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Abstract: Aluminum matrix composites reinforced with ultra-fine refractory titanium carbide feature a unique combination of properties.
They are promising structural materials. Self-propagating high-temperature synthesis (SHS) is an affordable and energy-saving composite-
making process. It involves the exothermic reaction between titanium and carbon (or their compounds) directly in the melt. We studied the
properties of SHS composites based on the AMg2 and AMg6 commercially available alloys reinforced with 10 wt.%TiC. We investigated
the macro- and microstructure of the samples with XRD and EDS analysis. It was found that the B-phase is separated from o.-solid solution
of aluminum as early as the air cooling stage. We conducted experiments aimed at studying the effects of additional heating on the sample
structure and properties and found the optimal temperature and time values. We also proposed a phenomenological model of the structural
transformation sequence. We compared the physical, mechanical, and manufacturing properties and corrosion resistance of the original
cold-hardened AMg2N and AMg6N alloys and the composites before and after heat treatment. It was found that additional heating reduces
porosity and maintains electrical conductivity. It was also found that the compressive strength and relative strain of the composite based on
the AMg?2 alloy change insignificantly, while for the AMg6-based composite the reduction is more significant. Heat treatment increases the
composite hardness while maintaining sufficient plastic deformation. It is confirmed by the measured values of the relative strain and the
reduction ratio close to that of the original matrix alloys. It was also found that the composites retain high resistance to carbon dioxide and
hydrogen sulfide corrosion.
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6oJiee TOCTYITHBIX M SHEPTOCOeperaroiX METOIOB UX TIOJYUEHHUST SIBJISIETCSI CAMOPACTIPOCTPAHSTIOIIMICS] BBICOKOTEMITEpaTy PHBIN CUHTE3
(CBC), ocHOBaHHBII Ha 9K30TEPMHUYECKOM B3aMMONECHCTBUY TUTAHA U YIJiepoaa (VJIU X COSNMHEHWIT) HEMMOCPEICTBEHHO B pacIijaBe.
B pa6ore mpusonastcs pe3yabraTbl CBC KOMITO3ULIMOHHBIX MAaTEPHAJIOB HAa OCHOBE IIPOMBIILIEHHBIX cIlaBoB AMT2H n AMr6H, yripou-
HeHHbix 10 Mmac.%TiC. WiccienoBaHbl MaKpO- M MUKPOCTPYKTYPa MOJy4YEHHBIX 00Pa310B, MPOBEAEHbBI MUKPOPEHTIEHOCTIEK TPaIbHbI i
U peHTreHo(da30Bblii aHATU3bl. YCTAHOBJIEHO, YTO yXe B MpOLEcce OXJIaXAeHUsI Ha BO3AyXe Mocje CUHTEe3a MPOUCXOIUT BblAeICHUE
B-dasbl u3 a-TBepmOro pacTBopa antoMUHMSL. [IpoBeieHbl SKCIIEPUMEHTHI 110 U3YYEHU 0 BJIUSIHUSI TOTTOJIHUTEIbHOTO HarpeBa Ha CTPYK-
TYpy M CBOICTBa 00pa3iioB, OMpeaeeHbl ONTUMaJbHbIEe TEMIIEPaTypPHO-BpEeMEHHbBIEC TTapaMeTphl, MpeaioxkeHa HeHoOMeHOoIoTnYecKast
MOJIEJb MTOCJIEIOBATEIbHOCTH CTPYKTYPHBIX MTpEeBpaIleHNi. BBITOTHEH cpaBHUTEIbHBINM aHAIN3 GU3MIECKUX, MEXaHUUECKHX, TEXHO-
JIOTUYECKUX CBOWCTB U KOPPO3UOHHOI CTOMKOCTU MCXOMHBIX ciaBoB AMT2H nu AMr6H B HarapToBaHHOM COCTOSTHUM U KOMIIO3U-
LIMOHHBIX MaTepHaoB HAa UX OCHOBE /10 U MOCJIe TEPMUUECKOll 00pabOTKHU. YCTaHOBJIEHO, UTO TPOBEAEHNE TOMOJTHUTEIBLHOTO Harpesa
CIMOCOOCTBYET CHUXKEHU IO TOPUCTOCTU U COXPAHEHUIO YPOBHSI 2J€KTPONPOBOAHOCTHA OTHOCUTEIBHO dTUX ITOKA3aTee 1151 TUTBIX KOM-
MO3UTOB. BhIsIBJIEHO, UTO MPOYHOCTb Ha CXAaTWe U OTHOCUTEIbHAs fedopMalus 4151 KOMIIO3UTa Ha OCHOBe crjiaBa AMr2 u3sMeHs10T-
cg He3HaYMTeJIbHO, TOTJA KakK JJIs MaTepualia Ha ocHoBe AMT6 ux najaeHue 6oJjice cylecTBeHHo. I1pu 3ToM TepMuyeckass oopaboTka
TTO3BOJISIET TMOBBICUTH TBEPIOCTh MAaTEPUATIOB, COXPAHUB JOCTATOYHYIO CTIOCOOHOCTH KOMTIO3UTOB K TIJIAaCTUYECKON AedhopMalinu, 9To
TMOATBEPXKAAETCSI 3HAUEHUSIMU CTenleHU JedopManuu u KodpduumeHTa yKoBKY, OJU3KUMHU K YPOBHIO MATPUYHBIX CIJIaBOB. Takxke
YCTaHOBJIEHO, YTO CUHTE3MPOBAaHHbIE KOMIO3UIIMOHHbIE MaTepUaibl COXPAHSIOT BHICOKUI YPOBEHb YCTOMUMBOCTU K YIJIEKUCIOTHOM
U CEPOBOJOPOAHOIN KOPPO3UU.

KioueBbie cjioBa: a1loMOMaTPUYHBIM KOMITO3UIIMOHHBI MaTepuan (AMKM), anioMuHMIA, pacriaB, KapOua TUTaHa, caMopacnpocTpa-
HSIONINIics BeIcOKOoTeMmIiepatypHblii cuHTe3 (CBC).

Jng uuruposanus: Jlyu A.P., llepuna 10.B., AmMocoB A.T1., Kauypa A.[l. ZKunkodasHnoe nonyuerue metonom CBC u repMuyeckast oopa-
60TKa KOMITIO3UTOB Ha OCHOBE aJIIOMUHUEBO-MarHUEBbIX CIIJIABOB, YIIPOUYHEHHBIX BHICOKOIUCTIEPCHOIT (ha3oii kapbuaa TutaHa. Mzeecmus
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Introduction

Aluminum matrix composites (AMCs) reinforced
with fine refractory titanium carbide (from hun-
dredths of a percent to 50 wt.%) possess increased
strength while retaining high plasticity, low speci-
fic weight, and good corrosion resistance as report-
ed by Mikheyev R. et al. [1]. This unique combina-
tion of properties makes the material suitable for
making connecting rod components, bearings, and
other wear-resistant parts [2; 3].

There are many AMCs manufacturing technolo-
gies. As mentioned by Nath H. et al. [4], these tech-
nologies can be divided into solid matrix and liquid
matrix processes. Amosov A. et al. [5] note that the
solid matrix processes are long and energy-consum-
ing. On the other hand, conventional liquid matrix
processes are unable to add a significant amount of
reinforcing phase into the melt. This is due to low
fluidity, and may result in undesirable chemical re-
actions between the matrix and the added compo-
nents.

The new AMCs manufacturing technology is
self-propagating, high-temperature synthesis (SHS). It
is simple and suitable for virtually any melting furnace
with a relatively low level of energy consumption. The
SHS process is an exothermic reaction of initial rea-

gents (powders of titanium and carbon or their com-
pounds) in aluminum melt, producing titanium car-
bide as multiple dispersed particles [S—8].

Many recent studies have focused on increasing
the fineness of the carbide phase particles and add-
ing alloying elements to the matrix, since these have
a positive effect on the AMCs properties. For exam-
ple, Zhou D. et al. [9] studied the following alumi-
num melt (wt.%.): 5 Cu, 0.45 Mn, 0.3 Ti, 0.2 Cd,
0.2V, 0.15 Zr, and 0.04 B. They added aluminum,
titanium, and carbon nanotubes in the amounts of
0.1—1.0 wt.%. It was found that the formation of
0.5 wt.% of nanosized TiC particles increases com-
posite strength to 540 MPa, and relative elongation,
to 19 % (11 and 188 % growth compared to the ini-
tial matrix alloy). Tian W. et al. [10] used the same
matrix to manufacture composites with 0.5 wt.% of
TiC (particle size d = 97 nm), and 1, 3, and 5 wt.%
of TiC (d = 1.88 um). It was found that at r = 180 °C
and under a 20 N load, the wear resistance of the
nanoscale composite is 16.5 % higher than that of
the composite reinforced with 5 wt.% of titanium
carbide microparticles.

Amosov A. et al., Samara State Technical Univer-
sity [5] showed SHS process applicability to AI—TiC
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mixtures (with powdered titanium and carbon). The
reinforcing phase content is up to 20 % with an ini-
tial particle size of about 2—4 um. Luts A. et al. [11]
found that the addition of 5 wt.% of Na,TiF4 reduces
the carbide particle size in the AI—10%TiC composite
to ultra-fine (less than 1 pm). As a result, the strength
after casting is increased by more than 80 % (from
115 to 200 MPa). The authors [12] manufactured Al—
5%Cu—10%TiC, Al—5%Cu—2%Mn—10%TiC, and
other heavy-duty composites containing an ultra-fine
carbide phase.

Many recent works study alloy reinforcement by
carbide phase both formed in the melt by SHS or add-
ed [13—15]. As a rule, the base metals are heat-trea-
table alloys. After reinforcement, the metal is treat-
ed with precipitation hardening (hardening + aging).
Cho Y. et al. [16] showed that SHS applies to the high-
ly dispersed carbide phase (6, 10, and 12 vol.%) in
A2024 (A1—4.4%Cu—1.5%Mg). The sample contain-
ing 12 vol.% TiC, after extrusion, annealed at 400 °C
for 20 h, quenched for 1 h at # = 500 °C, and aged at
190 °C for 8 h, showed the greatest increase in modu-
lus of elasticity and tensile strength. This reached up
to 93 GPa and 461 MPa, respectively. Ramakoteswara
Rao V. et al. [17; 18] noted that a sample with 8 wt.%
of TiC particles after adding 2—10 wt.% of TiC par-
ticles of about 2 um to the AA7075 foundry alloy
(A1—5.8%7Zn—2.4%Mg), subsequent homogenization
at t =450 °C for 2 h, and aged at 121 °C for 24 h, in-
creased its tensile strength from 400 to 600 MPa, and
hardness, from 110 to 200 HV.

Nevertheless, some works indicate that heat treat-
ment of AMCs does not always improve strength.
Chen C. et al. [19] studied the aging behavior of the
Al6061 alloy (Al—Mg—Si) reinforced with 2 % TiC
particles (d = 40+50 um) at # = 160 °C. They established
that the reinforcing particles prevent the formation of
Guinier-Preston zones and strengthening metastable
Mg—Si phases in the aluminum matrix. As a result, af-
ter T6 heat treatment, the max hardness (75.8 HV) of the
Al6061—TiC composite was reached after 8 h of aging.
This was much lower than that of the A16061 matrix al-
loy after 18 h of aging (123 HV).

The review [20] summarizes the quenching and
subsequent aging of Al—Cu—Mg—SiC, Al—Mg—Si—
Cu—SiC, AlI—Mg—Si—Cu—B4C, and Al—Zn—Mg—
Cu—SiC AMCs reinforced by silicon carbide and
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manufactured with both solid matrix and liquid matrix
processes. In general, the aging patterns of composites
and aluminum alloys are different. The sequence of
precipitation hardening phases and phase composition
of the matrix material may vary, while the max AMCs
hardness and strength are achieved in a shorter time.
Furthermore, the hardening of the composites general-
ly results in lower hardness than expected by “adding”
the results of the precipitation hardening of the alumi-
num alloy and the matrix strengthening by reinforcing
particles.

There are highly interesting studies which show that
by changing the composition and structure of interfa-
cial boundaries and by improving the matrix-to-filler
bonding, it becomes possible to apply heat treatment
to alloys considered unsuitable for precipitation har-
dening. One example is the study by Hashim J. et al.
[21]. They reported that quenching at 550 °C for
20 min with hot water cooling and subsequent aging at
160 °C for 30 min of the non-heat-treatable AMgl alloy
with 2.5 wt.% SiC (d = 3 um) increases the hardness to
1040—1200 HB, and tensile strength, to 153 MPa. One
of the reasons may be the presence of magnesium in
the alloy. Magnesium is often used as a surface active
additive that segregates at the phase interface and re-
duces its energy [22].

For example, Contreras A. et al. [23] studied the
interaction between titanium carbide substrate and
Al—Mg melt at 900 °C. It was found that by increasing
the Mg content from 1 to 20 % in the base aluminum,
the wetting of the ceramic phase can be significantly
improved by reducing the surface tension of alumi-
num drops. Magnesium additions also significantly
strengthen aluminum alloys. In particular, Shu S. et al.
[24] reported that the addition of 14 % Mg to SHS al-
loys manufactured by hot pressing increases the com-
pressive strength of the AI—TiC composite by as much
as 353 MPa.

This review confirms that magnesium signifi-
cantly increases the efficiency of alloy hardening by
adding titanium carbide. Gulyayev A. et al. [25] re-
ported that such reinforcement is most appropriate
for Al—Mg alloys (magnalium) which are known to
have good formability and weldability, albeit relatively
low strength and hardness. The most common alloys
contain from 1 to 6 wt.% Mg, and micro amounts of
other alloying elements (Fe, Si, Mn, Ti, Cu, Be, etc).
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The Mg solubility in Al is 17.4 % at t = 450 °C and
about 1.4 % at room temperature. Nevertheless,
non-equilibrium solidification conditions in alloys
containing as low as 1—2 % Mg may result in the for-
mation of eutectic § phase inclusions of the Al3;Mg,
(MgsAlg) composition.

When solidified, transition metals form supersatu-
rated solid solutions with aluminum [26; 27]. However,
their low content does not lead to a significant increase
in strength. Therefore, the formation of one more ul-
tra-fine titanium carbide phase in magnalium may
have a positive effect explained both by its hardening
by reinforcing perticles and changing the sequence
and the rate of structural transformations during the
solidification and heat treatment caused by lattice
micro-distortions.

The reinforcement results largely depend on the
chemical composition of the alloy (the contents of mag-
nesium and alloying elements). The purpose of this study
is to obtain two composite materials by the SHS process
and analyze the effects of heat treatment on their struc-
ture and properties. We studied the addition of titani-
um carbide to the AMg, (10%TiC) and AMg¢ (10%TiC)
alloys.

Methods and materials

We used AMg2 (1520) and AMg6 (1560) al-
loy grades from Sammet (Russia) manufactured to
GOST 4784-2019 as the melted matrix. In order to
produce the charge mixture, we mixed powdered ti-
tanium (TPP-7 grade, TU 1715-449-05785388 Spec.)
and carbon (P-701, GOST 7585-86) in a stoichio-
metric ratio for the Ti + C = TiC SHS reaction with
Na,TiFs (GOST 10561-80) added in amount of 5 % of
the charge weight. The mixture was then divided into
3 equal parts wrapped in aluminum foil. Each was add-
ed to the AMg2 or AMg6 melts at 900 °C in a graphite
crucible placed in a PS-20/12 melting furnace (made
in Russia), in order to induce the SHS reaction and
make the desired composites.

In the aims of studying the microstructure, we
etched the samples with a 50 % HF + 50 % HNOj; solu-
tion for 10—15 sec. Then we analyzed the samples with a
JSM-6390A scanning electron microscope (Jeol, Japan)
with a JSM-2200 energy-dispersive spectroscopy (EDS)
module.

We also used XRD for phase identification. The
XRD instrument was an ARL X’trA X-ray diffrac-
tion system (Thermo Scientific, Switzerland) with the
CuK,, radiation and continuous scanning in the 26 =
= 20+80° angle range at 2 deg/min. The HighScore
Plus software (PANalytical B.V., Netherlands) was
used to analyze the XRD patterns. The AMCs samples
were heat treated in a SNOL lab furnace (temperature
up to 1300 °C).

We measured the sample density by hydrostatic
weighing on a VK-300 scale (made in Russia), accura-
cy class 4, GOST 20018-74. The demineralized water
density was assumed to be 0.99733 g/cm3 at the room
air temperature of 24 °C. For dimensional control and
composition analysis, we used a MIM 43 optical metal-
lographic microscope (made in Russia) and the SIAMS
800 image processing software.

We measured AMCs electrical conductivity using
a VE-26NP eddy current structurescope (made in
Russia) according to GOST 27333-87. The hard-
ness of the samples was measured using a TSh-2M
hardness tester (made in Russia) according to GOST
9012-59. The impression diameter was defined us-
ing a Motic DM-111 microscope (made in Russia)
and the Motic Educator image analysis software. For
sample microhardness testing, a PTM-3 standard mi-
crohardness tester (made in Russia) was used accord-
ing to GOST 9450-76. The instrument drives a square
diamond pyramid (136° vertex angle). The penetrator
load was 100 g.

We performed compression tests on the type III
samples (dy = 20 mm) according to GOST 25.503-97.
The relative strain and reduction ratio was established as
specified in GOST 8817-82.

Corrosion resistance was evaluated according to
GOST 13819-68 in a Coat Test 3.3.150.150 autoclave
under the following conditions: 5 % NaCl aqueous
solution; CO, (1 Pa) + H,S (0.5 MPa) + N, (3.5 MPa)
gas phase at 80 °C 240 h: 5 MPa total pressure. The
corrosion resistance factors were calculated accord-
ing to GOST 9.908-85. We used a Universal-1B tri-
bology tester (made in Russia) for tribology testing
as follows:

— friction type: boundary friction (sliding);

— block-on-ring contact arrangement;

— counterbody material: 40H grade steel;
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— lubricant: Shell Helix Ultra SAE 5W-40 synthetic
engine oil;

— normal contact load: 380 N;

— counterbody rpm: 600 (average linear velocity at
the contact area: 0.157 m/s);

— test period: 30 min (or until seizure).

Results and discussion

The powders mixtures used to make both compos-
ites in the AMg2 or AMg6 melts at 900 °C produced
an intense, rapid SHS reaction with bright flashes. The
fractures of the synthesized samples were homogeneous-
ly gray and lacked any foreign inclusions or residues of
unreacted charge.

Composite manufacturing
and heat treatment AMg2—10%TiC

Figure 1 shows the microstructure of AMg2—
10%TiC composite manufactured with SHS. The pro-
cess produces a large number of both small sintered
agglomerates, and ultra-fine rounded particles larger
than 180 nm. XRD analysis revealed the presence of Al,
Ti, C, and Mg (Fig. 2). XRD analysis also identified the
presence of the required TiC phase (Fig. 3). EDS ana-
lysis indicated a presence of Mg, so the -phase may be
also present but its amount is too small to be detected
by XRD.

XRD processing identified the presence of a carbide
phase (8 wt.%). This is an acceptable level, considering
some inhomogeneity of its distribution. The average

. 20kv

X100 “100pm, - |

Fig. 1. SEM image of the AMg2—10%TiC composite
a — x100 magnification, b — x20000 magnification

grain size reduced from 9.64 (+4.82) um in the matrix
to 1.31 (£0.056) pm in the composite material. It con-
firms the modifying effect of the carbide phase particles.
Measurements showed an increase in hardness from
509 HB for the AMg2 casting alloy to 594 HB for the
AMg2—10%TiC composite. It matches the hardness of
the hardened AMg2 alloy.

We can conclude that, due to the absence of plastic
deformation, the presence of highly dispersed carbide
particles increases the hardness.

Next we selected the optimal temperature and time
for heat treatment. As noted above, the lean AMg2
alloy does not undergo precipitation hardening af-
ter quenching. It consists mainly of a solid solution
of magnesium in aluminum. However, as was shown
above and by Kurganova Y. et al. [21], heat treatment
of the AMgl composite with a fine phase can produce
some new effects.

Taking all the factors into account, we selected the
following heat treatment modes: 130, 150, 180, and
350 °C for 1, 2, and 3 h with subsequent still air cooling
[28]. The hardness was a quantitative criterion aimed at
evaluating the effects of heat treatment. Figure 4 pre-
sents the results. The highest value of 676 HB (com-
pared to the initial 594 HB for the foundry composite)
is achieved after heating at 150 °C for 2—3 h. Heating at
350 °C does not affect the hardness.

The microstructure and EDS analysis of the AMC
samples with the highest hardness (Figs. 5 and 6) show
that the carbide particle sizes and chemical composi-

20kV X20,000 . 1pm

Puc. 1. MuKpocTpyKTypa KOMITO3ULIMOHHOro MaTepuaia AMr2—10%TiC

a — yBemuueHue x100, b — x20000
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Marker Element content, wt.%

number C Al Ti Mg F
001 28.01 14.27 57.72 0 0
002 17.97 38.17 38.01 3.49 2.36
003 17.82 4791 28.71 3.92 1.65
004 0 93.93 0 6.07 0

Fig. 2. EDS analysis of the AMg2—10%TiC composite

Puc. 2. Pesynbratsl MPCA KOMITO3ULIMOHHOTO MaTepuaia
AMr2—-10%TiC

Intensity, rel. units

Al ¢ e Al

8001 92% m TiC
TiC

600 8%

400

200

5 — 1¢JL; T
20 30 40 20, degr.

Fig. 3. XRD pattern of the AMg2—10%TiC composite

Puc. 3. IludpakTorpaMma KOMITO3ULIMOHHOI'O MaTepuasa
AMr2-10%TiC

tion are not affected. However, EDS indicates that the
result of heat treatment leads both to the appearance of
elemental magnesium and XRD peaks of the Al3Mg,
B-phase in the amount of 3 wt.%. This means an addi-
tional release of magnesium from the solid solution of
aluminum (Fig. 7).

We made the following assumption about the se-
quence of structural transformations before and after
heat treatment based on the experimental data. Imme-

Hardness, HB

750
m130°C
® 150 °C
700 ©180°C
A 350 °C
650-
600 -
550 -
500 1 I L) L)
0 1 2 3

T, hours

Fig. 4. The hardness variations of the AMg2—10%TiC
composite after heat treatment at different
temperatures

Puc. 4. i3aMeHeHMUe TBEPIOCTH KOMITO3UIIMOHHOTO
martepuana AMr2—10%TiC nociie 10NMOJHUTETBLHOTO
HarpeBa ITpU pa3HbIX TeMIIEpaTypax

diately after pouring the composite into the mould and
during the solidification cooling, the presence of a large
number of carbide particles distort the lattice of the mat-
rix and cause high internal stresses. This is due to the
formation of the Mg,Si, Al¢(Fe, Mn), Al;5(Fe, Mn),Sis
crystallization phases [29]. After solidification, a partial
precipitation of the B-phase from the solid solution is
possible.

It should be noted that the presence of the Al;Mg,
phase can decrease the strength and corrosion resis-
tance, since it precipitates as continuous chains along the
grain boundaries [29]. In this case, the large number of
dispersed carbide particles prevents the formation of such
continuous precipitates, while individual intermetallic
B-phase inclusions may increase the hardness. Additional
heating at = 150 °C while the internal stress still applies
facilitates the diffusion. Subsequent cooling in air leads to
an additional B-phase release, increasing hardness.

There is no change to hardness after heating to 350 °C
(see Fig. 4) because a solid solution is formed through-
out the entire alloy volume at this temperature. Cooling
leads to the same processes as after SHS, and the initial
hardness is restored.

Composite manufacturing and heat treatment
AMg6—10%TiC

Figure 8 shows the microstructure of the AMg6—
10%TiC composite. Compared to the previous case,
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20KV 1X20,000 _ gl

Fig. 5. SEM image of the AMg2—10%TiC composite after additional heating at z= 150 °C for 2 h

a — x500 magnification, b — x20000 magnification

Puc. 5. MukpocTpyKTypa KoMmno3unonHoro Mmarepuana AMr2—10%TiC mociie 1omoTHUTEIbHOTO Harpesa

npu ¢t = 150 °C B TeueHue 2 4
a — yBesuuenue x500, b — x20000

Marker Element content, wt.%

number C Al Ti Mg
007 22.04 13.54 63.19 1.22
008 14.60 75.90 4.88 4.60
009 29.00 38.44 29.89 2.67

Fig. 6. EDS analysis of the AMg2—10%TiC composite
after additional heating at 7= 150 °C for 2 h

Puc. 6. Pesynbrarsl MPCA KOMITO3MIIMOHHOTO MaTepuaja
AMT2—10%TiC nocJie 10MOJHUTEIBHOTO HArpeBa
npu ¢t = 150 °C B TeueHue 2 4

carbide phase particles exceeding 130 nm are distri-
buted more uniformly over the alloy volume. This can
be explained by the higher magnesium content and,
consequently, their higher wettability, and better as-
similation.
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Fig. 7. XRD pattern of the AMg2—10%TiC composite
after additional heating at r = 150 °C for 2 h

Puc. 7. ludpakTorpaMma KOMITO3UIIMOHHOTO MaTepraa
AMTr2—10%TiC nocie 10MOJHUTEIBHOIO HarpeBa
npu t= 150 °C B TeueHue 2 4

XRD analysis indicates the presence of the TiC tar-
get phase (Figs. 9 and 10), while the presence of magne-
sium suggests the presence of the B-phase.

The XRD pattern analysis confirms the presence of
a carbide phase in the amount of 10 wt.%. Average grain
size decreased from 15.8 (+34.3) um in the matrix al-
loy to 10.6 (£3.56) um in the composite. The process
increases the hardness from 830 to 909 HB for AMg6—
10%TiC casting alloy.

The AMg6 alloy is not a conventional precipita-
tion hardened material. However, the high magnesi-
um content provides the highest strength among all
other magnalium alloys. The alloy is usually hardened
or is subjected to recrystallization annealing in the
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20kV... X500  50pm
Fig. 8. SEM image of the AMg6—10%TiC composite
a — x500 magnification, b — x20000 magnification

i b S
20kV. %20,000, 1pm

Puc. 8. MukpocTpyKTypa KOMIO3UIIMOHHOro Marepuaia AMr6—10%TiC

a — yBeauuenue x500, b — x20000

Marker Element contents, min., wt.%

number Al Ti C Mg
005 4.43 90.18 4.74 0.66
006 90.56 0.22 0.15 9.06
007 5.13 88.60 5.46 0.81
008 40.24 51.14 2.76 5.86

Fig. 9. EDS analysis of the AMg6—10%TiC composite

Puc. 9. Pesyabratel MPCA KOMNO3UIIMOHHOIO MaTepuraa
AMT6—10%TiC

310—335 °C temperature range, in order to increase its
ductility, with furnace holding time from 30 minto 3 h
and air cooling [26].

Kishchik M. et al. [30] studied the effects of different
heterogenization annealing modes for the 1565ch alloy
containing 5.1—6.0 wt.% Mg and alloying Zr. The tem-

Intensity, rel. units

6004 Al t . Al
a0 % w TiC
400 e TiC
10 %
200
0 - —L-&
20 30 40 50 60 70

20, degr.

Fig. 10. XRD pattern of the AMg6—10%TiC composite

Puc. 10. IudpakTorpamma KOMIO3UIITMOHHOTO MaTepraia
AMr6—10%TiC

Hardness, HB

1030

® 230°C

71 — 310°C

9904 — 320 °C

B 335°C

950 +

910 -+ } } o o
870 T T T T T
0 1 2 3 6

7, hours

Fig. 11. The hardness changes of the AMg6—10%TiC
composite after additional heating at different
temperatures

Puc. 11. i3aMeHeHUe TBEPIOCTU KOMITO3UILIMOHHOT'O
martepuaia AMr6—10%TiC nocie 1oMoTHUTETBHOTO
Harpesa ITpu pa3HBIX TeMIIepaTypax
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20kV  X20,000 1pm

Fig. 12. SEM image of the AMg6—10%TiC composite after additional heating at =230 °C for 3 h

a — x500 magnification, b — x20000 magnification

Puc. 12. MukpocTpyKTypa KOMIo3uiMoHHOro marepuaia AMr6—10%TiC nociie 10MOJHUTEIBHOTO HarpeBa

npu t =230 °C B redyeHue 3 4
a — yBemmueHue x500, b — x20000

Marker Element contents, min., wt.%

number | A Ti C | Mg | Mn | Fe
022 9.92 85.04 3.73 1.31 — -
023 80.86 — — 6.75 386 8.54
024 93.41 - — 6.59 — -

Fig. 13. EDS analysis of the AMg6—10%TiC composite
after additional heating at 7= 230 °C for 3 h

Puc. 13. Pe3ynbrarsl MPCA KOMIIO3UIIMOHHOI'O MaTepuaa
AMr6—10%TiC nocie AOTIOJTHUTEILHOIO HarpeBa
npu ¢t = 230 °C B TeueHue 3 4

perature varied from 130 to 280 °C, and the holding time
from 1 to 12 h. The results showed that the formation
of homogeneously distributed individual B-phase parti-
cles during annealing at # = 230 °C with a 6 h holding
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Fig. 14. XRD pattern of the AMg6—10%TiC composite
after additional heating at t =230 °C for 3 h

Puc. 14. lucppakrorpamMmma KOMITO3UIITMOHHOTO MaTepraia
AMr6—10%TiC nociie n0MOJTHUTEIBHOTO HarpeBa
npu =230 °C B TeueHue 3 u

time produces a fine-grained structure, and leads to the
highest hardness gain.

Considering the above, we selected the following
treatment mode for the AMg6—10%TiC composite:
heating at r = 230 °C for 1, 3, and 6 h at 310, 320, and
335 °C for 1, 2, and 3 h. Fig. 11 shows the measured
hardness values. It indicates that heat treatment in the
t = 310+335 °C range does not increase hardness. Its
highest value (999 HB) is achieved after holding at
t=230°C for3and 6 h.

Just like with the first alloy, additional heating at a
temperature close to the solubility line contributes to
higher hardness.
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Figures 12—14 shows the XRD, EDS, and micro-
structural analysis results of the sample with the highest
hardness. XRD analysis showed the presence of not only
Al, Ti, C, and Mg, but also Mn and Fe. It may indicate
the presence of intermetallic and ceramic phases formed
during solidification. However, the primary phase
formed after heating is Al;Mg, in the amount of 6 wt.%.
It accounts for the hardness increase (Fig. 14).

Properties of AMg2—10%TiC
and AMg6—10%TiC composites

We compared the properties of the original
cold-hardened alloys with index N, composites without
heat treatment (No HT), and composites after addition-
al heating resulting in the highest hardness.

The SHS process is characterized by significant
outgassing which can adversely affect the composite
properties. For this reason, we initially determined the

density (py.s;) and porosity (P) of the samples (Table 1).
The peq values of the AMCs are slightly higher than
those of the original matrix alloys. This confirms the
presence of a carbide phase with p = 4.92 g/cm3. The
reference density (p,s) was calculated for the AMCs
containing 10 % TiC.

The comparison of the reference and experimental
density values indicates that the porosity of the SHS cast
samples does not exceed 1%. Heat treatment reduces it to
zero, confirming higher adhesive bonding at the phase
interfaces.

Then we studied the electrical conductivity. It is
an important characteristic of all aluminum alloys
(Table 2).

Pan S. et al. [31] reported that only AMCs rein-
forced with ultra-fine nanophases (such as CNTs,
graphene, etc.) can have high electrical conductivity.
The possibility of making a conductive material con-

Table 1. Density and porosity of the original alloys and composites

Tabnuna 1. [TnotHOCTD U IOPUCTOCTD CIJIABOB U KOMITIO3MIITMOHHBIX MaTEPHaJIOB

Sample composition Prest> &/’ Prep &/cm’ P, %
AMg2N 2.69 - -

AMg2—10%TiC (no HT) 2.82 2.797 0.82
AMg2—10%TiC (heating to 150 °C, 2 h) 2.82 2.826 0
AMg6N 2.64 - -
AMg6—10%TiC (no HT) 2.768 2.739 1
AMg6—10%TiC (heating to 230 °C, 3 h) 2.768 2.768 0
AMg6—10%TiC (heating to 230 °C, 6 h) 2.768 2.768 0

Table 2. Electrical conductivity of alloys and composites

Tabauua 2. BHCKTpOHpOBOHHOCTb CIIJIaBOB 1 KOMITOBUMIIMOHHBIX MaT€puraloB

Sample composition Electrical conductivity, MSm/m

AMg2N 19.7
AMg2—10%TiC (no HT) 154
AMg2—10%TiC (heating to 150 °C, 2 h) 16.6
AMg6N 14.5
AMg6—10%TiC (no HT) 10.57
AMg6—10%TiC (heating to 230 °C, 3 h) 11.2
AMg6—10%TiC (heating to 230 °C, 6 h) 10.98
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Table 3. Mechanical properties and manufacturability of the alloys and composites

Tabauua 3. MexaHuuecKMe U TEXHOJOTMUECKMEe CBOMCTBA CIIJIABOB U KOMITO3ULIMOHHBIX MAaTepPUAaIoB

Sample 6" MPa e % Hardness, Microhardness, Relative Reduction
composition B> e HB HV strain, % ratio
AMg2N 290 69.19 594 608 32 1.48
AMg2—-10%TiC
(no HT) 271 59.7 594 736 25 1.33
AMg2—-10%TiC
(heating to 150 °C, 2 h) 288 61.5 676 745 29 1.41
AMg6N 449 32 830 991 44 1.8
AMg6—10%TiC
(no HT) 403 19 909 1020 43 1.62
AMg6—10%TiC
(heating to 230 °C, 3 h) 395 14 999 1069 43 1.75
" Uniaxial compression tests.
Table 4. Corrosion resistance of alloys and composites
Ta6auua 4. Koppo3roHHast CTOMKOCTD CILIABOB M KOMITO3ULIMOHHBIX MaTEPHUAIOB
Weight Weight loss Sample Corrosion Corrosion
Sample . .
composition loss, per unit area, thickness rate, depth rate,
P g kg/m2 change, m g/(cm2~h) mm/year
AMg2N 0.6187 0.160 0.058 0.666 0.0021
AMg2-10%TiC 0.3686 0.095 0.035 0.416 0.0014
(no HT)
AMg2—-10%TiC
(heating to 150 °C, 3 h) 0.418 0.108 0.038 0.450 0.0014
AMg6N 0.8935 0.231 0.082 0.962 0.003
AMg6—10%TiC 0.5826 0.151 0.057 0.627 0.0021
(no HT)
AMg6—10%TiC
(heating to 230 °C, 3 h) 0.8063 0.208 0.075 0.868 0.0027

taining a titanium carbide reinforcing phase is still un-
der study.

The values measured are slightly lower than those
of the original alloys due to the presence of the carbide
phase. Pan S. et al. [32] confirm this. They reported that
an AMC with 3.68 vol.% TiC and aluminum matrix has
a higher electrical resistance and, consequently, lower
conductivity.

We measured the ultimate strength (og) and rel-
ative strain (¢) with the subsequent compression
tests (Table 3). It was found that both values for the
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AMg2—10%TiC composite are slightly lower than the
original matrix alloy values. For AMg6—10%TiC the
decrease is more significant. This is probably due to
the extensive formation of the B-phase in the AMg6
alloy. The accumulation of clusters is more difficult
to prevent. Furthermore, magnesium, as a highly ac-
tive metal, can form compounds with oxygen. At low
Mg content, MgAl,0, is formed, and at high content,
MgO [33].

Rafalsky I. et al. [34] studied the effects of adding
2 wt.% Mg on the structure of Al—1%Ti—10%SiC
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Fig. 15. Friction surface of the AMCs samples
a— AMg2N; b — AMg2—10%TiC (heating to 150 °C, 3 h); ¢ — AMg6N; d — AMg6—10%TiC (heating to 230 °C, 3 h)

Puc. 15. Bung nosepxHocT TpeHus oopasinos AMKM
a— AMr2H; b — AMr2—10%TiC (uarpes mo 150 °C, 34); ¢ — AMr6H; d — AMr6—10%TiC (narpes o 230 °C, 3 u)

Table 5. Tribological tests

Tabauua 5. Pe3ynbraThl CpaBHUTEAbHBIX TPUOOTEXHUUECKUX UCTIBITAHUMN

Sample Wear rate, Friction Self-heating
composition um/h coefficient temperature, °C
AMg2N 37.6%5.2 upto 0.3 71
AMg2—-10%TiC
+ —
(no HT) 6.4%1.6 0.11-0.12 65
AMg2—-10%TiC
+ —
(heating to 150 °C, 2 h) 4.0+1.3 0.07—0.08 56
AMg6N 15.514.1 0.13—0.15 70
AMg6—10%TiC
+ J—
(no HT) 3.5+0.6 0.07—0.09 59
AMg6—10%TiC
+ —
(heating to 230 °C, 3 h) 42+1.2 0.08—0.10 66
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composite manufactured by mixing at §50—900 °C.
The final material contains individual, extended film-
like clusters of MgAl,O4. The presence of Mg-con-
taining inclusions at the phase interfaces can mini-
mize the effect of higher wettability, and contribute to
strength reduction. Mikheev R. et al. [35] also showed
that by adding 10 wt.% of TiC 40—100 um reinforcing
particles to the AKI2M2MgN, the aluminum alloy
decreases compressive strength from 489 to 470 MPa,
while the relative strain drops from 17.01 to 12.65 %.
Therefore, an insignificant decrease in these proper-
ties is expected in composites reinforced with titanium
carbide. Furthermore, the hardness values of AMg2—
10%TiC and AMg6—10%TiC increase by 12 and
17 %, and the microhardness values increase by 18 and
7 %, respectively.

During the upsetting test (Table 3), we loaded the
samples to the maximum. The samples of AMg2 and
AMg6 matrix alloys were deformed by 32 and 44 %
without cracking. The test was stopped upon cracking.
The cracks always occurred not in the sample body, but
on its circumference. It was found that the AMCs af-
ter heating have better strain and reduction ratio values
than the original alloys. These values are almost iden-
tical to the matrix alloy values. The € = 29 and 43 %
measured values are assumed to be the strain limits for
the AMCs samples. This is a satisfactory result, since in
real-life applications magnalium alloys are not subject-
ed to strains exceeding 30 % which leads to a decrease
in the plasticity. It can also create instability of mecha-
nical and corrosion resistance properties [26].

High corrosion resistance is one of the key advantag-
es of magnalium alloys. After annealing, the corrosion
resistance is 3 points (Perelygin Yu. et al. [36]). We also
measured this property (Table 4). All the AMCs samples
have a corrosion depth rate of 0.001—0.005 mm/year.
It matches that of the matrix alloys and means that the
AMC:s are highly resistant.

Finally, we compared the tribological properties of
the investigated materials. The samples of the original
AMg?2 matrix alloy showed wear with seizures and abra-
sive wear. It leads to rapid destruction of the surface lay-
er. The AMg6 sample featured unstable friction torque
values, indicating undesirable effects in the friction con-
tact area (Fig. 15, a, b).

All the AMCs samples showed better tribological
properties such as good mechanical conformability,
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halving the friction coefficient, and up to 88 % wear
rate reduction (Fig. 15, ¢, d and Table 5).

Conclusion

This study showed that heat treatment of compos-
ites based on aluminum-magnesium matrix alloys re-
inforced with ultra-fine titanium carbide is a promi-
sing method of controlling the composite structure
and properties, although the original matrix alloys are
not-heat-treatable.

It was found that SHS of the AMg2—10%TiC com-
posite with subsequent heating to 150 °C maintains
compressive strength, deformability, and corrosion
resistance (virtually identical to the original harde-
ned matrix alloy values). Furthermore, hardness is in-
creased by 12 %, and microhardness by 18 %. The fric-
tion coefficient is reduced by at least 75 %, and the wear
rate by 88 %.

It was found that SHS of the AMg6—10%TiC com-
posite with subsequent heating to 230 °C reduces com-
pressive strength by 12 %, while deformability and corro-
sion resistance are still acceptable. Hardness is increased
by 17 %, and microhardness by 7 %. The friction coeffi-
cient is halved and the wear rate is reduced by 72 %.

The liquid matrix SHS process with subsequent heat
treatment of aluminum-magnesium alloy composites
hardened with ultra-fine titanium carbide can produce
light and wear-resistant materials.
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