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Abstract. This study examines the structure and mechanical properties of aluminum-matrix composites (AMCs) with varying contents
of the ZrC reinforcing phase, produced by powder metallurgy. Elemental mapping together with hardness measurements indicate
a uniform distribution of ZrC particles in the matrix. The effects of mixing time (1-6 h), compaction pressure (636-1910 MPa),
and sintering time (1-2 h) on density, porosity, and properties were investigated. With increasing ZrC content, the composite’s
mechanical properties improve, and correlations among density, porosity, hardness, and strength are observed. An increase in
sintering time has little effect on density and porosity; after sintering, hardness decreases due to annealing. Local agglomeration
of ZrC at grain boundaries may weaken interfacial bonding between aluminum and the reinforcement. Strengthening arises from
load transfer, Orowan strengthening, and thermally induced dislocations due to the coefficient-of-thermal-expansion mismatch
between the particles and the matrix. Efficient load transfer during compression testing requires good particle—matrix interfacial
contact; dislocation—particle interactions generate Orowan loops, contributing to the observed strengthening.
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AHHoTayms. TIpeacTaBieHbl pPe3yiabTaThl UCCIIENOBAHUSA CTPYKTYPhl M (PU3MKO-MEXaHHYECKHX CBOMCTB AMCIICPCHO-YIPOUYHEHHBIX
KOMITO3UIIMOHHBIX MaTepHaloOB Ha OCHOBE AIIOMHMHMS C PA3IMYHBIM CoOfiepKaHueM ynpouHsomeil ¢assl ZrC, moaydeHHbIX
METO/IOM TOPOIIKOBOIl MeTamnypruu. COrIacHO KapTaM paclpeleieHHs XUMHYECKUX 3JIEMEHTOB HAMOJIHUTENS U 3HAUYCHUSIM
TBEPJIOCTH, YAaCTUIIBI KapOMIa LIUPKOHUS pacIIpe/IeSIeHbl B MaTPUIle PABHOMEPHO. M3y4eHo BIMSHUE BPEMEHU MepeMelINBaHUL
(ot 1 o 2 4) u yeunus npeccoBanus (or 636 no 1910 MIla) Ha MIOTHOCTB, HOPUCTOCTH U CBO¥cTBa 00pa31oB. C MOBBIIIEHUEM
KOJIMYECTBA YaCTHIl KapOuaa HUPKOHUS MEXaHHYECKHE CBOICTBA KOMIIO3MTA yiaydinarorcs. OTMeueHa KOppessilus IIOTHOCTH,
HOPUCTOCTH, TBEPIOCTH M MPOYHOCTH KOMIO3UTOB. [I0Ka3aHO, YTO yBEINYEHHE BPEMEHH CIIEKaHUS MPAKTUYECKH HE OKa3allo
BIUSIHUSL Ha IUIOTHOCTH M IOPHCTOCTH 00pasnoB. Ilocie criekaHus TBEPAOCTh OOPA3I0B yMEHBINAETCS BCICACTBHE OTHKHUTA.
Kpowme Toro, ckorutenns yactuiy ZrC Ha rpaHHIAaX 36pPeH MOT'YT OCJIA0UTh XMMHYECKYIO CBSI3b MEXK/Y aTIOMUHHEM M MAaTepPHAIOM
HAINoJHUTEN. B MccneyeMbpIX KOMIIO3UTAaX YIPOYHEHHE TPOMCXOIUT 3a CYET CICAYIOLINX MEXaHM3MOB: Iepe/ada aKTUBHOW
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Harpy3KHd OT MaTpPHUILI K apMarype; ycuieHus: OpoBaHa; BOSHIKHOBEHUE BHYTPEHHUX TEPMUUIESCKHUX HANPSDKCHUH U3-3a PA3HUIIBI
B KOX(QQHUIHEHTaX TEIUIOBOTO PACIIMPCHMS MEXIy apMHUPYIOINMH YacTHIaMH U (aszoif marpuisl. DddexTuBHas nepemada
Harpy3Kd MeX1y INIaCTUYHON MaTpHIeH M YaCTUIIAMU KECTKOH KepaMHUYeCKOH apMaTyphl IIPH HCIIBITAaHUSIX HA CXKATHE IIPOHC-
XOIUT MPU HATHIHU XOPOILIETO MEeK(a3HOTo KOHTAKTA MEXJly MaTpUIlell U apMaTypoil. B3aumonelicTBre Mex 1y AUCIOKAUSIMU
U apMUPYIOLUMH YaCTULAMH yBEJIIMYUBACT IPOYHOCTh KOMIIO3ULIMOHHBIX MAaTEpPUAIOB B COOTBETCTBUU C MexaHu3MoM OpoBaHa.
Braromapst HanMYKIO B MaTpHUIe AUCIEPCHBIX YaCTHIl apMUAPOBAHUS, IIPU B3aNMO/EHCTBUH AUCIOKALUI C apMUPYIOIIUMHE YaCTH-

mamMu 06pa3y10’rc51 JUCJIOKAIIUOHHBIC IICTIIN.

KnioueBbie c/1oBa: CICUCHHBIH AMCHEPCHO-YIPOYCHHBIH KOMIO3HIMOHHBI MaTepual, KapOuj LUPKOHMS, IUIOTHOCTb, MOPHCTOCTD,

CTPYKTypa, MOp(OIOTHS, TBEPAOCTh, IPOUYHOCTD, Ae(opmarus

Ana untnposanmsa: Xasun M.JL., AnakameB P.A., Anac B.E. Crpykrypa u cBOMCTBa aJIOMOMATPUYHOIO MarepHaia, YIpOuHEHHO-
ro YacTUIaMU KapOuaa NUpKoHus. M3zeecmus 6y306. Ilopowkosas memaniypeus u (ynkyuonaivhvie nokpoimus. 2025;19(5):51-59.
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Introduction

Modern mechanical engineering, including the mi-
ning industry, is increasingly characterized by the use
of new materials. The growing demand for lightweight
materials with high specific strength, excellent high-
temperature strength, and corrosion resistance stimu-
lates active research and development of advanced
high-performance materials [1-4].

Among light-weight materials with low density,
aluminum-matrix composites (AMCs) occupy a lea-
ding position. The use of aluminum and its alloys as
a matrix material continues to expand, finding broad
applications in numerous industrial sectors due to their
high strength and ductility, excellent thermal conduc-
tivity and corrosion resistance [5—7], as well as their
relatively low cost compared to other light metals such
as Mg and Ti [4; 8].

The global market for metal-matrix composi-
tes was estimated at USD 224.82 billion in 2023.
It is projected to grow from USD 239.21 billion in
2024 to USD 369.29 billion by 2032, demonstrating
a compound annual growth rate (CAGR) of 5.58 %.
The increasing demand for lightweight materials in
the mechanical engineering, automotive, and acrospace
industries is expected to further stimulate key market
drivers and contribute to market expansion'.

The main limiting factor for the use of aluminum
alloys is their relatively low hardness. Therefore,
various reinforcements are incorporated into
the matrix to enhance the physical and mechani-
cal properties of aluminum-based materials. Metal-
matrix composites (MMCs) are produced by different
methods, including stir casting, die casting, spray
forming, hot pressing, dynamic compaction, ultrasonic
cavitation, physical vapor deposition, mechanical
alloying, liquid-metal infiltration, and powder metal-

Metal matrix composites market size & share report. URL: https://
www.marketresearchfuture.com/reports/metal-matrix-composites-
mmcs-market-8131 (accessed: 16.05.2025).
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lurgy (PM) [1; 2; 9; 10]. Most commercial MMCs are
produced by liquid-phase methods with mechanical
stirring, which makes it possible to obtain compo-
nents of various sizes and geometries. However, these
techniques have several drawbacks: low wettability
of reinforcement particles by the molten matrix and
the difficulty of achieving a uniform composite struc-
ture. Upon cooling and cessation of stirring, the rein-
forcement particles tend to distribute non-uniformly
in the aluminum matrix, often forming agglome-
rates [1; 11; 12]. As aresult, the composite may exhibit
nonuniform mechanical behavior.

Unlike liquid-phase techniques, PM methods pro-
vide a uniform distribution of the dispersed phase
within the aluminum matrix, usually prevent the for-
mation of undesirable phases, and ensure strong inter-
facial bonding between the matrix metal and the rein-
forcing particles.

The PM method is energy-efficient, cost-effective,
and technologically versatile for producing both
simple and complex components of required dimen-
sions. In recent years, PM processing has proven to be
efficient and competitive compared with conventional
casting methods in the fabrication of metal-matrix com-
posites reinforced with ceramic particles. Composites
fabricated by powder metallurgy generally exhibit
lower density and higher porosity than those produced
by stir casting; however, the reinforcement particles
are uniformly distributed in the metallic matrix, unlike
in stir-cast materials.

Aluminum-matrix composites produced by various
methods are widely used in mechanical engineer-
ing [13], shipbuilding [14], electrical engineering [15],
medicine [16] the aerospace [17] and defense [18; 19]
industries, and even in consumer products [20].

Reinforcements typically include oxides, carbides,
nitrides, fly ash, and carbon powders [1-3; 21; 22].
The choice of reinforcing particles depends on
the intended application of the composite. The most
commonly used dispersoids are SiC, TiC, ZrC, TiB,,
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B,C,Al0O;, and Si;N,. Among them, zirconium carbide
(ZxC) is one of the most suitable reinforcing materials
for wear-resistant applications, seals, bearings, cru-
cibles in the nuclear industry, and electronic devices.
ZrC is characterized by a high melting point, specific
strength, hardness, and corrosion resistance [23].
However, there are very few studies examining
the effect of ZrC addition on the physical and mechani-
cal properties of aluminum-matrix materials [24].

The aim of the present study is to investigate
the structure and physical and mechanical properties
of dispersion-strengthened aluminum-matrix compo-
sites reinforced with zirconium carbide (ZrC) particles.

Research methodology

The objects of study were aluminum-matrix compo-
sites containing different amounts of the ZrC reinfor-
cing phase. Aluminum powder grade GOST 6058-73;
99 % purity; 250-450 pm) was used as the matrix.
Zirconium carbide (ZrC) powder (GOST 28377-89;
40-100 pum) was served as the reinforcement.

The aluminum and zirconium carbide powders were
mixed in a polystyrene cylinder rotating at 100 rpm
for 1-6 h, with the rotation direction reversed every
15 min to enhance homogeneity.

The homogeneous powder blend was cold-pressed
in a PGR-400 uniaxial hydraulic press using a harde-
ned 40Kh steel die (ID 10.2 mm); industrial oil was
applied to lubricate the die walls. The green compacts
were sintered at 640 °C for 1-2 h under a protective
carbon-powder layer and then furnace-cooled to room
temperature.

SEM micrographs and EDS elemental maps
of the aluminum-matrix composite were acquired
on a Vega LMS (Tescan, Czech Republic) scanning
electron microscope equipped with an Xplore30 EDS
system (Oxford Instruments, UK). The microstructure
was also examined using an Olympus BX61 research
optical microscope (Olympus Corp., Japan).

The actual density was determined by measuring
mass on an AND GR-300 electronic analytical balance
(A&D Company Ltd., Japan), with volume obtained
geometrically from micrometer measurements. Vickers
hardness was measured on the sample surfaces using
an ITV-30-AM tester (Metotest LLC, Neftekamsk,
Russia) tester under a 25 N load and 15 s dwell; in
accordance with GOST R ISO 6507-1-2007, five
indents were made per sample. Compressive strength
was measured on a MIM 2-20-2 universal testing
machine (GOST LLC, Moscow, Russia) at a crosshead
speed of 0.2 mm/s (GOST 25.503-97), with simulta-
neous stress—strain curve acquisition.

Results and discussion

Density and porosity are primary parameters for
many applications. After cold compaction of the initial
powder blend, the density of the material was measured
in both the compacted and sintered states and com-
pared with the theoretical density calculated by the rule
of mixtures. The actual density was determined from
the mass-to-volume ratio. Porosity was determined as
the ratio of the difference between the theoretical and
actual densities to the theoretical density. In estimating
porosity, the theoretical density was assumed to remain
unchanged during sintering because the composite
constituents are mutually insoluble.

To select the optimal compaction pressure, trial runs
were performed (Table 1). At P =636 MPa, the com-
pacts were friable, weak, and failed under slight load.
Beginning at P =950 MPa, dense compacts were
obtained. Further increases in compaction pressure
produced only minor changes in density (vy); therefore,
all subsequent experiments used 980 MPa.

Analysis of the effect of compaction pressure shows
that density increases with increasing reinforcement
(carbide-phase) fraction (Table 1), owing to the higher
density of the ZrC particles. After sintering, the den-
sity decreases. Theoretical densities exceed the mea-
sured values due to residual porosity, which likewise
increases with increasing reinforcement content in
the matrix.

With increasing reinforcement content, the porosity
of the compacts initially rises linearly and then slows
down, stabilizing at 7-10 wt. % reinforcement. After
sintering, the porosity increases due to the expansion
of air trapped during mixing of the initial powder
blend. This expansion enlarges the pore volume and
causes a corresponding change in the linear dimensions
of the samples. Excessive addition of reinforcement
particles also leads to matrix swelling of the sintered
samples. Such porosity variations are consistent with
the findings reported by other authors [1; 11].

According to the experimental data, both
the “green” and sintered densities are governed by
the combined and interacting effects of several factors,
including compaction pressure, sintering conditions,
and the compressibility of the reinforcing particles.
As a result, the green and sintered densities deviate
from the theoretical density of the composites.

Increasing the sintering time from 60 to 120 min had
almost no effect on density and porosity, whereas for
aluminum-matrix composites reinforced with SiC or
AlLO,, an increase in sintering time from 60 to 90 min
was reported to enhance density [11].

53



DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2025;19(5):51-59
XasuH M.J1., Anakawes P.A., Adac B.E. CTpyKTypa 1 CBOMCTBA aItOMOMATPUYHOIO MaTepUana, ynpouHeHHOro ...

Table. 1. Effect of compaction pressure on the density and porosity of the samples

Tabauya 1. BausiHue BeJIMYHHBI JaB/1eHUs1 (POPMOBAHMS HA IJIOTHOCTh H IIOPUCTOCTH 00pa3L 0B

Y, kg/m? Porosity, %
Sample P, MPa ll{g/e;r;; before after before after
sintering sintering sintering sintering
636 1718 1652 36.37 38.81
750 2081 2073 22.92 23.22
900 2478 2469 8.22 8.56
950 2572 2564 4.74 5.04
Al 2700
960 2584 2576 4.29 4.59
980 2604 2596 3.56 3.85
1273 2610 2602 3.33 3.63
1910 2612 2601 3.26 3.67
636 1840 1832 35.68 35.96
900 2630 2622 8.07 8.35
950 2747 2738 3.98 4.29
Al-4%ZrC 2861
980 2760 2752 3.53 3.81
1273 2765 2757 3.35 3.63
1910 2769 2761 3.22 3.49
636 1914 1906 35.81 36.08
980 2871 2865 4.62 4.81
Al-7%ZrC 2982
1273 2875 2864 3.59 3.96
1910 2882 2872 3.35 3.69
636 1947 1941 37.25 37.44
980 2984 2978 3.86 4.03
Al-10%ZrC 3103
1273 2998 2987 3.38 3.74
1910 3007 2998 3.09 3.38

The surface morphology and elemental distribu-
tion of the synthesized samples are shown in Figs. 1
and 2. In all cases, a smooth and relatively even sur-
face was observed. The measured surface roughness
of the sample cross section was R = 1.0-1.2, corres-
ponding to fine turning. Elemental mapping confirmed
a sufficiently uniform distribution of the constituent
elements.

The high detected oxygen content, and correspon-
dingly lower total aluminum content, are explained
by the formation of an ALO, film on the alumi-
num surface exposed to air (2 mol Al — 3 mol O).
According to the analysis, the ratio was 1.87 mol Al
and 2.64 mol O. This oxygen amount oxidizes most
of the surface aluminum (1.76 mol Al), leaving
0.11 mol Al unoxidized.

Hardness is one of the key parameters directly influ-
encing the strength, impact toughness, fatigue strength,
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and wear resistance of metal-matrix composites. It is
well known that hardness testing is one of the most
informative and rapid methods for assessing mechani-
cal properties.

For the composites investigated in this study, varia-
tion of the mixing time from 1 to 6 h had virtually no
effect on hardness (Fig. 3).

Increasing the sintering time from 60 to 120 min
caused a 3.7-8.6 % increase in hardness (Fig.4).
However, as the reinforcement content increased,
the relative hardness change decreased, approaching
a steady value of 3.7-3.8 %.

To assess the uniformity of particle distribution,
hardness measurements were taken along the polished
surface of the sintered samples at 2.5 mm intervals.
The small variation in hardness (£2.6 %) confirmed
uniform particle dispersion in the aluminum matrix,
consistent with the elemental maps.
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Fig. 1. SEM images of the surface of an Al-5%ZrC sample

Puc. 1. Mopdornorus moBepxHocTH oopasua Al-5%ZrC

a — Tono n300paxkeHne; b — HIEKTPOHHOE N300paKEHUE

a — SEM secondary-electron (SE) image; b — SEM backscattered-electron (BSE) image

250 '@‘ Total spectrum of the map b
Element | wt. % |& %
200 + Al 50.5 ] 0.1
2 0 423 |01
@ 150 L 7r 64 |01
=3 [ 08 |02
£ 100 |
~
L L 1 1 . 1
4 5 6 7 8 9 10

Fig. 2. Elemental distribution map and corresponding EDS spectrum

a — surface of the Al-4%ZrC sample; b — EDS spectrum showing elemental composition

Puc. 2. Kapra pacripe/ieieHusI SIIEMEHTOB

a — 10 noBepxHocTu obpasua Al-4%ZrC; b — cymmapHOe pacipeesieHIe JIEMEHTOB

With increasing ZrC content in the aluminum
matrix, the composite hardness increased (Table 2).
After sintering, hardness decreased due to annealing.
In addition, clustering of ZrC particles at grain boun-
daries may weaken interfacial bonding between alumi-
num and the reinforcement.

Previous studies have reported a correlation bet-
ween hardness and density (or porosity) of the samp-
les [1;3;6;7]. A similar proportional relationship
between hardness and density (porosity) was also
observed in this study (Fig. 5).

The compressive strength of the composites was
determined by compression testing. Unlike tension
tests, not all materials can be brought to failure under
compression, as ductile metals such as aluminum tend
to deform into thin plates.

With increasing reinforcement content, the com-
pressive strength increased similarly to hardness.
Composites containing carbide particles exhibited

a substantial strength improvement compared with
the unreinforced aluminum matrix, indicating that
ZrC particles provide a strong strengthening effect.

60
>
T %5 e o
o ]
2 1
g 50 i
= 2 T
T 35P B — —
30 1 1 1 1 1 1
0 1 2 3 4 5 6 7

Mixing time, h

Fig. 3. Effect of mixing time on the hardness
of Al-4%ZrC samples

1 —before sintering; 2 — after sintering

Puc. 3. BiausiHHe BpeMEHH NepeMeInBaHUs
Ha TBepIOCTh 00pasnos Al-4%ZrC

1 — 10 criekaHust; 2 — IOCIIe CIeKaHMs

55



DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2025;19(5):51-59
XasuH M.J1., Anakawes P.A., Adac B.E. CTpyKTypa 1 CBOMCTBA aItOMOMATPUYHOIO MaTepUana, ynpouHeHHOro ...

65
3
60 A_—/‘-
55 - 2
>
T s0f 1
5 / o
8 o O
S
5 45
jan
40 -
6
35 M
5/
/V’T
30 ’i/lv ! 4
30 60 90 120 150

Sintering time, min

Fig. 4. Effect of sintering time on the hardness
of the samples

1-3 — before sintering; 4—6 — after sintring
1, 4 - A1-0%ZrC; 2, 5 — Al-4%Z1C; 3, 6 — Al-10%ZrC
Puc. 4. Bausiiye BpeMeHH CIIeKaHUs
Ha TBEPAOCTH 00pa3LoB

1-3 — o criekanus; 4—6 — MocJe CrieKaHus
1, 4 — A1-0%ZrC; 2, 5 — A1-4%ZxC; 3, 6 — Al-10%ZrC

As the ZrC content increased, both the ultimate strength
and yield strength of the composites rose (Fig. 6).
The strengthening can be attributed to the higher dislo-
cation density and the role of carbide particles as bar-
riers to dislocation motion.

The relative strength increase of the composites
compared with the aluminum matrix ranged from 20
to 50 %. The addition of carbide particles to an alu-
minum alloy has a positive effect on mechanical
properties. The obtained results are consistent with
the reported compressive strength of Al-ZrC compo-

Table 2. Effect of composition
on the hardness of composites

Tabnuya 2. Bausinue cocraBa
HA TBEPAOCTHh KOMIIO3UTOB

Hardness, HV
Sample before after
sintering sintering
Al-0%ZrC 48.38 31.44
Al-4%ZrC 57.42 32.76
Al-7%ZxC 59.75 33.57
Al-10%ZrC 60.42 34.88
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Fig. 5. Effect of density on the hardness
of AI-ZrC samples after sintering

Puc. 5. 3aBUCHMOCTD TBEPIOCTH OT IUIOTHOCTH
o0pasnoB Al-ZrC moce criekanus

sites produced by powder metallurgy [24] and by fric-
tion stir processing method [25].

Several strengthening mechanisms contribute
to the improved performance of metal-matrix com-
posites, the most important being thermal-expansion
mismatch and elastic-modulus mismatch between
the matrix and the reinforcement (Hall-Petch relation-
ship and Orowan mechanism).

In the studied composites, strengthening arises from
load transfer from the matrix to the reinforcement,
Orowan strengthening, and the generation of internal
thermal stresses due to the difference in the coefficients
of thermal expansion (CTE) between the reinforce-
ment particles and the aluminum matrix. Effective load

175

150

125

100

Stress, MPa
~N
(&)

()
S

N
)]

0 5 10 15 20 25 30 35 40
Strain, %

Fig. 6. Compression stress—strain curves
of the samples

1 — Al-0%ZrC; 2 — Al-4%ZrC; 3 — Al-7%Z1C; 4 — Al-10%ZrC
Puc. 6. luarpammsl redopmariuu 00pasios,
INOJIYYCHHBIC IIPU UCIIBITAHUAX Ha CKATUEC
1 - Al-0%ZrC; 2 — Al-4%ZrC; 3 — Al-7%ZxC; 4 — Al-10%ZrC
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transfer between the ductile matrix and hard ceramic
reinforcement particles during tension or compression
occurs when good interfacial contact exists between
the two phases.

Interactions between dislocations and reinforcement
particles enhance the composite strength according
to the Orowan mechanism. The presence of dispersed
reinforcement particles in the matrix leads to the for-
mation of dislocation loops as dislocations bypass
the particles.

Conclusion

Based on the results of the conducted study, the fol-
lowing conclusions can be drawn:

1. Fabrication of Al-ZrC composites by the pow-
der metallurgy method ensures a uniform distribution
of zirconium carbide particles within the aluminum
matrix, as confirmed by microstructural observations
and hardness measurements.

2. Increasing the zirconium carbide content from
0 to 10 wt. % leads to higher density and porosity
of the aluminum-matrix composite. The porosity
of the samples initially increases linearly with rein-
forcement content, followed by a slowdown and stabi-
lization at 7-10 wt. % reinforcement.

3. The hardness and strength of the composites
increase proportionally with reinforcement content.
With a zirconium carbide content of up to 10 wt. %,
the hardness and strength of the composites rise by 11
and 52 %, respectively.

4. Increasing the mixing time from 1 to 6 h has
little effect on the hardness of the composite material:
the relative change was 0.5-0.8 % for green compacts
and 2.6-3.2 % for sintered samples.

5. With an increase in sintering time from 1 to 2 h,
hardness of the samples rises from 3.7 to 8.6 %, but
as the reinforcement content in the matrix increases, it
decreases and approaches a steady value of 3.7-3.8 %.
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