Ceramics International 42 (2016) 14066-14070

journal homepage: www.elsevier.com/locate/ceramint

Contents lists available at ScienceDirect

Ceramics International 7PN

CERAMICS

INTERNATIONAL
=

Effect of SiC whiskers and graphene nanosheets on the mechanical

@ CrossMark

properties of ZrB,-SiC,,-Graphene ceramic composites

Yumin An*¥, Xianghong Xu ¥, Kaixuan Gui®

2 National Key Laboratory of Science and Technology on Advanced Composites in Special Environments, Harbin Institute of Technology, Harbin 150001, PR

China

b State Key Laboratory of Nonlinear Mechanics (LNM), Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 14 April 2016
Received in revised form

25 May 2016

Accepted 3 June 2016
Available online 4 June 2016

Keywords:
Graphene nanosheets
ZrB,-SiCy
Mechanical properties

bridging, pulling out.

Ultrahigh temperature ZrB,-SiC,-Graphene ceramic composites are fabricated by hot pressing
ZrB,-SiC,-Graphene oxide powders at 1950 °C and 30 MPa for 1 h. The microstructures of the compo-
sites are characterized by Scanning electron microscopy, Raman spectroscopy and X-ray diffraction. The
results show that multilayer graphene nanosheets are achieved by thermal reduction of graphene oxide
during sintering process. Compared with monolithic ZrB, materials, flexural strength and fracture
toughness are both improved due to the synergistic effect of SiC whisker and graphene nanosheets. The
toughening mechanisms mainly are the combination of SiC whisker and graphene nanosheets crack

© 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

1. Introduction

Among various ultrahigh temperature ceramics, zirconium
diboride (ZrB;) has attracted more and more attention owing to its
excellent physical and chemical properties, such as high melting
point, high strength, high thermal and electrical conductivity, low
density and chemical inertness [1-4]. Generally, the densification
of ZrB, powder requires a high temperature above 2000 °C at high
pressure [5]. To improve the sintering properties of ZrB,, many
different kinds of sintering aids are employed to fabricate com-
posites, such as carbon [6], MoSi, [7], SiC [8,9], et al. Moreover,
ZrB, will be oxidized to ZrO, and B,03 under oxidizing conditions
over 800 °C [10]. In the high temperature application environ-
ment, it is proved that silicide will be oxidized to form a glassy
phase which improves the oxidation resistance of ZrB, based
ceramic composites [11,12]. Furthermore, the enhancement of
flexural strength for ZrB,-SiC composites is ascribe to that SiC
limits the growth of ZrB, grain during densification. However,
unsatisfactory fracture toughness and poor thermal shock re-
sistance still obstruct their widely application in ultrahigh tem-
perature environment.

Previous investigations have shown that whisker, flake or short
fiber gives a promising strategy to improve mechanical properties
of ceramic composites [13-15]. In ultrahigh temperature ceramic
scopes, SiC whisker has been used as reinforcement phase due to
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the combination of high strength, high elastic modulus and che-
mical inertness. For example, flexural strength of monolithic ZrB,
ceramic has been significantly improved by the addition of 20 vol%
SiC whisker [16,17]. During the crack propagation process, SiC
whisker with high aspect ratio could be pulled out or form crack
bridging which resulted in the improvement of fracture toughness.
However, some SiC whisker will be degraded into particles during
high temperature sintering process [18,19], which will weaken the
reinforcement effect of whisker. So some papers focus on how to
achieve dense ZrB,-SiC,, composites at lower temperature using
the third phase [20,21]. Moreover, the combination of various
toughening mechanisms induced by the addition of the second
and third phase can further enhance fracture toughness of ceramic
composites. Recently, graphene nanosheets have been utilized to
reinforce ZrB, based composites [22,23]. The toughening me-
chanisms mainly are graphene pulling out, graphene crack brid-
ging and three dimensional crack deflection. It is expected that the
mechanical properties of ceramic composites will be enhanced by
the synergistic effect of SiC whisker and graphene nanosheets.

Here, homogenously distributed ZrB,-SiC,-Graphene oxide
(GO) powders are utilized to fabricate ZrB,-SiC,,-graphene com-
posites in our work. The microstructures and mechanical proper-
ties of the novel ZrB,-SiC,-Graphene ceramic composites are in-
vestigated and discussed in detail. The results show that flexural
strength and fracture toughness are both improved compared with
monolithic ZrB, materials. The toughening mechanisms are ana-
lyzed based on microstructures. Our work offers a promising way
to improve mechanical properties of ceramic composites.
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2. Experimental

Commercial raw materials were utilized in the fabrication
process of ceramic composites. The mean particle size of ZrB, (99%,
Northwest Institute for Non-ferrous Metal Research, China) was
~2 um. The SiC whisker (98%, Alfa Aesar, USA) had a diameter of
0.5-2.5 um and a length of 5-50 pm. Graphite flakes ( > 99%, Alfa
Aesar, USA) with 325 mesh were used to prepare GO through
modified Hummer's method. The fabrication process could be
found in a previous work [22]. After GO solution sonication for 2 h,
ZrB, plus 20 vol% SiC,, were added to the dispersion. Then the
ceramic-GO slurry was ball milled with ZrO, balls for 8 h at the
speed of 280 rpm. After that, rotary evaporation was employed to
dry the homogeneously mixed slurry at 60 °C to minimize segre-
gation. Uniformly mixed ZrB,-SiC,,-GO powder mixture was hot
pressing at 1950 °C for 1 h in Ar atmosphere. A uniaxial load of
30 MPa and heating rate about 15 °C/min were used in the sin-
tering process.

Relative density of the ceramic composites was measured by Ar-
chimedes method. Three points bending method was utilized to test
flexural strength. The size of test bars was 3 mm x 4 mm x 36 mm.
The span was 30 mm and a crosshead speed of 0.5 mm/min was
employed. Fracture toughness was determined by single edge not-
ched beam test on 2 mm x 4 mm x 22 mm bars using 16 mm span
with a crosshead speed of 0.05 mm/min. All mechanical properties
were the average value of five specimens. The test bars were all cut
on the surface perpendicular to hot pressing direction. The micro-
structures of the novel ZrB,-SiC,-Graphene ceramic composites
were characterized using X-ray diffraction (Rigaku, Dmax-rb, Cuko
1.5425 A), Micro-Raman spectroscopy (REMSHAW Invia, laser wa-
velength: 633 nm) and Scanning electron microscopy (SEM, FEI Sir-
ion, Holland).

3. Results and discussion

A polished surface of ZrB,-SiC,,-Graphene ceramic composite
was shown in Fig. 1a. It was clearly found that acicular SiC,, was
homogenously distributed in the composite. Moreover, there were
some dark particle phases distributed among the matrix. In the hot
pressing process, some SiC whiskers were unavoidably degraded
into particles, which was also discussed in other studies [18,19].
On the polished surface, there was no graphene found due to its
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Fig. 2. X-Ray diffraction of ZrB,-SiC,,-Graphene ceramic composites and GO. Circle
dots represent ZrB,, square dots stand for SiC,, and triangle dots was assigned to
graphene.
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Fig. 3. Raman spectrum of ZrB,-SiC,,-Graphene ceramic composites and GO.

Fig. 1. SEM images of a polished surface (a) and fracture surface (b) of ZrB,-SiC,,-Graphene ceramic composites.
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Table 1
Average D, G and 2D Raman spectra properties of ZrB,-SiCy,-Graphene composites
and GO.

Materials D G 2D Ip/le Lop/lc

GO 1347.8 1591.2 - 0.84 -

ZSwG5 1349.3 1583.1 2696.5 0.31 0.74

ZSwG10 1351.1 1584.7 2697.9 0.16 0.55
Table 2

Flexural strength, fracture toughness and relative density of ZrB,-SiC,,-Graphene
composites.

Materials Flexural strength Fracture toughness Relative density

(MPa) (MPa m®%) (%)
ZSwG5 764 + 38 6.6 +0.3 98.5
ZSwG10 681 +55 58+0.2 99.3

low magnification. However, graphene nanosheets appeared be-
tween ZrB, particles and SiC,,, depicted in fracture surface of the
ceramic composite (Fig. 1b).

Here, XRD and Raman spectroscopy were employed to analyze
the effect of in situ thermal reduction of GO in the ceramic com-
posites. The results were shown in Figs. 2 and 3, respectively.
During oxidize process, strong oxidant intercalated into graphite
layers and lots of oxygen containing groups were formed on the
surface of graphite flakes. After sonication, the thickness of gra-
phite oxide changed to nanoscale, forming GO. The XRD peak of
GO was located approximately 9°, revealing high quality GO was
achieved. In fabrication process of the ceramic composites, five
(ZSwG5) and ten (ZSwG10) volumes of GO were used. Typical ZrB,
peaks and f-SiC peaks were clearly depicted in XRD patterns for
ZSwG5 composite. There was no peak found for graphene na-
nosheets, which might owe to the small quantities of graphene in
the composites. However, the disappear of peaks located ap-
proximately 9° revealed that most of the oxygen containing
functional groups in GO were removed during the high tempera-
ture sintering process [24] and one small peak located at 26° ap-
peared in XRD spectrum of ZSwG10 ceramic composites, which
indicated that GO was thermally reduced to graphene nanosheets.
As reported previously, the strong (002) reflection (20 ~26°) was a
result of wave interference between scattering by different gra-
phene layers [25-27].

In Fig. 3, only the typical D peak (1347.8 cm~!) and G peak
(1591.2 cm ') were found for original GO. After high temperature
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sintering process, D peak shifted right 2cm~! and G peak shifted
left about 8 cm~! for ZSwG5 ceramic composites. Furthermore,
one typical 2D peak of carbonaceous materials appeared at
2696.5 cm~ ! except D peak and G peak, which indicated thermal
reduction of GO during sintering process exhibited double re-
sonance mode of graphene. Typical D peak (1351.1 cm~!), G peak
(1584.7 cm~') and 2D peak (2697.9 cm ') were easily observed in
Raman spectrum for ZSwG10 ceramic composites. To further
analyze the thermal reduction effect of GO and graphene struc-
tures in the ceramic composites, two intensity ratio parameters
(Ip/lg and Ip/lg) of these three peaks for carbonaceous materials
were calculated. Compared with original GO, the average Ip/Ig of
ZSwG5 decreased from 0.84 to 0.31. Graphitic domain La could be
calculated using the expression of 2.4e ™" Naser™* (Inflc) ™! (Maser
represents the wave length of laser) [28]. Then graphitic domain of
graphene structures in ZSwG5 ceramic composites notably in-
creased after the thermal reduction process. For ZSwG10 ceramic
composites, the average crystallite size La of graphene structures
in the composites increased significantly from 45.8 nm to
240.8 nm. These findings were consistent with the results of XRD.
In early reports, there was strong relationship between I,p/Ig and
layer number of graphene. For monolayer or bilayer graphene,
Ip/lg was more than 1 with single and sharp 2D peaks. As the
layer number of graphene increased, I,p/Ig decreased from 1 to 0.5
[29]. For ZSwG5 and ZSwG10 composites, the calculated value
Ip/lg was in the range of 0.5-1 which proved that multilayer
graphene structure existed in the composites after sintering pro-
cess. It is worth mentioning that Ip/Ig of ZSWG5 was a little higher
than that of ZSwG10, revealing the thickness of graphene na-
nosheets in ZSwG5 was smaller. The detail data of Raman spectra
was listed in Table 1.

Here, almost fully dense composites were achieved after sin-
tering process. The relative densities of ZSwG5 and ZSwG10
composites were 98.5% and 99.3%, respectively. Mechanical prop-
erties of the ceramic composites under investigation were listed in
Table 2. Compared with 270-480 MPa of pure ZrB, ceramic [30],
the strength of ZSwG5 and ZSwG10 ceramic composites were both
enhanced by the addition of SiC,, and graphene nanosheets. With
the volume fraction of graphene increased, the strength decreased
from 764 MPa (ZSwG5) to 681 MPa (ZSwG10). Additionally, the
flexural strength of ZrB,-SiC,-graphene composites was also
higher than the reported results for ZrB,-SiC,, (660 MPa) [18] and
ZrB,-graphene (316 MPa) [23]| composites. The measured fracture
toughness of the novel ceramic composite were 6.6 MPa m®>
(ZSwG5) and 5.8 MPa m®> (ZSwG10), which were also higher than
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Fig. 4. SEM images of fracture surface of ZrB,-SiC,,-Graphene ceramic composites with 5 vol% (a) and 10 vol% (b) GO.
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Fig. 5. Typical indentation crack propagates in ZrB,-SiC,,-Graphene ceramic composites.

monolithic ZrB, ceramic (2.3-3.5 MPam®°), ZrB,-graphene
(2.77 MPa m®?) and ZrB,-SiC,, (5.3 MPa m®>) composites. In these
composites, the particle sizes of ZrB,, SiC,, and graphene were
almost the same as ours. The volume ratio of SiC,, and graphene
was 20 vol% and 6 vol%, respectively. With the volume fraction of
graphene nanosheets increased, the decrease of flexural strength
and fracture toughness might due to the agglomeration of gra-
phene nanosheets during the material fabrication process.

The microstructures of the fracture surface (Fig. 4) and in-
dentation crack propagation path (Fig. 5) were utilized to illustrate
the synergistic effect of SiC,, and graphene nanosheets on me-
chanical properties. In Fig. 4a and b, graphene nanosheets were
found between adjacent ZrB, particles and SiC,,. The thickness of
graphene nanosheets in ZSwG10 was thicker than ZSwG5 com-
posites, revealing that some graphene nanosheets agglomerated
together during the fabrication process. It was consistent with the
results illustrated in Raman spectrum. Moreover, both graphene
nanosheets and SiC,, pulling out could be found in the fracture
surface. When crack propagated in ZSwG5 composites, crack de-
flection was found after SiC,,. SiC,, pulling out appeared in the
crack path. Furthermore, graphene nanosheets crack bridging was
also found in the indentation crack path shown in Fig. 5b. For
ZSwG10 composites, both SiC,, and graphene nanosheets crack
bridging were easily observed after the crack propagated through
the composites. It was easily found that crack deflection appeared
after the SiC,, and graphene crack bridging. The synergistic effect
of SiC,, pulling out, crack bridging and graphene nanosheets crack

bridging during material failure resulted in the improvement of
mechanical properties for ZrB,-SiC,,-Graphene ceramic
composites.

4. Conclusion

In summary, ZrB,-SiC,-Graphene ceramic composites were
fabricated by hot pressing ZrB,-SiC,,-Graphene oxide powders.
XRD patterns and Raman spectrum showed that GO was thermally
reduced to multilayer graphene nanosheets during sintering pro-
cess. Flexural strength and fracture toughness were both improved
by the addition of SiC whisker and graphene nanosheets. However,
the mechanical properties weakened when the volume fraction of
GO increased from 5% to 10%, which may owe to the agglomera-
tion of graphene nanosheets in the composites. The synergistic
effect of SiC,, pulling out, crack bridging and graphene nanosheets
crack bridging enhanced fracture toughness of ZrB,-SiC,-
Graphene ceramic composites.
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