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Abstract
The aim of this study was to compact and sinter in situ graphene nanoplatelets (GNPs) with the addition of alumina (Al2O3)
nanoparticles to form nanocomposites by using an ultra-high frequency induction sintering systemwith the assistance of applying
a uniaxial load. To obtain the effect of the addition of GNPs to the compaction and to the mechanical properties of the
nanocomposite, 1 to 5 wt.% GNPs was mixed to alumina nanoparticles by high-speed ball milling for 2 h at 350 rpm. Mixed
Al2O3-GNP compositions were compacted in situ and sintered in a graphite die by induction-assisted heating at 1650 °C for
20 min with a uniaxial load applied in a vacuum chamber. The microstructure of as-sintered nanocomposites was observed using
a scanning electron microscope (SEM) before and after thermal etching. Hardness and wear tests were carried out to determine
mechanical properties. The results were compared with the properties of a pure alumina nanocompact. It was found that
minimum grain size and maximum density, hardness, and wear resistance can be obtained by the addition of 1 wt.% GNPs to
alumina nanoparticles. Higher amounts of GNP addition gradually decreased the density, hardness, and wear rates and increased
the grain size of the alumina matrix.
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Introduction

Miniaturization in devices forces the powder metallurgy (PM)
industry to use submicron and nanoparticles to produce micro-
scale compact parts. As a general outcome, scientific studies
proved that using nanoparticles to produce metal, ceramic, or
composite-based PM materials improve physical and chemi-
cal properties [1–3]. Combining nanotechnology and powder
metallurgy is a promising key field to obtain micro-scale
multi-functional devices with superior properties [4–6]. PM
techniques as in conventional sintering, hot isostatic pressing,
ceramic injection molding, selective laser sintering, field-

activated sintering, and spark plasma sintering are commonly
used techniques to form complex shapes for engineering ap-
plications. On the other hand, using nanoparticles instead of
micro-particles to produce micro-devices and micro-machines
advances physical, chemical, and structural properties [7].

The particular case of compacting alumina-based nano-
composites has been widely studied. High wear and chemical
resistance, high mechanical strength, and high electrical insu-
lation of alumina maintain its characteristics in industrial ap-
plications. Producing a functional part from bulk or casted
alumina by machining is not easy or cost effective due to its
high hardness, elastic deformation property, low fracture
toughness, and high melting point [8–12].

Using nanoparticles to form alumina-based nanocompos-
ites, a rapid sintering cycle is needed. Furthermore, a second-
ary phase is required to avoid grain growth and higher
sintering temperatures for better compaction and densifica-
tion. These nanocomposites can be used for cutting tools,
airplane industry, space industry, transparent conductors, and
biosensors [13–15]. These novel composites are also often
used in supercapacitors, lithium-ion batteries, transparent con-
ductors, and biosensors [16].
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Graphene additions to ceramic matrix composites develop
thermal, electrical, wear, and mechanical properties [17–20].
Several studies claim that graphene-based nanosized rein-
forcements in an alumina matrix develop densification and
avoid grain growth of the ceramic matrix [21, 22]. Graphene
is a monolayer of hexagonal-oriented carbon atoms and has a
two-dimensional morphology. Liu et al. [23] sintered alumina
GNP nanocomposites by using spark plasma sintering (SPS)
system and investigated the effects of GNP addition in the
alumina matrix. Fan et al. [24] sintered alumina-few-layer
graphene (FG) by the spark plasma sintering method and
found that two-dimensional FG has a great ability to restrain
grain growth in comparison to other inclusions. Nieto et al.
[25] sintered GNP-Al2O3 nanocomposite by using SPS meth-
od for 3–10 min at 1100–1500 °C and found that over 5 vol.%
GNP addition caused grain growth. Centeno et al. [26]
sintered graphene oxide (GO)-alumina nanocomposites by
using SPS method at 1300 °C and 1500 °C for 1 min. A trace
amount of graphene addition was seen to improve the me-
chanical properties.

In this study, an alternative to spark plasma sintering
was designed, combining a uniaxial load and an induction
energy heating graphite die with rapid in situ compaction
and sintering of nanoparticles. The most important feature
of the induction system is rapid heating. Generally, it is
used to heat-treated metals and metallic compacts [27].
Compared to the conventional heating systems, the advan-
tages seen with heating with induction is the considerably
shorter processing time; there is no environmental heat
distribution, it is clean, highly productive, controllable,
and repeatable. Furthermore, being subjected to a precise
temperature control, no by-products are observed in the
heating area and the system is secure without events, such
as explosions happening [28]. While alumina does not
interact with induction, a graphite die can be used to rap-
idly heat alumina nanoparticles up to sintering tempera-
tures. To increase densification and to decrease sintering
temperature and duration, the uniaxial load is adapted to
the induction system. With this setup, alumina nanocom-
posites containing GNP with different ratios (1–5 wt.%)
were in situ compacted and sintered by using an ultra-
high frequency induction heating system in the graphite
die under a vacuum at 1650 °C for 20 min. To determine

Fig. 1 Schematic diagram of the in situ compaction and sintering system
[29]

Fig. 2 The relative density of Al2O3-GNP nanocomposites (error range ±
0.055%)

Table 2 Sample codes given according to the composition of alumina
nanoparticles and GNPs

Sample codes Compositions (wt.%)

Al2O3 GNP

C0 100 0

C1 99 1

C2 98 2

C3 97 3

C4 96 4

C5 95 5

Table 1 Sintering parameters

Parameter Applied value for induction sintering

Temperature 1650 °C

Power capacity 2.8 kW

Frequency 900 kHz

Duration 20 min

Cooling rate Room temperature

Atmosphere Vacuum (10−3 Torr)
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the effect of GNP addition to alumina matrix, alumina
nanoparticles are directly in situ compacted and sintered
with the same sintering conditions. The effect of GNP
addition was investigated throughout this work.

This work has been found to be useful for the PM industry
which produces simple geometrical parts. It is particularly
useful for manufacturers of structural parts for miniaturized
devices.

Materials and methods

Alumina nanoparticles (44931 Alfa Aesar Aluminum Oxide
NanoDur, the particle size of 40–50 nm, and purity of 99.5%)
and graphene nanoplatelet aggregates (47132 Alfa Aesar, ag-
gregates, sub-micron particles, S.A. 500 m2/g) were used as
raw materials. Alumina nanoparticles were mixed with vari-
ous amounts of GNPs ranging between 1 and 5 wt.% by high-
speed ball milling at 350 rpm for 2 h. The nanomixtures were
placed in a graphite die (20 mm height; 10 mm inner diameter;
16 mm outer diameter) which was centered in the middle of
the induction coil in a vacuum chamber. The schematic repre-
sentation of the process is given in Fig. 1.

Sample codes are given in Table 2 according to amounts of
alumina nanoparticles and GNPs. All nanomixtures were in
situ compacted and sintered at 1650 °C for 20 min under a
vacuum of 10−3 Torr by using 2.8 kW power and 900 kHz
frequency induction system (Table 1). The temperature was
measured using a laser infrared thermometer (± 5 °C)
(Table 2).

Fig. 3 SEM images of as-sintered a C1, b C5 at × 50000, and c C1, d C5 at × 20000 magnification

Table 3 Surface roughness values (Ra, Ry, and Rz) for each sample
(error range is ± 0.5 μm)

Code Ra (μm) Ry (μm) Rz (μm)

C0 2.17 2.97 10.98

C1 1.51 4.44 6.12

C2 1.68 4.79 6.48

C3 1.94 5.02 6.77

C4 2.05 5.29 7.12

C5 2.11 5.99 7.74
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The relative densities of the as-sintered nanocomposites
were measured by the Archimedes Method using the Radwag
As 220/C/2 Archimedes Scale. The relative density was calcu-
lated from the bulk and theoretical density of as-sintered

compacts according to their compositional ratios. The surface
roughness tests were applied to as-sintered nanocomposites.

Microstructures of as-sintered nanocomposites were ob-
served by a scanning electron microscope (SEM, Carl Zeiss

Fig. 4 Microstructures of thermally etched alumina-GNP nanocomposites of C0 (a), C1 (b), C2 (c), C3 (d), C4 (e), C5 (f) at × 50000 magnification
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300VP) to obtain GNP distribution and the bonding structure of
alumina grains. Additionally, as-sintered nanocomposites were
polished by SiC grinding paper and thermally etched at 100 °C
below the sintering temperature for 20 min to observe the grain
size of the alumina matrix by SEM. X-ray diffraction (Thermo
Fisher Scientific) was used to obtain phases of as-sintered com-
pacts. The FM 700 Microhardness Tester machine was used for
testing the hardness by applying 1 kg of force with 20-s dwell
time. The average of five measurements was obtained for each
sample. Surface roughness tests for Ra, Ry, and Rz values were
carried out by the Mitutoyo Surf SJ-301 profilometer.

Wear experiments were carried out in the CMS
Instruments Pin-on Disk Tribometer (0–60 N) using a cir-
cular motion. Before starting the test, each sample was
ground with 1200 grade SiC paper to obtain the same
surface roughness. A tungsten carbide (WC) ball was
drawn over the surface for several revolutions in the same
circular motion with a standard load of 10 N and a sliding
speed of 10 cm/s. The test duration was associated with a
traveling distance of 1000 m. The W which is the specific
wear rate (mm3/Nm) was calculated using Eq. (1) [25].

W ¼ ΔV
FN �S

ð1Þ

where ΔV is the volume loss after the test (mm3), Fn is
the applied load (N), and S is the sliding distance (m).

Results and discussion

Relative densities of as-sintered nanocomposites measured by
the Archimedes’ principle are shown in Fig. 2. It was found
that pure alumina particles can be compacted to the relative

density of 97%. It was found that 1 wt.% GNP addition de-
veloped a densification to 97.8%. This increase in density is
most likely the result of good dispersion of GNPs in the matrix
due to its 2D morphology and its lubricating effect that ad-
vanced the in situ compaction of alumina grains. When the
amount of GNP addition increased, the relative density de-
creased gradually and was found to be 95.1% for 5 wt.%
GNP addition. The gradual decrease of density in higher
amounts of GNPs could be a sign of heterogeneous dispersion
in the alumina matrix which will also cause agglomeration of
GNPs in the matrix during high-speed ball-milling. The ag-
glomeration of GNPs may have caused higher porosities be-
tween alumina-GNP grain boundaries and GNP aggregates;
negatively affecting the packing of alumina grains in densifi-
cation during sintering. On the other hand, deformation of
GNP aggregates during in situ compaction opened an empty
area between GNP layers that possibly increased the porosity
level of nanocomposites.

The surface roughness values of as-sintered nanocompos-
ites were also measured. The values of Ra (arithmetical mean
roughness), Ry (maximum peak), Rz (ten-point mean
roughness) were obtained during the test. The arithmetic av-
erage of the three measurements from each compact is given
in Table 3. The highest surface roughness values were ob-
served for the pure alumina compact. The minimum surface
roughness value was obtained for 1 wt.% GNP addition to
alumina matrix. For GNP addition from 2 to 5 wt.% in the
alumina matrix, the surface roughness of as-sintered nano-
composites gradually increased. Nampi et al. [30] studied
the relation between surface roughness and grain size related
to grain growth mechanism on the surface of alumina com-
pacts and found that grain growth increases the surface rough-
ness. Comparing the surface roughness results show that
1 wt.% GNP addition to the alumina matrix avoided grain
growth and has possibly decreased the grain size. According
to the surface roughness values, > 1 wt.% GNP addition grad-
ually increased alumina grain sizes.

Microstructures of the as-sintered nanocomposite surfaces
were observed by SEM.One weight percent and 5 wt.%GNP-
added alumina nanocomposites are shown in Fig. 3. As seen
in Fig. 3 a, alumina grains are rounded during grain growth
and the porosities located at the grain boundaries are also
rounded. Also, GNPs are homogeneously dispersed in the
alumina matrix. Bended GNPs between alumina grains are
indicated on the photo by white arrows. No GNP aggregates
were observed in the microstructure, so GNP aggregates were
successfully broken into small pieces and well distributed be-
tween the alumina nanoparticles during high-speed ball mill-
ing. As seen in Fig. 3 b, GNP aggregates can be observed
clearly. This is a sign of insufficient or excess high-speed ball
milling duration. The GNP aggregates are approximately 1–
2 μm in size and cover the alumina grains like a blanket on the
surface of the compact. Some coarse grains were alsoFig. 5 XRD patterns of all nanocomposites
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observed as seen in Fig. 3 a. A negligible amount of layered
alumina grains were observed as in Fig. 3 c. Trace amount of
coarse alumina grains formed during sintering can be seen in
Fig. 3 c. The distribution of GNP aggregates can be seen in
Fig. 3 d.

Thermal etching was applied to the as-sintered pure alumi-
na nanocompact and alumina nanocomposites to observe the
grain formation of alumina nanoparticles in the matrix during
compacting and sintering. All compacts were thermally etched
at 1550 °C for 20 min under air atmosphere. The thermally
etched nanocomposites observed by SEM are given in Fig. 4.
As a general outcome, GNP aggregates layered on the surface
of the compact (Fig. 3) were burnt out by oxidation above
700 °C during the thermal etching process. Grain boundaries
of the alumina grains consisting of alumina nanoparticles were
clearly observed after thermal etching.When Fig. 4 a and b are
compared, it is found that the addition of 1 wt.% GNPs

distinctly decreased the grain size of the alumina matrix. The
maximum grain size observed in C0 was 1.2 μm and de-
creased to 350 nm for C1. Homogeneous distribution of
GNPs on the alumina grain boundaries caused pinning effects
that decreased the alumina grain size [20]. Grain growth and
coarser grains were gradually observed for higher amounts of
GNP addition (Fig. 4b–d). As seen in Fig. 3 d, higher amounts
of GNP aggregates in the matrix decreased the densification
which provided more space for grain growth. Therefore, in-
creasing the amount of GNPs in the alumina matrix increases
the grain sizes of the alumina matrix. These observations sup-
port the surface roughness results given in Table 3. Higher
surface roughness values can be related to grain growth of
alumina.

XRD patterns of all the nanocomposites are given in Fig. 5.
The crystalline intensity peaks around 21.5° and 23.5° are
matched with the wax (JCPDS No.: 00-055-1330) used to

Fig. 7 Weight loss ratios of as-
sintered compacts after ball-on-
disc wear tests

Fig. 6 Microhardness of sintered
nanocomposites (error range ±
0.5%)
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stabilize compacts during diffraction analyses. All alumina
peaks obtained at nanocomposites were found to be in the
corundum phase (JCPDS No.: 01-075-0784). I. Ahmad [29]
obtained a crystalline graphite peak at 26.3° (JCPDS No.: 01-
075-1621) and related that existence to the presence of
graphene. However, no such graphitization is obtained in this
study. W. Kim [31] also used up to 3 wt.% GNP addition to
alumina, and again, did not obtain any crystalline graphite
peak in XRD results.

The value of Vickers hardness was obtained from five dif-
ferent points of each compact and the arithmetic values are
given in Fig. 6. The hardness value of pure alumina compact is
around 1650 HV. While less residual porosity increases the
hardness of ceramic compacts, a decrease in alumina grain
size by GNPs located to grain boundaries also increases the
hardness of C1. It is observed with the relative density results
given in Fig. 2 that densification is improved by 1 wt.% GNP
addition. Also, as seen in Fig. 4 a and b, the grain size of the
alumina matrix is smaller for C1 compared to C0. As a result,
the addition of 1 wt.% GNPs to alumina nanocomposite in-
creases the hardness to 2000 HV which is nearly 20% higher
than the pure alumina compact. > 1 wt. GNP addition de-
creases the hardness of nanocomposites due to a decrease in
density and increase in grain size. The hardness value is found
to be stabilized around 1820 HV > 3 wt.% GNP addition,
which is still 12.5% higher than the pure alumina compact.

Wear lost (%) and wear rate (mm3/Nm) results obtained
after ball-on-disc wear tests are given in Fig. 7 and Fig. 8
respectively. The weight loss percent was obtained versus
WC balls after 1000 m. Weight loss for the pure alumina
compact was found to be 3.1%. One weight percent GNP
addition decreased the weight loss percent to around 1.8,
which means around a 42% decrease in weight loss. The de-
crease in grain size improved densification and adhesion of
GNPs due to less surface friction and decreased weight loss %

and wear rate. Greater than one weight percent GNP addition
gradually increased the weight loss % and wear rate which
was still below the results of the pure alumina compacts.
GNPs have a lubricating effect during the wear test that de-
velops wear properties [1]. Increasing the amount of GNP
addition (> 1 wt.%) decreased the densification of nanocom-
posites and increased the grain size of alumina matrix that and
adversely affected wear resistance. Minimum weight loss and
minimum wear rate results were obtained for 1 wt.% GNP
addition in the study. Increasing the amount of GNP addition
adversely affected wear properties.

Conclusions

Pure Al2O3 nanoparticles and Al2O3-GNPs mixtures were
successfully in situ compacted and sintered by UHFIHS sys-
tem at 1650 °C for 20 min under a vacuum by applying a
uniaxial load. All densification, hardness, grain size, and wear
properties showed that 1 wt.% GNP addition has the optimum
effect on compaction and mechanical properties among other
GNP additions. One weight percent GNP addition to alumina
nanoparticles decreased grain size, developed densification
from 97 to 97.8%, increased hardness by 20%, decreased
weight loss around 42%, and decreased the wear rate by
22.5%. Finer alumina grains are formed by GNP addition,
improving the hardness and strength of the composites, due
to the implication of dislocation movements caused by grain
boundary pining effect. Greater than one weight percent GNP
addition adversely affected densification and mechanical
properties due to grain growth; even so, the results were better
than the pure alumina compacts. In this study, it is found that
the optimum addition of GNPs is 1 wt.%. Further studies can
be focused on the addition of GNPs below 1 wt.% of alumina
matrix and > 5 wt.% GNP addition to obtain a better

Fig. 8 Wear rates of as-sintered
compacts after ball-on-disc wear
tests
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optimization. To increase the densification of nanocompos-
ites, higher uniaxial loads can be applied which will possibly
decrease the sintering temperature and/or duration. Also, lon-
ger high-speed ball milling may have better GNP distribution
on the alumina grains. In addition, this technique can be ap-
plied to in situ compaction and sintering of ceramic
nanoparticles.
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