonic. 
But research should be done to prevent agglomeration of nano-sized particles. 
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ABSTRACT 
The optical schemes of high numerical aperture spectrographs based on concave 

holographic diffraction gratings are described. A calculations of an optical schemes 
using flat field spectrograph method for analyzing the fluorescence of all kinds of Quan-
tum dots in a wide range of wavelengths with spectral resolution of 6,3 nm are submit-
ted. A special calculation of spectrographs for investigating CdSe/ZnS, InP Quantum 
dots with high resolution of 1 nm are given because of their wide uses.  

An experimental mounting for analyzing Raman scattering in carbon nanotubes is 
described. Experimental results are given. On the basis of these results the requirements 
for optical characteristics of a compact specialized spectrograph for analyzing Raman 
scattering in carbon nanotubes are developed. The calculation of an optical scheme 
using flat field spectrograph method with spectral resolution of 3.5 cm-1 is submitted. 

 
Keywords: Quantum Dots, carbon nanotubes, fluorescence, Raman scattering, 

spectrograph, holographic diffraction gratings, an optical scheme, aberration. 
 

INTRODUCTION 
We calculated the various options for optical schemes spectrographs to 

study the two types of nanomaterials -quantum dots and carbon nanotubes. 
Highly and long luminescent lifetime quantum dots (QDs) potentially can 

overcome the functional limitations encountered with chemical and organic 
dyes. They are highly stable against photobleaching and have narrow, symmet-
ric emission spectra. In particular, the emission wavelength of QDs can be 
continuously tuned by changing the particle size or composition, and a single 
light source can be used for simultaneous excitation of all different coloured 
dots. In practice, by variation of size and composition of QDs, the lumines-
cence  photon  energy  can  be  tuned  in  steps  of  30  nm  from  the  IR  to  the  UV.   
These novel remarkable spectral properties can render QDs ideal fluorophores 
for sensitive, multicolour, and multiplexing applications in molecular bioengi-
neering, medicine, photonic studies, micro-electronics and optoelectronical 
devices [1, 2]. 

The most commonly used to study the carbon nanotubes (CNT)  Raman 
scattering, because this method requires minimal sample preparation and is 
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quite informative[3]. To study the possibility of investigating CNT Raman 
scattering in the spectrograph low resolution, we also developed an 
experimental mounting to analyze the Raman scattering. 

For analysis of the fluorescence spectra and Raman scattering, a high nu-
merical aperture spectral instruments with low level detection and enough high 
resolution are required. To these conditions satisfy the optical schemes based 
on concave holographic diffraction gratings with aberration correction.  

In this paper we represent calculations of different optical schemes in-
tended for analyzing nanomaterials. 

THE OPTICAL SCHEMES SPECTROGRAPHS FOR ANALYZING OF 
QUANTUM DOTS 

The wavelength range of QDs fluorescence emission are given in Table 1 
[4]. 

Table 1. Emission wavelength range of some QDs 
Emission wavelength range,   nm Material of QDs 

300-380 ZnS 
380-460 CdS 
360-500 ZnSe 
480-660 CdSe (CdSe/ZnS) 
600-1000 CdTe 
630-860 CdHgTe/ZnS 
650-750 InP 
830-1350 InAs 
700-1600 PbS 

 
Taking into account, that as the receiver of radiation in modern devices, 

mainly, multichannel photo-electric receivers (array) are used, as optical system 
we have chosen the flat-field spectrograph (Fig. 1). 

 
1. An optical scheme with one grating 
To built  one spectrograph to investigate all kind of QDs fluorescence, we 

need to calculate the parameters of the optical scheme that can detect the fluo-
rescence in a wide range of wavelengths from 300-1600 nm.  

The parameters of the scheme are 
determined from relationships for “flat-
field  spectrograph” [5], which provide 
an aberration correction of coma, defo-
cus and astigmatism. The spectrograph 
has the following parameters: the 
spectral range 300-1600 nm, grating 
curvature radius of 200 mm, ruled 
surface diameter of 50 mm, the groove 

 
Fig. 1 -  Optical scheme for a flat-field 

spectrograph 
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density of the grating 110 1/mm, the length of the spectra of 29 mm 

d = 197.9 mm,  d0
' = 197.842 mm,  = 09  05' 23", '

950 = - 03  03' 56".    
The recording parameters of the grating are: 
d1=200.075 mm,  d2= 202.007 mm,  i1=09  32' 28",  i2=  06  43' 46". 
The aberrations are given in the table 2. 
 
Table 2. Aberrations of the spectrograph with one grating 

y z  = 300 nm,  
y'= -14,23 

 = 950 nm, 
y'= 0 

 = 1600 nm,  
y'= 14,18 

 y'  z'  y'  z'  y'  z' 
25 

12,5 
-12,5 
-25 
0 
0 

0 
0 
0 
0 

12,5 
25 

-0,077 
-0,04 
0,039 
0,074 
0,002 
0,008 

0 
0 
0 
0 

0,32 
0,64 

0,040 
0,020 
-0,020 
-0,040 
-0,001 
-0,003 

0 
0 
0 
0 
0 
0 

-0,077 
-0,039 
0,042 
0,090 
-0,002 
-0,007 

0 
0 
0 
0 

-0,32 
-0,64 

 
The instrumental function when we use entrance slit width of 0,1 mm do 

not exceed 0,14 mm. As the reciprocal linear dispersion is 45 nm/mm, we ob-
tain a resolution of 6,3 nm. Taking into account that the bandwidth at half max-
imum of the fluorescence line is 20-25 nm at room temperature, we have a 
good resolution. Instrumental function for the three wavelengths (the center and 
the edges of the spectral range) is represented in figure 2. 

 

 
Fig. 2 - The instrumental function for three wavelengths 

 
2. An  optical scheme with two changeable  gratings 
To get a better resolution the spectral range is separated into two sub-

ranges with two different gratings, but one optical scheme. First sub-range is 
300-700 nm, it is for the ZnS, CdS, ZnSe, CdSe and CdSe/ZnS quantum dots. 
the second one is 600-1600 nm, it is for the CdTe, CdHgTe/ZnS, InP, InAs and 
PbS. 

The parameters of the scheme are:  
d = 197.9 mm,  d0

' = 197.977 mm,  = 10  10' 05", '
500,1100 = - 01  17' 29". 
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The first grating has a groove density of 308 1/mm, and the following  
recording parameters: 

d1=198,569 mm,  d2= 202,14 mm,  i1=10  05' 30",  i2=  02  14' 50". 
The aberrations are given in the table 3. 
 
Table 3. Aberrations of the spectrograph with changeable gratings – first grating 

y z  = 300 nm,  
y'= -12,23  

 = 500 nm,  
y'= 0 

 = 700 nm,  
y'= 12,12  

 y'  z'  y'  z'  y'  z' 
25 
12,5 
-12,5 
-25 
0 
0 

0 
0 
0 
0 
12,5 
25 

-0,0578 
-0,0309 
0,0324 
0,064 

-0,0013 
-0,0054 

0 
0 
0 
0 

0,2 
0,4 

0,032 
0,016 
-0,016 
-0,032 

0 
0,001 

0 
0 
0 
0 
0 
0 

-0,072 
-0,033 
0,031 
0,061 

0 
0,001 

0 
0 
0 
0 

-0,2 
-0,4 

 
The instrumental function when use entrance slit width of 0,1 mm do not 

exceed 0,1 mm, as the reciprocal linear dispersion is 14 nm/mm, we obtain a 
resolution of 1,4 nm. 

The second grating has a groove density of 140 1/mm, and the following  
recording parameters: 

d1=199,91 mm,  d2= 201,535 mm,  i1=07  57' 59",  i2=  04  24' 10". 
The aberrations are given in the table 4. 
 
Table 4. Aberrations of the spectrograph with changeable gratings – second 

grating 
y z  = 600 nm, 

y'=-13,9mm 
 = 1100 nm, 

y'= 0 
 = 1600 nm, 

y'= 13,88mm 
 y'  z'  y'  z'  y'  z' 

25 
12,5 

-12,5 
-25 

0 
0 

0 
0 
0 
0 

12,5 
25 

-0,085 
-0,045 
0,046 
0,092 

-0,002 
-0,007 

0 
0 
0 
0 

0,227 
0,456 

0,032 
0,016 

-0,016 
-0,032 

0 
0 

0 
0 
0 
0 
0 
0 

-0, 096 
-0,048 
0,044 
0,088 

0 
-0,001 

0 
0 
0 
0 

-0,228 
-0,458 

 
The instrumental function when use entrance slit width of 0,1mm do not 

exceed 0,1mm, as the reciprocal linear dispersion is 35 nm/mm, we obtain a 
resolution of 3,5 nm. 

 
3. Special optical scheme with high resolution 
For more resolution we carried out in special the calculation of the optical 

schemes for two types of QDs - CdSe/ZnS and InP, the most wide spread QDs.  
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The parameters of the scheme are determined from empirical relationships 
for  ''spectrograph with the extended spectral range" [5], providing a flat 
spectrum with astigmatism and meridional coma correction for two 
wavelengths located symmetrically relative to the spectrogram center and 
edges: 

.

2
0 . .

.

(1,01056 0,0393 ),

' [1,0037 0,014 0,058( ) ],
0,016 0,748 .

m

m m

m

d r k N

d r k N k N
k N

 

k - order of diffraction, m - middle wavelength of the spectral range. 
The spectrograph for CdSe/ZnS has the following parameters: the spectral 

range 480-660 nm, grating curvature radius r = 100 mm, ruled surface diameter 
of 33 mm, the groove density of the grating 500 1/mm, the length of the specter 
of 9 mm, d = 99,94 mm, d’=100,44 mm, =11 18 , reciprocal linear dispersion 
of 20 nm/mm.  

The spectrograph for InP has the following parameters: the spectral range 
600-780 nm, grating curvature radius of 100 mm, ruled surface diameter of 33 
mm, the groove density of the grating 500 1/mm, the length of the spectra of 9 
mm, d = 99,7 mm, d’=100,58 mm, =13 52 , reverse linear dispersion of 20 
nm/mm.  

The recording parameters of the concave holographic diffraction gratings 
provide the aberration correction: bandwidth at half maximum of instrumental 
functions of the spectrographs for an input slit of 0,05 mm on all field does not 
exceed 0,05 mm and the astigmatic extension do not exceed 0,03 mm.  

 The calculations were performed  for center entrance slit (l = 0). When l = 
1mm for an input slit of 0,05 mm on all field does not exceed 0,08 mm and the 
astigmatic extension do not exceed 0,08 mm for CdSe/ZnS and 0,03 mm for 
InP. Aberrations of  the meridional and sagittal cross sections are practically 
identical, that allows to relate this schema to the imaging  diffraction grating. 

A similar method was used to calculate a spectrograph for investigating 
CdSe QDs. A ultra high resolution of 0.25 nm was obtained using a cylindrical 
lens to correct the residual aberration in front of the photo-detector [6]. 

THE OPTICAL SCHEME OFSPECTROGRAPH FOR ANALYZING 
RAMAN SCATTERING IN CARBON NANOTUBES 

1. The experimental mounting 
To determine the feasibility of developing a compact device on modern 

element base - compact diode lasers, holographic concave diffraction gratings, 
and diode arrays as detectors, established the experimental mounting based on 
the spectrograph Sirius [7]. The unit includes: a source of laser radiation, a 
collimator, short-throw lens aperture, the substrate to be coated test substance, a 
spherical mirror that collects the scattered radiation, and sends it to the entrance 
slit, Notch-filter aperture spectrograph. Spectrographs to study the Raman spec-
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tra should be of great luminosity, low levels of ambient light and a large vari-
ance. The spectrograph Sirius meets these requirements: it has a relative aper-
ture 1:3, its optical scheme is based on holographic diffraction gratings with 
correction of aberrations and has a minimal number of optical components.  
The studies were conducted with a diffraction grating 1153gr./mm, which pro-
vides a working spectral range 486-680 nm. The spectrograph is equipped with 
a multichannel recording system based on the spectrum of the diode line with 
the number of pixels 2048 and a pixel size of 1914 * 150 microns. To suppress 
the laser beam in front of the entrance slit set Notch-filter [8]. In the experi-
ments, spectra were obtained by surface-enhanced Raman scattering (SERS) on 
silver substrate. Figure 2 shows spectrum of carbon nanotubes obtained under 
the following conditions: laser power 200 mW at 532 nm with a Notch-filter, 
the relative aperture of 1:4, the width of the entrance slit of 50 microns.  

 

 
 Fig. 2 – The spectrum of carbon nanotubes 

 
Raman shift    lines for RBM, D and G was 475 cm-1, 1436 cm-1 and 

1511 cm-1, respectively. 
 
2. The optical scheme of the spectrograph 
Our experiments allowed to form the following requirements for the 

optical system of the spectrograph: the relative aperture of 1:4, the width of the 
entrance slit of 50 mm, the working spectral range of 536-622 nm, reciprocal 
linear dispersion of 3 nm / mm and a length range of 29 mm. In accordance 
with these requirements was designed optical layout according to the method of 
calculation of the spectrograph with a flat field. 

To obtain a higher resolution before the receiver is a cylindrical concave-
plane lens with a radius of curvature of 50 mm. The design parameters of the 
scheme with the lens have the following meanings: d = 205 mm, d0 '= 205,47 
mm,  = 310 37' 45 ", '579 = -160 37 '45", N = 1400 gr./ mm, and recording 
parameters of the grating: d1=488,048 mm, d2=211,145 mm, i1=720 39 '34 ",   
i2 = 190 39' 08".  Instrumental function of the spectrograph across the field does 
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not exceed 0,035 mm, which corresponds to the spectral resolution of 0,1 nm or 
3,5 cm-1. 

CONCLUSIONS 
Thus, using the concave holographic diffraction gratings with aberration 

correction  we can be created compact spectrographs with the high enough 
optical characteristics to investigate Quantum dots fluorescence and the Carbon 
nanotubes Raman scattering. 
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ABSTRACT 
Phosphosilicate gel – SPEEK (Sulfonated Poly Ether Ether Ketone) hybrid nano-

composite membranes are proposed for performance enhancement of polymer electro-
lyte fuel cell. The nanocomposite membranes are synthesized and characterized at 60 
weight percent of inorganic loading. Phosphosilicate gel particles of varying size (sub 
micro to nanometer) are synthesized using sol gel approach followed by grinding using 
planetary ball mill for different time. Transmission Electron Microscopy (TEM) reveals 
less than 10 nm particle size for 20 hr grinding.  Nanocomposite membrane having 
inorganic particles of size less than 10 nm exhibits higher values of proton conductivity, 
ion exchange capacity and water uptake compared to composite membrane comprising 
of larger (400 nm and above) inorganic particles. The membrane is assembled with the 
electrode in the unit cell and the polarization characteristics are measured at different 
operating temperatures. Performance study reveals that between 65 to 75 oC the mem-
brane offers best performance in terms of peek power generation and of allowable load 
current.  For the same conditions 40% nano-enhancement of peek power generation is 
achieved by reducing the average gel particle size from sub micro to less than 10 nm. At 
medium temperature (between 65 to 75oC) the nanocomposite membrane offers more 
than 75% enhancement of peek power generation compared to that generated by SPEEK 
membrane.  

 
Key words: Organic-inorganic nanocomposite, Fuel cell, Phosphosilicate gel, 

SPEEK, Performance enhancement 
 

INTRODUCTION 
In the wake of the emerging market potential for fuel cell based energy 

generation using hydrogen as raw material, it becomes imperative to research 
upon the development of nanomaterials to improve its real-life performance.  

The proton exchange membrane fuel cells (PEMFC) are today in the focus 
of  interest  as  one  of  the  most  promising  power  generator  for  a  wide  range  of  
applications in transportation and in portable electronics [1, 2]. These fuel cells 
convert the chemical energy of the fuel and oxidant into electrical energy re-
leasing the balance as heat. The major material components are the proton con-
ductive electrolyte membrane and the electrodes. The performance of PEMFC 
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is crucially dependent on the proton conductivity, ion exchange capacity and 
water uptake of the electrolyte membrane. 

Inorganic–organic hybrid nanocomposite membranes generated substan-
tial research interest due to their potential of having a wide range of physical, 
chemical, thermal and mechanical properties. The nanocomposite membranes 
comprising of nanosize inorganic phase/building block often demonstrate inter-
esting properties due to nano scale of constituent phases, high interfacial area 
and synergetic properties [3]. The structural and physicochemical properties 
and hence the performance of such composite membranes depends on their 
composition, size of the inorganic particle, interfacial interactions etc. [4]. 

It has been reported in literature that sol-gel derived phosphosilicate gel 
has served as a very promising proton conductor with high proton conductivity 
in the low and medium temperature range, which is attributed to phosphoric 
acid and thermally stable inorganic silica networks [5]. Presence of phospho-
slicate gel provides phosphoric acid functionalised, inorganic silica network 
electrolytes having solid pores for water to be absorbed.  Pores having smaller 
diameters become filled with water even at lower humidity and act to form the 
pathways for proton transfer.  The organic component, Poly (ether ether ketone) 
is a thermally stable and mechanically tough polymer. On sulfonation, the pol-
ymer becomes hydrophilic and ionically conductive. Due to these properties, 
SPEEK membranes find application as polymer electrolyte membrane in proton 
exchange membrane fuel cell (PEMFC).  

The synthesis, characterization and performance of hybrid nanocomposite 
(phophosilicate gel-SPEEK) membrane for the application in fuel cells has 
hardly been explored in literature.  The present paper describes the experi-
mental synthesis, characterization and performance studies for the novel hybrid 
nanocomposite membranes. The enhancement of performance of proton ex-
change membrane fuel cells, as demonstrated in this publication, highlights the 
promising potential for their commercial exploitation.   

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
Synthesis of phosphosilicate gel nano particle:  
The phosphosilicate gel was prepared by sol-gel process [6] using tetra-

ethoxysilane and ortho phosphoric acid at a molar ratio of P/Si = 1.5. Tetra-
ethoxysilane (TEOS) was diluted with ethanol (EtOH) and hydrolyzed with 
water (H2O) containing HCl with stirring at room temperature for 10-15 min. 
An appropriate amount of ortho-phosphoric acid was added drop by drop under 
constant stirring. After stirring for another 50-60 min, a homogeneous gel was 
formed. The mole ratio of TEOS:EtOH:H2O:HCl:H3PO4   was fixed as 
1:4:4:0.01:1.5. The gel formed was further dried at 800C for 24 h. The dried 
gels, which were pulverized into powders with an agate mortar and a pestle, 
were heat treated in muffle furnace at high temperatures of 150-6000C for 6-7 



Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II                  337 
 
h. The dried gel powders were further ground into fine powders using a plane-
tary ball mill. Grinding time is varied from 8 hrs to 20 hrs to obtain sub-micro 
to nanometer sized particles, respectively.  

Synthesis of phosphosilicate gel –SPEEK nano composite membrane by 
precursor method:  

Poly(ether ether ketone) was first sulfonated. 15 wt% SPEEK  (Sulfonated 
Poly ether ether ketone) was dissolved in DMAc (N,N Dimethyl Acetamide) 
using magnetic stirrer, and subsequently it was mixed with finely ground phos-
phosilicate gel powder. After dissolving the polymer in solution, appropriate 
amount of gel powder was mixed. It was stirred periodically using a magnetic 
stirrer and an ultra-sonicator until the gel powder became completely miscible. 
The obtained slurry was then cast on transparent sheet and was dried under 
ambient condition until it became fully dried. Subsequently, it was then peeled 
off from the sheet. Membranes were casted for 80 % inorganic weight loading 
for different average particle size varying from sub-micrometer to nanometer 
scale.  

Characterization 
Structural characterization of the phosphosilicate gel particles were done 

by TEM analysis. The surface morphology of the membrane was obtained 
using SEM analysis of the composite membrane.  

Proton Conductivities of the composite membranes were determined by 
impedance data taken at different constant temperatures. Potentiostat (AU-
TOLAB  PGSTAT  302  n  manufactured  by  Ecochemie,  BV,  Netherland)  was  
used to obtain the impedance data in a frequency range of 100 KHz to 1MHz. 
Ion exchange capacity and water uptake of the membrane were recorded at 
room temperature.  

Performance Study of fuel cell 

 
Fig. 1 – Experimental setup for performance study of PEMFC unit cell [Specifications: 
1) PEMFC unit cell 2) Constant current source 3) Flow meters 4) Probes connected to 

cell 5) H2 cylinder 6) Humidifier 7) O2 cylinder 8) Adsorbers] 
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The single fuel cell tests were 
carried out for the mem-
brane/electrode assemblies (MEAs) 
which consisted of the composite 
sheets as an electrolyte and commer-
cially available Pt-loaded carbon 
paper sheets as electrodes. The cur-
rent vs. voltage characteristic (DC 
polarization) of the fuel cell was 
measured at different temperatures. 
From the polarization data power 

versus current data were evaluated.  The enhancement of peak power genera-
tion with respect to the particle size was investigated and reported. The relevant 
TEM and SEM results are also appended in the present work. Figures 1 and 
Figures 2 represent the experimental setup and the electrochemical workbench 
setup for the present study. 

RESULTS AND DISCUSSION 
 TEM analysis reveals that grinding of material for 20 hrs produces less 

than 10 nm size of particles; while grinding for less than 8 hr produces average 
particle size more than 500 nm.  

Figure 3 depicts the perfor-
mance enhancement achieved in a 
fuel cell using nanocomposite 
phosphosilicate gel-SPEEK mem-
brane comprising of less than 10 
nm particle size at 70oC.  Data 
analysis reveals that the composite 
membrane offers best performance 
at 70oC.  For 60 weight percent 
inorganic loading of the membrane 
almost 40% nano enhancement of 
peak power generation is obtained 
by varying the gel particle size 
from sub micrometer to nanometer 

(Fig. 3). Reduction in particle size from submicro to nanometer range causes 
enhancement of water uptake, ion exchange capacity and the proton conductivi-
ty; thus enhances the performance. The performance study also reveals that at 
medium cell temperature (65 to 75oC) Phosphosilicate gel-SPEEK hybrid 
nanocomposite membrane offers more than 75% enhancement of peak power 
generation compared to that offered by SPEEK membrane. 

 

 
Fig. 2 –  Electrochemical Workbench 

 
Fig. 3 – Power density versus Current densi-

ty for the fuel cell at 70oC 
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CONCLUSION 
Phosphosilicate gel – SPEEK (Sulfonated Poly Ether Ether Ketone) hy-

brid nano composite membranes are proposed for performance enhancement of 
polymer electrolyte fuel cell at low to medium cell temperature. Almost 40%  
enhancement in power generation is achieved by replacing the composite hy-
brid membrane with coarse submicro or micrometer size phosphosilicate parti-
cles by a nanocomposite membrane comprising of less than 10 nm particles. 
The present paper standardizes the procedure for experimental synthesis, char-
acterization and performance studies for the novel hybrid nanocomposite mem-
branes. The study highlighted the promising potential for using hybrid nano-
composite membrane for the enhancement of performance of proton exchange 
membrane fuel cells.  
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ABSTRACT 
Various shape memory alloys (Ti-Ni-Hf, Ni-Al and Cu-Al-Ni) were elaborated by 

spark plasma sintering method from the micron, submicron and nano- sized particles 
prepared by spark-erosion method in cryogenic liquid from preliminary melted master 
alloys. These alloys are being developed as one of the alternatives for the intermediate 
temperature applications (100-900oC). Spark plasma sintering method is express 
method, which provides lower temperature and shorter holding time of sintering. It 
makes possible to sinter materials from the pre-alloyed powders and eliminate the 
intensive grains growth and precipitating processes influencing the mechanical and 
functional properties of functional materials. The effects of processing parameters on the 
martensitic transformation and microstructure of the sintered compacts were 
investigated using XRD and SEM study. Temperatures of sintering were chosen 
according to the assessed data of the decomposition, oxidation and others processes 
carrying out in material. Although the precipitating processes were usually not 
completely depressed, the intensive grain growth was also not found in most cases. Most 
of the microstructure peculiarities of as processed powder were inherited by the sintered 
material.  

 
Key words: shape memory alloys, spark-erosion powders, spark plasma sintering, 

Ti-Ni, Ni-Al, Cu-Al-Ni 
 

INTRODUCTION 
Attractive perspectives for the practical application of modern functional 

materials such as materials with conventional and magnetic shape memory, 
high-temperature shape memory materials and bulk amorphous materials 
stimulate continuous searching of new production and processing methods, like 
powder metallurgy (PM). Search direction is caused by their typical character-
istics and requirements that are imposed to them. In most cases shape memory 
materials (Ti-Ni-X, Ni-Al-X, Ni-Mn-Ga, Cu-Al-Ni-X) have precision composi-
tion. High temperature shape memory materials, moreover, contain or highly 
reactive components (Zr-Cu-X, Hf-Pd, Zr-Pd, Ti-Ni-Hf, Ti-Ni-Zr), or high-cost 
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(Hf-Pd, Zr-Pd, Ru-Nb, Ru-Ta, Ti-Pt, Ti-Pd, Ti-Au). Bulk amorphous materials 
that act as precursors for the manufacture of shape memory materials (Ti-Zr-
Hf-Ni-Cu) are a multicomponent. Most of the above mentioned materials tend 
to the decomposition during the heat treatment. In addition, they, with few 
exceptions, have poor ductility and machinability. 

In this communication we will focus on three materials, which are repre-
sentative most of above mentioned peculiarities of functional materials: Ti-Ni-
Hf, Ni-Al and Cu-Al-Ni-Ti-Cr shape memory alloys (SMA). These kinds of 
SMA are being developed as ones of the alternatives for the intermediate and 
high temperature applications depending on the alloying content. 

Enriched with Ni intermetallic Ni-Al is a promising shape memory alloy 
(SMA) for high-temperature applications. The start temperature of martensitic 
transformation varies from 200 to 1200K in the range of 60-70 at.% Ni. Cur-
rently, its wide application is limited by low plasticity, in particular due to the 
formation of intermetallic compounds Ni3Al and Ni5Al3 during the preparation 
or  heat  treatment.  By means  of  the  traditional  methods  of  the  production  (in-
duction or arc melting) or by the sintering of elemental powders the obtaining 
of homogeneous alloys, free of these phases, is not achievable. 

Cu-Al-Ni is considered as good candidate for the intermediate temperature 
applications (100-300oC). In Cu–Al–Ni, during the quenching the metastable   
phase undergoes several types of martensitic transformation (MT) depending 
on Al content. The characteristics of the martensitic transformation MT are 
very sensitive to the order degree of the phase and the precipitation processes. 
Primary 1 precipitation limits the high temperature applications of these alloys 
modifying the MT. The eutectic decomposition takes place above 440oC and 
finally the + 1 eutectoid decomposition appears at 500oC. Increasing Al 
content promotes the formation 1 phase that embrittles the alloy. In addition 
Cu–Al–Ni alloys are brittle due to their very high elastic anisotropy (A 13) 
and large grain size and in general show poor mechanical properties. Powder 
metallurgy is to be a good method in order to obtain fine grain size in Cu–Al–
Ni SMA. 

Ti-Ni-Hf(Zr) alloys could perform reversible martensitic transformation at 
100-150oC higher than the room temperature depending on Hf content. Alt-
hough the decomposition processes modifying their properties were not found 
in the working interval temperature, the limited ductility, poor machinability 
and formability restrict theirs wide practical applications. As well as for Cu-Al-
Ni, the powder metallurgy (PM) is thought to be good alternative method for 
their production and allowing skip over the stages of the shaping parts. Usually 
PM processes using for the production Ni-Ti-based alloys from elemental com-
ponents impacts with unresolved synthesis problems: extra phases such as 
Ti2Ni, Ni4Ti3, Ni3Ti [1], contaminations like Ti4Ni2Ox[2]. Therefore the using 
of pre-alloyed powders looks as preferable way for PM processing. 
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In current work the spark erosion (SE) powders of Ti-Ni-Hf, Ni-Al and 
Cu-Al-Ni-Ti-Cr obtained in liquid argon were used [1,3,4,5]. Spark erosion is 
probably the most versatile technique available for producing the particles of 
metals, alloys, compounds with the diameters of particles from a few nm to 
>100 µm. In case of liquid argon used as working liquid, SE method allows 
obtaining the powders from pre-alloyed material with a given composition, 
which is vitally important for functional material like SMA, free from large 
quantities of oxides. 

In turn, the operation with pre-alloyed powders has unambiguous feed-
back caused by the peculiarities of the mechanism of powder sintering. The 
combustion sintering passing through the eutectic reactions or consumption the 
heat of formation of intermetallic compounds, promoting the sintering of ele-
mental powders, is not available anymore. The mechanism of solid state diffu-
sion sintering between the different powders particles of the same composition 
presumes the long term ageing. The precipitation processes are superimposed 
on the sintering processes during the annealing causing a decomposition of 
alloys with the formation of supplementary phases. Therefore the spark plasma 
sintering (SPS) method looks as a promising alternative of the conventional 
sintering method of pre-alloyed powders. 

SPS method is express method allowing the sintering powders within 10 
minutes in vacuum or inert gas atmosphere. It employs simultaneously the 
relatively high pressure, high temperature of sintering and heavy current pass-
ing through the samples that destroys the oxidation film on the powder surface 
providing good sintering. The method is very informative. It gives “on line” the 
information about the progress of the compacting, temperature interval of de-
gassing and softening of the materials, which could be exceptionally useful for 
the optimization of the sintering regimes. 

The goal of this work was to preliminary study the applicability of SPS 
method for the rapid sintering of pre-alloyed SE powders of Ti-Ni-Hf, Ni-Al 
and Cu-Al-Ni-Ti-Cr shape memory alloys.  

EXPERIMENTAL PROCEDURE AND ANALYSIS 
Commercially pure Ti, Ni, Cu and Hf and Zr (99.9%) were used for the al-

loys production by the induction melting. The rods of Ni49.87-Ti40.25- 
Hf9.44-Zr0.30-Cu0.14at.% and Cu-13.01Al-3.91Ni-0.37Ti-0.24Crwt.% with a 
diameter of 6 mm was produced by AMT (Belgium). Alloy with a nominal 
composition Ni63Al37 arc melted and molded into bars with a diameter of 4 mm 
and the length of 12 cm. Part of the rods were used as electrodes for SE appa-
ratus and the remaining were broken at 3-4 mm pieces and were used to obtain 
powder by spark erosion method. 

The general principle of the spark-erosion processing was described in de-
tails in [3,6] and involves the application of a heavy current between two elec-
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trodes and a lot of pieces (chunks) that prepared from the pre-alloyed material 
both being immersed in a dielectric refrigerant inside a container. The key idea 
of the method is the melting (evaporation) of the material by the electric dis-
charge with a duration of 5-100 sec with subsequent quenching of molten 
droplets in liquid argon in situ. After spark erosion treatment of 100 g of gran-
ules of master alloys in liquid argon about between 40 to 70 g of powder was 
received depending on the material composition. In order to prevent eventual 
explosion of finest particles of powders it was kept in a vessel with liquid argon 
during the day until all argon was evaporated. Then the powders were sieved 
and divided into three fractions: the size of less than 128 and more than 65 m, 
less than 65 and more than 32 m and less than 32 m. 

Fig.  1  shows  the  main  components  of  the  SPS  apparatus  (DR.SINTER®  
LAB Series, Metal Processing Systems, Inc. Japan). A 50 kN uniaxial press 
together with an AC power supply simultaneously provide a mechanical load 
through the die plungers for densification and an alternating current through the 
sample placed in the graphite die. About 1 g of powder was preliminary slightly 
compacted in the die. A graphite paper was put between the sample and the 
graphite plungers. The die was then placed inside the working chamber of the 
apparatus and the system was evacuated. To avoid overheating of the sample the 
heating rate was no more 350 °C/min.  

Maximum applied uniaxial pres-
sure was 99.5 MPa. Temperatures of 
the samples during the sintering were 
measured by a sheathed thermocouple, 
which was inserted into a small hole in 
one side of the graphite mold, as illus-
trated on Fig.  1. The temperature, 
vacuum in the chamber, current ap-
plied force, shrinkage displacements of 
the powder compacts, voltage and 
current were recorded during the pro-
cessing. 

The electric current provides a 
rapid Joule heating in the compact die-

sample system. The experiment is initiated with the heating by the application of 
continuously increasing electric current together with the continuously increasing 
pressure. When the temperature get to preliminary setting temperature of sinter-
ing (TSINT)  a  set  constant  value  of  the  electric  current  was  applied  for  a  given  
time, hereafter indicated as sintering time (tS). After that, the sample was unload-
ed, cooled and removed from the die. Temperatures of sintering were chosen 
according to the assessed data of the decomposition, oxidation and others 
processes carrying out in material. A typical program of the sintering is shown 

 
Fig. 1 A general scheme of spark plasma 

sintering apparatus 
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on Fig. 2a. The performed programs of sintering are listed in Table 1. As a result 
of sintering a sintered compacts with a diameter of 8 mm and height of 4-6 mm 
were obtained.    

 

 
a     b 

Fig. 2 a) – typical program of sintering (TS=1000oC; tS=1 min); b) – shrinkage dis-
placement of the sample and gas pressure in the chamber vs. temperature 

 
Table 1 – The regimes of SPS treatment; F – applied force, HR – heating rate, 

D – displacement (shrinking)  

Regime TSINT, 
oC 

tS, 
min 

F, 
kN 

HR,  
oC/min 

D, 
mm Remark 

Cu-Al-Ni 
CAN-1000-1 1000 1 

5 

330 1.60 Melt, 32/65 
CAN-700-1 700 1 280 1.97 MT, 32/65  
CAN-650-1 650 1 160 1.72 MT, 32/65 
CAN-600-1 600 1 150 1.72 MT, 32/65 
CAN-480-1 480 1 96 1.52 32/65 
CAN-440-1 440 1 88 1.07 32/65 
CAN-390-1 390 1 65 1.05 MT?, 32/65 

Ni-Al 
NA-400-10 400 10 

5 

200 0.22 32/65 
NA-500-10 500 10 250 0.24 32/65 
NA-850-10 850 10 212 0.87 MT, 32/65 
NA-850-4s 850 4.5 212 0.86 MT, 32/65 
NA-900-2 900 2 225 0.92 MT, 32/65 
NA-850-4b 850 4.5 212 1.40 MT, 65/128 
NA-1000-1 1000 1 250 1.53 MT, 65/128 

Ti-Ni-Hf 
TNH-500-0 530 0 2.5 100 0.29 <32 
TNH-1000-2 980 2 100 1.20 <32 
TNH-860-1H 860 1 5 250 1.19 MT, 32/65 
TNH-1000-1H 1000 1 200 1.42 MT, 32/65 
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XRD study of the compacts were carried out at room temperature by the 
Debye-Sherrer method with a CoK 1,2 radiation. Instrument Philips PW1830 
with Multi-Purpose XRD Diffraction System from PANalytical were used. 

The morphology and microstructure of the sintered samples were analyzed 
by LEO 1530 instrument equipped by PGT PRISM 2000 (Ge) spectrometer 
without the references standards. Detail composition study were carried out with 
JSM-6490LV(Jeol) and JAMP-9500F (Jeol) both equipped with EDX spec-
trometer INCA PentaFETx3 (Oxford Instruments). 

RESULTS AND DISCUSSION 
Fig. 2b illustrates the behavior of the shrinkage displacement of the powder 

compacts and gas pressure in the chamber during processing. This behavior 
corresponds to the program of sintering NA-1000-1.  The first stage of the sample 
shrinking is accompanied by the vacuum fall and connected with the mechanical 
compressing of powder and partial welding while the second one starts at about 
700oC (TS on figure) – with the sintering of the particles. Such a kind of behavior 
is typical for all powders. The temperature of the first (T1) and second (TS) 
shrinkage displacement upon the heating depends on the kind of powder. In case 
of Ti-Ni-Hf powder there was third interval too.  Temperature intervals of sinter-
ing are listed in Table 2. First sintering interval contributes about 15%, 30-40% 
and 8-15% of the total displacement for Cu-Al-Ni, Ni-Al and Ti-Ni-Hf powders 
respectively. The value of contribution depends on the sizes of powders parti-
cles. The more the diameters of particle sizes, the more this contribution. Be-
cause the effect of preliminary compacting (before the processing) is the less, 
the more the particles size, this first interval can associate mainly with the ini-
tial mechanical shrinkage of the powders particles. It accompanied by the emis-
sion of gas (air), which is kept between the particles. The other process such as 
reverse martensitic transformation and precipitation of extra phases (Ni5Al3

 in 
case of Ni-Al powders) can also contribute the shrinkage effect. It is seen also 
from Table 1that the more the diameters of particle sizes (denoted in field 
“Remark” of Table 2 like 32/65 – min and max sizes of particles in powder 
fraction), the more total shrinkage of the compact. Thus the succeeding sinter-
ing interval doesn’t practically depends on the particles size and defined only 
by the high temperature plasticity of the material as well as the decomposition 
processes, which take place at this temperatures. 

 
Table 2 – Temperature intervals of sintering 

Powder T1 start,
oC  T1 finish,

oC  TS start,
oC  TS finish,

oC  T3 start,
oC  T3 finish,

oC 
Cu-Al-Ni 120 250 300 >700 - - 
Ni-Al 50 400 600-650 >1000 - - 
Ti-Ni-Hf 300 425 475 850 910 >1000 
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It is interesting also that upon the cooling the extra shrinkage appeared 
which was displaying as sharp incline on the reduction displacement curve (Ms 
on Fig. 2a, MT in Table 1). Because the position of sharp incline correlate with 
the martensitic start point of the respective powder on can assume that this 
extra compacting relates with the martensitic transformation stimulated by the 
external uniaxial pressure of the plungers. 

The powders, which were sintered at relatively low temperature (<400oC), 
were mechanically stable (although special mechanical test were not carried 
out). However the best quality of samples was found for the compacts sintered 
at higher temperature within the interval 850-1000oC depending on the compo-
sition of powder.  

SEM investigation confirmed that after the first stage of sintering only ini-
tial welding and partial compacting appeared. The particles remained mainly 
non-deformed with the typical round shape of SE powders (Fig. 3). Contrary, 
the particles after the second stage of sintering were gathered tight and have 
been deformed. EDS microanalysis has shown it is not possible avoid the de-
composition processes during SPS processing even if the very short time of 
sintering was used. Typical for each of powders under investigation extra phas-
es were found. The type of precipitates depends on the temperature of sintering 
mainly. 1 or -phase or both of them were found in the compacts of Cu-Al-Ni 
after different sintering programs (Fig.  4). Enriched with Ni phase (perhaps 
Ni3Al) was found in Ni-Al powder after NA-850-4s program (Fig. 5a). It seems 
to be inherited from the initial microstructure on Ni-Al SE powders described 
elsewhere [5]. It is interesting that after NA-1000-1program the traces of Ni3Al 
phase were not found and some of the particles were recrystallized (Fig.  5b). 
Taking into account that this phase disappears after the heating above about 
1150oC, also the fact that Cu-Al-Ni powder after heating to 900oC was melted, 
one can conclude that real temperature of the compact inside the die was high 
than the recorder one on about 150-200oC.  

 

      
a     b 

Fig. 3 – SE images of Cu-Al-Ni powder after the compacting programs a) – CAN-390-
1, b) – CAN-700-1 
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a     b 

Fig. 4 – BSE images of Cu-Al-Ni powder after the compacting programs: a) – CAN-
390-1, arrows show -phase precipitates; b) – CAN-650-1 arrows show 1-phase precip-

itates 
 

     
a     b 

Fig.  5 – Ni-Al powder after the compacting programs: a) – NA-850-4s, 
arrows show the enriched with Ni precipitates; b) – NA-1000-1 

 
Banded structure resembling the martensite was also found. In addition to 

the enriched with Ni phase (seems to be Ti2Ni), a lot of enriched with Hf and 
oxygen precipitates (with the composition close to HfO2)  were  found into  Ti-
Ni-Hf powders particles as well as on their boundaries (Fig. 6). 

XRD study confirmed the results of SEM investigation. B2, 2H, 18R, 1 
and -phase  or  both  of  them  are  the  main  phases  in  the  Cu-Al-Ni  blends.  In  
addition some noticeable quantity of Cu2O was found. 

Although the sintering time was rather short (1-4 min) it does not prevent 
the formation of the Ni5Al3 phase below 900oC; Ni3Al phase has formed in the 
samples sintered at higher temperatures while the lowest amount of this phase 
was found for Ni-Al powders treated according to the program NA-1000-1. 
Some minute peaks could be considered as belonging to Al2O3 phase. 
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In addition to B2, Ti2Ni 
and B19’ (martensite) phases a 
lot of HfO2 were found in Ti-
Ni-Hf blends. The formation 
of the oxides in the sintered 
samples is due to pure vacuum 
and remains of the air, which 
is kept along with the prelimi-
nary compacted particles. The 
nano-fraction of powders, 
filling the interspaces between 
the micron sized particles, 
promotes also the oxidation; 
thus the oxides appear mainly 
between micron sized parti-
cles. One exception is Ti-Ni-

Hf powder where chemically active Hf is oxidized in the middle of particles. 

CONCLUSIONS 
The powders of shape memory alloys with the compositions Ni49.87-

Ti40.25-Hf9.44-Zr0.30-Cu0.14at.%, Cu-13.01Al-3.91Ni-0.37Ti-0.24Crwt.% 
and Ni63Al37 were elaborated by the spark plasma sintering method from the 
micron, submicron and nano- sized particles prepared by spark-erosion method 
in liquid argon from preliminary melted master alloys. 

Although the powders were sintered already at relatively low temperature 
(<400oC), the best quality of samples was found for the compacts sintered at 
higher temperature within the interval 850-1000oC depending on the composi-
tion of powder. 

Even the sintering time was rather short (1-10 min) it does not prevent the 
formation of extra phases. Most of the microstructure peculiarities of as-
processed powder were inherited by the sintered material. The intensive grain 
growth was not found in most cases. 

The remains of the air, which is kept in the interspaces between the pre-
liminary compacted particles as well as nano-fraction of powders promotes the 
oxidation processes during the SPS processing. 

The martensitic transformation in most of the sintered compacts has been 
clearly indicated during the cooling in spark-plasma apparatus; martensitic 
structure was confirmed by SEM and XRD study. 
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Fig. 6 – Ti-Ni-Hf powder after the compacting 
programs TNH-1000-1H. Bright spots are the 

enriched with Hf and oxygen phase 
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ABSTRACT 
A series of numerical calculations of electron beam generation in the three-

electrode electron-optical system has been performed with the help of the electromag-
netic modeling FIT method both with the PBA technology. Effects of the initial block-
ing and ray laminarity failure have been modeled. Optimum electrode potentials have 
been obtained for generation of the low-energy intensive axial-symmetric electron beam 
with beam-crossover behind the last anode of electron gun. 

 
Key words: beam crossover, electron-optical system, electron beams, FIT meth-

od, perveance. 
 

INTRODUCTION 
Electron beams (EB) of different intensity levels are widely used nowa-

days in the microwave devices and different technological units. Optimization 
of their electron-optical system (EOS) parameters is generally based on the EB 
characteristics. Due to the numerical methods progress nowadays programs of 
electromagnetic simulation are actively used to collect such information. Usual-
ly these programs allow to avoid providing effortful and very expensive exper-
iments. High requirements are applied to modern EOS with a high current den-
sity (up to tens or hundreds A/m2) and creation of the focusing EOS with a high 
EB compression level helps us to achieve such density level. This paper leads 
with the detecting of the optimal electrode potentials for the electronic gun of 
the task geometry to achieve the high levels of EB compression. 

SYSTEM DESCRIPTION AND SIMULATION RESULTS 
The investigation object is the electron beam, generated by the three-

electrode axial-symmetric electron gun, which is widely used in devices of the 
type TWT [1]. EOS configuration and disposition layout view is shown in the 
figure 1. 

Such type guns allows us to form EB with the crossover diameter about  
0,05 – 0,5 mm, beam current 5 – 30 mA, acceleration potential nearly 6000 V. 
                                                
* e-mail: aleksey.drozdenko@gmail.com, tel: +38(095)9193335 
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For  the  decision  of  the  as-
signed task the complex simulation 
of the EOS has been made, electro-
static fields have been evaluated 
with the further tracking analysis. 
There are a lot of popular and wide-
ly used numerical algorithms of 
three-dimensional electromagnetic 
simulation (FDTD, FEM, MoM, 
integral equations method etc). We 
choose the method of finite integrals 
(well  known  as  FIT  –  The  Finite  
Integration Technique [2]), and 

realized it in the program CST Particle Studio. 
This method is more multipurpose than the finite difference method, and it has 

some preferences in comparison with other methods: there are no restrictions on the 
element grid type (supports nonorthogonal cell shape) and this method can be real-
ized both in time and frequency domain. Moreover, simultaneously with the Perfect 
Boundary Approximation (PBA) technology, this method allows us to avoid the 
staircase approximation of complex boundaries – the main disadvantage of the 
finite difference method. FIT method approval showed high level of correlation 
with experimental results [3], so this method is suitable for EOS optimization in the 
case of unconditioned geometry. Initial parameters of the electron gun is a combi-
nation of electrode potentials [4]: beam perveance P = 0,045 mkA/V1,5, initial ener-
gy of electrons E = 20 eV. 

After the numerical simulation of the electron gun operating conditions we 
have established, that the beam crossover is located in the area between first and 
second anodes, but not at the gun outlet, in the case of overestimate potentials of the 
focused electrode (Uf  -40 V). 

Decreasing  of  the  Uf 
value reduces the beam 
crossover to the range of the 
drift channel of the second 
anode, as it is shown in the 
figure 2. Crossover beam 
diameter decreases and cur-
rent propagation increases, 
when Uf changes from  
Uf=-10÷0 V to 100%. How-
ever, it is impossible to move 
the beam crossover beyond 
the second anode only with 

z, mm2 4 6  
Fig. 1 – Scheme of EOS of axially symmet-
ric electron gun: 1 – hot cathode (Uk), 2 – 

focusing electrode (Uf), 3 – first anode (Ua1), 
4 – second anode (Ua2). 

 
Fig. 2 – Influence of the focusing electrode potential 

Uf on EB crossover position 
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the help of focusing electrode potential variation. 

In addition, the focusing electrode placing in the neighborhood of the cathode 
causes the effect of the partial blocking appears. In this case the kinetic energy of 
outgoing electrons is too low to overcome the potential barrier and it decreases the 
degree of the current propagation and breaks the EB laminarity. For example, re-
sults of simulation of the electrons emission and starting moment of the beam crea-
tion are shown in the figure 3. It should be noted, that we have used only 50 parti-
cles for the best performance of the results. It is obvious, that particles majority is 
able to come back to the cathode, but the rest of the particles highly disturb the 
laminarity, especially the extreme ones. 

 

 
Fig. 3 – Blocking effect and beam laminarity disturbance 

Then the particles lifetime has been explored in the observable system. The 
particles amount per time dependence is shown in the figure 4. From the plot on the 
figure 4 we can say, that about 28% of particles moved back to the cathode (first 
falloff 1000-720 particles), the rest particles have reached the collector (720-0 parti-
cles). 

 
Fig. 4 – Amount of particles/time 
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Flat second falloff indicates that particles have reached the cathode not at the 
same time. It is obvious from detailed investigations that particles of the central part 
of the beam secure the collector much faster than the particles of the outer part of 
the beam. We consider the laminarity disturbance at the starting moment leads to 
this energy dispersion in the EB. 

Then a system of 
numerical experiments 
have been carried out to 
find the optimal opera-
tion modes of the elec-
tron gun (fig. 1), with the 
help of varying of elec-
trodes potential values 
Uf,  Ua1,  Ua2, which 
helped to create the EB 
of the optimal geometry, 
as  it  is  shown  in  the  
figure 5. 

The beam crossover is located behind the second anode of the electron gun at 
the distance 8,4 mm, the beam diameter is 0,1 mm, it corresponds to the compres-
sion coefficient 150 (on area) and beam energy 3 keV. 

CONCLUSIONS 
Series of numerical experiments of creating the axially symmetric EB 

have been described in the paper. Basic method of numerical investigation is 
FIT method, which has been realized in the program CST Particle Studio. Op-
timal operation modes of the three-electrode electron gun has been determined 
in the case of low-energy electron beam creating. 
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Fig. 5 – EB configuration, which was obtained af-

ter the electron gun mode optimization 
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ABSTRACT 
As a result of irradiation with Xe with E = 250 MeV in InP at room temperature 

[1] defects, similar to the "chain of pearls”, which are placed along the trajectory of the 
ions at depths ranging from 35 to 100 nm and from 7 to 10 microns have been identified. 
Such defects called tracks, and they can occur at different depths and have different 
shapes. Tracks were examined like a chain of deal spherical regions; it was assumed that 
each incident ion creates one such chain. In this model, we assume that the track is 
formed randomly, but in that place of the ion path, where the energy value, which loses 
each ion to the unity of the way, is above some threshold value. 

As a result of irradiation the number of tracks will continue to grow, areas of the 
single tracks modified substance continue to overlap, form of modificated matter 
becomes more complicated, creating branched structure. 

Percolation threshold, fraction of spanning cluster modified material for different 
doses  and  different  distributions  of  track  areas  in  depth  were  evaluated.  Based  on  the  
scaling hypothesis  large-scale curve were constructed, critical exponents for this 
percolation model were established.  

 Calculated values of critical exponents were compared with the known values for 
the model of continuous percolation. Parameters of the percolation and critical 
exponents depend on the distribution of track areas in depth, which indicates the 
difference in the order parameters of the track structure obtained for different 
distributions in depth.  

 
Key words: track, branched structures, swift heavy ions, the Monte Carlo method, 

critical exponents, percolation threshold, percolation. 
 

INTRODUCTION 
Under swift heavy ions (SHI) irradiation track of various shapes and 

lengths, filled with a modified (with respect to the material of the sample) ma-
terial, are formed in a solid. They are generated as a result of the strong relaxa-
tion of electronic excitations and formed along the trajectory of the ion. Tracks 
are beginning both from the irradiated surface and at some distance from it. 
Continuous and discontinuous cylindrical and spherical track field were found. 

Elongated defects, similar to the "chain of pearls" that are placed along the 
trajectory of the ions at depths ranging from 35 to 100 nm and from 7 to 10 
microns, were found after irradiation by xenon ions with E = 250 MeV in InP at 
room temperature [1]. Also in the iron garnet irradiated by ions with energies 
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around 12 MeV in a mode of high speed [2] with the energy loss in the range of 
4.5 -7 KeV·nm^(-1) the appearance of spherical domains of the modified mate-
rial were observed. Discrete tracks point-shaped and oblong dark spots with a 
diameter equal to an average of about 3 - 10 nm along the trajectories of incom-
ing ions in the form of a "chain of pearls" with a number of "pearls" in the track 
of two to five pieces were observed on the bright-field pictures in the paper [3]. 

Physical mechanisms of track formation, probability distribution of their 
formation along the trajectory and in the chain have not been yet fully clarified. 
The distribution of the tracks in the depth of the sample did not correlate with 
either the distribution of implanted ions, or the distribution of point defects 
formed by the ions. The experimental results do not uniquely determine the 
distribution of tracks. 

However, it is widely recognized that the track is formed as a result of re-
distribution of the energy transmitted by one ion in the electron subsystem. 
Also it is known that the track is formed randomly in that place of the ion path, 
where  the  value  of  missing  energy  per  unit  of  ion  path  is  above  a  certain  
threshold, in a place where the rush of energy release is presented. It was noted 
that the simulation results of energy spectra using the SRIM 2008, shows that 
the maximum energy during the passage of high-energy ions are also located in 
an average of 25-40 nm. From the experimental data it is known that the tracks 
in the form of a chain of spheres are created at different depths (between 0 and 
50 nm ,between 0 and 500 nm) for different materials and conditions of expo-
sure. For example, for InP irradiated by xenon ions, the average distance be-
tween tracks spherical averages of 25-40 nm, length of the chain is in the range 
from 50 nm to 150 nm. 

Study of changes in material properties as a result of electronic excitation 
upon irradiation by fast heavy ions and the creation of latent tracks in these 
materials is an exciting and promising field for new research and development. 
However, despite the relevance of the topic and practical significance of the 
expected results, the formation of branched structures of the individual tracks 
has been insufficiently studied. 

FORMULATION OF THE PROBLEM 
We simulated a sample in the form of plane-parallel plate with a thickness 

of 50 to 300 nm. For the calculations was chosen fragment of the plate in the 
shape of the box size from 50 to 300 nm. The case where the ion energy is suffi-
cient to create a chain of spheres modified substances, energy is 20-40 MeV / 
amu around was modeled. Each incident ion creates a track in a sequence of a 
certain number of spherical regions. The trajectories of all ions are parallel to 
each other. In this model, we simulate different distribution areas in depth, such 
as: a) a sphere in the chain b) a sphere in a chain or two areas in the chain) is a 
sphere or two areas or three areas. And so on up to six spheres in the chain. 
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The first spherical region is equally likely to appear anywhere in the seg-
ment of the trajectory of an ion from its point of penetration into the sample to the 
point of 2 , where  - the average distance between the spheres. In the calcula-
tions  is equal to 40 nm. The distance from the first sphere to the second is cho-
sen randomly from range of values between 0 and 2 , the form of distribution 
doesn’t depend on the «history» (it is the same as for the preliminary scope, only 
shifted along the ion path in the appearance point of the previous sphere). Some 
specific distribution of tracking areas in depth was obtained as a result, distribu-
tion for the case when there are maximum three spheres in the chain is shown in 
Fig.1. 

Consecutively two 
surfaces were exposed 
to radiation. 

With the irradia-
tion modified substance 
areas of individual 
tracks start to overlap, 
as a result modified 
form of matter becomes 
more complicated, 

forming a branched structure. Some part of this branched structure is bordered on 
one surface of the sample, while others lie on the boundary with the opposite 
surface. When these parts connect one to another, they will create so-called 
"spanning cluster," which percolates from one surface to another. 

RESULTS AND DISCUSSION 
Computed de-

pendence of the 
branched structure 
surface area on the 
dose and from different 
angles has previously 
been reported (Fig.2).  

This nontrivial 
dependence is related 
with the distribution of 
track regions in depth, 
namely, the correlation 
between the modified 
regions of different 
tracks as a "chain of 
spheres." Scaling hy-

 
Fig.1.- Distribution for a chain with one, two or three 

spheres. 

 
Fig.2. - Dependence of the branched structure surface 

area on the dose and from different angles 
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pothesis has been used to separate influence of this distribution on the angular 
and dose dependence of structural parameters. 

Percolation threshold, fraction of spanning cluster modified material for 
different doses and different distributions of track areas in depth for different 
scales of the sample were evaluated. Based on the scaling hypothesis large-
scale curve were constructed, critical exponents for this percolation model was 
established.  

Scale was changed in the following way: the sample size was increased in 
two times, irradiation dose – in four times, the number of spheres in the chain 
in two times (to make modified structure density and percolation effects didn’t 
change). 

For each scale dependence of the appearance frequency of first spanning 
cluster (percolation) on the number of spheres was obtained, in each case deal 
number of areas, where percolation is most frequent, was defined. This value 
corresponds to a value of modified material share, which is the percolation 
threshold for corresponding finite size of sample and will approach the percola-
tion threshold of the infinite cluster. Using the percolation threshold depend-
ence on the number of track regions in the sample the percolation threshold of 
the infinite cluster was determine. 

Differences between the critical exponents of this model and the well-
known model of uniform distributed spherical domains in volume (continuous 
percolation model) were received. 

CONCLUSIONS 
As a result, it was found that the difference critical exponents of this mod-

el and the continuous percolation model indicates that the dependence of the 
modified structure area on the dose and the angle related with the distribution 
of track regions in the depth of the sample. Also, correlation of individual track 
regions result in higher ratio of the critical exponents than in a continuous per-
colation model, that talks about the higher connectivity of track regions struc-
ture in this model. Also it causes fact that percolation threshold in this case is 
below the percolation threshold of continuous percolation. Created model based 
on experiments and has vivid scaling properties, that allows us to predict differ-
ent parameters of the modified structure at different scales of the sample. 
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ABSTRACT 
Irradiation with swift heavy ions is usually used for production of track mem-

branes (nuclear filters). These membranes traditionally used as filters for fine filtration 
in medicine and biology. 

Another application is matrixes for so called matrix synthesis. The idea of this 
technique is to fill pores by any desired material- metal,polymer, semiconductor and so 
on.  

This work is devoted to formation of membrane for template synthesis, to investi-
gation of filling process and to study some properties of obtained structures. 

It was found that filtration track membranes are not the best material for template 
synthesis –another type of matrixes are needed- with different pores profiles and parallel 
pores orientation        These parameters could be obtained during irradiation. Different 
types of etching gave possibility to vary by will the shape of the pores and to obtain 
pores with conical shape. The process of etching in the alkali solution in mixture of 
water and alcohol was investigated. 

The main part of the work devoted to fabrication of micro- and nanowires via elec-
trodeposition. Different types of metals-copper, silver, cobalt and nickel were used for 
galvanic deposition of the pores. Two types of the processes- galvanostatic and potenti-
ostatic were investigated. 

It was also demonstrated that obtained metallic nanowires could be used as the 
substrates for deposition of the probe (biological molecules) in mass-spectrometer. 

The application of such structures in non-linear optic was also described. 
 

Keywords: heavy ion irradiation, porous polymer matrix, template synthesis, con-
ical pores, metallic nanowires 

 
RESULTS AND DISCUSSION 
Nanosized materials are of great interest now. One of the most promising 

technique for production of these materials is template (or matrix) synthesis: 
filling of the pores in the special matrix by the desired material. The last one 
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can be metal, semiconductor or polymer. We used polymer track membranes or 
porous  polymer  material  as  such matrixes  for  the  filling  process.  In  our  work  
the matrixes with cylindrical and conical pores were utilized and obtained 
structures (ensembles of metal micro- and nanowires) were used as the emit-
trers for mass-spectrometry analysis. 

 
Obtaining of the matrixes 
Usually commercial TM are used for formation of replicas- nanowires. 

We used not only commercial TM, but specially prepared polymer matrixes. In 
this case the polymer films (Polyetheleneterephthalate, PET, thickness 15-20 
mcm) were irradiated with swift heavy ions –usually Xe or Ar (for conical 
pores) with the energy 1-2 MeV/nucleon and surface density 106 – 108 ions per 
cm2 , and perpendicular orientation. All irradiations were done in Joint Institute 
for Nuclear Research (JINR, Dubna). 

For the formation of cylindrical through pores standard etchant (water so-
lution of 5 M NaOH, and treatment (room temperature,  a few minutes etching) 
were used.  

We used 3 M NaOH solution in the water-ethanol mixture (with different 
proportion) for obtaining pores of conical shape (usually: tapered, dead-end 
pores). It is important that by varying of the etching conditions (composition, 
temperature and time) we could vary the shape and the size of the pores. It was 
found that  the  top  angle  of  pores  (and,  therefore,  the  replica  cones  angle)  in-
creases with decrease of temperature of the track etching and with the increase 
of alcohol concentration. We also demonstrated the possibility of conical pores 
formation by using the addition of salt (BaCl2 ) to etchant (0,25 M KOH+0,1 M 
BaCl 2).  

 
Investigation of the process of etching of conical pores  
The process of chemical etching of cylindrical pores was investigated in 

many papers and gave information about structure of latent track area. On the 
contrary  the  process  of  etching  of  conical  pores  –in  the  alkali  solution  in  the  
mixture of water and alcohol-was not investigated. In our mind this process is 
different from the first one. So, we investigated the process of etching of coni-
cal pores in the mixed etchant (i.e. with the alcohol) by using IR-spectroscopy. 

Polymer films (PET with thickness 10 mcm) were irradiated with Ar ions 
(fluence 109 ions per sq.cm)  at cyclotron  in JINR, Dubna. The irradiated films 
were then etched in  9N  solution of NaOH in the mixture of water and alcohol 
(50:50). The etching temperature was 25oC. The etching times were taken as 10 
min, 20 min, 30 min, 40 min and 50 min. After each etching process the etching 
solution (with the reaction products) was taken for analysis. IR-analysis of 
etching solution were carried out using  IR-spectrometer  Specord M80 with 
computer data development. All obtained spectra demonstrate the changing in 
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the composition of etchant during the etching. The calculation of these data 
gave possibility to estimate the quantity of the etching product in solution. It is 
known  that  destructed  polymer  from  track  areas  pass  into  the  solution  at  the  
beginning of the etching and this process depends on time. The dependence of 
two bands (1444 cm-1 (aromatic) and  1696 cm-1 (carbonil)) intensity on etching 
time confirms the changing of etchant composition during the first 30 min of 
etching, than saturation took place. So we have etching of destructed polymer 
(from track area) during first 30 min, than only non-destructed polymer slowly 
passed into the etchant. The size of the area of destructed polymer (at the sur-
face) could be estimated as 200 nanometers. 

 
Fabrication of micro- and nanowires via electrodeposition 
The standard electrodeposition process was used for filling the pores and 

obtaining of replicas. Different types of metals – Cu, Ag, Ni and Co were used 
for filling of the pores. Specific features of galvanic processes in these cases 
were investigated. Different types of cells were utilized and the influence of 
ultrasound treatment was tested. All the samples obtained had the following 
parameters (SEM-testing): the diameter - 0.1–2.0 µm, the height - up to 10 µm 
(for cylindrical wires); the base - 0.1–1.5 µm , the height - up to 5–10 µm and 
the cone angle-5°–25° (for conical wires).  

All processes of electrodeposition were done in potentiostatic regimes (at 
constant potential) with recording the dependence of current on time.   

For copper the standard electrodeposition process (electrolyte: CuSO4 -
135 g/l and H2SO4–15 g/l, room temperature) was used for filling the pores and 
obtaining of replicas. Specific features of electrodeposition into the dead-end 
pores  of  conical  shape  is  that  in  this  case  we have  to  carry  out  all  the  proce-
dures (vacuum deposition of conductive layer and electrodeposition of metal) at 
one side of the membrane. A short ultrasound treatment (before the electrodep-
osition) improved the homogeneity of obtained ensembles- probably because of 
removing of air bubbles out of the pores. The dependences of current on time 
for deposition of copper into the matrixes with cylindrical and conical pores 
were measured. 

Other results are for deposition of cobalt  into the cylindrical pores of 
template matrix. In contrast to copper, cobalt is deposited with high cathodic 
overpotential. Electrodeposition of cobalt can hardly be obtained under low 
overpotential because of low rate of cobalt ions discharge. However, too high 
overpotential will cause abundant hidrogen discharge because of low concen-
tration of cobalt ions in the cathodic layer. The higher is the concentration of 
cobalt , the higher rate of reaction (and overpotential) is allowed, that is why an 
electrolyte with high concentration of cobalt was used : CoSO4·7H2O-320 g/l, 
boric acid-40 g/l, temperature 40–45 °C. Since the electrolyte has no electro-
conductive additives, the ions of cobalt are delivered to the cathode by both 
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processes: migration and diffusion, so the higher current densities can be 
reached.  

Dependence on potential. It was shown that more negative potentials cor-
respond to higher cathode currents, higher growth rate of metal rods and less 
time required to complete filling the pores with the metal. This dependence is 
monotonic. Overgrowing time depends slightly on the pore diameter in the 
examined range of diameters.  

Dependence on the pores diameter. The growth rate remains approximate-
ly constant in the process of metallization of pores with diameter of 0.5 microns 
at potentials -555, -530, -505 mV, and at more negative potentials (-580, -630, -
680 mV) it increases slightly with time. The independence of current on time at 
this phase indicates that the diffusion of metal ions from the depths of electro-
lyte being balanced with consumption of discharging ions by the cathodic pro-
cess. When filling pores of a small diameter the current dependence on time 
passes through a minimum, especially pronounced for smaller diameter pores, 
where the relative slowdown is most significant. Thus, in the pores of small 
diameter (0.1 and 0.2 microns) the effect of deceleration of the wires growth 
rate is observed in the process of electrofilling the pores. At the same time, the 
curve “current – time” is linear.  It can be supposed that the difficulties, appear-
ing while filling micro- and nanosized pores, are related to the peculiarities of 
diffusion in narrow channels. 

It should be noted also the high current densities, which occur when metal 
is being deposited into micro-and nano-sized pores –up to 100 A/dm2. At the 
same time the current density establishes at  15 A/dm2 (for growing metal fills 
the whole surface of the sample). The additional investigation are needed to 
explain this effect. 

The investigation of Co deposition into the conical pores is now in pro-
gress. 

 
Mass-spectra, optical properties and stability 
In our previous works the possibility of ion-beam formation (for the mol-

ecules of the probe, deposited on such surface with microwires) in  the Mass-
spectrometer was demonstrated. In this work the peculiarities of this ion emis-
sion were investigated. The surfaces with copper wires were used as the sub-
strates for deposition of the probe in mass-spectrometer. We found that using of 
such  a  surface  leads  to  increasing  of  the  signal  of  mass-spectra  (to  compare  
with the flat copper surface). Conical wires with rather low surface density and 
aspect ratio 2-5  demonstrated the highest emission efficiency. It was found that 
intensity of mass-spectra signal non-linearly increases with increase of probe 
concentration and the intensity of laser pulse. At the same time this intensity 
decreases with the increasing of surface density of wires-possible, because of 
superposition, overlapping of the fields of neighboring wires. 
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Raman spectra of some probes deposited on such surfaces were also in-
vestigated – and increasing of the signal was detected. These effects could be 
connected with increasing of electrical field tension near the ends of NWs – due 
to so-called “lighting rod effect”. The effect of the samples destruction, degra-
dation was also found and tested: after 100 pulses we observed melting and 
bending of wires. This process could be the reason of rather low efficiency and 
instability of ion emission. 

 
Composite material –AFM investigations 
Just after the deposition we obtain metal wires embedded in polymer ma-

trix – this “composite material” is rather perspective. In our opinion it could be 
used in some practical application. Moreover it gave an additional possibility to 
investigate metal wires by AFM: it was done by using tapping and contact 
modes. For samples with wire diameters 100 nm and 50 nm conductivity was 
investigated. The I-V dependences (for single wire) were measured and demon-
strated the linear character. Using these data two specific resistances were esti-
mated – 1.8 · 10-3 ohm ·m and 2.5 · 10-3 ohm ·m (correspondingly).  
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ABSTRACT 
Performed in this work are low-temperature (  = 4.5K) investigations of exciton 

photoluminescence spectra in layered GaSe crystals both non-doped and doped with Zn 
and Sn in concentrations < 0.01 wt. %. The crystals were irradiated with -quanta of the 
energy within the range 0 to 34 MeV with the doses up to 1014 /cm2. It has been shown 
that irradiation with the above doses results in improvement of quality in non-doped 
GaSe crystals: there disappears the “thin structure” of the emission line inherent to free 
excitons related with stacking fault defects of crystalline layers, observed is ordering the 
sets of bound exciton lines related with deep acceptors. As a consequence, there ob-
served is an essential increase in the parameter S0 – integrated intensity of radiative 
recombination of free and bound excitons. 

Analogous changes related with healing of defects in GaSe crystalline lattice are 
observed after doping with Zn impurity. Irradiation of these crystals with -quanta caus-
es increasing S0, too. By contrast, doping with Sn impurity results in a sharp drop of S0 
that begins to grow after irradiation with -quanta. 

 
Key words: GaSe, layered crystals, -quanta, semiconductor sensors 
 

INTRODUCTION 
GaSe layered crystals are related to A3B6 binary compounds. Due to sharp 

anisotropy of their chemical bonds – strong ion-covalent ones inside layers and 
weak van-der-Waals between layers – GaSe crystals can be easily intercalated 
both with atoms and molecules, which makes them to be promising materials 
for hydrogen energetics [1, 2], accumulators of electric energy [3], and hetero-
structures with high photosensitivity based on them can be applied in solar cells 
[4-6]. 

At the same time, it seems interesting to investigate influence of -
irradiation on optical properties of these crystals with the aim to use them as 
components of sensors for ionizing radiation. 
                                                
* e-mail: zhirko@nas.gov.ua, tel: (+38)0442396637 
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EXPERIMENTAL METHODS AND SAMPLE MANUFACTURING  
GaSe single crystals, both pure and intentionally doped with impurities, 

were grown using the Bridgmann method. The concentration of Zn and Sn 
impurities in charge did not exceed 0.01 wt. %. 

To study the irradiation influence on optical properties, we chipped the 
plates with the thickness 3 to 5 mm from GaSe ingots and then cut the samples 
with dimensions 5 5 mm2 from these plates. 

Prepared by this way semiconductor samples was irradiated with -quanta 
in the electron accelerator providing the electron energy 35 MeV and average 
beam current close to 250 mA. The electron beam was converted into brems-
strahlung on tantalum target. The samples were placed at the angle 900 relative 
to the incident electron beam. Irradiation was carried out with -quanta pos-
sessing energies within the range 0 to 34 MeV. The spectrum of -quanta from 
a thick tantalum converter was calculated using the program "GEANT". Dura-
tion of exposure was chosen in such a manner that could provide the necessary 
fluence of -quanta within the interval 1011 to 1015 /cm2. 

Quality of reference and irradiated crystals, the amount of impurities in 
them as well as their distribution in crystals were checked using the optical 
transmission microscope Carl Zeiss Primo Star 5 providing the 1000-fold mag-
nification and electron scanning microscope Zeiss EVO 50 XVP with INCA 
ENERGY 450 detector.  

Measurements  of  photoluminescence (PL) spectra were made using 0.6-
m monochromator -23 with the grating 1200 lines/mm. The spectral width 
of the slit did not exceed 0.25 meV during experiments. Investigations of PL 
spectra at  = 4.5K were made using the helium cryostat -255 designed in the 
Institute of Physics, NAS of Ukraine. It is equipped with the system UTRECS 
K-43 allowing to control the sample temperature within the range 4.2 to 350K 
with the accuracy 0.1K. Excitation of PL spectra was made using a current-
wave semiconductor laser with the wavelength 532 nm and stable power 
80 mW. Photomultipler  tube -79 served as a radiation detector. 

RESULTS AND DISCUSSION 
Fig. 1a shows electron-microscopic image of GaSe crystal surface, when 

the crystal does not contain any intentionally introduced impurity. These crys-
tals are characterized by the presence of spherical formations with the size 100 
to 500 nm. As shown in [2], these formations are inclusions of the amorphous 
phase inherent to red monoclinic -Se precipitating in the course of growth into 
interlayer space of GaSe. These inclusions can be easily eliminated in the fol-
lowing annealing of crystals placed into an evacuated ampoule for 2 to 3 hours 
at T = 400 0 . There, residual selenium escapes from the crystal and is deposit-
ed on ampoule walls, and the inclusions observed in the electron microscope 
disappear.  
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Fig. 1 – a) SEM image of undoped GaSe crystal sample obtained at 10000-fold   

magnification on Zeiss EVO 50 XVP scanned electron microscope, b) and c)  image of 
GaSe crystal doped with 0.01 wt.% Zn and 0.2 wt.% Zn obtained on transmission  

optical microscope Carl Zeiss Primo Star 5 at 1000-fold magnification.  
 
The investigations performed in this work using the INCA ENERGY 450 

detector with energy dispersion showed that Zn and Sn impurities are inhomo-
geneously distributed in GaSe crystals even at low concentrations (0.01 wt. %).  

They are mainly accumu-
lated in the vicinity of disloca-
tions (Fig. 1b) generated by 
the very impurities in the 
growing process. When their 
concentration exceeds 0.1 wt. 
% (see Fig. 1c), the inhomo-
geneous distribution can be 
observed even in the optical 
microscope Primo Star 5. 

Scanning the sample sur-
face with an electron beam 
using the step 1 – 20 m 
showed that the actual local 
concentration even at low its 
values 0.01wt. % can differ by 
5 to 10 times in various parts 
of the crystal, while irradiation 
of the crystals with -quanta 
up to the doses 1014 /cm2 does 
not result in any redistribution 
of impurities and does not 
influence on quality of studied 
crystal surfaces. 

Depicted in Fig. 2 are the 
PL spectra of non-doped and 

doped with Zn (0.01 wt. %) GaSe crystals obtained at  = 4.5K for the cases of 
crystals non-irradiated and radiated up to the doses 1014 /cm2. Low-

 
Fig.2. PL spectra of the non-irradiated (a) and 
irradiated with -quanta of the doses 1011, 1013 

and 1014 /cm2 (b – d) GaSe crystals at T = 4.5K. 
(e – h) – PL spectra of the GaSe crystal doped Zn 
(0.01 wt. %) obtained in the same experimental 

conditions 
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temperature emission spectra of non-doped GaSe crystals are well studied [7]. 
They are characterized (see Fig. 2a and Table 1) by the presence of the “thin 
structure” inherent to A-line of free exciton emission as well as a wide set of 
B1 to B4 emission lines related to bound excitons. Besides, there is a band at 
610 nm attributed to point defects. 

The presence of the “thin structure” inherent to free excitons in GaSe is, 
as a rule [8, 9], related with stacking fault defects of crystal layers, and availa-
bility of bound excitons – with various point defects inside these layers. 

As it is seen from Fig. 2, -irradiation of non-doped crystals up to the dos-
es 1011 /cm2 does not result in essential changes of the spectrum. The follow-
ing increase in the irradiation dose up to 1013 /cm2 results in the fact that there 
vanishing are: the “thin structure” of the line for free exciton (Ad-lines) as well 
as the group of lines for bound excitons. For the doses 1014 /cm2, the emission 
spectrum consists of A- and B1- to B4-lines of free and bound excitons.  

Besides, Table 1 and the insert in Fig. 3c show that with increasing the ir-
radiation dose in non-doped GaSe crystals one can observe the three-fold in-
crease in the parameter S0, where  S0 is the integrated intensity of radiative 
recombination (PL) of free and bound excitons reduced to the initial (non-
irradiated and non-doped) GaSe crystal. 

 
Table 1 

Crystal; irradia-
tion doses, /cm2 

Wave length  of emission line maximum, nm S0 
A, Ad B1 B2 B3 B4 

GaSe 587.8, 
588.1, 
588.6, 
589.3 

590.9 592.6 594.1 596.5 1 

1011 587.8, 
588.1, 
588.9, 
589.3 

590.9 592.6 594.1 596.6 1.3 

1013 587.8 590.2 592.6 594.0 596.3 2 
1014 587.4 590.0 592.4 593.5 597.4 3.1 
       
GaSe:0.01Zn 587.8 591.2 593.0 594.2 598.6 1.5 
1011 588.0 591.0 593.0 594.2 597.1 1.2 
1013 587.7 590.8 593.0 594.2 598.1 1.6 

 
1014 587.7, 

588.2 
591.0 592.9 594.4 597.8 2.8 

GaSe:0.01Sn 587.2 591.7 - 594.2 596.7 0.05 
1011 587.2 591.7 - 594.2 596.7 0.04 
1013 587.6 591.4 593.3 595.7 0.06 
1014 5876 591.2 593.0 595.5 0.12 
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This  transformation  of  the  spectrum  for  the  non-doped  GaSe  crystal  as  
well  as  increase  of  S0 indicate improved quality of the crystalline structure in 
the process of -quantum “annealing”, as a consequence of reduced amount 
both of point defects and the layer packing ones. In its turn, it leads to reduced 
decay (scattering) of free excitons by lattice defects and increased their life-
time, which causes growth of the integrated intensity of exciton radiative re-
combination. 

Analogous changes related with a lowered amount of emission lines for 
excitons related with lattice defects were observed earlier after isothermal an-
nealing of GaSe crystals [10], however, as shown in [11], multiple irradiation 
of  these  crystals  with  power  laser  pulses  at  the  wavelengths  lower  than  the  
forbidden gap width results in essential extinction of the PL spectrum. 

As a rule, GaSe crystals possess p-type conduction. Due to various growth 
technologies, there present are deep acceptor levels located 80 to 150 meV 
above the valence band [12, 13]. Therefore, in accord with [14], doping the 
Ga++ vacancies  [8] with low concentrations of iron group impurities being in 
the 2+ charge state results in healing of point defects in the crystalline structure 
of GaSe. 

Indeed, as seen from Fig. 2e, doping with the Zn impurity possessing the 
concentration 0.01 wt. % also results in healing of point and packing defects in 
crystalline layers – there remain only lines for free exciton and those bound 
with deep acceptors. In this case, the spectrum of non-irradiated GaSe:0.01Zn 
crystals (Fig. 2e) becomes practically identical with that of non-doped GaSe 
crystal irradiated with high doses of -quanta (Fig. 2d), and the integrated ra-
diation intensity S0 becomes even a little higher than that in non-doped non-
irradiated GaSe. Like to the case of non-doped crystals, increasing the -
irradiation dose for the crystals GaSe:0.01Zn results in growth of the parameter 
S0. Thereof, one can conclude that doping the GaSe crystals with Zn impurity 
in low concentrations and -irradiation of non-doped GaSe crystals lead to 
healing of point defects in the crystalline lattice and ordering the crystal layers.  

Indeed, Zn impurity (possessing two valence electrons), when substituting 
Ga++ vacancies in crystalline layers, could recover covalent bonds between Ga 
and Se atoms, which essentially improve crystal quality. However, contrary to 
two-valence Zn, the Ga atom belonging to the third group in Periodic Table 
possesses three valence electrons that form in GaSe hybrid s-p bond with  Se.  
Here, two electrons form covalent bonds with three Se atoms, which complete 
4p-shells of Se atoms, and the residual electron being bound with the electron 
of the neighbor Ga atom completes their s-shells.  

As a consequence, Zn impurity cannot heal the acceptor caused by ab-
sence of Ga atom in the layer. It only partially heals the crystal layer by binding 
some part of residual Se present in the interlayer space, and  retains  the Ga+ 
vacancy (acceptor). When the irradiation dose increase, there arises a point 
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defect center, which causes appearance of the intense PL band around 610 nm. 
At the doses close to 1014 /cm2, the integrated intensity of this band becomes 
comparable with the radiation intensity of free and bound excitons (Fig. 2h). 

In relation with the mentioned above, it seems also interesting to study the 
influence of doping the GaSe crystals with fourth-group impurities on PL spec-
tra and their stability in the course of -irradiation. As this impurity, we chose 
Sn  atoms  that  have  four  valence  electrons  and  posses  ability  of  the  hybrid  
chemical s-p bonding. When substituting Ga vacancies, this impurity is able to 
recover covalent bonds both with Ga atoms inside the layer and with Se atoms 
precipitating into the interlayer space.  

In this case, Sn impurity has 
one excess electron that may create 
a deep donor level in the forbidden 
gap. Perhaps, just these levels locat-
ed 350 – 400 meV below the con-
duction band bottom were observed 
in [8, 15]. 

It  should  be  noted  that  the  
grown GaSe:0.01Sn crystals as well 
as  studied  by  us  GaSe crystals  both  
Zn-doped and non-doped possess 
mirror chipped surfaces. However, 
contrary to Zn-doped and non-doped 
crystals, their integrated radiation 
intensity S0 at T =  4.5K  (see  Table  
1) was about 5% of a pure GaSe 
crystal.  PL spectra of these crystal 
are not changed with increasing  -
irradiation doses up to 1011 /cm2; 
one can clearly observe PL emission 
within the range typical for free and 
bound excitons (see Fig. 3 ). But as 
it can be seen in the insert to Fig. 3c 
and  in  Table  1,  S0 parameter begins 
to grow with next increasing the -
irradiation dose, while the structure 

of emission spectrum tends to be closer to that of Zn-doped and non-doped 
GaSe crystals. 

This sharp decrease of the parameter S0 when doping GaSe crystals with 
Sn needs special further investigation. Perhaps, this impurity creates centers 
(defects) that are able to efficiently quench secondary radiation due to radia-
tionless recombination of excitons on them. To confirm this assumption our  

 
Fig. 3. PL spectra of GaSe:0.01Sn crystals 
( -irradiated with the doses 1011; 1013 and 

1014 /cm2) measured at  T = 4.5K (a - c). In 
the insert: dependence of the parameter S0 

on the irradiation dose for the crystals 
GaSe, GaSe:0.01Zn and GaSe:0.01Sn 
under the same temperature conditions 
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preliminary investigations of conductivity have shown that GaSe:0.001Sn are 
low-resistant instead to high-resistant pure GaSe.    

CONCLUSIONS 
It has been shown that -irradiation with the doses up to 1014 /cm2 results 

in improvement of quality in non-doped GaSe crystals: there disappears the 
“thin structure” of the emission line inherent to free excitons related with stack-
ing fault defects in crystalline layers, observed is ordering the sets of bound 
exciton lines related with deep acceptors. As a consequence, there observed is 
an essential increase in the parameter S0 – integrated intensity of radiative re-
combination of free and bound excitons. 

Analogous changes related with healing of defects in GaSe crystalline lat-
tice are observed after doping with Zn impurity. Irradiation of these crystals 
with -quanta causes increasing S0, too. By contrast, doping with Sn impurity 
results in a sharp drop of S0 that begins to grow after irradiation with -quanta. 
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ABSTRACT 
The effective vacancy–vacancy interaction is considered. Based on the continuum 

approximation for the Fourier components of strain-induced vacancy–vacancy interac-
tion energies, approximating expressions for their expansion coefficients are obtained 
depending on the elasticity moduli, longitudinal and transverse phonon frequencies, and 
vacancy-concentration-dependent lattice parameter. The behaviour of k-dependent 
Fourier components of the strain-induced vacancy–vacancy interaction energies near the 
Brillouin zone centre, A(n)+B(n)k2, is analysed. As shown, A(n) < 0 and B(n) > 0 along 
all the high-symmetry [100], [110], [111], [½10] directions in reciprocal space for f.c.c. 
crystals with negative anisotropy factor. The criterion of modulated-structure formation 
for interacting vacancies in f.c.c. crystals is considered. Dependence of the modulated-
structure period on temperature is plotted. 

 
Key words: vacancies, strain-induced interaction, modulated structures 

 

INTRODUCTION 
Within the crystals under irradiation, modulated structures can be formed 

[1]. We consider the case when, due to irradiation, the vacancies were generat-
ed  in  f.c.c.  crystal;  then  the  irradiation  was  stopped.  Another  way to  produce  
the atom–vacancy solid solution is a high-temperature quenching, which fixes a 
raised amount of pre-melting vacancies. At the initial stage of an annealing, the 
average concentration of vacancies is constant until vacancies have time to 
approach the surface or to disappear in sinks. The vacancy interactions are 
governing mechanism of formation of the modulated structures in vacancy-
containing crystals. 

 

RESULTS AND DISCUSSION 
With decreasing temperature, T, or increasing concentration of vacancies 

(v), c, their interaction-caused drift begins dominating in their random motion, 
and the damping decrement becomes negative for every values of wave vector, 
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k, which belongs to the sphere of a radius k0(T, c) about k = 0, and the modulat-
ed structures appear. For |k| > k0(T, c), the damping decrement is positive, and 
the modulated structures disappear [2]. 

A given paper is based on overrunning continuous approximation for the 
Fourier components, ( )vvV k , of the strain-induced vacancy–vacancy interac-
tion energies. Within the finite region near k = 0 [2, 3], the ( )vvV k  may be 

represented as follows: 2( ) ( ) ( )  ( )vvV A B Qk n n k n k k . Here, the well-
known first term is based on long-wave-limit approximation [2]; the second 
term is a correction to this approximation, and the third term is a gauge, which 
eliminates strain-induced self-action of vacancies. The transition to the direct-
lattice space is defined according to the formula: 

st

( )

1

1( ) ( )vv vv i

BZ
V V e

N
k r r

k
r r k , 

 
where summation is carried out over all N k-points of quasi-continuum 

within the 1st Brillouin zone (BZ) of f.c.c. lattice. 
In the direct-lattice space, the 

dependence of the strain-induced 
vacancy–vacancy interaction ener-
gy on the normalized radius of 
coordination sphere is shown in 
Fig. 1. One should pay attention to 
the quasi-oscillating and long-
range character of the strain-
induced vacancy–vacancy interac-
tion energies. Thus, its contribu-
tion on distant coordination 
spheres can be dominant. 

The modulated structure can 
be formed along those crystallo-
graphic direction, which is parallel 
to c c cn k k  corresponding to 
the highest growth rate and has the 
wave vector with a magnitude of 

1/2
el.chem{ ( ( ) ( ) [ (1 )]) [2( ( ) )]}c c B cA Q k T c c Bk n 0 n ; 

el.chem ( )k  is the Fourier component of ‘mixing’ energies for direct ‘elec-
trochemical’ interactions in atom–vacancy solid solution, kB is the Boltzmann 
constant. Within the wave-length approximation, 2

el.chem el.chem( ) ( )k 0 k . 

 
Fig. 1 – The dependence of the strain-

induced vacancy–vacancy-interaction ener-
gies on the normalized radius of coordination 

sphere in a crystal with various cohesion 
energy,  [3–5], which is used to estimate the 

concentration-dependent dilatation coeffi-
cient, Lv 
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The ‘mixing’ energies, el.chem ( )r , for a solid solution are calculated with use 
of the Machlin potential [6] or the Morse potential [7] (Fig. 2). 

 

Fig. 2 – The ‘mixing’ energies, el.chem ( )r , 
for direct ‘electrochemical’ interactions in 
atom–vacancy solid solution based on a crystal 
with various cohesion energies, : (1)  = –3.7 
eV/atom [4], (2)  = –4.45 eV/atom [3], and (3) 
 = –5.55 eV/atom [5] in Machlin potential [6]; 

(4) Morse potential [7] 
 
The approximated expansion coefficients for Fourier components of the 

strain-induced v–v-interaction energies are dependent on the elasticity moduli 
of f.c.c. crystals, C11, C12, C44; e.g., 

2 2 3
0 11[100] 9 ( ) (4 )vA K L a C  [2, 8], 

2 4 2 2 2
0 11100 9 ( ) (256 )v

LB K a L M C , 
 
where K = (C11 + 2C12)/3—compressibility modulus, a0—an f.c.c.-lattice 

parameter, Lv—concentration coefficient of f.c.c.-lattice dilatation, M—the Ni 
atom mass, L—the longitudinal-polarized phonon frequency at the high-
symmetry X-point of the BZ surface. B(n) is positive along all the high-
symmetry [100], [110], [111], [½10] directions in reciprocal space for f.c.c. 
crystals with anisotropy factor   (C11 – C12 – 2C44)/C44 < 0. B(n) increases with 
temperature along the [100], [110], [111] directions (see Fig.3, where Lv = 

0.149, Lv = 0.124, Lv = 0.187 were calculated using the Machlin potential, 
and Lv = 0.0153 corresponds to the Morse potential). 

If  < 0, ( )vvV k  has a one-sided minimum along the [100] direction, but it 
is greater than ( )vvV 0  as a result of the long-range nature of strain-induced 
interaction. Besides, there are inequalities as follow: 

|| || || ||( ) ( ) ( ) ( ).vv vv vv vv
X W K LV V V Vk 0 k 0 k 0 k 0  

If el.chem( [100] ( ) [ (1 )]) [2( [100] )] 0BA Q k T c c B0 , where, e.g., 
within the scope of the Debye approximation, 

2 2 3 2
09 ( ) ( 4) (1 2 3 ) ( )vQ K L a X Y D

n
n , 

2
11 11 12 11 12 44( ) ( ) ( 2 )D C C C X C C C Yn , 
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2 2 2 2 2 2
x y x z z yX n n n n n n , 2 2 2

x y zY n n n , the modulated structure can appear 
along the [100] direction. 

Dependence of the modulated-structure period on T is  plotted  in  Fig.  4. 
With increasing temperature, the period of modulated structures increases. 

 

  a    b 

  c    d 

  e   f 
Fig. 3 – The temperature dependence of B(n): a, b—B[1 0 0], c, d—B[1 1 0], e, f—

B[1 1 1] 
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   a      b 

     c 

 
Fig. 4 – The dependence of the modulated-
structure period on T: a—Cv = 0.01 (1—
upper curver Lv

 = –0.149, 2—lower curver Lv

= –0.0153); b—Cv = 0.001 (1—Lv
 = –0.0153,

2—Lv
 = –0.149); c—Cv = 0.0001 (1—Lv

 = –
0.0153, 2—Lv

 = –0.149) 

CONCLUSIONS 
The strain-induced vacancy–vacancy interaction energy has the long-range 

and quasi-oscillating nature. As shown, B(n) is positive along all the high-
symmetry [100], [110], [111], [½10] directions in reciprocal space for f.c.c. 
crystals with negative anisotropy factor (   (C11 – C12 – 2C44)/C44 < 0) and in-
creases with temperature. As revealed, the two vacancies are attracted at the 
distance of less than 7 Å. At distances over 7 Å, vacancies do not significantly 
interact with each other. An elevation of the temperature leads to increase of 
the period of modulated structure. 
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ABSTRACT 
In the present paper regularities of the effect of high-energy -quanta on the de-

fects system of layered InSe and GaSe semiconductors is investigated by means of X-
ray diffraction analysis and Raman scattering. It is established that the absorbed dose of 
-radiations in 140 kGy does not lead to changes of the crystal structure and a consider-

able modification of the lattices parametres of III-VI crystals that testifies to preserva-
tion of their structural perfection. This fact makes layered compounds attractive from the 
point of view of radiation resistance. The radiation influence comes to the appearance of 
point vacancy defects. 

 
Key words: layered crystals, InSe, GaSe, high-energy irradiation, radiation hard-

ness, Raman spectra, X-Ray diffraction 
 

INTRODUCTION 
Wide application of high-energy radiations in science, many technological 

processes, medicine, the safety in atomic power engineering demand a search 
of radiation-resistant materials and working out of electronic equipments capa-
ble to operate at high radiation levels. 

A use of the semiconductors of modern electronics (silicon, gallium arse-
nide, and germanium) and dielectric layers of their intrinsic oxides shows 
insufficient radiation stability of based on them devices [1]. As the alternative 
to them one can consider anisotropic -VI crystals with a layered crystalline 
structure, in particular InSe and GaSe [2]. The presence of weak Van-der-
Waals bonds between the layers enabbles easily to gain substrates with atomi-
cally smooth surfaces that in a combination with simple production techniques 
(oxidation, Van-der-Waals contact) gives a possibility to create high-efficiency 
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photoconverters [3-5]. A considerable quantity of intrinsic defects in layered 
crystals allows to apply them under conditions of large radiation doses. 

At present there is a great number of papers devoted to radiation physics 
of the classical semiconductors but researches of the influence of high-energy 
radiation on -VI crystals is not less important. 

METHODS OF SAMPLE MANUFACTURING AND IRRADIATION 
nSe and GaSe single crystals were grown by the vertical Bridgman meth-

od. Intentionally undoped nSe had n-type conductivity with a concentration of 
uncompensated donors of 1014 – 1015 m-3 and a Hall mobility along the layers 

n  103 m2V-1s-1 at 300 K. For obtaining p-type conductivity nSe was doped 
with 0.2 wt.% d what leads to the following parameters:  = 1013 cm-3 and 

p  102 m2/V s. In order to increase the electrical conductivity of GaSe, we 
doped this semiconductor with dysprosium in an amount of 0.1 wt %. At room 
temperature, the concentration and mobility of charge carriers were 
~ 5 1014 m-3 and 35–50 m2/V s, respectively. 

Investigated samples have a form of plane-parallel plates with average 
sizes 8 8 mm and about of 2 mm thick. 

The samples have been irradiated bremsstrahlung -photon in the energy 
range of 0.5-11.5 MeV with a maximum at 3 MeV at a linear electron accelera-
tor KUT-10. The flux of -photon was about 2×1011 cm-2s-1, and the irradiation 
time was chosen so that to give the total -fluence 2×1016 cm-2 that corresponds 
to the absorbed dose 140 kGy. 

X-ray diffraction (XRD) investigations of the samples were made in mon-
ochromatic u -radiation with a DRON-UM1 diffractometer. Raman spectra 
of the crystals were excited by an argon laser with a wavelength of 514.5 nm 
and registered by a spectrometer DFS-24. All measurements were carried out at 
room temperature. 

RESULTS AND DISCUSSION 
The carried out analysis of the X-ray diffraction patterns of the initial In-

Se and InSe:Cd crystals before (Fig. 1a and Fig. 2a) and after (Fig. 1b and Fig. 
2b) irradiation with fluence 1016 cm-2 enables to conclude that in all the states 
these crystals are single phase InSe of the 3R structure. The measurements of 
the unit cell parameters by using the Bond method at 110 and 0027 reflections 
indicate on the -polytype of InSe (the space group R 3 m). A typical feature of 
the  X-ray  diffraction  patterns  for  the  samples  under  investigation  is  the  pres-
ence of diffusion maxima nearby the 009, 00.12, and 00.18 peaks of the 3R 
structure. These peaks are situated from the side of smaller angles and can be 
interpreted as caused by the stacking faults in the 3R structure, which lead to 
stacking  of  the  layers  typical  for  the  2H  structure  of  InSe  (P6-3/mc). Similar 
results are received for p-GaSe crystals (Fig. 3a and Fig. 3b) with the 4  struc-
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ture (the space group P63/mc). As  one  can  see  from  Figs.  1-3,  there  are  no  
essential changes in the crystals after irradiation with -quanta except for a 
small decrease (in the case of InSe) or increase (for GaSe) of the lattice param-
eters. 

 
Fig. 1. - XRD spectra of the initial n-InSe crystal (a) and irradiated (b). 

 

  
Fig. 2. - XRD spectra of the initial p-InSe crystal (a) and irradiated (b). 

 

 
Fig. 3. - XRD spectra of the initial p-GaSe crystal (a) and irradiated (b). 

 
The Raman spectra of n-InSe and p- nSe crystals in the initial state 

(Fig. 4a, curves 1 and 2, respectively) are very similar each other, except for a 
small transferring intensity between the two bands in the range of 215 and 
230 cm-1. Note that in the p- nSe sample the band at 215 m-1, which is caused 
by the presence of Cd atoms, is more well expressed. The Raman spectra of the 
irradiated n-InSe and p- nSe crystals contain the bands at frequencies 120.8, 
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184.8, 205.7, 218.0, 231.8, 409.3, and 430.3 cm-1 (Fig. 4a, curves 3 and 4, 
respectively). These bands correspond to those known from the literature Ra-
man spectra of nSe [6]. Only insignificant transferring relative intensities 
between the bands in the spectra of different samples was observed. It is caused 
by different defect concentrations in these samples after their irradiation. Other 
peculiarities related to a change of atoms coordination were not found. 

The Raman spectrum of the p-GaSe sample (Fig. 4b, curves 1) sharply 
differs from that of InSe. It does not contain the doublet band at 410-420 cm-1 
but has intensive bands at frequencies 260 and 215 cm-1 and as well as the 
intensive  band  at  175  cm-1 what  is  typical  for  GaSe  crystals  [7].  The  Raman  
spectra of irradiated GaSe crystals (Fig. 4b, curves 2) contain narrow lines at 
frequencies 138.7, 216.6 and 313.5 cm-1. One can also see some redistribution 
between the relative intensities of the lines above. Other features related to 
changes of the atom coordination have not been observed. 

 

 
Fig. 4. - Raman spectra of InSe (a) and GaSe (b) crystals. 

 
Thus, one can conclude that irradiation of the layered crystals has not led 

to qualitative changes in the investigated Raman spectra which are extremely 
sensitive to variation of the coordination of Raman scattering centres. The 
conclusion about insignificant influence of irradiation with -quanta at fluences 
up to 5 1015 cm-2 on a change of the vacancy and impurity subsystems in lay-
ered crystals is indirectly confirmed by the authors of [8]. 

CONCLUSIONS 
Thus, irradiation of layered crystals does not result in qualitative changes 

of the investigated spectra, including Raman one, which is extremely sensitive 
to changes in the coordination of Raman scattering centres. It is possible to say 
about saving structural perfection of these semiconductors against the back-
ground of radiation-induced defects. 

The obtained results prove the resistibility of III-VI crystals lattice for -
radiation that is especially important for the case of the mixed bonding in them: 
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strong ionic-covalent bonding within the layers and weak Van-der-Waals be-
tween neighboring layers. 

It is possible to put forward a preliminary hypothesis that Cd atoms in In-
Se and Dy atoms in GaSe act as centres of the localization of radiation vacan-
cies, whereas in the intentionally undoped compounds the vacancies are local-
ized in the sublattices In or Ga. 
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ABSTRACT 
Composite materials have wide application areas in industry. Boron Carbide is an 

important material for nuclear technology. Silicon carbide is a candidate material in the 
first wall and blankets of fusion power plants. Titanium diboride reinforced boron car-
bide-silicon carbide composites which were produced from different titanium diboride 
particle sizes and ratios were studied for searching of the behaviour against the gamma 
ray. Cs-137 gamma radioisotope was used as gamma source in the experiments which 
has a single gamma-peak at 0.662 MeV. Gamma transmission technique was used for 
the measurements. The effects of titanium diboride particle size on radiation attenuation 
of titanium diboride reinforced boron carbide-silicon carbide composites were evaluated 
in related with gamma transmission and the results of the experiments were interpreted 
and compared with each other.  

 
Key words: Nanocomposite, Boron Carbide, Titanium Diboride, Silicon Carbide, 

Cs-137 Gamma Source, Gamma Transmission Technique  
 

INTRODUCTION 
Boron carbide has wide application areas in industry. Some of these areas 

are nuclear technology, military industry, ceramic industry and air-space indus-
try  [1,  2].  Boron  carbide  has  some  important  properties  such  as  low-density,  
high hardness and corosion resistance, chemical stability and high neutron 
capture feature [2]. Some boron carbide application fields are lightweight ce-
ramic armor, sand blasting nozzles, nuclear reactors, reactor control rods and 
the radiation shielding materials [2, 3]. However, boron carbide is brittle, has 
low strength and high temperature sintering properties [3, 4]. Sintering of pure 
boron carbide to high densities is difficult. So, specific additives such as SiC, 
TiB2, AlF3, elemental boron and carbon have been used as sintering aids to 
increase the density of composite [2-5]. Silicon carbide has been considered as 
a candidate material in the first wall and blankets of future fusion power plants 
because of its safety, environmental and economic benefits [6].  
                                                
* e-mail: buyukbu@itu.edu.tr , tel: (+90)2122853894  



382                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II           
 

In this study, titanium diboride reinforced boron carbide- silicon carbide 
composites which were produced from different titanium diboride particle sizes 
and ratios were studied for searching of the behaviour against the gamma ray. 
For the investigation of the gamma radiation behaviour of these materials, Cs-
137 radioisotope was used as gamma source in the experiments. Cs-137 gamma 
radioisotop source has a single gamma-peak at 0.662 MeV and its half life is 
30.1y [7, 8]. Gamma transmission technique was used for the measurements. 

Different titanium diboride particle sizes and ratios in titanium diboride 
reinforced boron carbide-silicon carbide composites were evaluated in related 
with gamma transmission and the results of the experiments were interpreted 
and compared with each other. Therefore, the effects of boron carbide particle 
size in titanium diboride reinforced boron carbide-silicon carbide composites 
on gamma radiation attenuation were investigated against Cs-137 gamma radio-
isotope source by using gamma transmission technique. 

EXPERIMENTS AND MATERIALS 
Gamma transmission technique is based on passing gamma rays through 

the materials. Detector and gamma source put both sides of the material. 
Detector material and gamma source are in the same axis. The gamma radiation 
counts are measured reaching to detector from the source. The counts with 
material and without material are compared and evaluate [7-9]. Fig.1 shows 
schematic view of gamma transmission technique.  

 

 

Fig. 1.  Schematic View of Gamma Transmission Technique 
 
The radiation passing through the material is calculated by the following 

equation:  where  I  and I0 are the transmitted and initial gamma ray intensities, 
respectively, µ is linear attenuation coefficient of material at specific - ray and 
x is the thickness of the material.  

The materials which were used in the experiments have different boron carbide 
particle size ratios in the composites. Thus they are coded according to their 
boron carbide and titanium diboride ratios by volume in composites and 
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particle size ratios. Table 1 shows the materials that used in the experiments 
and their ratios by volume in the composite materials.  

Table 2 shows the hardness, strength and density properties of the 
materials which were used in the experiments [5].  

For production of nano scale titanium diboride, titanium diboride 
materials were milled in Spex 8000 mill for one hour with WC balls. 

All   composite materials were sintered at 2250 ºC for 2 hours under 130 
MPa pressure. Cs-137 Gamma Radiation source which has 8.9 µCi was used in 
the experiments. Lead blocks were used for radiation shielding and collimation. 
The collimator diameter is 7 mm. The distance between the detector and source 
is 10 cm.  

Firstly background radiation measured. Then Cs-137 Gamma source was 
set. Initial intensity count (I0) was measured. Then materials were set and 
intensity counts (I) were measured for different thickness values. All counts 
were measured three times for 600 seconds. Net counts calculated by reducing 
background value. Average values and standard deviations were calculated. For 
rational evaluating, relative intensity (I/I0) values were calculated. Results were 
given with tables. Relative intensity-Material Thickness Graph was drawn for 
each Titanium diboride ratio and particle size. Exponential distribution was 
shown on graphs and exponential equations were calculated. Then results were 
evaluated and discussed. 

RESULTS AND DISCUSSION 
Results for 8202_b, 8202_k, 8204_b, 8204_k, titanium diboride reinforced 

boron carbide-silicon carbide composites at different thicknesses with Cs-137 
Gamma source are given on table 3, table 4, table 5 and table 6. 

Using the values on the tables Relative Intensity-Material Thickness 
Graphs were drawn for all titanium diboride reinforced boron carbide-silicon 
carbide composites. Exponential fitted equations were calculated. Figure 3 
shows Relative Intensity-Material Thickness Graphs of all boron carbide-
Titanium diboride composites. 

Using the graphs on fig 3 the linear attenuations of the composite 
materials and correlation coefficients were calculated. The linear attenuation 
values and correlation coefficients of the composites are given on table 6. 

The mass attenuation coefficients (µ/ ) of the composite materials were 
calculated. The linear attenuation coefficients of milled titanium diboride rein-
forced boron carbide-silicon carbide composites are higher than unmilled rein-
forced ones. 

CONCLUSIONS 
It could be understood that for 8202_k the linear attenuation coefficient is 

higher than 8202_b. For 8204_k the linear attenuation coefficient is higher than 
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8204_b. The experimental values and theoretical values from XCOM are closed 
to each other.  

In conclusion, 8202_k and 8204_k composite materials are more conven-
ient than 8202_b and 8204_b for gamma radiation shielding in nuclear technol-
ogy. 
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ABSTRACT 
In this connection the peculiarities of radiation effect on lattice parameters, form 

and position of several reflections, reflection coefficient and frequency of valence and 
deformation oscillations of Al-O bonds, optical characteristics of the oxide aluminium 
Al2O3 were studied with techniques of X-diffraction, absortion-luminescenke and IR-
reflection spectroscopy. The characteristic features of the process of radiation-defect 
formation and generation of some points nanodefects, change in the structural, optical 
properties of Al2O3 crystals exposed to gamma and reactor radiation have been investi-
gated by spectroscopic methods. The dose dependence’s  of the generation in crystals 
the color and luminescence centers, nanodefects - type F- and F-aggregate, change of the 
structural parameters was determined. For example, in work presented of temperature-
dose dependence on the intensity of the 330, 420 nm bands in FL and GL spectrum of 
crystals. As the T= 600-7000C and fluence 1.1016 cm-2 - 1.1019 cm-2 of intensity this 
bands increasing (nanodefects - F+ centers)  was  can  see.  In  this  paper  was  given  dose  
dependence of generation on the oxide in the absorption spectra a bands 257 and 358 nm 
(nanodefects of a type F- and F-aggregate defects). The possible mechanism of damage 
structure of a samples irradiated in a reactor is discussed. 

 
Key words: nanodefects, F+ centers, FL and GL spectrum, oxide aluminium, ab-

sortion-luminescenke spectroscopy, reactor radiation, dose dependence’s. 
 

INTRODUCTION 
Al2O3 oxide is one of the prospective high-k electro-insulators und con-

struction oxides materials, in partocular, for the ceramical fuel material and for 
a first wall thermonuclear arrangement. Besides, this oxide used widely as an 
active element or substrate at creation of laser and MOS systems, as a film 
coating and receiver of IR-radiation [1-7]. From here this work aim at investi-
gation of radiation stability of the physical properties and a structure of Al2O3 
crystalline oxide after irradiated in the reactor of a high fluence and cource 
Co60.  
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RESULTS AND DISCUSSION 
In this connection the peculiarities of radiation effect on lattice parameters 

(a, c ), form and position of several reflections, reflection coefficient and fre-
quency of valence and deformation oscillations of Al-O bonds, electric charac-
teristics of the oxide were studied with techniques of X-diffraction, dielectric, 
optic  and IR-reflection spectroscopy. 

The fracture our maximum on the dose curves Y(F) of intensity photolu-
minescence (FL) at 330, 390 and 510 nm, colour centers 205-460 nm and 570 
nm in the range of identical doses was determined at the analysis of the obtained 
results. Fig. 1 presents the temperature-dose dependence of the intensity of the 
330 nm band in FL spectrum of crystals. As the T= 600-7000C of intensity this 

band increasing, this can be 
used in creating tunable lasers 
[4]. 

A similar kinetics of a 
process of decolouration of 510 
nm FL band was established 
when temperature was varied. 
On the basis results obtained 
that the temperature depend-
ence of photodecoloration of 
this band has an extremum 
character, because the maxi-
mum rate up to T>9000C  on  a  
change in the time UV illumi-
nation of plates from 0 to 600 
sec. The I/I ( , , t) graphs 
obtained can be approximated 

by exponential dependence’s of the formula 
 

I =  Ii   ( - i t ) ,                          ( 1 ) 
wher  i - constant  of decay ( i = 1-3 ), which is a function of temperature 

and dose.  
 
    For example, in present communication it is submitted the results of X-

ray structure investigation of after irradiation by high neutron doses (F). X-
diffraction patterns were obtained using a roentgen diffractometer. Particular 
attention was given to dynamics of form and positions some representative 
reflexes with hkl = 014, 110, 03.12 and ets. The diffraction patterns were  
found essential changes of peak intensity and position depending upon F, the 
Bragg angle 2  decreases with an increase in dose, the regularity is shown if 
K 1 and K 2 doublet is splintered. For example, on figure 2 was given to radia-
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tion dynamics of the function 2  (F) for this doublet (K 1 and  K 2) in the 
reflexes 03.12. 

From fig. 2 is shown that the displacement of this peak (2 ) = 40-500 at 
doseF=1020-1021 cm-2.  At  high  doses  the  reflexes  at  2  > 700 are eroded and 
weakened and doublets are not splitting, the lattice parameters of crystals (a, c, 
d/n - tab.1) was undergoes anisotropy expansion, at very high dose of change 
this parameters is composed not so many as c= 0,0038 nm and a = 0,0014 
nm. 

 
Table 1. Influence of neutrons on some parameters of crystals.  

F, m-2 5.1016 1.1017 5.1017 1.1018 5.1018 8.1018 
D1, a.u. 0,18 0,27 0,34 0,62 1,29 1,29 
D2, a.u. 0,10 0,12 0,15 0,35 0,51 0,64 
F, m-2 8.1018 1.1019 5.1019 8.1019 1.1020 5.1020 
D1, a.u. 1,29 1,27 1,28 1,70 1,95 2,15 
D2, a.u. 0,64 0,93 1,05 1,00 1,21 1,99 
, nm 1,298 1,298 1,298 1,299 1,300 1,301 

d/n, nm 0,2379 0,2379 0,2380 0,2381 0,2383 0,2386 
(2 )  89,04 89,03 88,99 88,98 88,95 88,86 

 
In table 1 was given dose dependence of generation in the absorption 

spectra a bands 257 and 358 nm  (D1,  D2, F- and F-aggregate defects). The 
mechanism of atom displacement out of lattice knots plays the main role in 
radiation damage of irradiated of high doses crystals. 

The optical characteristics - a reflec-
tion coefficient and frequency of valence 
(736, 614cm-1)and deformation (464cm-1) 
oscillations of Al-O bonds of the oxide 
were studied with techniques of IR-
reflection spectroscopy in region 400-
1200 cm-1. The partify decrease of inten-
sity  (  R  )  and  frequency  (   )  of  this  
modes at fluence 8.1019 cm-2 was ob-
served. The change of these parameters 
were found near a neutron fluence (6-
8).1019 cm-2.Some change of these optical 
( valence and deformation oscillations of 
Al-O bonds ) and structural parameters 
(the lattice parameters of crystals ( a, c, 
d/n ) and positions some representative 

reflexes, of peak intensity and the Bragg angle), a density and a linear size of 
irradiated samples were found near a neutron fluence 1020 cm-2 and 1021 cm-2, 

 
Fig. 2 – Dose dependence of 2  (F) 
for doublet K 1 (1) and K 2(2) of 

reflexes 03.12 
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but the structure state remained stable at the following increase of the irradia-
tion dose ( at F= 1.1021 cm-2 and 7.1021 cm-2  and higher ). 

CONCLUSIONS 
Thus, such thermal-radiation treatment may serve as a method leading to 

the permittivity growth at elevated irradiation doses and temperatures, decrease 
and improvement of several physical and optical characteristics of the oxide 
Al2O3. A conclusion about the radiation-induced modification of the optical and 
structural parameters of crystals, nonlinear generation of point nanodefects, a 
possible their at solution for a problems of the management optical properties 
oxides. The removal about the action of large fluences neutron on the order of a 
structure, a parameters of lattice and the formation of region of disordering at 
the places of  accumulation of the radiation defects as a result of implementa-
tion of the mechanism of displacement of atoms in the crystal lattice of a die-
lectric has been made.  
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ABSTRACT 
It’s determined that a phasic  dynamics of deformation strengthening of single-

crystal silicon irradiated by  – quanta (with energy ~ 1,27 MeV) in the wide region of 
doses (from 102  up to 109 rad)  by the internal friction  measurement with widely known 
ultrasonic  resonance method. We have detected appearance maximum on the depend-
ence of internal friction (Q-1) from dose at 105 rad in the samples p- Si with density of 
dislocations more than 103 cm -2. Besides it the instability of nanodimensional disloca-
tion structures has been established in the doses interval from 106   up to 109 rad, due to 
the formation and accumulation in the crystal lattice of the point like and continuous  
radiation defects (evolution of the dislocation densities in metals with rise of defor-
mation were considered in [1-4]). On the temporal dependence Q-1(t) throughout 1,5 - 2 
hours after irradiation the maximum has been established which position depends from 
ionizing dose. At the increasing of the observation time after stopping of the sample 
irradiation it is observed a monotonic decrease of   Q-1(t) dependence, which is obvious-
ly connected with decreasing of the radiation defects densities in the result of their anni-
hilation. 

 
Key words: internal friction, density of dislocations, Si, radiation defects. 
 

INTRODUCTION 
A lot physical properties of materials are connected with their dislocated 

structure. It can be create a dislocated structure by plastic deformation or under 
influence of gamma irradiation [1].  Radiations damages are closely connected 
with dislocation strengthening. A mechanism of deformation strengthening and 
of formation fragmentary dislocation structures in the metals has been theoreti-
cally discussed in investigations [2, 3]. 

Although the processes of multiplication and of diffusion and of annihila-
tion of dislocation in the metals and semiconductors has been considered in [2, 
3, 5, 6, 7, 8], but main goal of majority investigations consist in possibility of 
analysis that effects from kinetics positions. 

However dynamic processes of dislocation and other radiations defects af-
ter interruption of irradiation of the materials still not clear. Such information 

                                                
* e-mail: yuri@inp.uz  tel: +(998)712893136 



390                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II           
 
allows us to predetermine about resource of the semiconducting material, and 
about character and staging of curves of deformation strengthening, and of 
specific structures at mechanical fatigue of crystals. The investigation of this 
process importantly not only from practical standpoint but also importantly 
from standpoint of the description of theory of this process. In this connection 
it’s interesting the investigation of dynamic of radiations defects in the semi-
conductor after stopping of influence of the radiation. 

METHODS AND OBJECTS OF INVESTIGATION 
Measurements of internal friction (Q-1) of the single-crystal silicon have 

been made with ultrasonic resonance method [9] before and after irradiation. 
The prismatic rods of dimensions 1 3 35 , 1,2 4,1 28,7   

1 1 20  has used in the measurements. 
Ranges of value of intrinsic of the bending vibrations were varied from 20 

kHz to  200 kHz.  The  power  of  vibration  for  stimulation  of  the  specimen was  
approximately10mW. As initial specimens we used types KEF-100 and KDB-
10 of single crystal of silicon. 

The samples of silicon with density of dislocations more than 103 cm -2 
were selected for quantitative description of origin of defects in the silicon and 
their further evolution after irradiate of gamma-rays these samples. 

Method of fixing of sample is shown on insertion b (Fig.1). After irradia-
tion during 10 minutes the sample was set up between acoustic lines 1 and 3. 
From that time the measurement of the internal friction Q-1 was started. 

 

 
Fig. 1 – Dependence the internal friction of single-crystal of the silicon from the 

irradiation dose. Curve #1 is measured on frequency 149 kHz, curve #2 - 90 kHz. On 
insertions are shown:  a- typical dependence of the tension from of the deformation 

which demonstrate down up tension as result of the moving dislocation formation [12]. 
b - method of fixing of sample where 1 is transfer acoustic line and 3 – receive acoustic 

line, 2-sample 
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RESULTS AND DISCUSSION 
Dependence Q-1 from the irradiation dose is shown on Fig.1. It’s can to 

divide on three regions: I-background where Q-1 essentially not changed with 
increase of the irradiation dose  (D) from 10 to 103 rad  ;  II-intermediate re-
gion where Q-1  was reached maximum with increase of D  to 105 rad ;  III-
region  where Q-1  was dropped down with increase of D from 106  109 rad 
but after that again rise. 

 
 

On the temporal de-
pendence Q-1(t) (Fig.  2) 
throughout 1,5 - 2 hours 
after irradiation the max-
imum has been estab-
lished which position 
depends from ionizing 
dose. 

We suppose that 
such behavior of the Q-

1(t) function is connected 
with manifestation of 
migration activity which 
coherent with annihilation 
of the dislocation loops in 
the first 1,5-2 hours when 

it’s growing in 2,5 times starting from the initial  up  to the maximum value. At 
the increasing of the observation time after stopping of the sample irradiation it 
is observed a monotonic decrease of Q-1(t) dependence, which is obviously 
connected with decreasing of the radiation defects densities in the result of their 
annihilation. 

CONCLUSIONS 
It has been demonstrated in the present work that received dependences of 

internal friction (Q-1) from the irradiation doses have characterized the staging 
step of the deformation strengthening.  

We have detected appearance maximum on the dependence of internal 
friction (Q-1) from dose at 105 rad in the samples p-Si with density of disloca-
tions more than 103 cm-2. 
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Fig. 2 – Time dependence of the single-crystal silicon 
internal friction after stop of the irradiation action.(1) -

108 rad, (2) – initial sample 
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ABSTRACT 
We have calculated radii and lifetime of the molten regions or the regions heated 

to the melting point that are formed under irradiation of amorphous SiO2 and Si3N4 with 
swift ions. A computer simulation was carried out on the base of thermal spike model. A 
comparison of calculated track parameters with ion track etching data have been made 
for these materials. 

It is shown that an existence of molten region along swift ion trajectory may be a 
criterion for a track “etchability” in the case of SiO2. In the same conditions of chemical 
etching diameter of etched tracks in SiO2 is proportional to the radius and lifetime of the 
molten region. This information is important for a correct choice of irradiation regime 
aimed at preparation of nanoporous layers with high pore density (  10 10 cm-2).    

 
Key words: SiO2  Si3N4, swift ions, ion tracks, chemical etching, nanoporous 

layers. 
 

INTRODUCTION 
The discovery of ion tracks dates back to 1959 when Silk and Barnes pub-

lished transmission electron micrographs of mica with long, straight damage 
trails created by single fragments from the ssion of 235U [1]. Soon after that, 
it has been realized that ion tracks are narrow (<5 nm), stable, chemically reac-
tive centers of strain that are composed mainly of displaced atoms rather than 
of electronic defects [2]. It also became clear that these displaced atoms are not 
due to direct collisions between ions and the target nuclei, but are the result of 
the interaction of the projectile ions with the target electrons. Later it was found 
that tracks were formed in insulators and badly conducting semiconductors, if 
the electronic stopping power Se exceeded a material-dependent threshold 
value Se0. At that time no tracks could be detected in metals [3]. Nanochannels 
can be created in track regions by means of proper chemical etching. Thin die-
lectric layers (SiO2 and  Si3N4) with the etched tracks integrated into silicon 
wafers are of special interest for nanotechnologies and microelectronics [4 – 8]. 
A material-dependent threshold value Se0 is often treated as a criterion for ion 
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track “etchability”. Se0  varies from 4 to 1.5 keV/nm for SiO2 according different 
Refs [2, 9 - 11]. There is practically no information about Se0 for silicon nitride 
in literature. We know three papers only that devoted to track investigation in 
this material [12 - 14]. Though, in addition to Se0  it is necessary to know track 
parameters in order to obtain dielectric layers with the definite nanopore densi-
ty by means of swift ion irradiation followed by chemical etching.  

In this paper, we evaluate a possibility to use track formation parameters 
calculated on the base of thermal spike as criterions for ion track “etchability” 
in amorphous   SiO2 and Si3N4 layers. 

METHODS OF SAMPLE MANUFACTURING AND ANALYSIS 
SiO2/Si samples were cut from the thermally oxidized Si wafer. The 

thickness of SiO2 layer was evaluated from RBS measurements and equal to 
600 nm. Si3N4/Si samples were cut from the Si wafer with the amorphous sili-
con nitride layer deposited by gas phase low pressure deposition from ammonia 
and dichlorosilane at 300° C. The Si3N4 layer thickness measured by the Ruth-
erford backscattering method was 600 nm, too. SiO2/Si and Si3N4/Si structures 
were irradiated normally to the surface with Ar (290 MeV), Fe (56 MeV), Kr 
(84 MeV), and W (180 MeV) ions in the Flerov Laboratory of Nuclear Reac-
tions of the Joint Institute for Nuclear Research (Dubna). The ion fluence in all 
cases did not exceed 5×108 cm–2.  The ion flux was kept constant and equal to 
2×108 cm-2s-1. To provide reliable thermal contacts the samples were fixed on a 
massive metallic holder with a heat conducting paste. The irradiated samples 
were treated in hydrofluoric acid (HF) dilute aqueous solutions at room temper-
ature. Then the samples were investigated using the scanning electron micro-
scope Hitachi S-4800.  

THE COMPUTER SIMULATION OF THE TRACK FORMATION IN 
SILICON DIOXIDE AND NITRIDE IN TERMS OF THERMAL SPIKE 

The track formation processes in amorphous SiO2 ( -SiO2) and Si3N4 were 
simulated in terms of the thermal spike model [15] with the application of a 
software system we designed. The model was successfully used earlier to de-
scribe swift ion travel in silicon dioxide and other dielectrics. The track radii in 

-SiO2 we  computed  by  this  model  were  in  good  agreement  with  the  experi-
mental results in [16, 17]. The model involves the thermalization of the elec-
tronic subsystem of a solid within a time not exceeding 10–14 s. A few picose-
conds later, the electron–phonon interaction leads to fast heating of the region 
along the fast ion trajectory. The process of energy transfer from the electronic 
to atomic subsystem of a solid is described by a system of two differential 
equations. The macroscopic parameters of the target material are used to calcu-
late thermal fields. The model involves one free parameter: the electron mean 
free path under electron–phonon interaction . If the density of the energy re-
leased in electronic excitations is sufficiently high, we observe the melting of 
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the material and the formation of a cylindrical domain with a diameter of a few 
nanometers - the future track. A few tens of picoseconds later, the melt cools to 
the temperature of the surrounding matrix.  

The thermophysical parameters for SiO2 were taken from [15], the param-
eter  was 4 nm. For Si3N4 the parameter  was 4.8 nm [15]. Thermophysical 
properties of amorphous SiO2 - one of the basic materials of microelectronic 
processing - are thoroughly studied and described in the literature. The situation 
is different for amorphous Si3N4. We failed to find reference data on latent heat 
of melting of this material. In addition, distillation or thermal decomposition of 
the material can take place upon the heating of Si3N4, along with solid phase 
melting. Therefore, as a track region in Si3N4 we took the region heated to the 
melting point instead of the melted region. The latent heat of melting of Si3N4 
was  taken to  be  108 J  kg–1, which is higher by two orders of magnitude than 
average values of semiconductors. 

RESULTS AND DISCUSSION 
Table 1 presents the results of computer simulation of ion track formation, 

namely, the radius and lifetime of molten region for SiO2 and Si3N4.  
 
Table 1 – The results of computer simulation for SiO2 and Si3N4  

Material 
 

Ion type  
and energy, 

MeV 

The electronic 
stopping power  

Se *, keV/nm 

The radius of 
the molten 

region r**, nm 

The lifetime of 
the molten 

region t**, ps 
 

  SiO2 
Ar (290) 
Kr (253) 
Kr  (84) 
W (180) 
Fe (56) 

2.8 
9.8 
9.4 

15.8 
6.9 

- 
3.4 
3.8 
6.3 
2.7 

- 
7.0 
8.9 

24.4 
3.9 

 
Si3N4 

*** 
W (180) 
Kr  (84) 
Fe (56) 

20.4 
11.9 
9.0 

5.3 
3.0 
1.7 

4.7 
1.3 
0.5 

*  Se were calculated by SRIM’ 2003 code 
** for  Si3N4 the parameters r and t are the radius of the region heated to the melting point and the 

lifetime of this region, accordingly 
*** the density of Si3N4 was taken to be 2.85 g cm–3 [18] for  Se calculation  

 
In the case of Ar (290 MeV) Se is equal to 2.8 keV/nm. It is higher than 

the threshold value for the preferential track etching reported in [10, 11]. One 
can see that in the case of SiO2 irradiation with Ar ions (290 MeV) there is no 
formation of molten region along the ion trajectory. Accordingly, we did not 
found the etched tracks in the SiO2/Si samples irradiated with Ar even after the 
treatment in 6% HF for 20 minutes. Evidently, in order to forecast the “etcha-
bility” of ion tracks it is not enough to know Se only. We have to take into ac-
count “velocity effect” [19]. In our calculation this effect is demonstrated for 
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SiO2 irradiated with Kr ions with the energies of 253 and 84 MeV. For Kr (253 
MeV) the electronic stopping power is 9.8 keV/nm. This is higher than a value 
9.4 keV/nm for Kr (84 MeV). However, the radius and the lifetime of the mol-
ten region are larger in the case of slower ion. In the conditions of similar Se the 
most part of released energy is localized in narrow regions along ion trajecto-
ries during slow ions passing. During swift ion passing a substantial part of 
energy goes away from the ion trajectory for significant distances with high-
energy -electrons. Thus, a substance temperature in the region of future track 
ought to be higher in the case of slow ion passing. Evidently, the molten region 
formation along ion trajectory is more reliable criterion for track “etchability” 
in comparison with Se. Figure 1 shows images of etched tracks in SiO2/Si sam-
ples irradiared with Fe, Kr and W ions and chemically treated in the same con-
ditions.  

One can see from Fig.1 that tracks were etched in all samples. It should to 
note a correlation between etched pore diameters and calculated radii and life-
times of the molten regions. Pore diameter in SiO2 irradiated with Fe ions was  
15 nm after the etching in 1.5% HF solution during 9 min. For the samples 
irradiated with Kr and W ions pore diameters were 30 and 45 nm, accordingly. 
Thus, the smallest pore diameter was observed for silicon dioxide irradiated 
with ions that formed molten regions with small radii and lifetime. The biggest 
one was observed in the case of W irradiation. According to our calculation W 
ions created the biggest molten regions with the longest lifetime from three ion 
species used in our experiment. Earlier for -SiO2 irradiated with Bi (710 MeV) 
it was shown a good correlation between minimum etched tracks diameters and 
molten region radii calculated by thermal spike [17]. In this way, one can fore-
cast minimum etched tracks diameters on the base of the molten region radius 
knowledge. It is important for a choice of proper irradiation regime aimed at 
preparation of nanoporous layers with high pore density (  10 10 cm-2).   

 

 
Irradiated samples were treated in 1.5% HF for 9 min. 

 
Fig. 1 – Etched tracks in SiO2 .  – irradiation with Fe (56 MeV, 2-4 108 cm2),  

B –Kr (84 MeV, 2-4 108 cm-2), C – W (180 MeV, 3 108 cm-2) 
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As analysis of calculated track parameters shows, a region heated to the 
melting point exists during the irradiation with all three ion species in the case 
of Si3N4. 

Though, track formation process needs more energy spend in comparison 
with SiO2. At more high level of the electronic stopping power in Si3N4 for Fe, 
Kr and W ions the calculated lifetime of the region heated to the melting point 
were substantially shorter in comparison with the lifetime of the molten region 
for SiO2.  

In the Si3N4/Si samples irradiated with Fe and Kr, no tracks were revealed 
even after 60 min treatment in an HF solution. Tracks were etched only upon 
exposure to W ions. Figure 2 depicts the scanning electron microscope image 
of the W irradiated sample after etching. Ten pores were recorded on a scan 
area of 7.8 5.5 µm2. The track etching efficiency, defined as  = Np/ , where 
Np is the number of pores per unit area and  is the fluence, did not exceed 
12%. The low track etching efficiency and the considerable difference in the 
diameters of the etched pores allow us to assume that discontinuous tracks are 
formed in silicon nitride upon irradiation with tungsten (180 MeV). This means 
that the electronic stopping power of W ions are sufficient for order–disorder 
transformation; however, they are lower than the threshold electron losses nec-
essary for the formation of extended etched tracks in this material. This conclu-
sion  on  the  formation  of  discontinuous  tracks  in  amorphous  Si3N4 irradiated 
with lead ions with Se = 19.3 keV/nm was also drawn by Canut et al. [13]. They 
reported about track etching efficiency   = 60% with an appreciable size 
spread of pores. 

To obtain nanoporous 
Si3N4 with the pore density 
controlled by ion fluence, the 
formation of extended contin-
uous tracks is required. This 
condition can be fulfilled with 
the  use  of  ions  with  S e> 20 
keV/nm. 

According to computer 
simulation data the regions 
heated to the melting point 
exist in Si3N4 during the irradi-
ation with all three ion species 
(Fe, Kr and W). Though, 

chemical treatment results show the preferential etching of discontinuous tracks 
only for the samples irradiated with tungsten. This ion type is characterized 
with the maximal energy losses in electron subsystem for our experiment. 
Probably, we have done incorrect assumptions in computer simulation of track 

 
Fig. 2 - Scanning electron microscope image of 
Si3N4  surface irradiated with W ions (180 MeV, 

2 108 cm–2) and etched in 4% HF for 50 min 
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formation in Si3N4 because the absence of reliable data on thermophysical prop-
erties of this material. A fitting of thermal spike model in application to amor-
phous Si3N4 is a subject of further investigation. 

CONCLUSIONS 
The radii and lifetime of the molten regions or the regions heated to the 

melting point formed in amorphous SiO2 and  Si3N4 irradiated with swift ions 
have been calculated on the base of thermal spike model. A comparison of 
calculated track parameters and etching of ion track data have been made for 
these materials. 

It is shown that an existence of molten region along swift ion trajectory 
may be used as a criterion for track “etchability” in the case of SiO2.   In  the  
same conditions of chemical etching diameter of etched tracks in SiO2 is pro-
portional to the radius and lifetime of the molten region. This information is 
important for a correct choice of irradiation regime aimed at preparation of 
nanoporous layers with high pore density (  10 10 cm-2).    

As  a  computer  simulation  shows,  in  the  case  of  irradiation  with  Fe  (56  
MeV), Kr (84 MeV), and W (180 MeV) at more high level of the electronic 
stopping power in Si3N4 the calculated lifetime of the region heated to the melt-
ing point were substantially shorter in comparison with the calculated lifetime 
of the molten region for SiO2.  

In silicon nitride irradiated with swift ions, tracks were etched only after 
exposure to W ions (180 MeV) with S e= 20 keV/nm being maximal for our 
experiment. The low track etching efficiency and the considerable size spread 
of pores allow assuming the formation of discontinuous tracks.  

An existence of the regions heated to the melting point along swift ion tra-
jectory can not be used as a criterion for track “etchability” in the case of Si3N4. 
It needs an additional investigation for a fitting of thermal spike model in appli-
cation to amorphous Si3N4. 
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ABSTRACT 
There are various techniques for synthesizing different Nanoparticles depending 

upon the desired properties, application, etc. One of these widely applied techniques is 
Hydrothermal. However, this technique is known for bulky materials and fabrication of 
nano-scale materials requires adopting some strategies to alter the properties of materials 
synthesized. We developed surface modification for this drawback. Application of sur-
face modifier, or surfactant, or capping agent, or organic ligands in proper concentration 
could not only change morphology, reduce particle size, but also change the surface 
chemistry of the nanoparticles fabricated. The ZnO and TiO2 nanoparticles were modi-
fied using n-butylamine and caprylic acid as surface modifier under mild hydrothermal 
conditions (p= autogenous, T= 150-250°C, and t= 18 h). The nanoparticles modified 
were systematically characterized using Powder XRD, FTIR, SEM, zeta potential, and 
BET surface area. The characterization results revealed that nanoparticles have small 
size range, low agglomeration and highly stable. 

 
Key words: surface modification, n-butylamine,caprylic acid,ZnO/TiO2 nanopar-

ticles, hydrothermal conditions 
 

INTRODUCTION 
Surface modification and characterization of naomaterials is a field of 

immense research potential for researchers worldwide for nearly half a century. 
Zinc oxide is a promising group II-VI oxide semiconductor showing quantum 
confinement effects at room temperature [1-3]. ZnO and TiO2 nanoparticles 
have broad applications such as UV absorption [4], deactivation of bacteria [5], 
photocatalysis of industrial effluents [6-7], etc. Furthermore, they are an envi-
ronmentally friendly material, which are desirable especially for bio-applica-
tions, such as bioimaging, cancer detection, and chemical sensors [8]. 

The photoactivity of zincite and titanium dioxide is generally detrimental 
for their application as photocatalyst or filler that oxidatively degrades, leading 
to embrittlement and chalking when exposed to sunlight or UV irradiation, 
especially in presence of moisture. Hence, some form of modification is im-
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plemented in order to reduce the surface photoactivity, to alter their hydropho-
bic/hydrophilic character and improve their dispersibility in various media, to 
introduce new functional groups, which can react with organic molecules and 
enhance their compatibility with organics. Therefore, caprylic acid and n-butyl-
amine were selected as surface modifiers to resolve the abovementioned prob-
lems. The present authors have modified ZnO and TiO2 nanoparticles with 
these surfactants because they have low toxicity, eco-friendly, low density and 
low melting temperature. 

Most of the ZnO/TiO2 crystals have been synthesized by traditional high 
temperature solid-state method, which is energy consuming and difficult to con-
trol the particle properties. ZnO/TiO2 nanoparticles can be prepared on a large 
scale at low cost by simple solution-based methods, such as chemical precipita-
tion [9], sol-gel synthesis [10], and solvothermal/hydrothermal reaction [11, 12]. 
Hydrothermal technique is a promising alternative synthetic method because of 
the low process temperature and very easy to control the particle size. The hydro-
thermal process has several advantages over other growth processes such as use 
of simple equipment, catalyst-free growth, low cost, large area uniform produc-
tion, environmental friendliness and less hazardous [13]. 

EXPERIMENTALPREPARATION OF SURFACE MODIFIED ZNO/TIO2 
NANOPARTICLES 

ZnOand TiO2 nanoparticles were modified under mild hydrothermal con-
ditions (T=150 - 250°C, P =autogeneous). 1M of reagent grade ZnO/TiO2  
(LobaChemie,  India)were  taken as  starting  material.  A certain  amount  of  1  N 
NaOH and HCl was added as mineralizer to the precursors respective-
ly.Caprylic acid and n-butylamine (Sisco Research Lab PVT, Ltd., Mumbai, 
India)with different concentration (0.8, 1.0, 1.2, 1.4 and 1.6 ml)was added into 
the above-mentioned mixtures separately and it was stirred vigorously for a few 
minutes. The final mixture was then transferred to the Teflon liner (Vfill=15 ml), 
which was later placed inside a General-Purpose autoclaves. The autoclaves 
were provided with Teflon liners of 30 ml capacity. Then the assembled auto-
clave was kept in an oven with a temperature programmer-controller. The tem-
perature was programmed and kept at 150-250°C for 18 hr. After the experi-
mental run, the autoclaves were cooled to the room temperature. The resultant 
product in the Teflon liner was then transferred in to a clean beaker and the 
product was washed with double distilled water. The surplus solution was re-
moved using a syringe and the remnants were centrifuged for 20 minutes at 
3000 rpm. The product was recovered and dried in a hot air oven at 50°C for a 
few hours. The dried particles were subjected to a systematic characterization 
using powder XRD, FTIR, SEM, Zeta potential and BET surface area meas-
urement. 
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CHARACTERIZATION OF THE SURFACE MODIFIED ZNO/TIO2 
NANOPARTICLES 

The Powder X-ray diffraction patterns were recorded using Bruker, D8 
Advance, Germany, with Cu K , 1 542 radiation, Voltage =30 kV, Current 

15mA, Scan speed~5° min-1. The data were collected in the 2 range 10-80°. 
The Fourier transform infrared (FTIR) spectra were recorded using FTIR, 
JASCO-460 PLUS, Japan, at resolution of 4 cm-1. SEM images of surface mod-
ified ZnO hybrid nanoparticles were recorded using Hitachi, S-4200, Japan. 
Zeta potential and BET surface area was measured using Zetasizer 2000 in-
strument (Malvern instruments), UK 

RESULTS AND DISCUSSION 
The powder XRD data reveals a highly crystallized wurtziteand ana-

tasestructures  and  there  is  a  smallnew  peak,  which  may  be  corresponded  to  
caprylic acid (Fig. 1). There is a slight change in the lattice parameters of sur-
face modified ZnO/TiO2  nanoparticlesat a-axis and c-axis when compared to 
pure one (Table 1); this confirms the existence of surface modifier in ZnO/TiO2 
hybrid nanoparticles.  

 
Table 1– Cell parameters of modified ZnOand TiO2nanoparticles   

Nanoparticles Surface modifi-
er 

a 
( ) 

c 
( ) 

a c 
ratio 

V 
( 3) 

Ref  

Pure ZnO 
Used ZnO 
ZnO 
ZnO 
PureTiO2 
Used TiO2 
TiO2 
TiO2 

NIL 
NIL 

Caprylic acid 
n-butylamine 

NIL 
NIL 

Caprylic acid 
n-butylamine 

3 249 
3 2556 
3.2567 
3.2435 
3 7845 
3.7918 
3.7881 
3.7837 

5 207 
5 2166 
5.2021 
5.1996 

9 5143 
9.5296 
9.5230 
9.4983 

0 6239 
0 6241 
0.6260 
0.6238 
0 3977 
0.3979 
0.3978 
0.3983 

47 60 
47 88 
47.78 
47.37 
136 30 
137.02 
136.65 
135.98 

[17] 
pwa 
pw 
pw 
pw 
pw 
pw 
pw 

apw= Present work 

 
Fig. 1 – Powder XRD patterns of  pure nanoparticles without surfactant, surface 

modified using n-butylamine and caprylic acid as surface modifier:  
a) TiO2, b) ZnO 
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As Fig. 1 indicates, the presence of new peaks is more in the case of using 
HCl as solvent for surface modification of ZnO nanoparticles; these new peaks 
can be contributed to the presence of mixed phases of ZnO and ZnCl2. The 
modification with caprylic acid resulted in changing the crystal structure (Fig. 
1). The functional groups present in the modified nanoparticles can be studied 
using FTIR spectroscopy. Fig. 2 shows the FTIR spectra of the reagent grade 
ZnO/TiO2, surface modified ZnO/TiO2 nanoparticles modified with n-butyla-
mine and caprylic acid as surface modifier respectively. The intensity of the 
peaks was more when concentration of surface modifier was increased. The FTIR 
spectra of the modified nanoparticles show the presence of new peaks imply that 
the reagents were chemically immobilized on the surface of nanoparticles Thus, 
it can be concluded that theZnO/TiO2nanoparticles modified with the above said 
modifiers, have organic coverage on their surfaces, which has changed surface 
property of the nanoparticles. The absorption peaks corresponding to the presence 
of CH3, N-H, O-H, C O, etc. have been identified and illustrated in Fig. 2 [15]. 

 

 
Fig. 2 – FTIR spectra of  reagent grade surface modified undoped hybrid  

nanoparticles using  caprylic acid, and n-butylamine: a) TiO2, b) ZnO. 
 
Fig. 3 and Fig. 4 show characteristic SEM and HRSEM images of 

ZnO/TiO2 nanoparticles modified with (0 8 and 1 4 ml)n-butylamine and 
caprylic acid using 0.1 N NaOH and HCl as solvent.  

 

        
Fig. 3 – Characteristic SEM images of surface modified TiO2 nanoparticles using NaOH 

as solvent: a) n-butylamine, and b) caprylic acid as surface modifier 

(a) (b) 
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Fig. 4 – Characteristic SEM and HRSEM images of surface modified ZnO hybrid nanoparti-
cles using: a) NaOH and n-butylamine as solvent and surface modifier respectively, b)NaOH 
and caprylic acid as solvent and surface modifier respectively, c) HCl and n-butylamine as 

solvent and surface modifier respectively, andd) HCl and caprylic acid as solvent and surface 
modifier respectively. 

 
These figures show effect of the surface modifiers on the nanoparticles 

morphology.The agglomeration was less when a higher concentration of the 
surface modifier was used. The surface modification has led to the controlling 
of growth direction, also particle size and preventing agglomeration. It was 
found that the surface modifier could not only affect the dispersibility of the 
modified ZnOnanoparticles, but also change their morphology and size of the 
particles.The achieved morphology is quite suitable for the photodegradation 
purposes, since the ZnO/TiO2 nanoparticles are rounded, they can be more 
active in photodegradation of the organic pollutants presenting in the municipal 
and industrial effluents 

ZETA POTENTIAL OF SURFACE MODIFIED ZnO/TIO2 
NANOPARTICLES 

Zeta ( ) potential measurement was performed for ZnO/TiO2 nanoparti-
cles in order to characterize the surface charge of nanoparticles and Fig.  5 
shows the result as a function of pH. The obtained  potential of the nanoparti-
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cles was found to decrease with increase of pH as is expected for a surface with 
acid-base group. The iso-electric point or point of zero charge (PZC) for ZnO 
nanoparticles was found to be 4.0 and 4.2 for modification by caprylic acid and 
n-butylamine respectively. For small enough nanoparticles, a high  potential 
will confer stability, i.e. the solution or dispersion will resist aggregation. When 
the potential is low attraction exceeds repulsion and the dispersion will break 
and flocculate [16,17]. Therefore, colloids with high  potential (negative or 
positive) are electrically stabilized while colloids with low zeta potentials tend 
to coagulate or flocculate. Our results indicate that the both surface modified 
nanoparticles are stable and highly negatively charged(at pH> 4.0 - 4.2) and this 
negative charge intensity is proportional to the increasing pH. On the other 
hand, the particles modified are positively charged at pH <4.0. The modified 
nanoparticles synthesized had low agglomeration, which prevents their floccu-
lation or coagulation tendency. 
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Fig. 5 – Zeta potential of surface modified a) TiO2 and b) ZnO nanoparticles 

 

BET SURFACE AREA OF SURFACE MODIFIED ZnO/TIO2 
NANOPARTICLES 

BET surface area was measured for the surface modified hybrid ZnOna-
noparticulates using Malven 2000. It  was  found  that  the  BET  surface  area  is  
5.630 and 4.513 m2/gfor surface modified ZnO hybrid nanoparticles using and 
n-butylamine and caprylic acid as surface modifier respectively.The BET sur-
face area was found to be 15.928, 14.140 m2/g for surface modified TiO2 hybrid 
nanoparticles using n-butylamine and caprylic acid respectively. In both cases, 
NaOH was used as solvent.The results reveal thatn-butylamine makes the sur-
face area more; the reason for having such low surface area can be contributed 
to the complex formation of ZnO nanoparticles with caprylic acid. It is known 
that surface modifiers are used to reduce agglomeration and hence reducing the 
particle size by controlling its growth direction. However, it was found that the 
affinity of ZnO nanoparticles to give bigger particles is proportional to the 
increasing concentration of the surfactant. Such phenomenon was not observed 
in the case of TiO2. 
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EFFECT OF SOLVENT ON HYDROPHILICITY AND HYDROPHOBICITY 
One of the most important effects of surfactant on nanomaterials is chang-

ing their hyrdophilicity property. Density of ZnO is high (about 7.0 g/m3) so 
that they are getting settle down quickly We observed that n-butylamine could 
make the nanoparticles highly hydrophilic, which is very favorable for photo-
degradation purposes The reason is controlling the crystal growth, reducing 
agglomeration,and reducing density of the nanomaterials modified. The surface 
modification of the nanoparticles gives them an organic-inorganic hybrid so 
that the nanoparticles with desired properties can be fabricated It was also 
observed that  when HCl  was  used  as  solvent  in  modification  of  ZnO in  pres-
ence of caprylic acid, it made the nanoparticles highly hydrophobic while using 
NaOH as solvent in presence of caprylic acid made the ZnO hybrid nanopartic-
ulates hydrophilic and reduced density of the nanoparticulates modified. How-
ever, both surfactants gave hydrophilic property to TiO2 nanoparticles. Reduc-
tion of density was directly proportional to the concentration of the surface 
modifier (i.e. caprylic acid) added. Such interesting hydrophobic and hydro-
philic properties of the ZnOnanoparticulates have been shown in Figs. 6-8.   

 

 
Fig. 6 – Effect of caprylic acid concentration on density and in turn hydrophilicity of the 

ZnO nanoparticles using NaOH as solvent a)0 6 mL, b) 0 8 mL, c) 1.0 mL, and d)  
1.2 mL caprylic acid 

  
Fig. 7 – Effect of caprylic acid concentra-
tion on density and in turn hydrophobicity 

of the ZnO nanoparticles using HCl as 
solvent and caprylic acid as surface modi-

fier 

Fig. 8 – Effect of surfactant on hyrophilic-
ity property of TiO2nanopar-ticles:  

a) using n-butylamine as surface modifier 
and b) without surface modifier 
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It seems HCl reacts with ZnO and give highly low dense mixed phases of 
ZnCl2 and ZnO, which their density is less than water, which made them float 
at the surface of the water as a separate supernatant powder. 

CONCLUSIONS 
Surface modified ZnO/TiO2 nanoparticles were successfully carried out 

under mild hydrothermal conditions. Caprylic acid and n-butylamine were used 
as surface modifier separately. Surface modification changed morphology and 
size of the ZnO/TiO2 hybrid nanoparticles modified. In addition, it changed the 
surface charges and increased stability of the nanoparticles, which is necessary 
to achieve higher photodegradation efficiency. Using suitable solvent with 
respect to the precursors is an important factor in obtaining desired properties. 
Surface modifier along with solvent could give hydrophilic or hydrophobic 
property to the in situ surface modified ZnO hybrid nanoparticles. The results 
revealed that both caprylic acid and n-butylamine could be used for surface 
modification of ZnO particles. The strategy applied for surface modification 
could not only reduce agglomeration but also enhance the ZnO nanoparticles 
dispercibility.  

REFERENCES 
[1] M. Zamfirescu, A. Kavokin, B. Gil et al. Phys. Rev. B., 65 (2002) 161205.  
[2] S.W. Jung, W.I. Park, H.D. Cheong, G.C. Yi. Appl. Phys. Lett. 80 (2002) 1924.  
[3] K.J. Klabunde, Ed., Nanoscale Materials in Chemistry. Wiley-Interscience, New 

York, 2001. 
[4] L. Sanchez, J. Peral, X. Domenech. ElectroChim. Acta. 41 (1996) 1981-1985.  
[5] Z. Huang, X. Zheng, D. Yan. Et al. Langmuir, 24 (2008) 4140-4144. 
[6] L. Wang, H. Wei, Y. Fan et al. Nanoscale Res. Lett. 4 (2009) 558-564. 
[7] J. Lahiri, M. Batzill. J. Phys. Chem. C. 112 (2008) 4304-4307. 
[8] R. Hong, T. Pan, J. Qian, H. Li. Chem. Eng. J. 119 (2006) 71-81. 
[9] U. Narkiewicz, D. Sibera, I. Kuryliszyn-Kudelska et al. ActaPhysicaPolonica A. 

113(2008) 1695-1700. 
[10]  A.R. Bari, M.D. Shinde, V. Deo, L.A. Patil. Indian J. Pure & Appl. Phys. 47 

(2009) 24-27. 
[11] B. Shahmoradi, K. Soga, S. Ananda et al. Nanoscale, 2 (2010) 1160-1164. 
[12] B. Shahmoradi, I.A. Ibrahim, K. Namratha et al. IJCER, 2 (2010) 107-117. 
[13] K. Byrappa, M. Yoshimura, Handbook of Hydrothermal Technology, Noyes 

Publications/William Andrew Publishing LLC, U.S.A. 2001. 
[14] L.N. Dem’yanets, D.V. Kostomarov, I.P. Kuz’mina. Inorganic Materials, 38 

(2002) 124–131. 
[15] L.P. Donald, M.L. Gary, S.K. George, Infrared spectroscopy. In Introduction to 

Spectroscopy, Thomson Learning: 3rd Ed. USA, 2001. pp. 13-101.  
[16] Zeta Potential of Colloids in Water and Waste Water, ASTM Standard D 4187-82, 

American Society for Testing and Materials, 1985. 
[17] J. Lyklema, Fundamentals of Interface and Colloid Science. Elsevier, Wa-

geningen, 1995. 
  



408                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II           
 

RADIATION EFFECTS IN NANOSIZED CLUSTERS 

Valiantsin M. Astashynski1, Irina L. Doroshevich2, Nicolai T. Kvasov2,*,  
Andrey V. Punko2, Yury A. Petukhou2, Vladimir V. Uglov3 

 
1 B.I. Stepanov Institute of Physics, NAS B, Nezalezhnasti 68, 220070, Minsk, Belarus 
2 Belarusian State University of Informatics and Radioelectronics, Brouka 6, 220030, Minsk, 

Belarus 
3 Belarusian State University, Nezalezhnasti 4, 220030, Minsk, Belarus 
 

ABSTRACT 
In this communication we present results of computer simulation of radiation-

enhanced processes in nanosized ferromagnetic clusters under the irradiation by elemen-
tary particles and ions. Dynamic defects and possibility of their experimental monitoring 
are considered. Radiation resistance of nanostructured materials is characterized by the 
size of instability region for knocked-out atom. Heating and thermoelastic effects on 
defect structure and materials functionality are discussed. 

 
Key words: magnetic nanocluster, irradiation, defects. 

 

INTRODUCTION 
Application of magnetic nanomaterials for data storage and recording de-

vices makes it possible to increase writing density in 104 times. Data record is 
made in separate nanosized single-domain particle with two energy states cor-
responding to magnetic moment orientation and separated by potential barrier. 
Significant advantages and perspective applications of these data carriers de-
termine intensive development of this scientific and technological direction [1-
4]. 

Magnetic nanoclusters are formed by different physical- and chemical-
based techniques. For example, injection of metallic powder (Fe, Ni, Co) to 
dense compression plasma with temperature 2-3 eV [5-6] results in the for-
mation of metallic vapor that condenses under certain thermodynamic condi-
tions (Fig. 1). Deposition of metallic vapor on the substrate lets to the for-
mation of metal layer consisting of spherical clusters with multi-level structure: 
submicron clusters (0,1-0,2 µm radius) are formed from a number of nanosized 
ones (10-25 nm radius). 

Magnetic nanostructured cluster arrays have great prospects in the devel-
opment of new generation of devices for operation in open space conditions. 
Nevertheless, the problem of their radiation stability is still insufficiently stud-
ied. 
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(a) (b) 

Fig. 1 – Scanning electron microscopy images (20k and 150k magnification) of iron 
clusters deposited from dense compression plasma on silicon surface 

 

DYNAMIC RADIATION EFFECTS 
Let us consider atom dynamics in the substance irradiated by changed and 

neutral particles (protons, ions, electrons, neutrons). Assume that atom with 
mass M is knocked-on by incident particle (or other displaced atom) and has 
kinetic energy W (W is less than defect formation energy Ed). It’s motion is 
described by the following expression:  

2

2 0d d f
dtdt  

(1) 

where  – distance from atom to lattice point; n ; n – number of 
force interactions between moving atom and lattice atoms;  – number of 
electrons in a cylinder with base  and height d dta  (  ~ r0

2, r0 –  cova-
lent atomic radius);  

1 dU
f

M d  
(2) 

2

0,
ij

i j

e i jU
 

(3) 

ij – probability of “vacancy-interstitial atom” system to have configura-
tion with charge states i and j, respectively, 0 – electric constant,  – material 
permittivity, e – elementary charge. 

Fig.  2 shows results of computer simulation of the process described by 
eq. (1) for iron atom with initial kinetic energy W=50 eV. 

Dynamic state of vacancy and interstitial atom results in generation of 
electromagnetic radiation pulse. Its power I is proportional to the acceleration 
of interstitial atom w 
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I ~ w2(t)                        (4) 
 
Fourier transformation of (4) sub-

ject to atom’s motion law (1) gives 
electromagnetic radiation spectrum 
shown on Fig. 3. Thus, dynamic defects 
under the irradiation of materials by 
elemental particles and ions can be 
registered by the analysis of electro-
magnetic spectral composition.  

Life time of the dynamic defect is 
about 1010 c  that is three orders greater 
than  Debye  period  of  lattice  atoms  os-
cillations. Therefore, acoustic lattice 
relaxation in this region results in the 
formation of shock pressure P propagat-
ing radially in cluster volume. Consider 
displacement cascade to be a sphere 
with radius R. At the moment 0t  
rectangular “velocity pulse” 0  is  gen-
erated by m dynamic defects 

1 2

0 2
2

4
MW m

B R  
(5) 

where  – material density, B – bulk modulus. Velocity of deformation 
propagation  is obtained from nonlinear equation for mass velocity. 

In the interaction of medium disturbance and dynamic defect (with defor-

mation volume 0) the latter is affected by force 0F u  (where u – 
speed of velocity in the matter). On the other hand, F P , where  
P u ,  – scattering cross-section 

2
40

2
2 1

ln
3 1

d
i

d i

G R K
rB  

(6) 

where  – Poisson’s ratio, G – shear modulus, Rd – radius of the region 
deformed by the defect, dr  – defect radius,  iK  – wave vector magnitude of the 
i-th spectral component of the deformation pulse, 0 – dilation volume. For 
body-centered iron lattice 11 10~ 10 ÷ 10 NF . Energy Q , obtained by the defect 
is estimated by the expression  

2

2 d

F
Q

M  
(7) 

Fig. 2 – Time dependence of the dis-
tance between iron atom and lattice 

point  

 
Fig. 3 – Electromagnetic radiation 

spectrum of dynamic defect generated 
by knocked-out iron atom with initial 

energy 50 eV 

, nm

, nst0
0,0

8

4

0,40,2

12 -12,4 10 s
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where   – time of interaction between deformation pulse and defect with 
mass dM  

12~10 s . 
When F > F0 and mQ E  (where F0 is critical force equal to Ua/a; Ua – 

activation energy; a – lattice parameter; Em – migration energy) one obtains 
diffusionless motion of the defect to nanoparticle surface (for iron 12

0 ~ 7 10 NF ). 
One should take into account that thermal heating of the cluster results in acti-
vation of diffusion processes. Diffusion length pD  (D – diffusion coefficient, 

p  – heating time) may exceed cluster size. For 
4 2~ 4 10 m sD  

~ 1200 ÷1500 KT  and “temperature life time” 
12~ 10 sp  one obtains 

8~ 2 10 mpD , ~ 1,5 ÷ 6,0 eVQ . 
Since kinetic energy of incident particle transforms to atoms displacement 

and heating of the deceleration region, we consider displacement cascade to be 
an instant heat source with temperature field T(r, t) (Fig. 4). Radial thermoelas-
tic stresses rr(r, t) and their gradient were calculated as  

2 2
3 3

0 0

3 2 1 1, 4 , , ,
2

kR r

rr
k

r t T r t r dr T r t r dr
R r

 
(8) 

where  and  are Lamé coefficients,  – linear expansion coefficient, Rk 
– cluster radius. 

 
Fig. 4 – Space-time temperature distribution (a) and temperature evolution at r = 7 nm 

(b) for point heat source in iron nanocluster (Rk = 15 nm) 

 
Fig. 5 – Space-time distribution of radial thermoelastic stresses (a) and stress evolution 

(b) in spherical iron nanoparticle (Rk=15 nm) 
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Fig. 6 – Space-time distribution of radial thermoelastic stresses gradient (a) and their 

evolution (b) in spherical iron nanoparticle (Rk=15 nm) 
 
Fig. 5-6 show that elastic, thermal and thermoelastic response of cluster 

on radiation-induced structural changes results in defects elimination in nano-
particle (in this case Le Chatelier-Broun principle works in a special way). 

Radiation-induced heating affects magnetic properties of nanocluster. Let 
us consider barrier height V between stable and metastable magnetic states of 
the ferromagnetic nanocluster (the value of V, obviously, determines stability 
of the recorded information). According to [7] it is estimated from the follow-
ing expression: 

23
eff4 1

3
k

c

R K HV
H  

(9) 

where H – external magnetizing force; Hc – coercive force; Keff – effective 
magnetic anisotropy constant. Temperature dependence of Keff, is expressed in 
the following manner [2]:  

0 max
eff

4 0
1

2
c s b

J
H J

K B T  (10) 

where (Hc)max – theoretical limit of coercive force; Js(0) – saturation mag-
netization for T  0; BJ and b are values determined by cluster material and 
size. 

In the absence of external magnetic field V  V0: 
2 3

0 max
0

8 (0)
1

3
k c s b

J
R H J

V T B T
 

(11) 

Calculations performed for experimental data [2] on iron clusters with 
7 nmkR  with extrapolation to high temperature regions give following values: 

5 3/24,76 10 KJB ; 1,5b ; 
40 6,58 10sJ  A/m; 

4
max 4,78 10cH  /m.  

Fig. 7 shows temperature dependence of potential barrier height V0.  
Thus,  V0 turns  to  zero  at  temperature    760 K that  is  less  than  Curie  

temperature of bulk iron ( C = 1044 K [8]). 
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Calculation results show 
that temperature of the 
nanocluser under irradiation is 
higher than temperature of 
magnetic transition (when 
V0=0). Therefore, it results in 
failure of information record in 
the nanosized memory ele-
ments. This effect becomes 
more considerable for small-
sized clusters. 

CONCLUSIONS 
1. Dynamic radiation defects that affect defect-impurity system of the 

cluster can be examined by electromagnetic radiation spectrum. 
2. Irradiation of nanoszied particles under the irradiation by charged and 

neutral particles results in radiation-enhanced self-organization tending to min-
imize bulk imperfection. 

3. Temperature rise in nanoparticles under irradiation is one of the most 
significant factors that determine radiation stability of nanosized memory ele-
ments.  
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PECULIARITIES OF GENERATION AND TRANSPORT 
OF STRUCTURAL DEFECTS INDUCED BY THE LASER 

IRRADIATION 
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ABSTRACT 
In this work we discuss the peculiarities of generation and transport of the 

structural defects caused by external pulsed action on a crystal and, in particular, by a 
laser irradiation. The conditions for such processes to take place are defined and a novel 
approach is proposed for studying the kinetics of transport under the pulsed laser 
irradiation. Taking into account electronic character of a thermal conduction in metals a 
general model for the transport in pulse deformable crystals is presented. 

 
Key words: crystal, structural defects, dislocations, mass-transport, thermal con-

duction, laser irradiation 
 

INTRODUCTION 
High-speed deformation of metals in the solid phase leads to the 

generation and migration of lattice defects at large distances. As shown in [1,2], 
dislocations are the most likely carriers, in particular of the mass. Their 
formation during pulsed laser irradiation has been confirmed experimentally in 
[3]. Direct study of concentration changes with the use of radioactive isotopes 
have shown that a region with a high content of dislocations (30 ÷ 40 micron) is 
several  times  larger  then  the  area  of  mass  transfer  [4].  At  the  same  time  the  
mass-transfer occurs to the depths several times exceeding the area of thermal 
influence of a laser pulse. 

CRITERIONS AND ANALYSIS 

Processes of transport occurring in a crystal have a threshold nature and 
are determined by the criterion setting the boundary between the stationary 
state of the matter and its existance in highly nonstationary state [5]. This 
boundary can be set by comparing the time ti the energy is supplied into the 
substance and time tr of its relaxation. In a case if ti  tr the relaxation processes 
occur in a stationary or quasi-stationary state. If ti < or <<tr, the state changes 
from the quasi-stationary to highly nonstationary.  

Besides, for the dislocations to be generated in the crystal it is required 
that the portion of the energy supplied into it was sufficient to create stresses  
larger than the Young's modulus E. For the motion of dislocations it is suffi-
cient that stresses developed by an energy pulse  > 10-4÷10-2 E   (Peierls 
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stress). When selecting the mode it is important to remember that high portions 
of energy may result in crystal fracture. 

When the region d is irradiated by axisymmetric laser beam the required 
criterion is in first approximation determined as 

 
tc = d 2/4 ,    (1) 

  
Where a - a material thermal diffusivity. As follows from (1) the critical 

time tc of  the  energy  supply  strongly  depends  on  the  size  of  irradiated  area.  
When irradiating metals by laser impulses in a free generation mode ( i  10-3 s) 
or by continuous irradiation the relaxation is limited only by the thermal 
conduction mechanism. The value of thermal gradient during such irradiation 
does not cause significant deformations, which could lead to the formation of 
excessive number of structural defects such as dislocations and interstitial 
atoms.   

The irradiation of metals by huge laser pulses with i  10-8 s cannot re-
strict the energy drain only to the thermal conduction mechanism. This process 
causes a significant temperature gradient accompanied by the rapid thermal 
expansion of the irradiated area and occurrence of thermal stresses .  

 
Fig. 1 – Maximum of the thermal stresses gradient is moving from laser irradiated sur-

face deep into the crystal. 
 
The relaxation of the energy by unrelaxed thermal conduction occurs 

through the appearance of a shock wave in a metal and generation of the excess 
number of structural defects of all types. The density of dislocations  arising as 
a reasult of these processes is determined from [1] 

n

ijj dzT
b

tz
1

),,0(
)1(

2),(                                 (2) 

where  – thermal expansion coefficient of the metal, b – Burgers vector, 
 – Poisson's ratio, n – number of laser actions. 

RESULTS AND DISCUSSION 
Figure 2 shows the dislocation density as a function of the depth z of the 

pulsing laser influenced Armco-Fe, calculated using the formula (2) and com-
pared with the experimental data obtained in [3]. 
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Fig. 2 – Dislocation density vs. depth z of pulsing laser influenced Armco-Fe. 
 
Figure 3 presents schematics of generation and transport of the structural 

defects caused by a laser irradiation. 

 
Fig. 3 – Generation and transport of structural defects caused by a laser irradiation 

 
The particular interest in studying of the structural defects generated and 

migrating under the influence of a laser irradiation is their detection in real 
time. It has been noted that when measuring a thermal diffusivity by the laser 
flash method [6], the increase of temperature  on the opposite side of the flat 
sample of the given thickness reaches values /2 for different time t1/2 for  a  
different pulse length. Moreover, the value of t1/2, which is the determining 
parameter in the calculation of a, does not exceed the time required for the 
acoustic wave to pass through the sample. Considering the electronic nature of 
a thermal conduction in metals and above discussions, a general model for the 
transport in pulse deformable crystals is proposed. Also proposed is the tech-
nique to study a kinetics of transport under specified conditions. 
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CONCLUSIONS 
Under conditions of pulsed deformation of crystals a directed transfer of 

point defects (PD) is carried out. These defects are produced due to displace-
ment and interaction of dislocations, which are trapping and transporting PD 
during directional movement in the field of dynamically varying stresses . 
Movement of such a complex «dislocation + PD» is happening until its kinetic 
energy Vc becomes higher than the defect-dislocation bonding energy E. When 
moving with the speed higher critical value the dislocation is dropping an at-
mosphere containing vacancies while its core is continuing the movement to-
gether with trapped interstitial atoms. As a result the near-surface layers are 
being saturated with vacancies. At the same time the deeper layers are saturated 
with interstitial atoms, entrained by dislocations to larger depth from the near-
surface layer. 

REFERENCES 
[1] A. Pogorelov, A. Zhuravlev. Defect and Diffusion Forum. Switzerland, Scitec Pub-

lic., V.194-199, 2001, P. 1247-1252. 
[2] A.E. Pogorelov, K. P. Ryaboshapka, A. F. Zhuravlev. JAP, 92(2002), p. 5766-5771. 
[3] P.Yu. Volosevich, A.E. Pogorelov. Poverhnost. Fizika, himia, mehanika, 9(1986), . 

126-130. 
[4] A.E. Pogorelov. PhD Theses, Kiev, 1985. 
[5] A. Pogorelov. International Conference NANO-2010, Ukraine, Kiev, October 19-22, 

2010, P. 162. 
[6] . .Gurevich, A. . Pogorelov. – In: «Fizicheski  metody issledovania metallov». 

Kiev, Naukova dumka, 1981, P. 3-23. 
  



418                  Nanomaterials: Applications and Properties (NAP-2011). Vol. 2, Part II           
 
INFLUENCE OF MIGRATION THE RADIATION-INDUCED 

EXCITATIONS IN HETERO-FULLERENES 58Si2 AND 
68Si2 OF THEIR PROBABILITY OF DAMAGE 

M.V. Kobets*, P.A. Selyshchev  
 

Taras Shevchenko national university of Kyiv, Ukraine 
 

ABSTRACT 
Theoretically investigated the role of migration of radiation-induced excitation in 

the damaged hetero-fullerenes C58Si2 and C68Si2. Defined expressions for the proba-
bility collapse of fullerenes different structures. Investigate the changing probability on 
irradiated conditions.  

 
Key words: irradiation, energy migration, probability of collapse, hetero-

fullerenes. 
 

INTRODUCTION 
Physical properties of materials under irradiation significantly changed, 

due to changes in the microstructure of this material. One result of the impact 
of exposure to the material is radiation-induced excitation of the electron 
subsystem of molecules matter [1-4]. 

In a molecule such transfer occurs repeatedly, and energy can shift from 
place of absorb on relatively large distance [5]. On moving, excitation energy 
dissipated in each between the atomic transition. 

In the presence  in a molecule atoms of several varieties can be expected 
that  the  energy bind  of   different  sorts  of  atoms will  be  different,  while  some 
will  be  more  strongly  linked  that  other  less.  In  some  cases  the  difference  of  
energy strong coupling and weak  will be significant. We can expect that the 
vagus excitation, which arose due on the strong bind, reaching the weak, break 
it, resulting in damage or collapse of the molecule. 

Thus, of interest to investigate the lifetime and the likelihood of damage to 
the molecules, in which are formed vagus excitation, and to identify the basic 
patterns are caused by this process. 

Thus, if there is a walk of excitation, the probability of damage (collapse) 
of the molecule depends on the mechanisms of migration of energy to a large 
extent depends on its structure, the number of weak binds, and the 
configuration of the placement of weak binds in the molecule. Another 
important factor that affects the probability of collapse of the molecule is the 
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energy of initial excitation, which determines the maximum length path of 
migration of excitation to the moment of its complete decay. 

In this work the probability of damage of the Herero-fullerenes  C58Si2 and 
C68Si2 [6-7] depending on the structure of molecules, initial excitation energy, 
the number and configuration of weak binds. 

RESULTS AND DISCUSSION 
Results of numerical calculations of the probability of collapse of the 

herero-fullerenes C58Si2 and  C68Si2, depending on the excitation path, and 
placement configurations of impurity atoms are represented in the graphs in 
Fig. 1-2, respectively. The calculations were carried out at values of energy 
bonds: Si-C - 290 kJ/mol, C-C - 344 kJ/mol and independent placement of 
atoms Si. Length of run, on condition of exponential decay of the excitation 
path length was defined expressions: 

 

 0 0

min
lnx En

h E
,  

 
where, n is number of excitation jumps, x0 is distance at which the excitation 

energy decreases in e times, h is distance between neighboring atoms, E0 is initial 
value of excitation energy, Emin – minimum energy at which the gap weak con-
nection is still possible. 

Magnitude L – distance between atoms Si (in units of interatomic 
distance). Ortho and meta configuration [7] correspond to the case when Si 
atoms are in the neighborhood. 

Based on the results can be noted that with increasing length of run initial 
perturbation probability of damage of hetero-fullerene as C58Si2 and  C68Si2 
increases, approaching to the one. 

  
Fig. 1 – The probability of damage hetero-
fullerene C58Si2 depending on the initial 

excitation energy and configuration 
placement of weak ties 

Fig. 2 – The probability of damage hetero-
fullerene depending on the initial excita-
tion energy and configuration placement 

of weak ties 
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Change of configuration the placement of weak ties also lead to a change 
in the probability of collapse of the molecules. In particular, with increasing 
distance (L) between the atoms replacing possibility damage Herero-fullerenes 
also increases. 

CONCLUSIONS 
Based on the assumption that the radiation excitation of electron 

subsystem of atoms can wander through the molecule and outrage break weak 
binding, using numerical methods, built graphics of damage herero-fullerenes 
C58Si2 and C68Si2 depending on the energy of the initial disturbance. 

Investigated the influence of configuration placing weak bonds on the 
probability of damage of hetero-fullerenesC58Si2 and C68Si2. 

Determine the average time of impact to radiation, after it is off. 
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BOR DE PARTICLE SIZE ON RADIATION SHIELDING 
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ABSTRACT 
Composite materials have wide application areas in industry. Boron Carbide is an im-
portant material for nuclear technology. Silicon carbide is a candidate material in the 
first wall and blankets of fusion power plants. Titanium diboride reinforced boron car-
bide-silicon carbide composites which were produced from different titanium diboride 
particle sizes and ratios were studied for searching of the behaviour against the gamma 
ray. Cs-137 gamma radioisotope was used as gamma source in the experiments which 
has a single gamma-peak at 0.662 MeV. Gamma transmission technique was used for 
the measurements. The effects of titanium diboride particle size on radiation attenuation 
of titanium diboride reinforced boron carbide-silicon carbide composites were evaluated 
in related with gamma transmission and the results of the experiments were interpreted 
and compared with each other.  

 
Key words: Nanocomposite, Boron Carbide, Titanium Diboride, Silicon Car-

bide, Cs-137 Gamma Source, Gamma Transmission Technique  
 

INTRODUCTION 
Boron carbide has wide application areas in industry. Some of these areas are nuclear 
technology, military industry, ceramic industry and air-space industry [1, 2]. Boron 
carbide has some important properties such as low-density, high hardness and corosion 
resistance, chemical stability and high neutron capture feature [2]. Some boron carbide 
application fields are lightweight ceramic armor, sand blasting nozzles, nuclear reactors, 
reactor control rods and the radiation shielding materials [2, 3]. However, boron carbide 
is brittle, has low strength and high temperature sintering properties [3, 4]. Sintering of 
pure boron carbide to high densities is difficult. So, specific additives such as SiC, TiB2, 
AlF3, elemental boron and carbon have been used as sintering aids to increase the densi-
ty of composite [2-5]. 
   Silicon carbide has been considered as a candidate material in the first wall and blan-
kets of future fusion power plants because of its safety, environmental and economic 
benefits [6].  
   In this study, titanium diboride reinforced boron carbide- silicon carbide composites 
which were produced from different titanium diboride particle sizes and ratios were 
studied for searching of the behaviour against the gamma ray. For the investigation of 
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the gamma radiation behaviour of these materials, Cs-137 radioisotope was used as 
gamma source in the experiments. Cs-137 gamma radioisotop source has a single gam-
ma-peak at 0.662 MeV and its half life is 30.1y [7, 8]. Gamma transmission technique 
was used for the measurements. 
   Different titanium diboride particle sizes and ratios in titanium diboride reinforced 
boron carbide-silicon carbide composites were evaluated in related with gamma trans-
mission and the results of the experiments were interpreted and compared with each 
other. Therefore, the effects of boron carbide particle size in titanium diboride reinforced 
boron carbide-silicon carbide composites on gamma radiation attenuation were investi-
gated against Cs-137 gamma radioisotope source by using gamma transmission tech-
nique. 

 
EXPERIMENTS AND MATERIALS 

Gamma transmission technique is based on passing gamma rays through the 
materials. Detector and gamma source put both sides of the material. Detector material 
and gamma source are in the same axis. The gamma radiation counts are measured 
reaching to detector from the source. The counts with material and without material are 
compared and evaluate [7-9]. Fig.1 shows schematic view of gamma transmission 
technique.  

 

 

Fig. 1.  Schematic View of Gamma Transmission Technique 
 
The radiation passing through the material is calculated by the following equation: 

where  I  and  I0 are the transmitted and initial gamma ray intensities, respectively, µ is 
linear attenuation coefficient of material at specific - ray and x is the thickness of the 
material.  

 
    (1) 

 
The materials which were used in the experiments have different boron carbide 

particle size ratios in the composites. Thus they are coded according to their boron 
carbide and titanium diboride ratios by volume in composites and particle size ratios. 
Table 1 shows the materials that used in the experiments and their ratios by volume in 
the composite materials.  
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Table (1).The contents of the composite materials which were used in the experiments  

Material 
(Code) 

Boron Car-
bide 

(% Volume) 

Silicon Carbide 
(% Volume) 

Titanium Di-
boride 

(% Volume) 

Nano Titanium 
Diboride 

(% Volume) 
8202_b 78,4 19,6 2 - 

8202_k 78,4 19,6 - 2 

8204_b 76,8 19,2 4 - 

8204_k 76,8 19,2 - 4 

 
Table 2 shows the hardness, strength and density properties of the materials which 

were used in the experiments [5]. 
 

 Table (2).The hardness, strength and density properties of the composite materials 
which were used in the experiments  

Material 
(Code) 

Strength 
(MPa) 

Hardness 
(Vickers) 

Density 
(g/cm3) 

8202_b 261,425±25,60 1902,57±131,8 2,361 

8202_k 233,25±36,45 1868,29±96,74 2,394 

8204_b 276,125±78,79 1983,67±56,78 2,429 

8204_k 279,5±45,51 2211,80±168,17 2,476 

 
For production of nano scale titanium diboride, titanium diboride materials were 

milled in Spex 8000 mill for one hour with WC balls.  Average particle sizes were 
decreased to about 170 nm. Figure 2 shows particle size distribution graph of milled 
titanium diboride particles. 
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Fig 2. Particle Size Distribution of 60 minutes milled Boron Carbide   
 
All   composite materials were sintered hot pressed method  at 2250 ºC for 2 hours 

under 130 MPa pressure. Cs-137 Gamma Radiation source which has 8.9 µCi was used 
in the experiments. Lead blocks were used for radiation shielding and collimation. The 
collimator diameter is 7 mm. The distance between the detector and source is 10 cm.  

Firstly background radiation measured. Then Cs-137 Gamma source was set. Initial 
intensity count (I0) was measured. Then materials were set and intensity counts (I) were 
measured for different thickness values. All counts were measured three times for 600 
seconds. Net counts calculated by reducing background value. Average values and 
standard deviations were calculated. For rational evaluating, relative intensity (I/I0) 
values were calculated. Results were given with tables. Relative intensity-Material 
Thickness Graph was drawn for each Titanium diboride ratio and particle size. 
Exponential distribution was shown on graphs and exponential equations were 
calculated. Then results were evaluated and discussed. 

 
RESULTS AND DISCUSSION 

    Results for 2% titanium diboride reinforced boron carbide-silicon carbide 
composites (8202_b) at different thicknesses with Cs-137 Gamma source are given on 
Table 3. 

 
 
Table (3). Results for  8202_b  titanium diboride reinforced boron carbide-silicon 
carbide composites with Cs-137 Gamma source 
Background =  89 8202_b 

Thickness 
(cm) 

Net 
Count 

1 

Net 
Count 

2 

Net 
Count 

3 

Average 
Count 

 

Standart 
Deviation 

 

Relative 
Count 

0,000 8135 8128 8211 8158 46 1,000 

V
ol

um
e 

(%
) 

Particle size (µm) 
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0,590 7372 7393 7320 7362 38 0,902 

1,165 6654 6652 6780 6695 73 0,821 

1,725 6147 6121 6073 6114 37 0,749 

2,287 5736 5689 5621 5682 58 0,696 
 
    Results for 2% nano titanium diboride reinforced boron carbide-silicon carbide 

composites (8202_b) at different thicknesses with Cs-137 Gamma source are given on 
Table 4. 

 
Table (4). Results for  8202_k  titanium diboride reinforced boron carbide-silicon 
carbide composites with Cs-137 Gamma source 
Background =  89 8202_k 

Thickness 
(cm) 

Net 
Count 

1 

Net 
Count 

2 

Net 
Count 

3 

Average 
Count 

 

Standart 
Deviation 

 

Relative 
Count 

0 8081 8134 8096 8103 27 1,000 

0,5879 7287 7280 7306 7291 13 0,900 

1,1837 6630 6644 6640 6638 7 0,819 

1,766 6090 6050 6071 6070 20 0,749 

2,3512 5512 5538 5532 5527 13 0,682 
 
Results for 4% titanium diboride reinforced boron carbide-silicon carbide 

composites (8204_b) at different thicknesses with Cs-137 Gamma source are given on 
Table 3. 

 
Table (5). Results for  8204_b  titanium diboride reinforced boron carbide-silicon 
carbide composites with Cs-137 Gamma source 
Background =  89 8202_b 

Thickness 
(cm) 

Net 
Count 

1 

Net 
Count 

2 

Net 
Count 

3 

Average 
Count 

 

Standart 
Deviation 

 

Relative 
Count 

0,000 8135 8128 8116 8127 10 1,000 

0,571 7346 7297 7367 7337 36 0,903 

1,119 6718 6696 6725 6713 15 0,826 

1,664 6163 6121 6171 6152 27 0,757 

2,229 5610 5656 5590 5619 34 0,691 
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    Results for 4% nano titanium diboride reinforced boron carbide-silicon carbide 
composites (8202_b) at different thicknesses with Cs-137 Gamma source are given on 
Table 4. 

 
Table (6). Results for  8204_k  titanium diboride reinforced boron carbide-silicon 
carbide composites with Cs-137 Gamma source 
Background =  89 8202_k 

Thickness 
(cm) 

Net 
Count 

1 

Net 
Count 

2 

Net 
Count 

3 

Average 
Count 

 

Standart 
Deviation 

Relative 
Count 

0 8178 8093 8085 8118 52 1,000 

0,5661 7266 7332 7382 7327 58 0,902 

1,1332 6662 6658 6728 6683 40 0,823 

1,7 5996 6184 6052 6077 96 0,749 

2,27 5502 5572 5588 5554 46 0,684 
 
Using the values on the tables Relative Intensity-Material Thickness Graphs were 

drawn for all titanium diboride reinforced boron carbide-silicon carbide composites. 
Exponential fitted equations were calculated. Figure 3 shows Relative Intensity-Material 
Thickness Graphs of 2% titanium diboride reinforced boron carbide-silicon carbide 
composites. 

 

 
 
Fig. 3.  Relative Intensity-Material Thickness Graphs of 2% titanium diboride 

reinforced boron carbide-silicon carbide composites. 
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Figure 4 shows Relative Intensity-Material Thickness Graphs of 4% titanium 
diboride reinforced boron carbide-silicon carbide composites

 
 
Fig. 4.  Relative Intensity-Material Thickness Graphs of 4% titanium diboride 

reinforced boron carbide-silicon carbide composites. 
 

Using the graphs on Fig 3 and Fig 4 the linear attenuations of the composite ma-
terials and correlation coefficients were calculated. The mass attenuation coefficients 
(µ/ ) of the composite materials were also calculated. Then mass attenuation coefficient 
values were compared with the theoretical values which were taken from XCOM com-
puter code. 

 
The linear and mass attenuation values and XCOM values of the composites are given 
on Table 6. 
 
Table (7). The Linear and Mass attenuation coefficient of the composite materials. 
 
 
Material 
(Code) 

Linear 
attenuation 
coefficient 
(cm-1) 

 Mass Attenuation Coefficient 
(cm2/g) 

 

 Experimental 
(10-2) 

Theoretical 
(XCOM) 

Difference 
(%) 

8202_b 0,162  6,862 7,355 6,710 

8202_k 0,164  6,850 7,355 6,867 

8204_b 0,165  6,793 7,352 7,605 

8204_k 0,168  6,785 7,352 7,712 

 
All correlation coefficient values of the linear attenuation coefficients are over 

0.99. The linear attenuation coefficients of milled titanium diboride reinforced boron 
carbide-silicon carbide composites are higher than unmilled reinforced ones. The mass 
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attenuation values are closed to theoretical values which were taken from XCOM. The 
differences of theoretical and experimental values are between 6-8%.  

 
CONCLUSIONS 
It could be understood that for 2% milled titanium diboride reinforced boron car-

bide-silicon carbide, the linear attenuation coefficient is higher than unmilled one. In 
addition for 4% milled titanium diboride reinforced boron carbide-silicon carbide, the 
linear attenuation coefficient is higher than unmilled one the linear attenuation coeffi-
cient is higher than unmilled one . The experimental values and theoretical values from 
XCOM are closed to each other. Therefore it can be said that decreasing the titanium 
diboride particle size in the composites causes higher linear attenuation values. 

In conclusion, milled composite materials are more convenient than unmilled 
composite materials for gamma radiation shielding in nuclear technology. 
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