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Abstract: Dispersion-strengthened composite materials belong to the group of promising structural materials characte-
rised by a diverse combination of properties. The paper considers examples of the creation and heat treatment of composite
materials based on aluminium alloys strengthened by the titanium carbide dispersed phase characterised by high hardness,
elastic modulus, and good melt wettability. At present, self-propagating high-temperature synthesis (SHS) is the most ac-
cessible, inexpensive and effective way to obtain them. The authors substantiate the expediency and show their successful
experience of the formation in the composition of the AMg2 and AMg6 industrial alloys of a titanium carbide dispersed
phase with a particle size of 130 nm in an amount of up to 10 wt. % using the SHS method, which makes it possible to
increase the hardness of the alloys. Additional heating of the AMg2-10%TiC and AMg6-10%TiC samples after synthesis
also contributes to the further increase in hardness. The complex of studies of physical, mechanical and operational charac-
teristics presented in the paper was carried out to compare the properties of the work-hardened matrix alloys and the sam-
ples of composite materials before and after heating. The test results showed that heat treatment reduces the porosity of
the composites and significantly increases their hardness and microhardness. A slight decrease in compressive strength at
a significant increase in wear resistance is observed. It was found that composite materials are characterised by high corro-
sion resistance to carbon dioxide and hydrogen sulfide corrosion corresponding to the level of matrix alloys. The results
obtained allow recommending the developed materials for the production of parts of the connecting rod and piston group,

bearings and other wear-resistant parts of friction units.
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INTRODUCTION

One of the most promising ways to improve the me-
chanical characteristics of conventional aluminium alloys,
is to introduce dispersed particles of an additional phase
into their composition, for which ceramic compounds —
oxides, carbides, nitrides, borides, etc. are most often used
[1; 2]. However, in the case of an aluminium matrix,
the most suitable phase for reinforcement is the titanium
carbide phase, which has crystal lattice parameters as close
as possible to aluminium, and possesses high hardness,
elastic modulus, low density, and good wettability [3; 4].
The most common way to produce such composite materi-
als is the method of mechanical mixing of particles into an
aluminium melt, however, this approach excludes the pos-
sibility of obtaining a highly dispersed titanium carbide
phase, since the introduced particles are prone to agglome-
ration, and often contain impurity adsorbed compounds, that
prevent the complete assimilation of particles in the melt.
In this regard, the most appropriate option is the formation

of dispersed particles of titanium carbide directly in the melt
from the initial elemental powders of titanium and carbon
or their compounds [5-7].

This technology based on the method of self-propa-
gating high-temperature synthesis (SHS) was developed
and used at the Chair “Metal Science, Powder Metallurgy,
Nanomaterials” of Samara State Technical University. Ac-
cording to the results of the studies, the possibility of suc-
cessful synthesis of composite materials of the AI-10%TiC,
Al-5%Cu-10%TiC, Al-5%Cu—2%Mn-10%TiC, etc. com-
positions characterised by increased mechanical characte-
ristics has already been shown [8; 9].

A review of current publications showed a steady ten-
dency towards reinforcement of industrial alloys, that
have long been developed and actively used with the tita-
nium carbide phase [10]. For example, in the study [11],
the AI-10%TiC addition alloy was introduced into
the composition of the 2014 aluminium matrix alloy,
which allowed increasing the strength from 118 to
147 MPa, and the hardness from 61 to 94 HV. In [12],
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based on the AA 6063 alloy (analogue of AD 31), hybrid-
reinforced samples were produced using the SHS method,
including 5 vol. % Al;Os; and 5 vol. % TiC. Then, since
the matrix alloy is a thermally hardenable one, the result-
ing composite was subjected to T6 treatment in the form
of quenching at 530 °C and artificial ageing at 175 °C.
It was found that composite material samples demonstrat-
ed acceleration in aging Kkinetics. To achieve a maximum
hardness of 78 HB after ageing, they required 2-4 h,
whereas for an unreinforced alloy, this time was 6-8 h,
and the material hardness did not exceed 65 HB. The authors
explain the observed accelerated aging by an increase in
the dislocation density near dispersed particles. This is
associated with a large difference in the thermal expansion
coefficient of these particles and the matrix alloy (Al.Os;
and TiC particles have a TLEC of 8-10°%K™?, Al —
23-1075/K™1), as well as accelerated diffusion of dissolved
atoms and modification of the base alloy. It is obvious that
the presence of additional phase dispersed particles affects
the order and intensity of structural transformations in the
composition of conventional alloys. On the other hand, in
addition to this, completely new effects may arise that are
not typical for matrix alloys.

Thus, in the work [13], a composite material based on
the AMgl alloy containing 5 wt. % SiC was obtained by
the mechanical mixing method, and then the possibility of
its thermal hardening was shown for the first time. In par-
ticular, it was found that quenching at a temperature of
550 °C and subsequent ageing at a temperature of 160 °C
leads to an increase in hardness from 770 to 1000 HB and
strength to 152 MPa, and in combination with subsequent
rolling, it leads to an increase in hardness to 1530 HB and
strength up to 236 MPa.

Such an increase in the strength characteristics of
aluminum-magnesium alloys is extremely important,
since they are widespread due to their low cost, good
deformability, corrosion resistance, and weldability;
however, they are not good in strength [14]. The alloys
under consideration contain microadditives of alloying
elements (Fe, Si, Mn, Ti, etc.), which contribute to solid
solution strengthening, but their quantity is too small to
significantly increase the strength characteristics, so
the alloys are additionally hardened by plastic defor-
mation. However, the use of cold hardening leads to
a decrease in ductility, so annealing is the final stage
after plastic deformation, during which partial or com-
plete removal of strain hardening occurs, which leads to
a decrease in strength [15; 16].

Previously, studies on the production of AMg2-
10%TiC and AMg6-10%TiC composite materials by SHS
method were carried out, which showed that in both cases,
an active and rapid SHS reaction was observed, and the
fractures of the samples were characterised by a uniform
grey colour without the remains of unreacted charging
material [17]. After synthesis, according to X-ray micro-
analysis and X-ray phase analysis, the composition of the
composites contained the target phase of titanium carbide
(with a particle size of 130 nm), as well as magnesium,
apparently in the precipitated B-phase (AlsMg,), which
was not detected due to its small amount. Hardness measu-
rements showed an increase in the values for the AMg2
base from 59.4 to 64.4 HB, for the AMg6 base — from 83
to 90.9 HB. Then the samples were additionally heated

with following cooling in air. It was found that heating
at 150 °C and holding for 2 h leads to an increase in
the hardness of AMg2-10%TiC to 67.6 HB, and heating
at 230 °C and holding for 3 h of the AMg6-10%TiC sam-
ple leads to the hardness of 93 HB. Using phase analysis
of the samples, the B-phase was detected in both cases,
which indicates its additional precipitation after heating
[17]. However, other properties than hardness of the ob-
tained samples were not studied.

The purpose of the work is to study and compare
the basic physical, mechanical and operational characteris-
tics, of the AMg2-10%TiC and AMg6-10%TiC composite
materials before and after heat treatment.

METHODS

To compare the results, all tests were carried out on ma-
trix alloys in a cold-worked state (AMg2N and AMg6N)
and composite materials based on them. AMg2 and AMg6
alloys were used as a matrix for creating melts with digital
markings of these alloys as 1520 and 1560, respectively,
according to GOST 4784-2019 (Table 1).

To obtain a charge mixture, titanium powders (grade
TPP-7, TU1715-449-05785388) and carbon (P-701,
GOST 7585-86), taken in a stoichiometric ratio, were
mixed with 5% by weight of the Na,TiFs salt charge
(GOST 10561-80). The resulting composition was divid-
ed into 3 equal portions, each of which was alternately
introduced into AMg2 or AMg6 melts heated to a tem-
perature of 900 °C in a graphite crucible of a PS-20/12
melting furnace, then synthesised and poured into a steel
casting mold. Thermal treatment of the samples was car-
ried out in a laboratory chamber furnace SNOL, with
an operating temperature of up to 1300 °C. The experi-
mental determination of the density of the samples was
carried out using hydrostatic weighing in accordance
with GOST 20018-74. The theoretical maximum possi-
ble density of a nonporous casting composite was calcu-
lated using the formula

p. = P1P2
" onp +(L-n)p,

where pr is theoretical density, kg/m?;
p1 is crystalline aluminium density, kg/m?3;
pz is second phase (titanium carbide) density, kg/m?;
n is titanium carbide mass content in the composite.
The calculation of actual porosity was carried out using
the formula

p=1-Fe,
P

where pe is experimentally measured density, kg/m?;
P is porosity, %.

When calculating, the density of aluminium was taken
to be 2700 kg/m?, the density of the titanium carbide phase
was 4920 kg/mé, n=0.1.

The hardness of the obtained experimental samples
was determined using a TSh-2M hardness tester according
to GOST 9012-59. The microhardness of the samples was
studied using a PTM-3 standard microhardness tester
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according to GOST 9450-76 by indentation of a diamond
pyramid with a square base and an interface angle at
the apex of 136°. The weight on the indenter was 100 g.
Compression tests were carried out on the Il type samples,
with a diameter of 20 mm according to GOST 25.503-97.
The moment of appearance of the first cracks was deter-
mined visually. Corrosion resistance was tested accord-
ing to GOST 13819-68 in the Coat Test 3.3.150.150
autoclave complex under the following conditions:
aqueous solution of 5%NaCl; gas phase 1 MPa CO,,
0.5 MPa H;S, 3.5 MPa N, at a temperature of 80 °C;
duration is 240 h; total pressure is 5 MPa. Corrosion
resistance parameters were calculated, according to
GOST 9.908-85. Tribological tests were carried out us-
ing the “Universal-1B” universal tribological complex,
according to the ring—plane test scheme; counterbody
material — steel 40X; normal contact load is 380 N;
counterbody rotation speed — 600 rpm; test duration is
30 min or until complete setting occurs.

RESULTS

As a result of determining the physical properties
(Table 2) of the AMg2N, AMg6N alloys, and the AMg2—
10%TiC and AMg6-10%TiC composite materials, it was

identified that the density of the composite materials is
higher than the density of the matrix alloys, which is obvi-
ously related to the presence of a reinforcing ceramic phase
of titanium carbide. Test results show, that additional heat-
ing leads to a decrease in the porosity of composite materi-
als, due to an improvement in the adhesive bond between
the matrix and the filler.

The study of mechanical characteristics (Table 3)
showed that the ceramic phase reinforcement of matrix al-
loys leads to an increase in their hardness and microhard-
ness. Additional heating of the AMg2-10%TiC and AMg6—
10%TiC composite materials promotes an increase in hard-
ness by 13 and 12 %, respectively, and microhardness
by 22 and 7 %, respectively. Reinforcement, with a highly
dispersed titanium carbide phase in combination with heat
treatment does not have a strong negative effect on
the yield strength and relative strain.

The results of determining the tribological characteris-
tics (Table 4) of the AMg2N, AMg6N alloys and AMg2—
10%TiC, AMg6-10%TiC composite materials before and
after heat treatment, showed that reinforcement in combina-
tion with heat treatment leads to a significant decrease in
the friction ratio and wear rate. The lowest tribological
properties are observed in the original AMg2N and AMg6N
alloys: they showed wear during setting and abrasive

Table 1. Chemical composition of the AMg2 and AMg6 alloys
Tabnuua 1. Xumuueckuii cocmae cniasos AMz2 u AMe6

Element content, %
Alloy
Al Mg Fe Si Mn Cu Ti
AMg2 95.3-98.00 1.8-2.8 <0.4 <0.4 0.2-0.6 <0.1 <0.1
AMg6 91.1-93.68 5.6-6.8 <0.4 <0.4 0.5-0.8 <0.1 <0.1

Table 2. Physical properties of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Tabnuya 2. Qusuueckue ceoticmea cniaeog AMz2, AM26 u komnosuyuonnwvix mamepuanoe AMz2-10%TiC, AM26-10%TiC

00 U nocie mepmuiecKkoli 0opadbomxu

Alloys and composite materials Theoretical density, pr, Experimental density, Porosity,
on their base g/lem? pe, g/cm?® P, %
AMg2N 2.690 - -
AM@2-10%TiC, without HT 2.820 2.797+0.05 0.82
AMg2-10%TiC, after HT 2.820 2.820+0.03 0.00
AMg6N 2.640 - -
AMg6-10%TiC, without HT 2.768 2.739+0.06 1.00
AMg6-10%TiC, after HT 2.768 2.768+0.04 0.00

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckas obpabomra) — naepes npu T=150 °C ¢ meuenue 3 u.
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wear, which led to rapid surface layer destruction; high
values of the friction ratio and wear rate indicate unac-
ceptable processes occurring in the friction zone. AMg2—
10%TiC and AMg6-10%TiC samples showed significantly
better tribological characteristics compared to the matrix
alloy, however, they had scuff marks, on which friction was
established with a ratio of about 0.1. The same samples,
after additional heating according to the recommended con-
ditions, showed the lowest values of the friction ratio, low
wear rate and good conformability.

Table 5 shows that the titanium carbide ceramic phase
reinforcement of the AMg2 and AMg6 alloys leads to
a decrease in the corrosion resistance level.

DISCUSSION

Since composite materials, especially those obtained by
the SHS method, are characterised by increased porosity,
which has a significant impact on their properties, the den-
sity and porosity of the resulting materials were initially
determined. The study of the porosity of the samples
(Table 2) showed that after synthesis, the deviation from
the calculated value does not exceed 1 %, and after heat
treatment, it decreases to zero, which may be caused by
a change in the composition and structure of the interphase
boundaries and an improvement in the quality of the “ma-
trix — filler” bond.

The titanium carbide phase is characterised by in-
creased hardness, and, accordingly, low ductility, there-
fore, the main mechanical characteristic of composite
materials containing it, as a rule, is compressive
strength. However, since complete destruction of such
samples does not occur, the yield strength value was
used as an evaluation criterion, which corresponds to
the temporary fracture resistance upon the occurrence
of the first cracks. The obtained values of the strength, of
the as-cast material (Table 3) comparable to the values

after cold hardening, are obviously caused by the follow-
ing factors. The first is the action of the Hall — Petch
mechanism determined by the role of dispersed particles
as the alloy crystallisation centres. The second is
the Orowan mechanism, the essence of which is that
the resistance to motion of dislocations, increases with
decreasing distance between particles. The third is
the emergence of difficulties for the motion of disloca-
tions due to the formation of additional dislocations
caused by the mismatch of the coefficients of thermal
expansion and elastic modulus of the matrix material and
the reinforcing phase particles. The study [18] showed
that the introduction of reinforcing TiC particles with
a size of 40-100 um, into the AK12M2MgN aluminium
alloy, using the mechanical mixing method, leads to
a decrease in the compressive deformation degree
from 17.01 to 12.65 %, and the ultimate compressive
strength from 489 to 470 MPa, while the hardness in-
creases by 30-50 HB. One can conclude that the pre-
sence of the carbide phase does not lead to an increase in
the strength characteristics, but does contribute to an
increase in hardness.

Since it was found that the presence of carbide phase
particles contributes to an overall increase in the hardness
of the resulting materials, it was assumed that this could
have a positive effect on their wear resistance, so the tribo-
logical properties were further investigated. Low values of
the friction ratio, low wear rate and good conformability of
AMg2-10%TiC and AMg6-10%TiC composite materials
after the optimal heat treatment mode, are obviously related
to an increase in the quality of the interfacial bond, as well
as additional precipitation of the solid intermetallic B-phase
(AlzMg2) [19].

One of the main advantages of aluminum-magnesium
alloys is their high corrosion resistance. The study of this
characteristic in an environment of CO; and H,S gases at an
elevated temperature of 80 °C, showed that the samples

Table 3. Mechanical characteristics of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Taonauua 3. Mexanuueckue xapakmepucmuxu cniagoe AMez2, AMz6 u komnozuyuonnvix mamepuanog AMz2-10%TiC,

AM26-10%TiC 0o u nocne mepmuueckoii obpabomxu

Alloys and composite materials Uniaxial compressive strength test Hardness Microhardness
on their base o MPa £ % HB HV, MPa
AMg2N 290+10 69.19 59.4+20 608+10
AMg2-10%TiC, without HT 271+13 59.70 59.4+20 736+15
AMg2-10%TiC, after HT 298+10 61.50 67.6+£20 745+18
AMg6N 449415 32.00 83.0+£19 991+21
AMg6-10%TiC, without HT 403+18 19.00 90.9+19 1020+20
AMg6-10%TiC, after HT 395+19 14.00 93.0+£19 1069+19

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckas obpabomxa) — naepes npu T=150 °C ¢ meuenue 3 u.
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Table 4. Tribotechnical properties of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Tabnuya 4. Tpubomexnuueckue cgoticmea cniagos AMe2, AM26 u komnosuyuonnvix mamepuanog AM22-10%TiC, AM26-10%TiC
00 U nocie mepmuieckoll 0opabomxu

Alloys and com_posite materials Wear rate, Eriction ratio Self-heating
on their base pm/h temperature, °C

AMg2N 37.6+5.2 <0.3 71
AMg2-10%TiC, without HT 6.4+1.6 0.11...0.12 65
AM@2-10%TiC, after HT 4.0£1.3 0.07...0.08 56
AMg6N 15.5+4.1 0.13...0.15 70
AM(g6-10%TiC, without HT 3.5+0.6 0.07...0.09 59
AMg6-10%TIiC, after HT 4.2+1.2 0.08...0.10 66

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckasn obpabomra) — naepes npu T=150 °C ¢ meuenue 3 u.

Table 5. Corrosion resistance of the AMg2, AMg6 alloys and AMg2-10%TiC, AMg6-10%TiC composite materials

before and after heat treatment

Tabauua 5. Kopposuonnas cmoiikocme cniasog AMe2, AM26 u komnosuyuonnwix mamepuanos AM22-10%TiC, AM26-10%TiC

00 U noCie mepMuiecKoll 0opabomxu

Factor
Alloys angnc;)r:zﬁozlat:ematerlals p\é\:elj%?tt ;?Zi’ Cci;rosion2 rate, Corrosion depth index,
Am, kg/m? , g/(m?-h) 7, mm/year

AMg2N 0.160 0.666+0.04 0.0021
AM@2-10%TiC, without HT 0.095 0.416+0.02 0.0014
AMg2-10%TiC, after HT 0.108 0.450+0.03 0.0014
AMgEN 0.231 0.962+0.06 0.0030
AM(g6-10%TiC, without HT 0.151 0.627+0.04 0.0021
AMg6-10%TiC, after HT 0.208 0.868+0.02 0.0027

Note. HT (heat treatment) is heating at T=150 °C for 3 h.

Ipumeuanue. HT (mepmuueckasn obpadbomxa) — nazpes npu T=150 °C ¢ meuenue 3 u.

both of matrix alloys and of composite materials, before
and after heating, have a depth corrosion rate at the level of
0.001-0.005 mm/year (Table5). This indicates the high
corrosion resistance of the AMg2-10%TiC and AMg6—
10%TiC composite materials and allows classifying them
as rather resistant metals [20].

CONCLUSIONS

According to the results of a set of studies of properties,
the developed composite materials AMg2-10%TiC and
AMg6-10%TiC produced by the SHS method and subject-
ed to additional heating showed, a higher level of hardness,
microhardness, wear and corrosion resistance compared to

the matrix alloys AMg2 and AMg6 in the cold hardening
state. Thus, reinforcement with a highly dispersed phase of
titanium carbide in combination with heat treatment, is an
appropriate way to increase mechanical and operational
characteristics, as it helps to avoid the labour-intensive ope-
ration of cold strain hardening (cold hardening). Based on
the data obtained, composite materials can be recommend-
ed to produce connecting rod and piston group parts, bear-
ings, and other wear-resistant parts of friction units.
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