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Abstract: Self-propagating high-temperature synthesis (SHS) is one of the promising methods for producing strong and 

wear-resistant composites. The use of copper as a matrix due to the unique combination of electrical and thermal conduc-

tivity is of particular interest. Monolithic SHS composites of the Cu–Ti–C–B and Cu–Ti–C systems are currently little 

studied. The information on the phase composition of such composites is contradictory, and data on micromechanical 

properties is practically absent. The paper presents the results of a comparative analysis of the structure and micromecha-

nical properties of composites of the Cu–Ti–C and Cu–Ti–C–B systems. It is found that the matrix of both composites is  

a copper-based solid solution supersaturated with titanium, in which nanosized Cu4Ti intermetallic compound particles 

precipitate upon cooling. TiC particles (Cu–Ti–C composite) and TiC and TiB2 particles (Cu–Ti–C–B composite) are  

the strengthening phases resulting from SHS. In the Cu–Ti–C–B composite, the original particles of unreacted B4C boron 

carbide were preserved, the microhardness of which was 3680 HV 0.1. The most ductile structural constituent in the Cu–Ti–B 

system composite is the Cu+Cu4Ti mechanical mixture, due to which further plastic deformation is possible to obtain parts of 

a given shape. During the study of micromechanical properties, the maximum strength indicators of HIT, HV, We, Re, HIT/E* 

were recorded in the Cu–Ti–C–B system composite, which allows expecting high wear resistance of products made of it. 
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INTRODUCTION 

The method of self-propagating high-temperature syn-

thesis (SHS) is widely recognised in the field of creating 

new powder materials [1–3]. Currently, this process is 

being studied in 47 countries around the world. The SHS 

process is based on carrying out exothermic chemical re-

actions of interaction of initial reagents in the form of 

combustion, where the target combustion product is solid 

chemical compounds (carbides, nitrides, borides, oxides, 

etc.) and materials based on them [4]. The main reagents 

in SHS processes are powders of metals and non-metals, 

and the final product is powders, sintered bulk materials 

or coatings [5–7]. 

The advantages of SHS technology include a significant 

reduction in energy costs for heating to high temperatures, 

as the heat generated by the combustion reaction works, as 

well as the use of simple, small-scale equipment, and the 

implementation of high process speeds [8–10]. Currently, 

about 100 varieties of SHS technology have been created, 

which allow synthesising over 1000 substances and materi-

als, applying coatings, and welding parts. In Russia, six 

types of SHS technologies are common: reactor powder, 

sintering, power compaction, casting and weld facing, 

welding, and vapour transport coatings [3; 8]. SHS techno-

logies are widely used in mechanical engineering (abrasive, 

blade and stamp tools, high-temperature and wear-resistant 

parts), metallurgy (refractory products, weld facing, elec-

trodes, ferroalloys, metal-supplying pipes), electrical engi-

neering and electronics (ferrites, ferroelectric materials, 

insulators, heating elements, high-temperature supercon-

ductors), chemical industry (catalysts), medicine (implants 

made of shape memory alloys) [9]. The SHS process is also 

very promising for the production of nanomaterials: 

nanosized powders, fibres and films, as well as nanostruc-

tured compact materials [10]. 

SHS is a rather complex physical and chemical process; 

its behaviour depends on many factors: the reaction heat, 
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the composition and structure of the initial mixture of 

powders, the size of their particles, density, size and tem-

perature of samples, the composition and pressure of  

the surrounding gas, etc. SHS is based on the exothermic 

reactions leading to heating of the initial mixture up to  

the melting point of the metal powders that form the com-

posite matrix [3; 4]. After the SHS completion, the pro-

duced composite is cooled, and, as a result, phase trans-

formations are possible in the metal matrix that largely 

determine the composite properties. Until now, research 

has been focused mainly on studying the theory of com-

bustion and synthesis processes, understanding their 

mechanisms, identifying the influence of various techno-

logical parameters on the composition, structure and pro-

perties of the resulting product, as well as developing  

the equipment for the SHS process implementation [3; 4]. 

The study of the structure and properties of the matrix is 

rather neglected. However, it is in it that significant 

changes occur both during the synthesis process and dur-

ing subsequent thermal treatments [11–13]: during the com-

bustion process, supersaturated solid solutions, non-

equilibrium phases and intermediate products are formed, 

which upon subsequent heating, can decay and interact 

with each other, forming new phases. 

Copper has a unique combination of electromagnetic 

and thermophysical properties [14]. Therefore, composites 

with a copper matrix are a very promising new material for 

structures requiring high electrical and thermal conductivity 

[15; 16]. The authors of works [14; 17] showed that severe 

plastic deformation of Cu/Mg composites, in combination 

with heat treatment allows obtaining unique properties due 

to a combination of high electrical conductivity and 

strength. Previous studies have demonstrated that compo-

sites of the Cu–Ti–C and Cu–Ti–C–B systems are charac-

terised by high wear resistance [18; 19]. It has been found 

that abrasive wear of these composites occurs through plas-

tic displacement of the cut material, which allows forming  

a surface with a high degree of roughness [19]. Moreover, 

copper and alloys based on it are quite easily deformed, 

which allows implementing deformation-thermal treatment 

of the composite to change its properties and give it a de-

fined shape. Thus, in the work [20], temperatures and pres-

sures were found at which it is possible to realise plastic 

deformation of the Cu–Ti–C–B SHS composite without 

destruction. In this regard, the study of composites of  

the Cu–Ti–C and Cu–Ti–C–B systems is of great practical 

interest. 

The available information on the phase composition of 

SHS composites of the Cu–Ti–C and Cu–Ti–C–B systems 

is quite contradictory. Thus, the authors of [18] discovered, 

except for the particles of strengthening TiC phases 

formed as a result of the Cu–Ti–C composite SHS,  

a whole series of titanium cuprides of various composi-

tions. The works [19; 20] show that in the copper matrix 

of Cu–Ti–C–B composites, nano-sized particles of only 

one intermetallic compound, Cu4Ti, homogeneously pre-

cipitate. Moreover, previous studies [21] showed that 

when forming Cu–Ti–C–B system composites, it is possi-

ble to retain a small amount of B4C particles, that do not 

have time to react with titanium [21]. In this regard, it is 

of interest to conduct a comparative analysis of the struc-

ture of Cu–Ti–C and Cu–Ti–C–B composites produced 

under the same conditions using the same Cu, Ti, and C 

powders, differing only in the addition of B4C powder to 

the composition of the original mixtures. 

The purpose of the work is to carry out a compara-

tive analysis of the structure and micromechanical 

properties of SHS composites of the Cu–Ti–C and Cu–

Ti–C–B systems. 

 

METHODS 

Monolithic composites of the Cu–Ti–C and Cu–Ti–C–B 

systems were produced using a technology described in 

detail previously in [22]. 

The initial powder mixture consists of thermoreactive 

and matrix components. Thermoreactive components (TRC) 

are powders of PTM-1 titanium, P-804T carbon black and 

B4C boron carbide of M20 grade, which ensure the occur-

rence of exothermic synthesis reactions. Cu powder of 

PMS-1 grade is the matrix component. The TRC fraction in 

the initial powder mixture was 23 wt. %. The mixture of 

powders was thoroughly stirred and poured into a pipe con-

tainer made of St3 low-carbon structural steel. Primary 

compaction of the powder mixture was carried out using 

special equipment. Then the blank was placed in an electric 

furnace, and heated to the temperature when exothermic 

reactions began (about 1000 °C). After SHS completion, 

the hot blank was transferred to a hydraulic press and de-

formed with a load of at least 250 MPa to eliminate internal 

porosity. As a result, sandwich plates were obtained,  

the appearance of which is shown in Fig. 1. 

The structure of the composites was studied using  

a TESCAN VEGAII XMU scanning electron microscope. 

Rockwell hardness was measured using a hardness tester. 

The local chemical composition of the composite phases 

was determined using an OXFORD energy dispersive at-

tachment to a scanning microscope. The average chemical 

composition of the composites was determined by averag-

ing the scanning results of 10 fragments of the polished 

section surface with an area of 2×2 mm. Phase X-ray dif-

fraction analysis was performed on a SHIMADZU X-ray 

diffractometer in chromium kα-radiation. 

Instrumental indentation was carried out on a Fischer-

scope HM2000 XYm measuring system, using a Vickers 

indenter and WIN-HCU software at a maximum load of 

0.980 N, loading time of 30 s, holding at the load during 

50 s and unloading time of 30 s according to ISO 14577 

standard. Accuracy of microhardness and microindentation 

characteristics based on 10 measurements was calculated 

with a confidence factor of p=0.95. 

Based on the indentation results, the following indi-

cators of micromechanical properties were determined: 

Vickers microhardness (HV), contact elasticity modulus 

(E*), elastic recovery index (Re), component of elastic 

strain work during indentation (φ), creeping during in-

dentation (CIT), index of elastic deformation fraction in 

the total deformation during indentation HIT/E (HIT is 

indentation hardness values at maximum load). The va-

lues of the Re, φ and CIT indicators were calculated using 

the formulas: 

 

%100
max

max





h

hh
R

p
e ; 

100 Frontier Materials & Technologies. 2023. № 4



Pugacheva N.B., Bykova T.M., Senaeva E.I.   “Structure and micromechanical properties of SHS composites with a copper matrix…” 

 

 
 

Fig. 1. Appearance of sandwich plates made of Cu–Ti–C and Cu–Ti–C–B composites 

Рис. 1. Внешний вид сэндвич-пластин из композитов Cu–Ti–C и Cu–Ti–C–B 
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where We is the elastic strain work during indentation re-

leased when the applied load is removed;  

Wt is the total mechanical work during indentation deter-

mined by the area under the loading curve;  

h1 is the indenter penetration depth corresponding to the 

initial point of the horizontal section on the loading curve;  

hmax is the maximum penetration depth of the indenter.  

Fig. 2 shows the general view of the loading curves and 

the measured experimental parameters. 

RESULTS 

Hot pressing of blanks immediately after synthesis 

completion makes it possible to obtain solid pore-free com-

posites. The average chemical composition of the produced 

SHS composites is given in Table 1. 

According to the results of phase X-ray diffraction ana-

lysis, three phases were registered in the Cu–Ti–C compo-

site: a solid solution based on Cu, Cu4Ti and TiC. TiC par-

ticles were formed as a result of an exothermic reaction: 

 

Ti + C → TiC + Q. 

 

Since the SHS process is implemented in air, a carbon 

combustion reaction occurs in the powder mixture: 

 

2С + О2 → 2СО2 + Q. 

 

 

 

 
 

Fig. 2. Loading diagrams and measured parameters 
Рис. 2. Диаграммы нагружения и измеряемые параметры 
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Phases and chemical elements are distributed nonuni-

formly over the cross section of the Cu–Ti–C system 

composite (Fig. 3). Some regions contain a minimal 

amount of TiC particles (region 1 in Fig. 3 a), while others 

contain their aggregate (region 2 in Fig. 3 a). Cu4Ti par-

ticles are not visible when examined with a scanning 

electron microscope due to their small size. When per-

forming a composite EDS analysis, it is impossible to 

separate phases from each other, so the chemical compo-

sition of conventionally identified two structural consti-

tuents of the composite was determined: 1 – mechanical 

mixture of a solid solution based on copper and Cu4Ti 

particles with a minimum amount of TiC particles;  

2 – Cu+TiC+Cu4Ti mechanical mixture (Table 2). 

The heterogeneity of the distribution of TiC particles 

throughout the volume of the composite caused the hetero-

geneity of the distribution of micromechanical properties. 

In the loading diagrams (Fig. 4 a), the far right curve corre-

sponds to section 1 in Fig. 3 a, and the far left – to section 2 

in Fig. 3 a. Consequently, the values of micromechanical 

properties in Table 3 correspond to the sections indicated in 

Fig. 3 a. The total hardness of the Cu–Ti–C system compo-

site was 33 HRC. 

In the Cu–Ti–C–B system composite, X-ray diffraction 

analysis, except for the phases found in the Cu–Ti–C com-

posite, additionally detected TiB2 particles resulting from 

an exothermic reaction 

 

3Ti + B4C → TiC + 2TiB2 + Q. 

 

If TiC particles are uniformly distributed throughout the 

composite volume, then TiB2 particles are nonuniformly 

distributed; there are areas where they are absent. EDS 

analysis found that TiC particles contain a certain amount 

of boron (Table 4). It is known that the TiC and TiB com-

pounds are isomorphic, therefore this phase should be de-

signated as Ti(C,B). In the Cu–Ti–C–B composite, two 

structural components were conventionally identified. Since 

they differ in chemical composition from the structural con-

stituents of the Cu–Ti–C system composite, letter designa-

tions were accepted for them: A – Cu+Cu4Ti+Ti(C,B) me-

chanical mixture; B – Cu+Cu4Ti+Ti(C,B)+TiB2 mechanical 

mixture (Fig. 5 a). Moreover, particles of unreacted B4C 

boron carbide were found in the Cu–Ti–C–B composite 

(Fig. 5). Thin pure titanium interlayers (marked by arrows 

in Fig. 5 b) were observed around the B4C particles. 

Since the Cu–Ti–C–B composite additionally contains 

particles of the strengthening TiB2 and B4C phases, its 

hardness turned out to be slightly higher in comparison to 

the Cu–Ti–C system composite and amounted to 36 HRC. 

Micromechanical properties vary throughout the volume of 

the Cu–Ti–C–B system composite. Compared to the Cu–

Ti–C composite, the indicators characterising the strength 

of the structural components, namely HV, E*, Re, HIT/E*, 

are higher, and the indicators conditionally characterizing 

plasticity (hmax, φ, CIT) are lower (Table 5). 

 

DISCUSSION 

The composites studied in this work differ from those 

considered previously [19–21] by the lower TRC content 

in the initial powder mixture. Previously, it was found that 

the Cu–Ti–C–B system composites retain a certain 

amount of unreacted B4C boron carbide. Boron carbide 

has excessively high hardness and brittleness, and there-

fore is a source of microcrack initiation under external 

mechanical loading of parts and structural elements 

made of this composite during their operation. It turned 

out that the absence of B4C particles in the initial powder 

mixture did not lead to a noticeable decrease in the hard-

ness of the resulting composite. Titanium, which does 

not participate in exothermic reactions, dissolves in  

the copper crystal lattice forming a supersaturated solid 

solution. When cooling the composite in a copper-based 

solid solution supersaturated with titanium, nano-sized 

particles of the Cu4Ti intermetallic compound homoge-

neously precipitate. These particles significantly strength-

en the composite even with a small amount of TiC parti-

cles formed and in the absence of TiB2 particles.  

The work [18] shows that the Cu–Ti–C system compo-

site has increased resistance to abrasive wear compared 

to the quench-hardened H12MFL tool die steel, which 

gives reason to expect high wear resistance of the stu-

died composite. 

As shown in [19–21], reducing the TRC proportion in 

the initial powder mixture for the composite synthesis from 

30 wt. % up to 23 wt. % did not affect the retention of un-

reacted initial B4C particles in the Cu–Ti–C–B system 

composite. Obviously, boron carbide particles do not have 

time to react completely with titanium during the SHS 

process due to the rapid melting of copper (its melting 

point is 1083 °C) and the filling of the container mold 

 

 

 
Table 1. Chemical composition of SHS composites 

Таблица 1. Химический состав СВС-композитов 

 

 

System Units  Ti C B Cu 

Cu–Ti–C 
Wt. % 23.7±2.3 2.6±0.4 0 

The rest 
At. % 26.3±2.1 11.7±1.7 0 

Cu–Ti–C–B 
Wt. % 20.4±1.3 3.0±0.4 8.2±1.1 

At. % 17.0±1.0 9.9±0.9 30.1±3.0 
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 a b 

     

 c d 

Fig. 3. Microstructure and pattern of distribution of chemical elements in the Cu–Ti–C system composite: 

a – secondary electron image; b – characteristic X-rays Ti; c – Cu; d – C 

Рис. 3. Микроструктура и характер распределения химических элементов в композите системы Cu–Ti–C: 

a – изображение во вторичных электронах; b – в характеристическом рентгеновском излучении Ti; c – Cu; d – C 

 

 

 

 
Table 2. Chemical composition of structural constituents of the Cu–Ti–C system composite, at. % shown in Fig. 3 

Таблица 2. Химический состав структурных составляющих композита системы Cu–Ti–C, ат. %, представленного на рис. 3 

 

 

Structural constituents C Ti Cu Phases 

1 2 22 76 Cu+Cu4Ti 

2 16 52 32 Cu+TiC 

 

 

 

 
Table 3. Average values of micromechanical properties of structural constituents of the Cu–Ti–C composite 

Таблица 3. Средние значения микромеханических свойств структурных составляющих композита Cu–Ti–C 

 

 

No. in 

Fig. 3 а 

HIT, 

GPa 

(±1.5) 

HV 0,1 

(±1.4) 

E*, 

GPа 

(±15) 

Wt, nJ 

(±6.3) 

Wе, 

nJ 

(±1.2) 

hmax, 

µm 

(±0.2) 

h1, 

µm 

(±0.2) 

hp, 

µm 

(±0.2) 

Re, 

% 
HIT/E* 

φ, 

% 

CIT, 

% 

1 1.2 116 93 204 20 5.9 5.8 5.0 15 0.013 91 3.4 

2 4.9 458 204 105 20 3.1 3.1 2.6 16 0.024 81 1.3 
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 a b 

Fig. 4. Loading diagrams of composites:  

a – Cu–Ti–C (1 – Cu+Cu4Ti; 2 – Cu+TiC+Cu4Ti); b – Сu–Ti–C–B (A – Cu+Cu4Ti+TiC; B – Cu+TiC+TiB2) 

Рис. 4. Диаграммы нагружения композитов: 

a – Cu–Ti–C (1 – Cu+Cu4Ti; 2 – Cu+TiC+Cu4Ti); b – Сu–Ti–C–B (A – Cu+Cu4Ti+TiC; B – Cu+TiC+TiB2) 

 

 

 
Table 4. Chemical composition of structural constituents of the Cu–Ti–C–B composite, at. % (Fig. 5 a) 

Таблица 4. Химический состав структурных составляющих композита Cu–Ti–C–B, ат. % (рис. 5 a) 

 

 

Structural constituents B C Ti Cu Phases 

А 8 10 25 58 Cu+Cu4Ti+Ti(C,B) 

В 20 11 37 32 Cu+Cu4Ti+Ti(C,В)+TiB2 

В4С 70 30 0 0 B4C 

 

 

 

     

 a  b 

Fig. 5. Microstructure of the Cu–Ti–C–B system composite: a – magnification ×200; 

b – magnification ×1000, arrows show titanium interlayers. 

A – Cu+Cu4Ti+Ti(C,В) mechanical mixture; В – Cu+Cu4Ti+Ti(C,В)+TiB2 mechanical mixture 

Рис. 5. Микроструктура композита системы Cu–Ti–C–B: a – увеличение ×200; 

b – увеличение ×1000, стрелками указаны прослойки титана. 

A – механическая смесь Cu+Cu4Ti+Ti(C,В); В – механическая смесь Cu+Cu4Ti+Ti(C,В)+TiB2 
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Table 5. Average values of micromechanical properties of structural constituents of the Cu–Ti–C–B composite (Fig. 5 a) 

Таблица 5. Средние значения микромеханических свойств структурных составляющих композита Cu–Ti–C–B (рис. 5 a) 

 

 

Structural 

constituents 

HIT, 

GPa 

(±1.5) 

HV 0,1 

(±1.4) 

E*, 

GPa 

(±15) 

Wt, nJ 

(±6.3) 

Wе, 

nJ 

(±1.2) 

hmax, 

µm 

(±0.2) 

h1, 

µm 

(±0.2) 

hp, 

µm 

(±0.2) 

Re, 

% 
HIT/E* 

φ, 

% 

CIT, 

% 

А 3.7 354 180 110 20.0 3.50 3.30 2.90 16 0.021 82 6.0 

В 8.3 786 280 80 30.0 2.40 2.30 0.90 64 0.029 63 4.0 

В4С 38.9 3680 283 82 26.2 1.37 1.36 0.58 57 0.093 40 0.7 

 

 

 

with the melt. All B4C particles retained in the composite 

are surrounded by layers of titanium, which, upon subse-

quent annealing, is capable of reacting with B4C particles to 

form TiB2 particles, as was shown previously in [21]. 

The ability to undergo plastic deformation to obtain 

products of a specified shape is very important for compo-

sites. Previously, it was found [20] that plastic defor-

mation of the Cu–Ti–C–B system composites occurs due 

to the most plastic phases and structural components. 

From this point of view, the Cu–Ti–C system composite 

has advantages over the Cu–Ti–C–B system composite, 

since it contains the Cu+Cu4Ti structural component with 

maximum values of the hmax, φ and CIT indicators, which 

characterise the ability to change shape, i. e. to plastic 

deformation. Since nano-sized particles of the Cu4Ti in-

termetallic compound dissolve when heated to tempera-

tures above 700 °C, significant deformation of the Cu–Ti–

C system composite should be expected at temperatures of 

700–800 °C. 

The presence of hard and brittle B4C particles in  

the Cu–Ti–C–B system composite reduces its structural 

strength. Cu+Cu4Ti+TiC is the most plastic structural con-

stituent in it, which is characterised by higher values of HIT, 

HV, Wе, Re, HIT/E* compared to the Cu+Cu4Ti constituent 

in the Cu–Ti–C composite. Nevertheless, plastic defor-

mation of the Cu–Ti–C–B system composite is possible as 

well under the conditions considered in [20]. 

The structural constituents of the Cu–Ti–C–B composite 

are characterised by higher strengthening, which shows  

a shift of all loading diagrams in the region of smaller in-

denter penetration depths (Fig. 4), as well as higher values 

of the HIT, HV, Wе, Re, HIT/E* indicators (Table 5).  

The HIT/E* ratio determines the proportion of elastic de-

formation in the total deformation during indentation, and 

indirectly characterises the wear resistance of the structural 

components of the composite. For that reason, the Cu–Ti–

C–B composite should be expected to demonstrate higher 

wear resistance compared to the Cu–Ti–C composite, al-

though they practically do not differ in hardness. 

 

CONCLUSIONS 

The Cu–Ti–C system composite produced by the SHS 

method consists of a supersaturated solid titanium solution 

in a copper crystal lattice, in which nano-sized particles of 

the Cu4Ti intermetallic compound homogeneously, precipi-

tated during cooling of the composite are uniformly distri-

buted, and TiC particles formed as a result of the synthesis. 

Reducing the TRC proportion in the initial powder mix-

ture from the previously used 30 wt. % up to 23 wt. % did 

not lead to a decrease in the probability of retaining parti-

cles of the original B4C boron carbide that did not react 

with the titanium powder through an exothermic reaction. 

The most plastic Cu+Cu4Ti structural component in  

the Cu–Ti–C composite provides the possibility of subse-

quent plastic deformation of the composite to obtain a pro-

duct of a specified shape. 

Higher strength indicators of the structural components 

of the Cu–Ti–C–B system composite determine the ex-

pected high wear resistance of products. 
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Аннотация: Самораспространяющийся высокотемпературный синтез (СВС) является одним из перспектив-

ных способов получения прочных и износостойких композитов. Особый интерес представляет использование ме-

ди в качестве матрицы из-за уникального сочетания электро- и теплопроводности. Монолитные СВС-композиты 

системы Cu–Ti–C–B и Cu–Ti–C в настоящее время мало изучены. Сведения о фазовом составе таких композитов 

весьма противоречивы, а данные по микромеханическим свойствам практически отсутствуют. В работе представ-

лены результаты сравнительного анализа структуры и микромеханических свойств композитов систем Cu–Ti–C  
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и Cu–Ti–C–B. Установлено, что матрицей обоих композитов является пересыщенный титаном твердый раствор на 

основе меди, в котором при охлаждении выделяются наноразмерные частицы интерметаллида Cu4Ti. Упрочняю-

щими фазами, образующимися в результате СВС, являются частицы TiC (композит Cu–Ti–C) и частицы TiC  

и TiB2 (композит Cu–Ti–C–B). В композите Cu–Ti–C–B сохранились исходные частицы непрореагировавшего 

карбида бора В4C, микротвердость которых составила 3680 HV 0,1. Наиболее пластичной структурной состав-

ляющей является механическая смесь Cu+Cu4Ti в композите системы Cu–Ti–B, за счет которой возможна после-

дующая пластическая деформация с целью получения деталей заданной формы. При исследовании микромехани-

ческих свойств максимальные показатели прочности HIT, HV, Wе, Re, HIT/E* были зафиксированы в композите сис-

темы Cu–Ti–C–B, что позволяет ожидать высокую износостойкость изделий из него.  
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