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In this research study, six-layered nickel-alumina (Ni-Al,03) functionally graded material (FGM) was pre-
pared using powder metallurgy (PM) method. The objectives of this study were to investigate the
microstructure and hardness of the graded composite layer by layer. Using a cylindrical steel die, the

Keywords: six-layered nickel-alumina graded structure was fabricated considering 0%, 20%, 40%, 60%, 80% and
Mlc(rjomucmre 100% weight percentage of ceramic concentration for different layers. A hydraulic press was used for fab-
Hardness

rication of the FGM layered structure and 30 ton compaction load was applied. Considering two-step sin-
tering cycle, sintering was carried out at sintering temperature 1200 °C and sintering time 4 h. The
sintered specimens were characterized using optical microscopy (OM), scanning electron microscopy
(SEM) and hardness testing. It was observed that uniform particle distribution within the graded layers
and smooth microstructural transition occurred between adjacent layers. It was also observed that the
interface lines are obvious, less wavy, straight and parallel which confirms proper layer stacking process.
On the other hand, from the SEM micrographs, the existence of microcracks and voids are identified in the
alumina-rich layer and mostly around alumina particles.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, there is an increasing need for development of
new materials for different types of engineering applications. A
homogeneous material of uniform structure cannot fulfill the
requirements simultaneously. Functionally graded material
(FGM) which possesses multifunctional properties can satisfy the
requirements under extreme environments and this material com-
bines the good properties of both ceramic and metal. Within FGM,
the inhomogeneous composition gradually varies from one side to
another along the thickness direction. This graded structure can be
continuous or stepwise which improves the bonding between con-
stituent elements and reduces the stress at the interface. In order
to process these graded composite materials, various methods
were followed such as thermal spraying, centrifugal casting, vapor
deposition and powder metallurgy [1-5]. In order to produce the
inhomogeneous graded composite system, nowadays powder met-
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allurgy method is widely used to fulfill the required characteristics
by controlling the properties of each constituent element. Sintering
process is one of the challenging steps in order to prepare the
multi-layered graded composite structure free of defects. Cracks
and camber are prevalent due to the residual stress caused by
the mismatches in thermal expansion and sintering between suc-
cessive layers [6-8].

The properties of multi-layered functional materials of different
combinations were investigated experimentally and theoretically
[9-14]. Mechanical responses of these composite systems signifi-
cantly influenced by layer number, sintering condition, compaction
load, material composition, sintering atmosphere etc. Mechanical
properties of aluminium based graded composite systems were
investigated [15]. The obtained results revealed that the hardness
of outer parts of composites is higher than that of middle or inner
parts. It was also reported that the strength of the outer region is
higher than that of inner region. Recently, using centrifugal casting
method, Al/SiC graded composite material was prepared and the
properties such as, microstructure, hardness and wear were
investigated [16]. It was reported that the properties of the graded
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composites were influenced by particle volume fraction, applied
load, sliding speed etc. By applying laser melting deposition
method, stainless steel graded parts were fabricated and the
microstructures were analyzed [17]. It was reported that strong
bonding was achieved between substrate and deposited material.
Recently, six-layered nickel-alumina graded composite structure
was prepared using pressureless sintering under argon atmosphere
[18]. The obtained results revealed that smooth transition occurred
from one layer to next layer and microstructural observation con-
firmed the successful of compaction process. Aluminum/high-
density polyethylene graded composite panel was analyzed both
theoretically and experimentally [19]. From the analyses it was
confirmed that theoretical predictions are matched with the exper-
imental results.

Despite the previous investigations, characteristics of six-
layered nickel-alumina functionally graded composite structure
were not clearly understood. Therefore, in this research study,
six-layered nickel-alumina graded composite structure was pre-
pared using powder metallurgy method under two-step pressure-
less sintering. Physical properties, microstructural characteristics
and hardness were analysed layer by layer. Interfacial characteris-
tics were also examined in this study.

2. Experimental

Functionally graded nickel-alumina (Ni-Al,03) samples had
been fabricated via conventional powder processing route fol-
lowed by pressureless sintering technique. Six layered samples
were constructed which consisted of pure Ni layer on one end
and pure Al,Os3 layer on the other, linked by 4 graded layers having
the composition of Ni uniformly changing by 20 wt%. The con-
stituent powders used are high purity nickel and alumina (Sigma
Aldrich, USA). The average particle size of Ni is 40-50 ym and
Al;03 is 60-70 um. The constituent powders were first weighed
according to the respective molecular weight percentage (wt.%)
assigned for each individual layer. Then the weighed powders were
mixed thoroughly following the proportion of the layer mixtures
and crushed using mortar and pestle until homogeneous and no
agglomerate is visible. The powder mixtures were then sieved
through a 100 um mesh sieve and subsequently dried in an oven
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at 100 °C for 1 h to remove moisture. The powder mixtures were
stacked layer by layer in a cylindrical die of radius 15 mm in order
to produce the green compact. Al,05 layer was placed first on the
bottom while Ni layer on top near the upper punch. This is due
to higher rigidity of Al,0; compared to Ni, so the Ni layer will
retain in shape and did not collapse after compaction. Fig. 1 shows
the schematic arrangement of the apparatus as well as the Ni/Al,05
green body configuration in the die.

After all the layers had been stacked inside the die, the green
body was subjected to uniaxial compaction at pressure of 30 ton
(414 MPa) using a hydraulic press (TOYO: Model TL30, capacity:
30 tonne). The pressure was increased gradually to reach 30 tonne
in order to avoid failures in the FGM structure and the structure
was allowed to settle at 30 tonne before it was taken out. Then
the mass and dimensions of green compacts were measured. The
green compact produced was relatively fragile and had low cohe-
sive strength. To increase the samples strength, the green com-
pacts were sintered to 1200 °C for 4 h in a tube furnace (Elite
Thermal Systems Limited). The sintering process was done in argon
controlled atmosphere by flowing argon gas at the rate of
50-55 ml/min before starting and throughout the heating cycle.
The heating up and cooling down rate were set at 4 °C/min and
2 °C/min, respectively. The sintering curve also included a preheat-
ing stage at 150 °C for 30 min for the removal of moisture and
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Fig. 2. Cross sectional view of 6 layered Ni-Al,03 FGM sample and the layers
specification.
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Fig. 1. Schematic arrangement of the 15 mm radius cylindrical die and the configuration of functionally graded Ni-Al,03 sample.
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chemical impurities from the sample. After fabrication, the sin-
tered samples were consecutively cut on the cross-sectional direc-
tion, mounted in polymer resin, ground with emery paper and
finally polished to 0.3 ym using polishing powder. Fig. 2 shows
the cross-sectional view of the sintered 6 layered Ni-Al,03 FGM
sample mounted inside polymer resin. The individual layers can
easily be identified due the difference in the colors of each layer
hence the percentage compositions for individual layers are
labelled. The average thickness of each layer measured using opti-
cal microscope is 1.5 mm, building up the samples of average total
thickness around 9.0 mm.

The prepared samples were characterized for physical and
microstructural characteristics. Samples density, porosity and
shrinkage were determined for the physical characterization
[20,21]. The diameters of FGM samples before and after sintering
at the top (0 wt% Al;03), mid (60 wt% Al,03) and bottom positions
(100 wt% Al,03) were measured and the changes in the dimensions
calculated to determine the shrinkage percentage. The dimensions
of diameters were chosen because for cylindrical specimens, length
on the diametric direction is usually the greatest and would there-
fore provide the most accurate measurement for shrinkage. Shrink-
age percentages for both sintering conditions can be expressed as a
percentage of sintered length from the following equation:

Shrinkage(%) = k l‘ k100
g

where /, is the initial green compact length, 4 is the sintered length
and /s - g is the change in length due to heat treatment process.
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Fig. 3. Changes in density and porosity between green compacts and sintered
samples of 6 layered Ni-Al203 FGM.

Optical micrograph images were obtained using Olympus
microscope (model BX51M) while Scanning Electron Microscopic
(SEM) images were acquired using SEM) machine (model FEI
Quanta 450). The hardness for every layer of FGM samples was
measured using Wilson Vicker’s micro-hardness testing machine
(maximum test load 2 kgf). The hardness measurement was per-
formed at an applied load of 1kgf (9.8 N) for dwell time 15s [10].
The average of at least three values was taken as the result to
ensure accuracy.

3. Results and discussion

Fig. 3 shows the changes in density and porosity between green
compacts and sintered samples of Ni-Al,0; FGM. The sintered den-
sity increased to 4.090 g/cm> from the density of green compact
which is 3.105 g/cm?>. Accordingly, the porosity of sintered samples
decreased 13.88% compared to the green compacts. Although
decreased, the amounts of porosities in the sintered bodies were
still high might be because the composite phases could not be con-
solidated to full density [18,22].

The solidification mechanism experienced during sintering stage
caused the samples to shrink due to the elimination of pores and for-
mation of Ni and Al,03 particles bonding [23]. Fig. 4 shows the
slanted shape along the side planes of whereby the diameter at the
top side (Ni) is larger than the diameter at the bottom side (Al,O5).

Fig. 5 shows the diameter variations at three different positions
between green and sintered samples. It can be seen that the

30.50
".”.” 30.33 30.31
- e e s v e o’ an e on " -— -
4 Green compacts
o 30.28
€
E
5 30,00
Ll
5
Sintered samples T
29.67 %
29.50

ALO, wt.%

Fig. 5. Diameter variation between green compact and sintered samples of 6
layered Ni-Al,05 FGM.

Fig. 4. Shrinkage of Ni-Al,03 FGM sintered samples viewed from the front and magnified image showing the slanted side plane.
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Fig. 6. Optical micrographs for every layer in the 6 layered Ni-Al,03 FGM (a)100 wt% Ni (b) 80 wt% Ni (c) 60 wt% Ni (d) 40 wt% Ni (e) 20 wt% Ni (f) 100 wt% Al,05,

()

(e)

Fig. 7. Optical micrographs near the interfaces in the 6 layered Ni-Al,03; FGM (a) 100 wt% Ni + 80 wt% Ni (b) 80 wt% Ni + 60 wt% Ni (c) 60 wt% Ni + 40 wt% Ni (d) 40 wt% Ni
+20 wt% Ni (e) 20 wt% Ni + 100 wt% Al,O5.
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Fig. 8. SEM images of 6 layered Ni-Al,O; FGM samples near the interfaces (a)100 wt% Ni + 80 wt% Ni (b) 60 wt% Ni + 40 wt% Ni (c) 20 wt% Ni + 100 wt% Al,;0s3,
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Fig. 9. Microhardness variation trends at each discrete layer in Ni-Al,03 samples.

diameter of the sample is decreasing as the composition of Al,03
was increasing which implies that more porosities in the layers
were eliminated during solidification process [24]. This phe-
nomenon occurred due to the large difference in the sintering
behaviour between nickel and alumina compositions whereby
the porosities in the nickel-rich layers do not consumed as much
as those in the alumina-rich layers. However it is important to
point that for the alumina-rich layers, low sintering temperature
used in the fabrication process might also be the reason to limit
the sintering behaviour in the alumina-rich compositions [21].
The following Fig. 6(a)-(f) show the optical micrograph image of
individual layer for the 6-layered FG sample. In the following

micrographs, the shiny and bright particles are identified as metal
(Ni) phases while darker regions represent the ceramic (Al,Os)
phases. However, due to the increased ceramic composition and
decreased Ni particles, Al,O3 phases become more visible due to
the lighting adjustment. At 80 wt% Ni composition, larger volume
of metal represents the matrix phase while ceramic presents as
the reinforcing phase. Thus various sizes of ceramic particles and
agglomerates can be seen dispersed in the interconnected Ni
phases. The metal networks gradually disconnected and isolated
as the composition of alumina was increased even at 60 wt% Ni
layer because of high volume of ceramic powders in the layer mix-
tures. Consequently, Ni particles are viewed as the reinforcement
phases while dispersed Al,O3 particles begin to combine and form
clusters. The microstructural characteristic of Al,05; changed from
a dispersed type structure to an aggregated structure. In 40 wt%
Ni layer, Al,03 clusters formed into long-range interconnected
structures known as percolated cluster structures. Accordingly,
Ni phases interconnectivity broke into aggregated structures, then
into discrete Ni grains in the 20 wt% Ni layer. These microstructural
characteristics of the graded structure are in agreement with the
microstructural characterization of eight layered nickel-alumina
FGM by previous investigation [21].

Fig. 7(a)-(e) show the interfacial lines in the 6 layered Ni-Al,03
FGM sample. The interfacial barriers and gradually varied layer
compositions separating the pure metal and ceramic layers con-
firmed the construction of FGM. At the interfaces, smooth transi-
tion of microstructures can be observed between one layer to the
next and this gradually varied microstructure can be observed
more clearly in the SEM images (Fig. 8). This confirms the proper
stacking process of powder materials also. The constructed dashed
lines which represent the interface boundaries are mostly straight
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and parallel to each other, judging from the positions of the arrows
on both sides of each micrograph which have close parallel gaps.
The waviness of interfacial boundaries is considered normal occur-
rences in powder stacking process that indicates non-uniformity in
the layer thickness as powders were stacked before compaction.

Ni-Al,0; FGM samples were also examined using SEM analysis
to observe the cross sectional surfaces at the higher resolution and
magnification. Beside the surface topography, SEM images also
capable to identify different phases of compositions by assigning
different colour in the images. Fig. 8 shows different layers in Ni-
Al,03 FGM samples under SEM. Ni phases are assigned as bright
and white regions while Al,O3 phases are assigned as dark and
grey. Smooth microstructural transitions i.e gradual change in
microstructure between adjacent layers as observed from the opti-
cal images (Fig. 7) are clearer in the SEM micrographs. The inter-
face lines are almost parallel with each other and less wavy as
compared to those in the optical images. This confirms a good
interfacial solid state bonding between Ni and Al,O3 constituents
and proper layer stacking process. At 80 wt% Ni layer (a), there
are long connection of Al,Os; particles can be observed which
formed the aggregated Al,Os structures. In the 60 wt% Ni layer,
Ni and Al,05 exist as big and separate particles. The big Al,O3 par-
ticles then predominate and formed matrix phase with the inclu-
sions of separated Ni particles. In the adjacent layer with 20 wt%
Ni, the Ni particles dispersed throughout the Al,03 matrix. In the
SEM micrographs, microcracks and voids in the composite layers
can be observed more clearly. Voids or pores were left in the sin-
tered body due to the particle diffusions between metal-ceramic
constituents at the final stage of sintering process [25]. Microc-
racks which mostly observed around Al,05 particles were formed
due to incomplete transformation of ceramic phases into hard
ceramic [18].

Fig. 9 illustrates the microhardness variation trends at each dis-
crete layer in Ni-Al,05 samples sintered for 4 h sintering time. The
microhardness values increased significantly from 116.00 Hv at the
pure Ni layer to 310.25 Hv of 20 wt¥% Al,0s3 layer. This indicates that
the increase in alumina content will increase the hardness value,
provided that the layer mixture is fully sintered. However this
value decreased drastically to 20.875 Hv when moving to the adja-
cent layer, a sign of porous structure and incomplete densification
[18,24]. As the ceramic contents increased, the apparent viscosity
of matrix increased which also enhanced the chances of air entrap-
ment in the structure post sintering [12]. The lowest hardness
value was also observed at pure Al,05 layer (20.78 Hv). The incom-
plete densification of Al,03 phases can also be related to the pres-
ence of microcracks particularly around the Al,Os; particles as
observed from SEM micrographs.

4. Conclusion

Physical and microstructural properties of 6 layered Ni/Al,O3
functionally graded samples produced by powder metallurgy and
pressureless sintering processes had been studied. From the micro-
graphs, the pattern of microstructural changes across all layers
from fully metal to fully ceramic can be observed. In terms of the

ceramic composition changes, the optical images showed that
the ceramic reinforcement phases initially existed as dispersed
particles then gradually building the aggregated network type
structure until ceramic phases became the dominant matrix with
dispersed Ni particles. The interfacial boundaries were generally
straight and parallel to each other and also showed smooth
microstructural transition between adjacent layers. The SEM
micrographs revealed the presence of microcracks and voids par-
ticularly in the alumina-rich layer and mostly around alumina par-
ticles. Besides the fact that the ceramic phases were not able to be
sintered into hard ceramic, it is believed that these microcracks
and voids affected the low results in sample microhardness.
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