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Mechanical and tribological behavior of five layered Al/Cu functionally graded material (FGM) produced by
powder metallurgy was presented in the study. Compressive strength and hardness was evaluated on Universal
testing machine and Vickers hardness tester respectively. Tribological characteristics in terms of frictional
coefficient and wear rate was examined on pin-on-disc tribometer under the influence of different normal
loading, sliding velocity and sliding distance conditions. FGM showed varied hardness along the thickness di-

rection and maximum hardness of 86 HV was found at graded region due to the formation of intermetallic
compound (CuAl,). Compressive strength of FGM was 40.9% and 22.7% greater than pure Al and pure Cu
samples. Al/Cu FGM exhibited superior friction and wear characteristics over base materials. To understand the
failure mechanisms on fracture and worn out surfaces, they were observed under Scanning Electron Microscopy

(SEM).

Introduction

Functionally graded materials (FGMs) having inhomogeneous
composition and properties to make them suitable for various en-
gineering and industrial applications. Continuous change in micro-
structure, material composition and porosity results in gradation of
mechanical and/or thermal properties from one surface to other. FGMs
overcome the problems associated with composite laminates such as
fiber delamination and matrix cracking [1-4]. Moreover, composites
have low strength, toughness, and less wear resistance. Particularly,
Aluminum (Al) based composites have limitations in certain applica-
tions like turbine blades, crank shafts, and aerospace structural com-
ponents. As an alternative, Al based FGMs were developed to attain
multiple properties in a single material. FGMs display variation in
composition, density, grain size, and microstructure from their base
materials [5,6]. Broad range of processing techniques have been em-
ployed to fabricate FGMs which were categorized as transport and
constructive. Transportation techniques forms gradation in components
due to diffusion of heat conduction, atomic and fluid flow. While con-
structive methods obtain gradients in stepwise (layer by layer) with
controlled distribution of constituent elements [7,8]. Powder me-
tallurgy (PM) is one among the widely used constructive processing
methods to obtain stepped gradation. Adequate research was reported
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on development of FGMs through powder metallurgy process wherein
gradients were obtained by changing the volume fraction of con-
stituents from layer to layer. Cong et al. [9] fabricated 5 layered Al/Cu
functionally graded material (FGM) using PM process with changing
the volume fraction of copper. Authors have studied the variation in
microstructure, material composition, and mechanical properties at
individual layers. Xu et al. [10] studied the fatigue crack growth in Al/
SiC FGM produced through PM. It was observed from their study that
FGMs show superior crack resistance compared to metal matrix com-
posites. Zhu et al. [11] prepared ZrO2/NiCr FGM with stepwise varia-
tion in zirconia content. The researchers concluded that FGMs can
eliminate sharp interfaces with that of traditional metal-ceramic joints.
Kwon et al. [12] developed four layered Al/CNT FGM containing
0-15 vol% of CNT filler particles. Increase in CNT content resulted in
variation of Vickers hardness value from 30HV to 260HV. Similar be-
havior was observed with Al alloy/SiC FGM as reported by Gorkem
et al. [13]. Al/alumina FGMs developed through powder metallurgy
showed a decrement in density at individual layers after sintering
process as reported by Farah et al. [14].

Aluminum found to be widely used matrix material for FGMs owing
to its light weight and specific strength. But it possesses low tensile and
impact strengths which was improved with the addition of metal or
ceramic reinforcement particles [15,16]. Due to large variation in
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thermal properties, metal and ceramic functionally graded combination
suffers high residual stresses. Thus, metal/ceramic FGMs were replaced
with metal/metal FGMs to overcome these difficulties. In particular,
aluminum-copper (Al/Cu) FGM recognized as important class of light-
weight material for aviation structures [17]. Inclusion of Cu to Al ma-
trix showed enhanced strength, hardness, machinability, less wear and
fatigue. However, there was limited literature reported on Al/Cu
functionally graded material. Thus, present work deals with the de-
velopment of Al/Cu FGM via powder metallurgy process and under-
stand its microstructure and mechanical behavior. Furthermore, the
demand for FGMs in tribo-elements like piston rings and bearings is
increasing rapidly [18-20]. Hence, it is essential to understand the
tribological behavior of Al/Cu FGM. Thus, current research presents the
friction and wear characteristics of FGM along with mechanical beha-
vior for its wider usage in industrial applications.

Experimentation procedures
Raw materials

Raw materials utilized for experimentation work are aluminum (Al)
and copper (Cu) metal powders of 99.9% purity as supplied by SRL
Chemicals, India. Average particle size for both the raw materials is
44 pm. SEM micrographs shown in Fig. la and Fig. 1b reveal the
morphology of Al as semi-spherical and Cu as dendritic.

Preparation of Al/Cu functionally graded sample

As illustrated in Fig. 2a, the FGM sample is designed to have five layers
with varying weight fraction of constituents at the intermediate layers.
While, extreme layers comprise base materials. Specimens were fabricated
using a powder metallurgical die having a volume of 30 x 10 x 10 mm®.
Thickness of individual layer is maintained as 2 mm each. According to
weight percentage, the raw materials at each layer were blended sepa-
rately in a planetary ball mill for 1hr. to obtain uniform mixture. Pre-
mixed constituents were then infused in a die from bottom layer to the top,
followed by compaction using a hydraulic press. The compacted green
specimen shown in Fig. 2b was sintered in a muffle furnace at 630 °C
[17,21] for 2hr. For comparison, base materials of pure aluminum and
copper samples were fabricated in the same die using powder metallurgy.

Sample preparation

Sample preparation of metallographic specimens was essential to
determine the microstructure accurately. Test specimens often undergo
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sectioning, coarse to fine grinding, polishing, and followed by etching.
Using optical microscopy, the microscopic examination was performed
at a magnification of 200 um and advanced examination was done
using SEM.

Micro hardness test

Hardness of Al/Cu FGM sample was observed Micro Vickers hard-
ness tester having a diamond indenter. Indentation is of a right pyr-
amid, wherein the hardness number (HV) was evaluated by Eq. 1.

h+v
2

P
HV = 0.1891—;d =
Z ®
Here P denote load (N), d signify diagonal of square impression
(mm) and h & v represent horizontal & vertical lengths (mm).

Compressive strength test

Following ASTM D695 standards, compressive strength of Al/Cu
FGM, pure Al, and pure Cu samples was performed on Universal Testing
Machine (UTM) with a crosshead speed of 5mm/min. Experiments
were carried out at room temperature.

Sliding wear experimentation

Un-lubricated sliding wear experiments were performed on pin-on-
disc tribometer depicted in Fig. 3, as supplied by DUCOM. Wear be-
havior was studied at different experimental conditions like normal
loading (10, 20, 30 & 40N), sliding velocity (1, 2, 3 & 4m/s) and
sliding distance (500, 1000, 1500 & 2000 m) maintaining constant at-
mospheric conditions (30 °C). Testing was performed according to
ASTM G99 standards on a rectangular pin (30 mm height and 10 mm
thickness) pressed against EN 31 hardened steel counter surface. LVDT
sensors measure the frictional force, wear, and coefficient of friction ()
which were obtained from WINDUCOM software. Using acetone, in-
teracting surfaces were cleaned before and after each experimentation
to remove wear debris which could affect the test results. Specific wear
rate (in cm®/Nm) was estimated using formula Aw/FpL, here Aw
represent mass loss (in g) measured by analytical balance, F,, is normal
load (in N), p signify the density of pin (in g/cm®) and L is sliding
distance (in m). Five identical tests at each experimental condition was
performed to obtain average results. Worn-out samples were observed
under SEM to reveal dominant wear mechanisms and tribo-interactions
that influence the abrasive wear.

_—
SEM HV: 15.0 kV
SEM MAG: 2.00 kx

‘WO: 10.20 mm
Det: SE

Fig. 1. (a)-(b) SEM micrographs of Al and Cu particles.
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Fig. 2. (a) Design of five layered Al/Cu FGM (b) Green specimen.

Results and discussions
Metallographic study on Al/Cu FGM

After sample preparation, the microstructure was observed on a
mirror polished specimen under an optical microscope. Fig. 4 shows
the microstructure of FGM sample taken at the mid thickness of
each layer to ensure the homogeneity of phase distribution. Mi-
crostructures reveal the presence of aluminum (in dark phase) and
intermetallic compound of CuAl, (in bright phase). Formation of
CuAl, phase at intermediate layers decrease with a decrease in
copper content. Among all the layers, layer 2 showed most graded
crystals of CuAl, due to the presence of high volume fraction of Cu
phase. At the extreme layers 1 &5, only few crystals of CuAl, were
noticed. With a decrease in volume fraction of Cu, distribution of
intermetallic phase was decreased. But its morphology remains
constant due to the fact that all the graded layers of the sample have
undergone similar heating and cooling rates during sintering pro-
cess. The intermetallic phase may significantly affect the mechan-
ical behavior of Al/Cu FGM. Few research works on different FGMs
cited in the references [10,22-24] reported the similar micro-
structural variation at graded layers. Formation of CuAl, is con-
firmed from XRD analysis shown in Fig. 5. Besides, trace amounts of
cuprite (Cu,0) were also found in the sample. This may be due to
the existence of oxygen as one of the impurities in the raw copper
powder which resulted in cuprite formation during sintering. In
FGM sample cracks were not seen at the layers or on the interface
between individual layers indicating the strong bonding among
graded layers. Sintering causes the strong bonding among Cu and Al
particles present at the different layers of compacted specimen.
During this process, the individual particle morphologies disappear
and the material forms as a mass. Additionally, the porosity is also
reduced during sintering. The main mechanism responsible for
strong bonding is diffusion that occurs during sintering stage.
During diffusion, the distance between Al and Cu particles reduce,
and the material is being transported within each layer of FGM
resulting in strong bonding between the layers.

Display unit

- #

.\
Pin-On-Disc
assembly

Fig. 4. Microstructure variation in Al/Cu FGM sample.
Hardness of Al/Cu functionally graded sample

Presence of gradation along thickness direction, FGM sample ex-
hibited a varied hardness at different layers as shown in Fig. 6. At layers
1 and 5, due to the presence of pure copper and aluminum, they ex-
hibited a hardness of 42.2HV and 34.3HV, respectively. The inter-
mediate layers graded with both Al and Cu showed greater hardness
compared to extreme layers. With a decrement in copper weight

L1

Controller ur

4

Fig. 3. Pin-On-Disc tribometer.
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Fig. 6. Hardness at individual layers of Al-Cu FGM.

percentage, the hardness decreased from 86HV to 73HV from layer 2 to
layer 4. At graded region, copper aluminide (CuAl,) formed as inter-
metallic compound which enhance the hardness. Besides, CuAl, exhibit
greater hardness and density than a-Al phase and thus graded layers
showed improved hardness.

Compressive strength of base materials and FGM

The results indicated in Fig. 7 shows the compressive strength of
pure Al, pure Cu and FGM specimens experienced compressive loading
at room temperature. Pure copper was harder and more ductile than
aluminum, it exhibits high strength. Its strength was 23.52% higher
compared to pure Al sample. Strengthening of base materials was ob-
served when they graded as functionally graded materials. Al/Cu FGM
showed 40.9% and 22.7% greater compressive strength compared to
raw Al and Cu samples, respectively. Increase in compressive strength
may be due to distribution of fractured Cu particles in the Al matrix
which arrests their dislocation movement. Besides, formation of Al,Cu
phase results in improvement of hardness and provides resistance to
compressive load. In FGM, Cu was considered as reinforcement owing
to its high strength compared to Al. During crack propagations, inter-
facial layers’ act as crack arresters wherein crack deviation occurs and
further propagation gets hindered [25,26]. The quality of bonding and
interfaces strongly depend on fabrication process. In the present work,
as PM technique was adopted which resulted in strong bonding among
the graded layers which improved the compressive strength of FGM.
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Fig. 7. Compressive strength of pure Al, Cu and FGM specimens.

Fractography of failure FGM specimens was observed through SEM
at different magnifications after performing the compressive test.
Ductile fracture was likely to be observed due to deformable nature of
constituent elements. Presence of many dimples with varied sizes was
seen from micrograph Fig. 8a. Additionally, cracks were also visible
from Fig. 8b, which may occur due to detachment of interfacial layers
under compressive loading. These observations were in good agreement
with the research cited in references [27-30]. Also, graded layers show
ductile fracture mechanism due to the presence of both Al and Cu.
Unlike traditional composites and alloys [26,31], FGMs composed of
fewer voids as shown in the Fig. 8c due to gradation in the specimens.
Increase in Cu content result in enhancement of ductility which reduced
the voids.

Sliding wear behavior of Al/Cu functionally graded material

Effect of applied load on sliding wear of Al/Cu FGM, pure Al and
pure Cu is illustrated in Fig. 9a. Following Archard’s law, wear rate
shows a linear variation with the applied normal load from 10N to 40 N
and it was less significant in FGM compared to base materials. At 10N
loading condition, specific wear rate of FGM was lower due to work
hardening behavior of graded layers. There exists a homogeneous load
transfer among the elements present at layers which develops the softer
wear debris. These debris act like a lubricating layer and decrease the
wear rate. In addition, formation of thin cuprous oxide layer on FGM
sample promoted mild wear at lower load. When load was increased to
40 N, high stresses were induced at the contact of sample and counter
surface. Due to which oxide layer was completely removed and cracks
were propagated resulting in higher wear. The counter surface material
got penetrated in to the subsurface layers of FGM, causing severe plastic
deformation at higher load condition. Similar wear behavior was ob-
served in Cu-WC functionally graded composite as cited in reference
[32]. Thus, dominant wear mechanisms at lower load were identified as
abrasive. While, adhesive and delamination was observed at greater
loading conditions. At 10N, 1 m/s and 500 m sliding distance, the wear
rate of FGM was 47.8% and 29.6% lower than pure Al and pure Cu
respectively.

Influence of sliding velocity on specific wear rate of FGM and base
materials was evaluated by applying a constant load and sliding dis-
tance of 30 N and 500 m respectively. Decrement in wear rate with an
increase in sliding velocity was observed from Fig. 9b. Nearly 52.9%
reduction in wear rate was observed with functionally graded sample as
velocity increased from 1 m/s to 4 m/s. During experimentation, Al and
Cu particles break into the powder creating voids on the sample surface.
These voids were filled with the wear debris that form as lubricating
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Fig. 8. (a)-(c) SEM micrographs showing the failure mechanisms in Al-Cu FGM sample.

layer to decrease friction and wear. At 4m/s speed, initial wear of
samples was more which results in greater material removal. These
particles act as soft wear debris which were accumulated on the counter
disc. As disc rotates at high velocity, the wear debris were pushed out of the
track due to centrifugal force resulting in less wear rate [33,34]. At low
sliding velocity of 1 m/s, pin shows a direct contact with the counter disc for

sufficient time to induce temperature, which in turn increase the wear.
While, at higher sliding speeds, interfacial surfaces heat up faster and ma-
terial tend to flow over counter disc to lower the abrasive wear.

At constant sliding velocity of 1 m/s and applied normal load of
20 N, wear rate was studied by varying the sliding distances from 500 m
to 2000 m. All the test samples showed an increase in wear rate up to
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Fig. 9. (a)-(c) Effect of load, sliding velocity and sliding distance on specific wear rate.
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Fig. 10. (a)-(c) Effect of load, sliding velocity and sliding distance on frictional coefficient.

sliding distance of 1500 m and beyond which marginal decrement was
noticed from Fig. 9 c. A 2.62% reduction in wear rate from 1500 m to
2000 m sliding distance was seen in case of FGM sample. Due to plastic
deformation, some amount of material from test sample was removed as
asperities. These hard asperities interact with the counter surface which
results in high wear rate. With an increase in sliding distance, more
wear debris accumulate into cavities created by broken particles and
protect the sample from further wear-off. Thus, 1500 m was considered
as critical limit of sliding distance to promote wear resistance. More-
over, samples heat up because of frictional heating at higher sliding

WD: 9.26 mm
Det: SE

SEM HV: 15.0 kV
SEM MAG: 1.00 kx

distance [35,36]. Wear rate of FGM was observed to be lower in all
testing conditions was due to the presence of high amount of wear
debris at interacting surfaces that reduce effective contact area. After
sliding distance of 1500 m, wear resistance of pure Al was decreased
compared to pure Cu. This can be due to the formation of oxide layers
of Al,03 and Cu,O on pure Al and pure Cu samples respectively. During
sliding experiment, temperature is increased at contact zone due to the
friction and the pin material absorbs heat generated at the interface. As
thermal conductivity of Al,O3 is being more than Cu,0, more heat was
absorbed by the pure Al and thus resulted in high wear rate.

SEM HV: 15.0 kV
SEM MAG: 1.00 kx

VEGA3 TESCAN|

Fig. 11. (a)-(c) Worn surfaces of pure aluminum, pure copper and Al/Cu FGM at 40 N loading.
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Fig. 12. (a)-(d) Worn surfaces of FGM at low and high sliding velocity and sliding distance conditions.

Coefficient of friction (COF) of Al/Cu functionally graded material

Frictional coefficient shows a direct proportionality with regard to ap-
plied normal load for all the samples as illustrated in Fig. 10a. With an
increase in normal load, the contact area between pin and counter disc
surfaces reduces, resulting in greater material loss. Presence of more aspe-
rities that cause abrasion to sample surface decrease the wear resistance
thereby increase the friction. COF of FGM at 40 N was 53% and 38.7% less
than pure Al and pure Cu respectively. Coefficient of friction as a function of
sliding velocity was shown in Fig. 10b. Functionally graded sample ex-
hibited decrement in friction with an increase in sliding velocity from 1 m/s
to 4m/s. This is due to the increase in shear and bulk deformation along
with work hardening which reduce the contact area between FGM and disc
surfaces, thereby friction decreases. Compared to lower velocity, wear debris
causing abrasion were blown away from the counter surface by centrifugal
forces at higher speeds. On the contrary, friction and wear increase with an
increase in sliding velocity for base materials due to three body abrasion.

Effect of sliding distance on COF was observed from Fig. 10c reveals
the increase in friction up to 1500 m sliding distance beyond that a
marginal decrement was observed. This decrease in friction was due to
thermal softening phenomenon and tribo layer formation at the contact
of pin and counter surface. Small variation in friction indicates the
presence of less defects (or) cracks on the surface which could affect the
frictional coefficient. Samples lost their resistance towards deformation
adhesion when sliding distance increased from 500 m to 1500 m, thus,
resulting in more friction [37].

Worn-out surface examination

The surface of worn-out samples after sliding wear test under different
loading, sliding velocity and sliding distance conditions were observed
using SEM to study dominant wear mechanisms. When the base materials
slide against EN 31 hardened steel counter disc, micro cracking and

508

delamination were seen at lower load of 10 N maintaining constant sliding
velocity and distance. When the applied load increased to 40N, sharp
asperities accumulate on the disc and penetrate in to sample surface re-
sulting in greater material loss. Wear features like deep grooves, micro-
cutting and shear dimples illustrated in Fig. 11a and Fig. 11b were evident
on worn surface of pure Al and pure Cu respectively. In contrast, different
wear characteristics were observed on worn surface of FGM. Presence of
less grooves at low and high loading indicate smoother surface which re-
duce friction and wear as compared to base materials. One more reason
was the formation of oxide layer (OL) or mechanically mixed layer shown
in Fig. 11c promote wear resistance. The OL in FGM was confirmed
through EDX and XRD analysis discussed in Section 3.2. The oxide layer
reduces wear and friction by 50.8% and 71.4% of FGM with an increase in
load from 10 N to 40 N. Study on Al alloy/SiC composites reported by Gul
and Acilar [38] observed similar oxide layer formation in lowering the
friction. Wear mechanism in FGM was identified as adhesive due to in-
adequate grooves and wear occurs by material flow. While, surface of base
materials reveals abrasive wear initiated by plowing of soft material by
hard asperities. Due to low ductile nature of Al, more particles were re-
moved as wear debris resulting in high wear compared to pure Cu.

The trend of wear and friction in the case of FGM decrease with an
increase in sliding speed from 1 m/s to 4m/s. At the velocities above
2m/s, thermal stability of sample increases due to high hardness of
intermetallic compound of copper aluminide (CuAl,). Increase in
sliding velocity promote the flow strength and strain rate of sliding
surface. As a result, contact area reduces and lower the friction and
wear. During the initial sliding condition, metal to metal contact was
established and hard asperities from counter surface remove the soft
aluminum particles from the sample. Owing to high hardness of CuAl,
particles compared to steel, they remove the iron particles from the disc
surface by scratching. During this time, some of the intermetallic par-
ticle’s fragment under applied pressure to form wear debris along with
other asperities. On further sliding, debris present at the interface was
crushed into finer size and from a lubricating layer. At higher speeds,
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few wear debris were transferred into sliding contacts to fill the cav-
ities/voids formed by broken particles. And some debris were pushed
away from the interface due to greater centrifugal forces. As metallic
contact was reduced between sliding surfaces, friction and wear reduce
due to decreased adhesion.

Wear mechanism at low sliding velocity was identified by cavities and
craters represented in Fig. 12a. While, micro cutting, mild delamination
and oxidation was observed at sliding velocity of 4m/s (see Fig. 12b).
Similar wear mechanisms were shown by Cu/MoS, composites fabricated
through powder metallurgy [39]. In the case of pure Al and Cu, more
metallic contact was established which weakens the subsurface due to
high temperature occurrence in sliding condition. Besides, presence of no
intermetallic phase cause severe plastic deformation and delamination in
base materials. Worn out surface of FGM at lower and higher sliding
distances of 500 m and 1500 m shows minor scratches and deep wear
tracks respectively as illustrated in Fig. 12¢ and Fig. 12d. Formation of
intermetallic compound and OL reduced the severity of abrasive wear in
functionally graded material in all sliding conditions.

Conclusions

In the current research, Al/Cu functionally graded material (FGM)
was fabricated using powder metallurgy. Based on the experiments, the
following results were presented.

e FGM showed a variation in microstructure along thickness direction
due to gradation of materials. EDS and XRD analysis reveal the
formation of cuprous oxide (Cu,0) layer and intermetallic phase of
copper aluminide (CuAly).

During sintering, copper gets dissolved in Al matrix to form solid solu-
tion with an increase in temperature. While cooling down, CuAl, pre-
cipitated from Al and its content increased at the graded layers. As a
result, FGM sample showed greater hardness at intermediate layers.
Compressive strength of Al/Cu FGM was 40.9% and 22.7% greater
compared to pure Al & pure Cu samples, respectively. A strong in-
terfacial bonding among graded layers hinder the crack propaga-
tion, in turn improved the strength. Furthermore, ductile failure was
observed from SEM micrographs which reveal the formation of
dimples, cracks, and fewer voids.

In sliding wear behavior, FGM showed superior wear resistance
compared to base materials. Increase in wear rate and COF was
observed with an increase in normal load. More stresses were in-
duced at higher loading which results in crack formation and pro-
pagation, leading to greater wear.

Under the influence of sliding velocity with constant normal load, wear
rate and COF of FGM decrease as velocity increase from 1 m/s to 4 m/s.
Centrifugal forces at higher speed push away the asperities causing
abrasion from counter surface to reduce the wear. Nearly 52.9% and
44% reduction in wear rate and COF was observed in functionally
graded sample as velocity increased from 1 m/s to 4 m/s.

Test specimens showed increased wear rate up to critical sliding
distance, beyond which a marginal decrement was observed. With
an increase in sliding distance, more wear debris were accumulated
into the sites created by broken particles and protect the samples
from further wear-off.

Worn out surface analysed through SEM reveals the presence of
shear dimples, voids, wear asperities, cracks, and grooves on the
pure Al and Cu materials. And mild delamination, fewer voids/
cavities and oxide layer formation was found on FGM.
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