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Aluminium and aluminium alloy composites are a new generation metal ma-
trix composite which have potential to satisfy the recent demands of advanced
engineering applications. To improve the mechanical properties of Al/Al2024
alloys, iron and graphite reinforcements are selected for hybrid composite. To
maintain the low density of the matrix, iron content is fixed as 4% wt. and
graphite content is varied from 5 to 8% wt. Using optimized compaction load
and sintering temperature, the Al-Fe—Graphite and Al2024—-Fe—Graphite
hybrid composites are fabricated by powder metallurgy process. The elemental
powders and sintered products are characterized with the help of X-ray dif-
fraction and scanning electron microscopy. The addition of graphite not only
increases the density, it also increases the hardness of the hybrid composites.
In comparison with Al hybrid composites, the A12024 hybrid ones have better
mechanical property.

Key words: Al and Al2024 alloy, graphite contained hybrid composite, me-
chanical property, powder metallurgy.

KoMmosuTu Ha OCHOBI ajlOMiHiIO Ta adlOMiHi€eBHUX CTOIIIB € MeTaJeBUMU MAT-
PUYHUMHU KOMIO3UTAMMU HOBOTO IIOKOJiHHS, AK1 MOMKYTb 3aJ0BOJILHUTH OCTAH-
Hi BUMOTY HOBiTHiX iH}KeHEepPHUX 3aCTOCYBaHb. 3 METOIO IIOJIiNIIIeHHa MeXaHiu-
HuX BiactuBocreil cromiB Al/Al12024 nis ri6puIHNX KOMIIOSUTIB BUKOPUCTO-
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BYBaJIHCH 3aJ1i30 Ta rpadiT y AKoCcTi apmytouux n06aBoK. [Jid 30epekeHHa HU-
3bKOI I'YCTUHY MATPUIII BMIiCT 3aji3a saJuinascA cTaauM Ta ckiaagas 4% wmac.,
a KOHIleHTpAaIia rpadirty BapiroBasnaca Big 5 7o 8% mac. Illaaxom onTumizaii
VIIiJIBHIOI0UOT0 HAaBAHTAYKEHHSA Ta TeMIIepaTypPHU CHiKaHHA TibpuaHi KOMIIO3H-
™1 Al-Fe—-rpadir ra Al2024—Fe—rpadir 6yji0 BUTOTOBJIEHO METOAOM IIOPOIII-
KoBOI MeTasryprii. ElemMeHTapHi TOPOIIIKY Ta cIeUYeHi IPOAYKTU XapaKTepusay-
BaJIMCcs 3a AOMoMoron PeHTreHoBoi mudpakriiii Ta cKaHyBaJlboi eJeKTPOHHOIL
Mikpockorrii. [logaBanHsa rpaditTy 36iabITye He TiAIbKU I'YCTUHY, a I TBEPAiCTh
riopugHoTo KOMIo3uTy. I'iopuaui kKommosutu Al2024 MmaroTh Kpallli MexaHiuni
BJIACTHBOCTI IIOPiBHAHO 3 ri0puAHMMY KOMIIO3UTAMU HA OCHOBi Al.

Karouosi caosa: cronmu Al Ta Al2024, rpadiToBmicuuil riopuaHuii KOMIO3UT,
MeXaHiuHi BJaCTUBOCTI, IOPOIIKOBA METAJIyPris.

KoMI103uThHI Ha OCHOBE aJIIOMUHUA ¥ aJIOMUHUEBBIX CILJIABOB ABJSIOTCS METAJI-
JUYECKUMY MATPUYHLIMU KOMIIO3UTAMM HOBOTO TOKOJIEHUSA, KOTOPHIE MOTYT
YIOBJIETBOPUTH IIOCJEAHIEe TPEOOBAHUA HOBEUIIINX NHIKEHEePHBIX ITPUJIOMKEHUIA.
C 1eapl0 yIyUYIlIeHNA MeXaHNYeCKuX cBoiicTs criaBoB Al/A12024 nns rubGpun-
HBIX KOMIIO3UTORB KCIIOJIE30BAIUCH KeJIe30 U rpaduUT B KauecTBe apMUPYIOIIUX
mobaBoK. [JiA coxpaHeHMs HU3KOM IJIOTHOCTH MATPHUILI COAep:KaHme Kejesa
0CTaBaJIOCh IOCTOAHHBLIM M COCTaBJsLIO 4% Macc., a KOHIleHTpamusa rpadura
BapbUpPOBAIAcCh OT 5 10 8% wmacce. IlyreMm onTUMHU3aUN YIIIOTHAIOIIEN HATPY3-
KU U TeMIIePaTyphl CIIeKaHUA METOAOM IIOPOIITKOBOM MeTaJlIypPruu ObLIN U3To-
TOBJIEHBI rOpuAHble KoMIoo3uTbl Al-Fe—rpadur u Al2024—Fe—rpapur. die-
MeHTapHbIe MOPOIIKYN U WCIEeUYEHHbIe MPOAYKTHI XapaKTepPU30BaJUCh C IIOMO-
IILI0 PEHTTeHOBCKON AU(MPpPaxkiiuy ¥ CKAHUPYIOIIEH 3JeKTPOHHOM MHKPOCKO-
nuu. [lobaBieHre rpaduTa yBeINUNBAET He TOJHKO IIJIOTHOCTh, HO ¥ TBEPAOCTH
TUOPUAHOrO KoMIosuTa. I'mOpugubie KoMmosuTsl Al2024 umeror Jydiiye me-
XaHMYeCKUe CBOMCTBA B CPABHEHNY C THOPUAHBIMY KOMIIO3UTAMMU Ha OCHOBe Al.

Karouessie caoBa: cmiaaBel Al m Al2024, rpadurcomeprxalriuii ruOpUIHBIN
KOMIIO3UT, MEXaHUUYECKUEe CBOMCTBA, IIOPOIIKOBAA METAJIYPIUAd.

(Received June 1,2019; in final version, January 20, 2020)

1. INTRODUCTION

Metal matrix composite materials are finding increased application in
aerospace and automobile industries due to their enhanced properties
such as high strength, high stiffness, and good wear resistance. Hy-
brid composite materials are advanced composite materials reinforced
with more than one reinforcement materials in order to achieve the
mechanical properties such as hardness, tensile strength at room and
elevated temperature. This gives rather high degree of freedom in ma-
terial design. The final properties of the hybrid reinforcement depend
on individual properties of the selected reinforcement and matrix ma-
terials.

Aluminium based particulate reinforced composites are class of
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composite having high desirable properties in engineering applica-
tions. The mechanical and tribological properties of the matrix mate-
rial was improved by reinforcing the various reinforcements ranging
from very soft materials like Graphite, Talc etc. [1], to high hardened
ceramic particulates like SiC, Al,O;, etc. Among the various aluminium
2024 alloys is typically characterised by properties such as fluidity,
cast ability, corrosion resistance and high strength to weight ratio.
The chemical composition of Al2024 is listed in Table 1. This alloy
commonly acts as matrix and reinforced with different fibres, parti-
cles and whiskers [2—4].

In the present investigation aluminium and aluminium alloy 2024
are used as matrix material. One of reinforce material is iron with
fixed composition of 4% which improves the high temperature proper-
ties. In most of earlier investigations, related Al-Fe binary system, are
focused either liquid-phase sintering or iron-rich composition (more
than 20% wt. Fe) [5, 6]. The hike of density due to Fe addition was
compensated by addition of graphite (Gr).

Present work concentrate to understand the effect of graphite in
Al-4Fe and Al2024—4Fe hybrid composite in mechanical properties
such as hardness processed through powder metallurgy route. The cho-
sen matrix and reinforcement materials properties are listed in Table
2. The alloying element in Al2024 falls within the solvus line. Hence,
Al and Al2024 are having the same crystal structure. Powder metal-
lurgy process avoids the formation of equilibrium binary intermediate
phases such Al,C,, Al,Fe and Fe,C.

2. EXPERIMENTAL DETAILS

In present study, pure aluminium, graphite, commercial A12024 and

TABLE 1. Chemical composition (in % wt.) of A12024 alloy powder.

Al Fe Mn | Cu | Mg Cr si
90.7-94.7 0.5max 0.15min 3.4-4.9 1.2-1.8 0.lmax 0.05 max

TABLE 2. Physical properties of selected matrixes and reinforcements.

Element Density, g/cm? ‘ Crystal structure T, °C
Al 2.7 f.c.c. 660
Al2024 2.78 f.c.c. 502-638
Fe 7.89 b.c.c. 1538

Graphite 2.25 Hexagonal 3650
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iron powder are selected to produce composite materials. Pure Al and
commercial A12024 powders are used as a matrix; Fe and Gr powders
are act as reinforced materials.

The selected chemical composition for this work is shown in Tables 3
and 4. Powder mixtures with different chemical compositions are
mixed thoroughly to attain a homogeneous mixture. The mixed pow-
ders are subjected to uniaxial compaction followed by sintering in
muffle furnace to prepare the cylindrical pellets at 10 mm diameter
and 5 mm height. The compaction load and temperature are optimized
with respect to density. The compaction load range is selected from 200
to 240 kN with the increment of 10 kN (shown in Fig. 1) and fixed as
230 kN. Similar procedure is adopted for sintering temperature. The
temperature, 450 to 600°C range was selected with increment of 50°C
with the soaking period of 1h. Due to discrepancy in density around
500-550°C (Fig. 2) with present composition and instrumental facil-
ity, sintering temperature is fixed at 600°C.

After sintering, the density of specimens is determined by Ar-
chimedes’ principle. The theoretical density of hybrid composite is cal-
culated by rule of mixtures using density and volume fraction of ma-
trix and reinforced materials.

For metallographic examination, the specimens are polished as per

TABLE 3. Comparison of experimental and theoretical density of Al-Fe—Gr
composites.

Composition, % wt. Density, g/cm? o
No. - Densification, %
Al ‘ Fe | Gr Theoretical | Exp.
1 91 4 5 2.745 2.490 90.696
2 90 4 6 2.740 2.478 90.448
3 89 4 7 2.735 2.500 91.421
4 88 4 8 2.729 2.492 91.293

TABLE 4. Comparison of experimental and theoretical density of A12024—Fe—
Gr composites.

Composition, % wt. Density, g/cm? o
No. - Densification, %
Al | Fe Gr Theoretical ‘ Exp.
1 91 4 5 2.820 2.475 87.749
2 90 4 6 2.814 2.450 87.066
3 89 4 7 2.807 2.428 86.467
4 88 4 8 2.801 2.418 86.311




INVESTIGATION OF GRAPHITE INFLUENCE ON Al/Fe AND Al2024/Fe 569

2.51 1

-]

2

S

1
/

Density, g/cc
R
My M
o ©
L
—

S
KN
=
1
/‘

1
_—

\
2.46 -
—
2'45 T T T T T
200 210 220 230 240
Load, kN

Fig. 1. Compaction load optimization with respect to density for Al1-4Fe—5Gr
sample.

standard procedure. The polished specimens are etched with Keller’s
reagent (1% HF+1.5% HCIl+2.5% HNO;+95% H,0). Microstruc-
tures of samples are examined by optical microscopy followed by SEM
(TESCAN VEGAS3 SBH).

The presence of various phases in chosen metal powders and sintered
composite are obtained by employing X-Ray diffractometer (MiniFlex
Rigaku) operated with radiation CuK,. The hardness of the sintered
composites is determined using Vickers hardness test.
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Fig. 2. Sintering temperature optimization with respect to density for Al-
4Fe—5Gr sample.
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Fig. 3. Morphology (SEM) of graphite (a), A12024 (b), and Fe particles (c).

3. RESULTS AND DISCUSSION

The surface morphology of present metal powders is illustrated in Fig.
3. Graphite powder is in the form of the flakes of sizes up to 7.6 um.
Al2024 powder is mostly ellipsoidal, elongated particles of sizes up
tol5 um. A more massive morphology is observed for the Fe powder,
with a particle size between 214 pm.

The experimental density of the sintered hybrid composites is com-
pared with theoretical density in Table 3 and 4. It shows that high den-
sification is achieved in Al hybrid composite than A12024 hybrid com-
posite. The porosity of Al and Al2024 composites are compared in Fig.
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Fig. 4. Dependences of porosity of Al and Al12024 hybrid composites on graph-
ite content.
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TABLE 5. Vickers hardness of Al and A12024 hybrid composites.

Hardness, HV
No. % wt. of Graphite - -
Al composite Al2024 composite
1 5 122.9 138.0
2 6 125.6 141.3
3 7 127.4 144.7
4 8 128.3 146.2

4. In the case of Al12024 hybrid composite, porosity increases with re-
spect to graphite content. On the other hand, in Al hybrid composite
graphite content with 7 and 8% wt. have lower porosity than 5 and 6%
wt. The effect of graphite reinforcement on the hardness of compacted
Al/A2024—Fe composite is observed in Table 5. The hardness value of
each test specimen is an average of three test measurements. It shows
that increases in the graphite content make increase the hardness
value monotonously. In fact, as the graphite content increased from 5
to 8% in Al/Al2024—Fe—Gr the hardness increases by about 4.4 and
5.9%, respectively. As expected, the A12024 hybrid composites have
higher hardness compared to Al hybrid composites.

The XRD patterns corresponding to Al-4Fe—XGr and A2024—4Fe—
XGr are shown in Fig. 5. It shows that in Al hybrid composite has no
formation intermediate phase like aluminium carbide or cementite. It
indicates only three simple phases such as f.c.c., b.c.c. and layered
graphite structures are present in the composite. Garibay-Feblesh et al.
[7] obtained binary intermediate phases of Al-Fe, Fe—C and Al-Gr sys-
tem by mechanical alloying process. The XRD pattern of sintered
Al2024-4Fe—XGr composite shows that formation of new phase such

O
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Fig. 5. XRD patterns of Al (left) and A12024 (right) hybrid composites.
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Fig. 6. SEM micrographs of Al-4Fe—5Gr (left) and Al2024—-4Fe—7Gr (right)
composites with the magnification of x50.

as aluminium oxide (AL,O;) formed in 5, 7, and 8% wt. graphite speci-
mens. The formation of oxide does not affect the hardness property.
However, oxide formation adversely affects the plasticity of the com-
posite. The microstructures of Al-Fe—5Gr and Al2024—4Fe—7Gr com-
posites are shown at x50 magnification in Fig. 6. They show uniform
distributions of Fe and Gr particles. The iron particles distinguish in
microstructure due to their sizes. At the interface of Al12024 and Fe,
oxide formation is observed in microstructure of Al2024—-4Fe—7Gr al-
loy.

4. CONCLUSIONS

In the present work, the hybrid composite Al/A12024-Fe—XGr (X =5,
6, 7, 8% wt.) was successfully made by the powder metallurgy process.
Presence of various phases of matrix, reinforcements and hybrid com-
posite are identified using XRD. The equilibrium phases of binary sys-
tems are not formed. As expected, A12024 hybrid composite have high
density and hardness compared to Al hybrid one. The Al12024 alloy un-
dergoes oxidation much faster than Al alloy. The addition of graphite
raises the hardness of both the composites. The effect of graphite on a
wear and an electrical conductivity of same hybrid composites require
further study.
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