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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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AunHoTanmsi: J[11 Ka4eCTBEHHOTO M KOJHMYECTBEHHOI'O aHAIM3a CaMOPACHPOCTPAHSIOLIErocs BBICOKOTEMIEPATYPHOTO
cHHTe3a B codeTaHnu ¢ skcrpysueil (CBC-skeTpy3ust) pa3paOboTaHbl TEIUIOBBIE H PEOANHAMHYECKIE MOJIENH, B KOTOPBIX
UCIIOJNB3YIOTCS JaHHBIE O PEaTbHBIX YCIOBHAX MPOTEKaHUS TEXHOJIOTMYECKOTo Ipolecca. B maHHOW paboTe Ui OLEHKH
BIMSIHUSL TEXHOJOTMYECKMX W TEIUIOBBIX MapaMeTpoB HA JUIMHY OSKCTPYAHUPOBAHHBIX CTEPXKHEH NPOBEICHO
MaTeMaTH4eckoe MopenupoBanue mpouecca CBC-skcTpy3unm MaTepuana Ha OCHOBE OUOOpHIA THTaHA HCXOJHOTO
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MonpHOTO coctaBa Ti—2B—0,9Co. B pacuerax Momeny HCIOIB30BAINCH PeajbHBIC TEMIEPATYPhl TOPEHHS CHUCTEMBL,
MOJTy4EHHbIE 3KCHEPHMEHTAIBHO IIPH PA3INYHBIX YCIOBHAX (OTHOCHUTEIbHAs IUIOTHOCTh, MapKa IIOPOIIKA TUTAHA).
Ha ocHoBe MmaremaTtmueckux Mojeneld TemIoBelx pexnmMoB CBC-mpomeccoB ucciaeqoBaHbl TeMIEpaTypHbIE IIOJIS
B Marepuaie o0paslia, HaxoAIIerocs B NWIMHIPHYIECKOH mpecc-hopMe, B TEILIOU30IIATOPE, a TAKKe B 3KCTPYIUPOBAHHOM
CTCPIKHE, ONPCACIICHBI AJIMHBI MOJTYy4YaC€MbIX CTep)KHeﬁ B 3aBUCHMOCTHU OT PAa3JIMYHBIX TCXHOJIOTMYECKHUX IMapaMETpOB
mporecca. OkcrnepuMeHTanbHO MeTtonoM CBC-3keTpy3un MOJMy4YeHBl CTEpXKHM, MOATBEP)KIAIONINE IPABUIBHOCTD
YHUCJIEHHBIX pPE3YJITATOB IIPOrHO3a Ha OCHOBE MAaTEMaTHYeCKOro MOJEIHMPOBAHMS. TeopeTHdYecKue HCCIIeq0BaHUs
npouecca CBC-3KCTpy3nu, OCHOBAHHOTO Ha BO3JEHCTBHM BBICOKOTEMIEPATypHOTO C/IBUTOBOTO Ae(OPMHPOBAHUS Ha
MIPOJYKTHl CHHTE3a, HAXOJIIMECs B TOpsiYeM COCTOSIHHH, CIIOCOOCTBYIOT PasBUTHIO M CO3JIaHMIO HOBBIX IEPEIOBBIX
TexHojorndecknx MetonoB CBC miist momydeHust KOMITO3UIIMOHHBIX 1 METAUIOKEPAMUIECKUX MAaTEPHAIOB U U3/CHI.

KatoueBsie cioBa:CBC-3kcTpy3ns; METaNIOKEPaMHUECKHE MaTEpHalbl; 3JIEKTPOABI IJIs HAIIaBKH; MaTeMaTH4YecKas
MO/IEIIb; MOJIETMPOBAHNE TEINIOBBIX PEKHMOB.

s uutupoBanus: Stel'makh LS, Zhidovich AO, Stolin AM, Karpov SV. Finding rational regimes for direct fabrication
of long products from powders of refractory compounds by SHS extrusion. Journal of Advanced Materials and

Technologies. 2022;7(3):172-180. DOI:10.17277/jamt.2022.03.pp.172-180

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 — TiB,.
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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):

o, °Ty 10T, 8°T,
5 t— (1)
ot or: ror oz

—=a1V2T1 =a1( t

and the sample material in the mold and extruded rod
was numerically studied:
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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 7= T(r, z, {) was
found, which is a function of two coordinates » and z
and time ¢ 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 P = 10° Pa,
density of the incompressible base of the material

p1=5.58 % 10° kg'm%, initial sample density
po=3.13x10" -3.99x10° kgm >, heat capacity
c=1750-1759 1] -(kg-K)ﬁl, coefficient of thermal
conductivity of the composition A = 1846 W'(m-K)fl,
initial sample height Hy = 40x 10~ m, billet diameter
dy=125x% 10° m, combustion temperature 7,.=2269—
2395 K, molding temperature 7;=1087-1398 K
(71= (0.7-0.9) Tyelt, Where melting temperature of the
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binder Tpe= 1553 K), composition burning rate
UC=300><1073—375><1073m-s71, press plunger speed
U,,=61><1073 m-sﬁl, die cone angle 2o =180°,
profiling matrix hole diameter d3 = 3x10-5x10" m,
gauge diameter a’2=3X107375><1073 m, asbestos
thickness on the matrix and in the hole
8=1.5%10" 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 / 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:

[
V.=

C 9
=T

where / is distance between thermocouples, mm; 15 is
point in time at which the maximum temperature

value is read from thermocouple 2, s; t; 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 P, the synthesized cermet material was
pressed through the forming matrix. A detailed
description of the SHS extrusion process can be
found in [5, 14].

Green sample Ignition device

(pressed table)
Press mold
Heat
insulation Forming die
Extruded rod Plunger

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.
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Fig. 2. Temperature distribution in the sample at the stages of: ¢ — combustion-delay; b — pressing; ¢ — extrusion.
Parameters: hole radius of the profiling matrix 1 = 1.5 mm (rod diameter d; = 3 mm), matrix angle 180 degrees,
press plunger speed V=61 mm-s ', asbestos thickness around the sample Asb = 1.5 mm.

The initial height of the tablet Hy = 40 mm, the length of the extruded part L = 162 mm

L, mm
160+

1404
120
100-
801
60+
401
20
04

1.5 20 25 30 35 40 45

5.0 r, mm

Fig. 3. The correlation the length of the extruded rod (L)
and the hole radius of the profiling matrix (7). Parameters:
die angle 180 degrees, press plunger speed V' =61 mm-s ',

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

L, mm
1604

1401
120
100]
80/
60]
40]
20/

0.
0.540.56 0.58 0.60 0.62 0.64 0.66 0.68 0.70
70, mm

Fig. 4. The correlation between the length of the extruded

rod (L) and the initial density (r(). Parameters: die angle

180 degrees, press plunger speed V' = 61 mm-s ', asbestos

thickness around the sample Asb = 1.5 mm, sample initial

height Hp= 40 mm, rod radius Ry = 2.5mm, pg = 0.5-0.7,
the degree of deformation is constant

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

L, mm

2004
180
1604
140 1
1204
1001
804
60 4
40
20°
0-

-1 0 1 2 3 4 5
td, S

Fig. 5. Influence of the delay time (#7) on the rod length
(L). Parameters: 71 = 1.5 mm, V' =61 mm-sﬁl, Hp =40 mm

L, mm
3801

340

3007

260

2201

180+

1401 . - ! PR
1050 1100 1150 1200 1250 1300 1350 7, K
Fig. 6.The correlation between the length of the extruded
rod (L) and the temperature of survivability (77)
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 rnm~s_1, asbestos thickness
around the sample Asb = 1.5 mm, sample initial height
Hy= 40 mm, rod radius Ry = 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 7, = 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 ',
asbestos thickness around the sample Asb = 1.5 mm,
sample initial height Hp =40 mm, rod radius Ry = 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.

T,K

2500
2000

1500
1000

500

0
0.3 0.4 0.5 0.6 0.7 ts

(b)

Fig. 7. Temperature profiles
of combustion of a mixture of powders
of the Ti— B—Co system with the initial component
of titanium powder No. 1 (a), No. 2 (), No. 3 (¢)

L, mm

200

Model (T, = 1397 K)
150 1

100 -
Experiment

50 I

0 2 4 6 td, S

Fig. 9. Correlation between the rod length and the delay.
Parameters: die angle 180 degrees, press plunger speed
V=61 mm-s ', asbestos thickness around the sample
Asb = 1.5 mm, sample initial height Hy, =40 mm,
rod radius Ry = 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

178
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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 um 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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