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Abstract:For qualitative and quantitative analysis of self-propagating high-temperature synthesis (SHS) in combination 
with SHS extrusion, thermal and rheodynamic models, which use data on the actual conditions of the technological 
process, were developed. In this paper, to assess the effect of technological and thermal parameters on the length of 
extruded rods, mathematical modeling of the process of SHS extrusion of a material based on titanium diboride with the 
initial molar composition Ti–2B–0.9Co was carried out. The real combustion temperatures of the system, obtained 
experimentally under various conditions (relative density, grade of titanium powder), were used in the model calculations. 
On the basis of mathematical models of the thermal regimes of SHS processes, the temperature fields in the sample 
material in a cylindrical mold, in a heat insulator, and also in an extruded rod were studied, and the lengths of the resulting 
rods were determined depending on various technological parameters of the process. Rods were obtained experimentally 
by SHS extrusion, confirming the correctness of the numerical results of the prediction based on mathematical modeling. 
Theoretical studies of the SHS extrusion process, based on the effect of high-temperature shear deformation on synthesis 
products in a hot state, contribute to the development and creation of new advanced SHS technological methods for 
producing composite and cermet materials and products. 
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Аннотация: Для качественного и количественного анализа cамораспространяющегося высокотемпературного 
синтеза в сочетании с экструзией (СВС-экструзия) разработаны тепловые и реодинамические модели, в которых 
используются данные о реальных условиях протекания технологического процесса. В данной работе для оценки 
влияния технологических и тепловых параметров на длину экструдированных стержней проведено 
математическое моделирование процесса СВС-экструзии материала на основе диборида титана исходного 
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мольного состава Ti–2B–0,9Co. В расчетах модели использовались реальные температуры горения системы, 
полученные экспериментально при различных условиях (относительная плотность, марка порошка титана).  
На основе математических моделей тепловых режимов СВС-процессов исследованы температурные поля  
в материале образца, находящегося в цилиндрической пресс-форме, в теплоизоляторе, а также в экструдированном 
стержне, определены длины получаемых стержней в зависимости от различных технологических параметров 
процесса. Экспериментально методом СВС-экструзии получены стержни, подтверждающие правильность 
численных результатов прогноза на основе математического моделирования. Теоретические исследования 
процесса СВС-экструзии, основанного на воздействии высокотемпературного сдвигового деформирования на 
продукты синтеза, находящиеся в горячем состоянии, способствуют развитию и созданию новых передовых 
технологических методов СВС для получения композиционных и металлокерамических материалов и изделий. 
 
Ключевые слова:СВС-экструзия; металлокерамические материалы; электроды для наплавки; математическая 
модель; моделирование тепловых режимов. 
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1. Introduction 

 

An important issue of developing the SHS 
technology [1–4] was to study the possibility of direct 
fabrication of products of the desired shape, size, 
composition, structure, and, ultimately, with desired 
performance properties, bypassing the stage of 
preparing powders of the final product. When using 
the combined action of shear deformation and 
pressure in the process of SHS extrusion, new 
possibilities open up for one-stage fabrication of 
products from powders of refractory compounds. 

The combination of combustion processes and 
high-temperature shear deformation makes it possible 
to use the internal energy of the reacting system 
released during the chemical reaction, and thereby 
avoid the need for external heating and long-term 
exposure. This provides the appearance of new 
features in the process of structure formation of 
materials [5, 14]. Note that this method is science-
intensive and opens up a fundamentally new 
approach to the organization of the technological 
process of manufacturing long products from brittle 
and hard-to-deform powders of refractory inorganic 
compounds in the cold state. 

Previously, to study the abrupt cooling of SHS 
synthesis products, thermal models were formulated 
that describe non-stationary thermal processes in 
combustion products and their heat exchange with the 
environment under real conditions of SHS extrusion 
[15, 16]. 

The development of affordable and economical 
methods for preparing coatings on the surface of a 
tool and process equipment based on cermet 
composite materials (CCMs) based on titanium alloys 
is a promising direction. Titanium borides are 
effective hardeners, since it has a high Young’s 
modulus, high strength, and a similar thermal 

expansion coefficient. In addition, they are 
chemically inert with respect to the matrix of the 
metal binder [17–19]. In turn, titanium borides are 
characterized by high hardness, wear resistance, heat 
resistance, and heat resistance [20–24]. In this regard, 
it can be concluded that materials with a complex 
structure of titanium monoboride, titanium diboride 
and a metal binder, in various mass ratios, should be 
used in hard, heat-resistant and wear-resistant 
coatings for products for a wide range of purposes 
[23–28]. Such composites combine the plasticity and 
toughness of a titanium matrix with high strength, 
hardness, rigidity, and heat resistance. 

In this paper, using mathematical modeling of 
the thermal regimes of SHS extrusion [15, 16], we 
studied the effect of processing and thermal 
parameters on the length of electrodes for surfacing 
from a cermet material based on titanium diboride 
with additionally introduced cobalt. 

 
2. Materials and Methods 

 

2.1. Object of study 
 

For experimental studies, charge blanks, or 
tablets with a diameter of 25 mm, were prepared by 
direct pressing. The molar ratios of the initial 
components were Ti : B : Co = 1 : 2 : 0.9, the relative 
density was 0.55–0.70. Titanium powders of different 
granulometric composition were used. The particle 
size of the main fraction was: 65–150 microns for 
titanium powder No. 1; 15–25 microns for #2 and 
100–170 microns for #3. 

In the Ti–B–Co system under study, the 
synthesis of the material in the combustion mode is 
ensured due to the high exothermicity of the chemical 
reaction of the interaction of titanium and boron 
powders with the formation of titanium diboride and 
boride, respectively: Ti + 2B → TiB2. 
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2.2. Numerical method 
 

Previously developed mathematical models of the 
thermal regimes of the SHS extrusion process [15, 16] 
make it possible to study the temperature fields in the 
sample material located in a cylindrical mold,  
a heat insulator, and an extruded rod depending on 
various process parameters (combustion temperature, 
delay time, plunger speed press, heating temperatures 
of various equipment zones, etc.). The length of the 
extruded rod was predicted. When a part of the 
material located in the profiling matrix and located 
directly above its hole lost its “survivability” (the 
temperature became lower than the survivability 
temperature), i.e. the ability to plastic deformation, 
and clogged the outlet, the extrusion stopped. The 
resulting length – the ordinate of the lower boundary 
of the sample – was the desired length of the product. 

For this purpose, the system of differential 
equations [15] for a heat insulator (asbestos):  
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and the sample material in the mold and extruded rod 
was numerically studied:  
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Depending on the stage of the process, the 
functions f(ρ, z) and λ2(ρ) included in the differential 
equations have the following values: 
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where I, II, and III are stages of combustion-delay, 
pressing and extrusion (extrusion), respectively.  
As a result of the numerical solution of a two-
dimensional thermal problem with two moving 
boundaries, the temperature field T = T(r, z, t) was 
found, which is a function of two coordinates r and z 
and time t in the sample, heat insulator, extruded 

(extruded) part of the material, and the length of the 
product was predicted (L). Differential equations, 
initial and boundary conditions were reduced to a 
dimensionless form. The problem was solved by the 
finite difference method using a four-point difference 
scheme. Each of equations (1) and (2) is split into two 
and presented in finite difference form. The obtained 
difference equations were solved by the sweep 
method in single-layer regions and by the through-
sweep method in two-layer regions. 

As a result of a numerical study, graphs of the 
temperature fields in the sample, heat insulator and 
extruded rod, as well as its length, are displayed. 

Note that for each specific practical application, 
it is necessary to solve problems directly related to 
the manufacturing technology of the considered 
products and the technical characteristics of these 
products. Experimental research causes difficulties, 
and methods of mathematical modeling make it 
possible to investigate an object by simulating an 
experiment on a computer and thus exclude or 
significantly reduce the volume of the experiment.  
It should be emphasized the predominant applied 
nature of these studies, which are characterized by a 
comprehensive implementation of its results in the 
practice of solving specific technological problems. 

The main task of theoretical consideration for 
thermal and rheodynamic models of SHS extrusion is 
the analysis of the density, temperature, and stress-
strain state of the material depending on pressure, as 
well as on the initial distribution of temperature and 
density over the sample volume. An essential side of 
this line of research is the use of specific data on the 
actual conditions of the technological process, which 
in conventional theoretical studies of SHS processes 
were given in the most general form. In this study, at 
the preliminary stage, the combustion temperatures of 
the studied composition were experimentally 
determined under various conditions (relative density 
of blanks, powder grades). 

The following data were used in the calculations 
for the material of the initial molar composition  
Ti–2B–0.9Co: pressure on the press plunger Р = 108 Pa, 
density of the incompressible base of the material 
ρ1 = 5.58 × 103 kg⋅m–3, initial sample density 
ρ0 = 3.13×103 –3.99×103 kg⋅m–3, heat capacity 
с = 1750–1759 J⋅(kg·K)–1, coefficient of thermal 
conductivity of the composition λ =  18–46 W⋅(m·K)–1, 
initial sample height Н0 = 40×10–3 m, billet diameter 
d1 = 25×10–3 m, combustion temperature Tc = 2269–
2395 K, molding temperature Тl = 1087–1398 K 
(Тl = (0.7–0.9)Tmelt, where melting temperature of the 
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binder Tmelt = 1553 K), composition burning rate 
Uc = 300×10–3–375×10–3m⋅s–1, press plunger speed 
Un = 61×10–3 m⋅s–1, die cone angle 2α = 180°, 
profiling matrix hole diameter d3 = 3×10–3–5×10–3 m, 
gauge diameter d2 = 3×10–3–5×10–3 m, asbestos 
thickness on the matrix and in the hole  
δ= 1.5×10–3 m. 

 
2.3. Experimental methods 

 
The combustion temperature of the SHS process 

was determined by the thermocouple method on  
a TEST model facility developed at the ISMAN 
Laboratory for Plastic Deformation of Materials.  
The installation allows to carry out studies under the 
conditions in which the sample is located during 
synthesis in an extrusion mold, including under the 
same heat transfer conditions. Two holes for 
thermocouples were drilled in charge blanks 
thermally insulated with asbestos cloth (thickness  
1.5 mm) at a known distance l to a depth of 12.5 mm. 
Then the samples were placed in a cylindrical 
chamber with dimensions corresponding to the 
dimensions of a real extrusion mold, and 
thermocouples were fed through special holes in the 
chamber. The SHS process was initiated from the 
uninsulated end of the tablet using a tungsten coil.  
As a result, the combustion temperature profiles were 
obtained, which were used to determine the 
maximum temperature realized in the SHS process  
(it is also the combustion temperature), and also the 
charge combustion rate was calculated using the 
formula: 

12 τ−τ
=

l
Vc , 

 

where l is distance between thermocouples, mm; τ2 is 
point in time at which the maximum temperature 
value is read from thermocouple 2, s; τ1 is point in 
time at which the maximum temperature value is read 
from thermocouple 1, s. 

Rods from the material of the initial molar 
composition Ti–2B–0.9Co were obtained by SHS 
extrusion (Fig. 1). The charge billet was placed in a 
special extrusion mold, the combustion process was 
initiated using a tungsten spiral, and after the 
combustion wave passed through the entire sample, 
after a certain time (delay time), under the influence 
of pressure Р, the synthesized cermet material was 
pressed through the forming matrix. A detailed 
description of the SHS extrusion process can be 
found in [5, 14]. 

 
 

Fig. 1. Schematic view of the installation  
for SHS extrusion 

 
3. Results and Discussion 

 

3.1. Results of numerical studies  
of the Ti–B–Co system 

 

Temperature distribution at different stages of 
the SHS extrusion process and the correlation 
between the rod length and the hole diameter of the 
profiling die. Figure 2 shows the temperature fields of 
the extruded material at three stages of the SHS 
extrusion process: a) combustion stage, b) pressing 
stage, c) extrusion stage. Since the sample is located 
in a cold mold, the temperature near its walls is 
somewhat lower than in the middle of the sample. At 
the stage of extrusion, when the synthesized material 
passes through a cold forming matrix, it is 
additionally cooled to 0.75–0.80 of the temperature of 
the middle of the sample, close to the combustion 
temperature during the SHS process. The temperature 
of the formed rod at the exit from the matrix  
is 0.30–0.35 of the temperature of the material after 
the synthesis reaction. When the synthesized material 
cools to temperatures below the pot life temperature, 
the material loses its ability to form, as a result, the 
outlet of the profiling matrix is clogged and the 
extrusion process stops. 

The dependence of the rod length on the radius 
of the hole – the radius of the resulting rod is shown 
in Fig. 3. For the synthesized material based on 
titanium diboride, the length of the rods decreases 
with an increase in their diameter. The dependence 
obtained as a result of the numerical study 
corresponded to the experimental data. 

The correlation between the rod length and the 
initial porosity (density) of the sample. The length of 
the rods produced by SHS extrusion from the  
Ti–2B–0.9Co material was studied numerically.  
 

Green sample
(pressed table) 

Heat  
insulation 

Extruded rod Plunger 

Forming die 

Press mold 

Ignition device
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Fig. 2. Temperature distribution in the sample at the stages of: a – combustion-delay; b – pressing; c – extrusion. 
Parameters: hole radius of the profiling matrix r1 = 1.5 mm (rod diameter d1 = 3 mm), matrix angle 180 degrees,  

press plunger speed V = 61 mm⋅s–1, asbestos thickness around the sample Asb = 1.5 mm.  
The initial height of the tablet H0 = 40 mm, the length of the extruded part L = 162 mm 

 

  
Fig. 3. The correlation the length of the extruded rod (L) 

and the hole radius of the profiling matrix (r). Parameters: 
die angle 180 degrees, press plunger speed V = 61 mm⋅s–1, 

asbestos thickness around the sample Asb = 1.5 mm, 
sample initial height H0 = 40 mm,  

the degree of deformation is constant 

Fig. 4. The correlation between the length of the extruded 
rod (L) and the initial density (r0). Parameters: die angle 

180 degrees, press plunger speed V = 61 mm⋅s–1, asbestos 
thickness around the sample Asb = 1.5 mm, sample initial 
height H0 = 40 mm, rod radius R0 = 2.5mm, ρ0 = 0.5–0.7, 

the degree of deformation is constant 
 

The initialdensity of powder blanks affects the 
combustion temperature of the material. In this 
regard, the processing interval of the material also 
changes. Figure 4 shows the dependence of the length 

of the rod on the initial density. It can be seen that it 
is nonmonotonic and has a maximum at a relative 
density of 0.6; the length of the extruded rods under 
such conditions was 178 mm. 
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The correlation between the rod length and the 
delay time and temperature of material survivability. 
An important parameter of SHS extrusion is the 
pressure delay time. The moment when the 
combustion front has passed through the entire 
sample is taken as the beginning of the countdown of 
the delay time, that is, the synthesis of the material 
has taken place in the entire volume of the sample.  
As numerical calculations show (Fig. 5), a decrease 
in this time leads to an increase in the length of the 
extruded part of the rod from 162 to 194 mm  
(by 20 %), for a rod radius of 1.5 mm. This is due to 
the fact that at a higher temperature the material has a 
greater ability to deform (plasticity). 

An important parameter is the molding 
temperature (survivability) for predicting the length 
of the resulting rods. It is usually in the range of  
0.7–0.9 of the melting point of the binder. It is 
desirable to measure it in an experiment in order to 
obtain more accurate predictions from a mathematical 
model. Figure 6 shows the dependences of the length 
of the rods on the survivability temperature for the 
pressure supply delay times of 0, 2, and 4.3 s. 

It can be seen that the length of the resulting 
rods can reach values of more than 300 mm under 
extrusion conditions immediately after the 
combustion wave has passed through the entire 
sample or with a delay time of 0 s. It should also be 
noted that an increase in the time and interval of 
survivability, and hence the length of the rods, is 
ensured when the synthesized material has the 
necessary plasticity for its extrusion at relatively low 
temperatures (1100 K). 

The correlation between the particle size 
distribution of titanium powder and the length of the 
resulting rods. The length of the rods produced by 
SHS extrusion from powder mixtures of the Ti–B–Co 

 

 
 

Fig. 5. Influence of the delay time (td) on the rod length 
(L). Parameters: r1 = 1.5 mm, V = 61 mm⋅s–1, H0 = 40 mm 

 
 

Fig. 6.The correlation between the length of the extruded 
rod (L) and the temperature of survivability (Tf)  

for different delay times: black line – 4.3 s, red – 2 s,  
blue – 0 s. Parameters: die angle 180 degrees,  

press plunger speed V = 61 mm⋅s–1, asbestos thickness 
around the sample Asb = 1.5 mm, sample initial height  

H0 = 40 mm, rod radius R0 = 2.5mm, the degree  
of deformation is constant 

 
system was numerically studied depending on the 
brand of titanium powders used (No. 1: the main 
weight fraction of particles is in the range of  
65–150 microns; No. 2: 15–25 microns; No. 3:  
100–170 microns). According to experimental data, 
the mixture with titanium powder No. 3 has the 
highest combustion temperature of 2341 K (Fig. 7). 
For mixtures with titanium No. 1 and No. 2, the 
combustion temperature was 2313 K and 2219 K, 
respectively. 

From the results of numerical studies (Fig. 8) it 
can be seen that for a relative initial density of  
0.6–0.7, a powder with a particle size of  
100–170 microns (No. 3) is preferable. The length of 
the rods when using these powders is 1.12 times 
greater. With the improvement of the thermal 
conditions of the process (heating of the tablet, 
thermal insulation), the length can be increased. 

 
3.2. Results of experiments performed  

on the basis of the constructed mathematical models 
for the Ti–B–Co system 

 

Based on the results of mathematical modeling, 
experiments were carried out to obtain rods from the 
studied material Ti–2B–0.9Co by SHS extrusion with 
different delay times at an optimal relative density of 
0.6 (Fig. 9). The lifetime temperature of the extruded 
material, based on the experiments, was Tziv = 1350–
1400 K. When comparing the theoretical data with 
the experimental data, it can be seen that for a delay  
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Fig. 8.Correlationbetween the length of the extruded  
rod (L) and the particle size distribution of the titanium 

powder used: No. 1, No. 2, No. 3. Parameters:  
die angle 180 degrees, press plunger speed V = 61 mm⋅s–1, 

asbestos thickness around the sample Asb = 1.5 mm,  
sample initial height H0 = 40 mm, rod radius R0 = 2.5 mm, 

constant deformation degree 
 
 

time of about 4.3 s, the numerical calculations of the 
rod length using the mathematical model are in good 
agreement with practical data. With an increase in the 
delay time to 4.6 s, the plasticity of the material 
decreases, and the length of the extruded rod 
decreases by about 4 times. With a delay time of 5.0 s 
or more, heat losses lead to a critical decrease in the 
rheological properties of the material, at which it is 
not possible to extrude it. 

 
 

Fig. 9. Correlation between the rod length and the delay. 
Parameters: die angle 180 degrees, press plunger speed  
V = 61 mm⋅s–1, asbestos thickness around the sample  

Asb = 1.5 mm, sample initial height H0 = 40 mm,  
rod radius R0 = 1.5 mm, deformation degree is constant 

 
4.  Conclusions 

 

The temperature fields in the sample material 
were studied using the developed mathematical 
models of the thermal regimes of SHS extrusion.  
It was found that the temperature of the synthesized 
material Ti–2B–0.9Co while pressing through the 
forming die was higher than the survivability 
temperature, which makes it possible to produce rods 
with a length of more than 100 mm. It is proved that 
an increase in the hole radius of the profiling matrix 
from 1.5 mm to 5 mm leads to a reduction in the 
length of the rod by 25 %. 

It was found that for the Ti–2B–0.9Co material, 
the dependence of the length of the extruded rod on 
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the initial porosity (density) is extreme and has a 
maximum (178 mm) at a relative density of the initial 
billet equal to 0.6. 

It is shown that a decrease in the temperature  
of the survivability of the synthesized material leads 
to a decrease in the length of the extruded rod, since 
the temperature-time interval in which the material 
has sufficient plasticity for its extrusion decreases. 

Both numerical and experimental studies of the 
influence of the delay time on the length of an 
extruded rod made of Ti–2B–0.9Co material showed 
that with an increase in the delay time, the ability  
of the material to extrude decreases. When extrusion 
was carried out 4.3 s after SHS of the material in the 
entire volume of the sample, the difference between 
the theoretically calculated and experimentally 
obtained length of the rods was 7.5 %. 

It was found that the use of titanium powder in 
the initial mixtures with the main weight fraction of 
large particles 100–170 μm in size makes it possible 
to increase the length of the rods obtained by SHS 
extrusion by 1.12 times compared to titanium 
powders, the size of the main weight fraction of 
particles of which has a spread of 15–25 and  
65–150 microns. 

The presented theoretical and experimental 
studies will be continued due to their great practical 
importance in choosing the optimal parameters of 
SHS extrusion for the development of an 
experimental batch of surfacing electrodes in order to 
apply protective coatings on the bits of agricultural 
machines (work is carried out jointly with Tambov 
State Technical University). 
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