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ABSTRACT

In this study, we performed a microwave sintering (MWS) of Al2O3 ceramic and Al2O3-based composites with nominal contents

of graphene nanoplatelets (GPLs) of 0.2, 0.4, 0.6, and 0.8 vol%. The GPL dispersion in N-methyl pyrroleketone was optimized to

deagglomerate the GPLs without damaging their structure. Dense composites were then obtained by MWS at 1500°C for 30 min.

The effects of different GPL contents on the phase compositions, microstructures, and mechanical properties of the composites

were investigated. The microstructures of the composites became finer with the incorporation of the GPLs. The well-dispersed

GPL fillers led to higher sintered densities in the composites. The optimal mechanical properties were achieved with 0.4 vol%

GPLs. For this sample, the hardness, fracture toughness, and bending strength were 2000 kgf/mm2, 6.19 MPa·m1/2, and 365.10

MPa, respectively. The addition of GPL could improve the microstructure of the Al2O3 ceramic and has potential to improve the

fracture toughness of the ceramics. 
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1. Introduction

l2O3 ceramics have been widely used as high-speed cut-

ting tools, dental implants, chemical and electrical insu-

lators, resistance parts, and various coatings1) owing to their

excellent properties, such as high strength, hardness, tem-

perature resistance, carrying-capacity corrosion resistance,

and good chemical stability.2–3) However, the fracture tough-

ness of the pure Al2O3 ceramic material is very low. This sig-

nificantly affects the work reliability and operation safety of

the ceramic parts.4) In order to overcome the limitations of

the mechanical properties of Al2O3 ceramics, studies have

been performed to prepare Al2O3-based composite ceramics

by adding secondary phases. For example, Puchy et al.5)

used spark plasma sintering (SPS) to prepare Al2O3/carbon

nanotube (CNT) nanocomposites and reported a fracture

toughness of 4.14 MPa·m1/2 at a CNT concentration of 5%.

Ahmad et al.6) employed hot-press sintering (HPS) to pre-

pare Al2O3-based nanocomposites containing MgO, and

reported that the optimal fracture toughness, flexural

strength, and hardness were increased by 37%, 22%, and

20%, respectively, compared to those of monolithic alumina.

Guo et al.7) prepared zirconia-toughened alumina (ZTA)

ceramics by mixing Al2O3 and yttria-tetragonal zirconia

polycrystal (Y-TZP), isostatically pressed at 200 MPa and

sintered at 1450°C for 2 h in air, whose fracture toughness

and strength were up to 7.2 MPa·m1/2 and 680 MPa, respec-

tively. Li et al.8) reported a novel approach to improve the

hardness of a ZTA composite with a zirconia content of 20

vol%, whose Vickers hardness, flexural strength, and frac-

ture toughness were 17.1 ± 2.5 GPa, 738 ± 88 MPa, and 4.2

± 0.11 MPa·m1/2, respectively. Parchoviansky et al.9) reported

the microstructures and mechanical properties of Al2O3/SiC

nanocomposites prepared by HPS. The results indicated

that the flexural strengths of the nanocomposites increased

with the volume fraction of the silicon carbide particles; the

maximum flexural strength was 655 ± 90 MPa for 20 vol.%

SiC.

Recently, graphene has attracted significant attention

owing to its unique properties,10,11) such as a large specific

surface area, two-dimensional high-aspect-ratio sheet geom-

etry, and outstanding mechanical properties. In addition,

graphene was of significance for ceramic toughening.12)

Composites reinforced with graphene nanoplatelets (GPLs),

as a secondary additive, have been intensively developed.

Celik et al.13) reported an improvement in fracture tough-

ness of 26.7% in graphene-based alumina-matrix nanocom-

posites. Bi et al.14) prepared an Al2O3/GPL composite with a

fracture toughness and bending strength of 6.4 MPa·m1/2

and 541.9 MPa (corresponding to improvements of 48% and

16%), respectively.

In addition to the performance improvements of the com-

posites by adding secondary phases, the sintering method

has a large influence on the properties of the composites.

Different sintering methods yield different microstructures
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and mechanical properties of the composites. 

Pressureless sintering (PS), HPS, SPS, and hot-isostatic-

pressing sintering (HIP), are widely used to prepare Al2O3-

based ceramic tool materials.15) However, the samples pre-

pared by these sintering methods have low comprehensive

performances or require long sintering times and large

costs.

In order to improve the comprehensive performance and

efficiency, and reduce the cost in the fabrication of Al2O3-

based composites, microwave sintering (MWS) has been

employed.16–20)

Various factors affect the properties of Al2O3-based com-

posites. Among them, except for the content of GPLs and

sintering method, the dispersion of the GPLs in the Al2O3

matrix directly affects the mechanical properties of Al2O3-

based composites. In order to provide uniformly dispersed

GPLs in the Al2O3 matrix, appropriate amounts of suitable

dispersants and additives should be added in the prepara-

tion of the Al2O3/GPL composites. 

Therefore, in this study, GPLs were dispersed in an aque-

ous solution with the aid of a good dispersant, N-methyl

pyrroleketone (NMP). The dispersed system was then incor-

porated into the Al2O3 matrix through ball-milling to pro-

vide uniformly dispersed GPLs for homogeneous Al2O3/GPL

composites. Subsequently, the Al2O3/GPL composites were

prepared by MWS. The effects of the GPL content on the

microstructures and mechanical properties of the Al2O3/

GPL composites were investigated in detail. 

2. Experimental Procedure

2.1. Raw materials and preparation of Al2O3/GPL

composite samples

Powders of Al2O3 (≥ 99.6%, Shandong ZBLP Ceramic

Materials Co., Ltd.), graphene (GPLs, specific surface area:

500–1000 m2/g, Nanjing XFNANO Materials Tech Co., Ltd),

and NMP (≥ 99%, AR, Tianjin Daming Chemical Reagent

Factory) were used.

In order to obtain homogenized Al2O3/GPL composite sam-

ples, the dispersion of GPLs was performed in two steps. In

the first step, GPLs were dispersed in a deionized water

solution, while in the second step, they were distributed in

the Al2O3 solution.

The GPLs were placed in a 500 mL glass beaker. A certain

amount of water was then added into the glass beaker. The

beaker was vibrated by ultrasonic waves for 20 min for pre-

dispersion. NMP was then dissolved in deionized water in

another beaker and stirred by hand for 3 min; subsequently,

the GPL aqueous solution was poured into the aqueous

solution of NMP and the pH was adjusted. The beaker was

continuously vibrated by ultrasonic waves for 2 h, and the

supernatant was centrifuged and dispersed to obtain a

high-concentration stable GPL dispersion. In the first step

for dispersion of the GPLs, the volume fractions of the GPLs

in the aqueous solutions were set to 0, 0.2, 0.4, 0.6, and 0.8

vol.%. 

In the second step, the GPL aqueous solution prepared in

the first step was poured in the Al2O3 aqueous solution,

which was vibrated by ultrasonic waves for 30 min. Subse-

quently, ball-milling was performed for 24 h at 200 r/min in

anhydrous alcohol to obtain a homogenous mixture. The

mixtures were then dried at 90°C; the dry powders were

sieved through a 200-mesh sieve, yielding the GPL/Al2O3

composite powders. Finally, the composite powders were

compacted with a metal mold under a pressure of 80 MPa

and cold-isostatically pressed at 200 MPa. The shaped GPL/

Al2O3 composites underwent MWS. After sintering, the sam-

ples were ground and polished using a SiC paper and chro-

mium oxide suspension. 

2.2. Characterization

Before the test, all the sintered samples were ground and

polished. The relative densities of the samples were mea-

sured by the Archimedes’ method. Their hardness values

were measured using a Vickers hardness tester with a load-

ing of 20 kg. According to the national standards GB/T6569-

2006 and GB/T23806-2009, the three-point bending and

unilateral pre-cracked beam methods are used to determine

the flexural strength and fracture toughness, respectively.

The corresponding loading rates in the Electronic Universal

Test Machine were 0.5 and 0.05 mm/min, respectively. X-

ray diffraction (XRD, D8 Advance) was used for phase iden-

tification. The morphologies of the GPLs were observed by

field-emission scanning electron microscopy (SEM, Nova

Nano SEM450).

3. Results and Discussion

3.1. Phase compositions and microstructures of the

Al2O3/GPL composites

The XRD patterns of the sintered composites are shown in

Fig. 1. The compositions of the composite ceramics are simi-

lar. Two characteristic peaks are observed at 26.5° and

42.9°, corresponding to the G (002) and G (100) peaks of the

Fig. 1. XRD of the sintered Al2O3/x-vol.%-GPL composite
ceramics with x of (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, and
(e) 0.8 vol.%.
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GPLs, respectively, which demonstrate the existence of

GPLs in the composites. In addition, the Bragg peak of

Al2O3 is observed. All the diffraction peaks are observed in

the composite materials; no other secondary phases21,22) are

generated at the different GPL contents, which indicates

the excellent chemical compatibility between the GPLs and

Al2O3 ceramic particles in the high-temperature MWS.

However, owing to the low content of GPLs, the XRD peaks

of the GPLs in the sintered samples are not very intense.

Figure 2 illustrates the SEM morphologies of the frac-

tured surfaces of the sintered samples with and without

GPLs. Fig. 2(a) shows few larger particles in the sintered

specimen of pure Al2O3; the structure of the tissue is loose

with few pores. Figs. 2(b) and 2(c) show SEM micrographs of

the sintered samples with 0.2- and 0.4-vol.% GPLs, respec-

tively. According to Figs. 2(b) and 2(c) and average Al2O3

particle size statistics in Figs. 2(a)–(c), after the addition of

the GPLs, the grains of the sintered samples seem slightly

smaller than those of the pure Al2O3 ceramic material (Fig.

2(a)). This could be explained as the GPLs embedded in the

grain boundaries (white circles) can stop grain growth and

prevent the movement of grain boundaries, referred to as

pinning effect of the GPLs. This reveals the good distribu-

tion of the GPLs. Another factor may be that the GPLs

exhibit large thermal conductivities,23) so that the GPLs not

only promote a uniform sintering temperature, but also

accelerate the cooling. Simultaneously, the temperature dis-

tributions in the samples are uniform owing to the coupling

between the whole specimen and electromagnetic wave in

the MWS. However, when the GPL content reaches 0.6

vol.%, a significant agglomeration of GPLs occurs, as shown

in Fig. 2(d). When the GPL content is higher (0.8 vol.%), an

abnormal grain growth is observed, as shown in Fig. 2(e), as

the too high content of GPLs hinders their uniform distribu-

tion in the composites, leading to the agglomerated GPLs.

This is not conducive to the densification of the composites,

as it reduces the relative density. This implies the formation

of pores in the composites, which also provides space for the

growth of grains. The aggregation of the GPLs leads to pin-

ning effect reduction, which in turn leads to an increase in

grain size.

Figure 3 shows SEM morphologies and energy-dispersive

spectra (EDS) of fractured surfaces of the Al2O3/0.4-vol.%-

GPL composite. Fig. 3(c) shows that Spectrum 1 contains

only C, O, and Al elements; the carbon content is relatively

Fig. 2. SEM morphologies of fractured surfaces of the sintered samples: (a) pure Al2O3 and Al2O3/GPL composites with x of (b)
0.2, (c) 0.4, (d) 0.6, and (e) 0.8 vol.%.

Fig. 3. SEM morphologies and EDS of fractured surfaces of
the Al2O3/0.4-vol.%-GPL composite.
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high, which is attributed to the GPLs. This could be

explained as only graphene was used as a carbon material

to prepare the Al2O3-based composite ceramics and thus the

content of graphene is high in the test area. Fig. 3(b) shows

that flaky GPLs exist between adjacent Al2O3 grains, which

are evenly bent along the Al2O3 grain boundary. The

anchoring effect emerges when the GPLs are wrapped

around the Al2O3 grain boundaries and bundled together.

This effect can provide a higher energy to resist the removal

of GPLs from the Al2O3 ceramic matrix, which can enhance

the interfacial adhesion. Therefore, the fracture toughness

can be improved owing to the enhanced interfacial friction.

Therefore, this toughening mechanism is better than the

traditional mechanism.24) 

3.2. Mechanical properties of the Al2O3/GPL compos-

ites

Figure 4 shows the relative densities of the Al2O3/x-vol.%-

GPL (x = 0, 0.2, 0.4, 0.6, 0.8) composite ceramics prepared

by the MWS at 1500°C for 30 min. Compared with that of

the Al2O3 ceramic, the relative densities of the Al2O3/GPL

composite ceramics are significantly decreased upon the

addition of the GPLs. This occurs mainly as the addition of

the GPLs hinders the complete densification of the Al2O3-

based composites during the consolidation process. How-

ever, the relative densities of the Al2O3/GPL composites

increase with the GPL volume content, at low volume con-

tents of the GPLs. The maximum relative density is reached

at a GPL content of 0.4 vol.%. The relative densities of the

Al2O3/GPL composites decrease with further increase in the

GPL volume content. This could be explained as the GPLs

can be evenly distributed in the composites at low volume

contents of the GPLs (≤ 0.4 vol.%) so that fewer pores are

formed in the composites in the MWS, which is favorable to

promote the sintering. Therefore, the relative densities of

the composites increase. However, when the content of

GPLs is higher (> 0.4 vol.%, e.g., 0.6 and 0.8 vol.%), the

GPLs easily agglomerate. Therefore, more pores easily

form, which reduces the relative densities of the composites

in the MWS.

The effects of the volume content of GPLs on the hardness

values of the Al2O3/GPL composites are shown in Fig. 5. The

Vickers hardness rapidly decreases, varying with the addi-

tion of the GPLs, from 2550 kgf/mm2 for the pure Al2O3

ceramic to 1610 kgf/mm2 for the Al2O3/0.8-vol%-GPL com-

posite. When the content of GPLs is smaller than 0.4 vol.%,

the Vickers hardness values of the Al2O3/GPL composites

are increased; however, an excessive amount of GPLs leads

to a reduced Vickers hardness. When the content of GPLs is

0.4 vol.%, the Vickers hardness reaches the maximum value

of 2000 kgf/mm2. The Vickers hardness and relative density

exhibit the same trend. According to the Hall–Petch rela-

tionship, the hardness of a material is inversely propor-

tional with the grain size. As the Al2O3 grain growth was

inhibited and the grain size distribution was uniform after

the addition of the GPL powder (smaller than 0.4 vol.%) (see

Figs. 2(a) and 2(b)), the Vickers hardness values of the sam-

ples could be improved to some extent. In addition, the low

modulus of elasticity of the GPLs could decrease the Vickers

hardness of the Al2O3/GPL composites.25)

However, Figs. 6 and 7 show that both bending strength

Fig. 4. Relative densities of the Al2O3/x-vol.%-GPL (x = 0,
0.2, 0.4, 0.6, 0.8) composite ceramics.

Fig. 5. Vickers hardness values of the Al2O3/x-vol.%-GPL (x
= 0, 0.2, 0.4, 0.6, 0.8) composite ceramics.

Fig. 6. Bending strengths of the Al2O3/x-vol.%-GPL (x = 0,
0.2, 0.4, 0.6, 0.8) composite ceramics.
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and fracture toughness values of the Al2O3/GPL composites

initially increase and then decrease with the increase in the

content of GPLs. Compared with those of the pure Al2O3

ceramic, the fracture toughness and bending strength val-

ues of the Al2O3/GPL composites are significantly improved

upon the addition of the GPLs. When the content of GPLs is

0.4 vol.%, both fracture toughness and bending strength

reach their peak values. The maximum fracture toughness

and bending strength of the Al2O3/GPL composites are 6.19

MPa·m1/2 and 365.10 MPa, approximately 79% and 12%

higher than those of the pure Al2O3 ceramic, respectively.

Although both fracture toughness and bending strength

decrease when the content of GPLs is larger than 0.4 vol.%,

they are higher than those of the pure Al2O3 ceramic. This

phenomenon may be attributed to the pores in the compos-

ite, which are believed to be the origins of cracks and weak-

ening of the boundaries of the ceramic matrix.26) Consequently,

the optimal mechanical properties can be obtained with 0.4

vol.% GPLs. For this sample, the relative density, micro-

hardness, fracture toughness, and bending strength are

98.8%, 2000 kgf/mm2, 6.19 MPa·m1/2, and 365.10 MPa,

respectively. The relative density is decreased by approxi-

mately 0.4%, the hardness is decreased by approximately

22.5%, while the bending strength and fracture toughness

are increased by approximately 12% and 79%, respectively,

compared to those of the pure Al2O3 ceramic.

4. Conclusions

In this study, Al2O3/GPL composites with different amounts

of GPLs were prepared by MWS at 1500°C for 30 min. We

can summarize the following conclusions:

(1) The GPLs could be well distributed in NMP. In addi-

tion, there was good chemical compatibility between GPLs

and Al2O3 ceramic particles in the MWS and the microstruc-

ture was improved.

(2) The added GPLs could suppress the growth of Al2O3

grains. However, for a larger content of GPLs (larger than

0.4 vol.%), the agglomeration of GPLs was significant.

(3) With the increase in the content of GPLs, the fracture

toughness and bending strength values of the samples ini-

tially increased and then decreased. The Al2O3/GPL compos-

ite with 0.4 vol.% GPLs exhibited the best mechanical

properties. Its relative density, microhardness, fracture

toughness, and bending strength were 98.8%, 2000 kgf/

mm2, 6.19 MPa·m1/2, and 365.10 MPa, respectively. Com-

pared with those of the Al2O3 ceramic, the bending strength

and fracture toughness increased by approximately 12%

and 79%, while the hardness and relative density decreased

by approximately 22.5% and 0.4%, respectively. In general,

GPLs have the potential to improve Al2O3-based ceramic

matrix composites and to provide various light and strong

ceramics for engineering applications.

(4) Crack deflection, crack bridging, and pull-out of GPLs

were observed in this study, which were considered the

main factors for toughening of the Al2O3-based composite

materials. 
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