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In this study, B4C-Al2O3 multiphase ceramic composites were prepared by spark plasma

sintering (SPS) and Y2O3 was used as a sintering aid. Results show that in the range

of  1350–1500◦C, nearly full dense B4C-Al2O3 multiphase ceramic composites with a high

densification rate (4×10−3/s) can be fabricated. Addition of Y2O3 can lead to reduce acti-

vation energy of densification and plastic flow mechanism during sintering of the ceramic

composites. At the same time, Y2O3 can react with Al2O3 to form liquid Y3Al5O12, which

can  effectively reduce the densification temperature of the ceramic composites. With the

increase of Y2O3 content, the temperature was lowered from 1500 ◦C to 1350 ◦C. When

the  Y2O3 content was 1.0 vol.%, relative density, hardness, fracture toughness, and flexu-

ral  strength of the ceramic composites were 98.60%, 23.75 GPa, 4.89 MPa•m1/2, and 464.96

MPa,  respectively. The toughening mechanism of the ceramic composites followed particle

toughening and micro-crack toughening. The internal grains of the composites were tightly

bonded, they were mainly fractured in the transgranular form and the cross section was
relatively rough with a high bending strength of 450 MPa.

r(s). 
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.  Introduction

oron carbide (B4C) is an important engineering ceramic

aterial, owing to its high hardness (> 30 GPa) and

ow density (∼2.52 g/cm3), excellent neutron absorption
0.440 ± 0.022/cm−1), wear resistance (∼2 × 10-14 m2N−1), and
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Published by Elsevier B.V. This is an open access article under the

-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

resistance to acid and alkali corrosion, it is widely used in
bullet proofing, for wear resistant materials, nuclear indus-
try [1,2]. Despite its wide application, full dense sintering
of pure B4C is difficult owing to its low fracture toughness
(KIC = 3.7 MPa m1/2) [3], which restricts its application. This is
because of strong covalent bonds between atoms and low
self-diffusion, which make it difficult to densify. Therefore,
improving the compactness and toughness is the most impor-

tant aspect of B4C research. Recently, studies indicate that by
adding sintering agents can reduce the sintering temperature
and improve the toughness of B4C ceramics [4].
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The spark plasma sintering (SPS) method has been applied
to the sintering of many  materials [5]. Compared with tra-
ditional hot pressing, SPS has a lower feasible temperature
and a shorter sintering time [5–7]. Nanostructured materials
have attracted much attention due to their wide applica-
tion potential in various cutting-edge technological fields [8],
nanomaterials can also be sintered by SPS. At present, the
preparation of B4C ceramics mainly uses two processes: hot
pressing and pressureless sintering, while SPS and hot iso-
static pressing are also used [9–12]. B4C powders cannot reach
full density, even at temperatures up to 2200–2300 ◦C with-
out pressure, which is close to its melting point (2450 ◦C) [13].
Hot pressing sintering can lower the sintering temperature
of B4C ceramics and ensure higher density, however, this can
only be attained around 2100 ◦C. In addition, abnormal grain
sizes may occur with high temperatures and long holding
times, and pore defects cannot be avoided [14], thereby influ-
encing the mechanical performance of B4C ceramics. Hence,
more  researchers use SPS. Ceramics with excellent thermome-
chanical properties are generally used in environments that
require high temperatures or corrosion resistance. Further, the
thermal diffusion analysis and data processing of materials
require the assistance of some software and methods such
as the finite element method [15,16]. Compared with the tra-
ditional sintering method, it has a higher sintering rate and
shortens the sintering time [17–22]. Thus, SPS can produce
high-density materials with smaller grain sizes and sharper
grain boundaries. In recent years, literature has shown opti-
mized SPS of full densified B4C ceramics at lower temperatures
[23,24]. For example, some researchers have studied the effects
of Fe3Al as a sintering aid on densification, hardness, flexural
strength, and fracture toughness of B4C through SPS [25,26].

Studies have shown that the mechanical properties of the
B4C matrix can be improved by addition of sintering agents
such as C, SiC, and AlF3, carbon additives have low cost,
low density, and great thermo-mechanical stability [27–31].
Some researchers have increased the fracture toughness of
B4C from 2.2 MPa m1/2 to 3.5 MPa m1/2 by adding 24% diboride
[32]. Researchers used 3 wt.% carbon in the form of a phenolic
resin, it was observed that B4C ceramics are expected to reach
98.65% of the theoretical density after doping with carbon
[33–39]. Cr2O3 is also an effective sintering aid for B4C sinter-
ing because it can react with B4C to form in-situ CrB2, which
can form a CrB2-B4C eutectic liquid, and achieve B4C liquid
phase sintering [12,39]. Further, other oxide (Al2O3, Y2O3, ZrO2)
aids mixed with B4C multiphase ceramic composites can also
improve the density of B4C multiphase ceramic composites.

Addition of rare earth oxide yttrium oxide (Y2O3) reacts with
oxide impurities (ZrO2, B2O3, SiO2) in ZrB2-SiC composites and
improves their densification and mechanical properties [40].
Al2O3 and Y2O3 are also used to reduce the sintering tempera-

Table 1 – Raw material parameters.

Raw material Purity Average particle size Unit cell type 

B4C >99.5% 500 nm Six parties 

�-Al2O3 ≥99.9% 20 nm Tripartite 

Y2O3 ≥99.9% 30 nm Cube 

Graphite ≥99.9% 40 nm Six parties 
 0 2 0;9(5):11687–11701

ture and increase the densification rate of ZrB2-SiC composites
[41]. High-density B4C ceramics are prepared using Al or Al2O3

as a binder to form a liquid phase and thus, enhance densifi-
cation by liquid-phase sintering [42,43].

This work addresses the problems of high sintering temper-
ature, difficulty in densification, and low fracture toughness
of B4C materials. Y2O3 is used as a ceramic sintering aid, and
B4C is combined with Al2O3 ceramics. This is because Al2O3

ceramics are relatively easy to densify during the sintering
process. SPS technology was used in this work to reduce the
sintering temperature of B4C-Al2O3 multiphase ceramic com-
posites, and dense B4C multiphase ceramic composites were
produced. The effect of Y2O3 on the properties of multiphase
ceramic composites were studied, especially the effect of Y2O3

on the activation energy of densification. By analysing the
SPS of B4C multiphase ceramic composites, the relationship
between densification rate, pressure and temperature, the
process parameters, and densification mechanism of the sin-
tered B4C multiphase ceramic composites were discussed in
detail. The effects of Y2O3 on the densification process, phase,
microstructure, and mechanical properties of the multiphase
ceramic composites were studied, and the mechanisms of
densification, strengthening, and toughening were discussed.

2.  Experimental  procedure

2.1.  Material  preparation

B4C (0.5 �m)  powder (Zhengzhou Deer Boron Chemical Co.,
Ltd.), nano �-Al2O3 (Nanjing Guanye Chemical Co., Ltd.), Y2O3

(Nanjing Guanye Chemical Co., Ltd.), and graphite powder
(Nanjing Guanye Chemical Co., Ltd.) were used in this exper-
iment to prepare B4C-Al2O3 multiphase ceramic composites.
The raw material parameters are shown in Table 1 and Fig. 1
displays the scanning electron microscopy (SEM) morphology
of the raw material powder. It can be seen from Fig. 1 (a) that
a small amount of B2O3 can be found in the raw B4C pow-
der, which may be obtained from the residue of raw material
production and the surface oxidation of the powder particles.

The illustration of the fabrication procedure for prepar-
ing B4C-Al2O3 multiphase ceramic composites is shown in
Fig. 2. The raw materials were weighed and placed in the
polyurethane ball mill tank according to the design proportion.
The ball beads are agate balls. Then, an appropriate amount
of t-butanol solution is added as a mixing medium. The rota-
tion speed of the ball milling and the turning speed were set as

350 and 30 rpm, respectively, to ensure homogenous mixing of
the raw materials. Then, the mixture was placed in the refrig-
erator (−10 ◦C) for freezing and agglomeration, and dried in a
freeze-dry machine (FD-A-50 freeze-dryer) for approximately

Specific surface area Supplier

70 m2/g Zhengzhou Deer Boron Chemical Co., Ltd.
120 m2/g Nanjing Guanye Chemical Co., Ltd.
55 m2/g Nanjing Guanye Chemical Co., Ltd.
– Nanjing Guanye Chemical Co., Ltd.
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Fig. 1 – SEM morphology of raw material powder: (a) B4C, (b) �-Al2O3, and (c) Y2O3.
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Fig. 2 – Illustration of fabrication procedure

4–48 h. Finally, the uniformly mixed powder was sintered by
park plasma sintering (SPS 20T-10).

The content of B4C in the B4C-Al2O3 multiphase ceramic
omposites is 50 vol.%, while the remaining contents are �-
l2O3 and Y2O3. During SPS sintering, the heating rate is
0 ◦C/min and holding time is 5 min. Then, the composite is
ooled to 700 ◦C at 15 ◦C/min. Finally, the power was turned off
nd it was cooled naturally to 25 ◦C. The specific preparation
rocesses and parameters are shown in Table 2.

.2.  Material  characterization

n this work, the density of the B4C-Al2O3 multiphase
eramic composites after sintering was measured using the

rchimedes method, while the phase composition of the com-
osites was tested by X-ray diffraction (XRD). The hardness of
he composites was measured using the HV-50 Vickers hard-
ess tester under a 5 kg loading and holding time of 15 s.
4C-Al2O3 multiphase ceramic composites.

The fracture toughness of the composites was tested by the
indentation method, while the three-point bending test of
the composites used a WDW-3100 computer-controlled elec-
tronic universal material testing machine to characterize the
bending strength of materials. The microstructure, fracture
morphology, and interface bonding of the composites were
analysed by SEM (FEI Inspect F50). The composition and ele-
ment distribution of the composites were analysed by energy
dispersive spectrometry (EDS) [44]. The types of test equip-
ment used in this work are shown in Table 3.

3.  Results  and  discussion

3.1.  Densification  process  of  B4C-Al2O3 multiphase

ceramic  composites

The instantaneous height Ls of each sample was calculated via
displacement of the piston during the SPS process. The instan-
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Table 2 – Preparation process of B4C-Al2O3 multiphase ceramic composites.

Sample Y2O3 content
(vol.%)

B4C content
(vol.%)

Al2O3 content
(vol.%)

Sintering
temperature (◦C)

Pressure(MPa) Theoretical
density (g/cm3)

BAY1 0 50 50 1250—1500 60 3.243
BAY2 1 50 49 1250—1500 60 3.253
BAY3 5 50 45 1250—1500 60 3.295
BAY4 14.23 50 35.77 1250—1350 60 3.391

Table 3 – Test equipment and model.

No. Equipment type Equipment model Equipment manufacturer

1 Ball mill WL-1 Planetary Particle Ball
Mill

Deco  Instruments Co., Ltd.

2 Freeze dryer FD-A-50 type freeze dryer Beijing Boyi Kang Experimental
Instrument Co., Ltd.

3 Electric spark ion sintering
furnace

SPS-20T-10 Shanghai Chenhua Technology Co., Ltd.

4 Wire cutting DK7740 Taizhou Sihai CNC Machine Tool Factory
5 Grinding and polishing

machine
MoPao200 LaizhouLaihua Test Instrument Factory

6 Electronic balance YH-A30002 Yingheng Electric Co., Ltd.
7 Optical microscope Zeiss Axio Imager AIm Carl Zeiss AG
8 Hardness Tester HVS-30S Digital Vickers

Hardness Tester
Shanghai Lianer Test Equipment Co., Ltd.

9 Universal material testing
machine

WDW3100 Changchun Branch New Laboratory
Instrument Institute of Chinese Academy
of Sciences

10 X-ray diffractometer X.Pert Pro-MPD(Philips) Panaco, the Netherlands
t F50 
11 Scanning electron

microscope
FEI  inspec

taneous relative density (D) of the sample was calculated using
the upper indenter displacement of the sample and the final
relative density and height of the sample according to the
following equation [45]:

D = Lf

Ls
D

f
(1)

In this equation: D is the transient relative density, Df is the
final density, Lf is the height of the sample after sintering, and
Ls is the instantaneous height of a sample.

Here, Df is the final relative density of the sample measured
by the Archimedes method; this measurement was repeated
at least 5 times. Lf is the final height of the sample.

ln

(
1

�eff

1
D

dD

dt

)
= nln

(
�eff

�eff

)
+ C (2)

In this equation, C is a constant (when the sintering tem-
perature is constant).

1
�eff

1
D

dD

dt
= K0

exp
(
− Qd

RT

)
T

(
�eff

�eff

)n

(3)

In this equation, K0 is a constant.
Fig. 3 shows the relationship between the densification rate

1 dD

D dt

of the B4C-Al2O3 multiphase ceramic composites and the
sintering temperature. The relative density is calculated using
Eq. (1). The rapid shrinkage of the multiphase ceramic com-
posites begins to occur above 1200 ◦C, and its densification rate
FEI stock corporation

is low at the beginning of sintering (≈5.0 × 10−4 s-1). However,
in the middle of the sintering process, the densification rate
rises rapidly and can reach a maximum value (4.0 × 10-3 s-1).
Overall, the rapid densification sintering temperature of BAY1,
BAY2, BAY3, and BAY4 are gradually decreasing.

Fig. 4 shows the value of the stress index n of the B4C-Al2O3

multiphase ceramic composites during the heating preserva-
tion stage. The value of the stress index n is the slope of the

straight line in ln
(

1
�eff

1
D

dD
dt

)
= f

[
ln

(
�eff

�eff

)]
, which is calcu-

lated using Eq. (2). The Origin software was used for data fitting
to obtain the n values. According to Fig. 4, the stress index n of
the ceramic composites during the heating preservation phase
is relatively high (n>5.95). This indicates that in the latter stage
of sintering of the ceramic composites, the main densification
mechanism is the creep mechanism dominated by dislocation
motion. Pharr and Ashby [46] proposed a p̈lastic (creep)m̈odel
in 1983, nothing that during the pressure sintering process,
the growth of the sintering neck is essentially controlled by
the plastic flow or creep in the contact zone. When external
pressure is applied during the sintering process, the liquid
phase at the grain boundaries acts as a lubricant, which causes
the particles to plastically flow and further rearrange, thereby
accelerating densification [46,47]. In this work, due to the reac-
tion of Y2O3 with Al2O3, B4C, and Al2O3, the low-melting liquid
phase can promote the shaping flow of particles. Wei Ji et al.
[48] studied the effect of pressure on SPS sintered B4C ceramics

and highlighted that a high pressure (100 MPa)  state is more
likely to generate dislocations and facilitate dislocation move-
ment, as its primary densification mechanism is plastic flow
(creep).
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Fig. 3 – Densification rate of B4C-Al2O3 multiphase ceramic composites: (a) BAY1-1500 ◦C, (b) BAY2-1500 ◦C, (c)BAY3-1400 ◦C,
a
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nd (d) BAY4-1350 ◦C.

By analysing the range of the value of the stress index
, it is relatively simple to determine the main densification
echanism of the ceramic composites at the final stage of

intering. However, the value of n is related to the effective
ressure and temperature. In general, a higher temperature
ollows greater effective pressure; however, this cannot accu-
ately explain of the influence of sintering aids [49]. Hence,
he activation energy of densification is calculated using the
tress index n according to Bernard-Granger and Guizard [50],
n order to understand the influence of sintering aids on the
intering process.

Fig. 5 shows the activation energy of densification of B4C-
l2O3 multiphase ceramic composites in the early stage of
intering, in which the particles are at a low temperature and
ow stress index state. Existing research [45,51] indicates that
he stress index n is 2 at this time. Therefore, Eq. (3) can be
urther simplified as Eq. (4).

n(T/�eff .(1/D) • (dD/dt) • (�eff/�eff)2) = f [(1/RT)] (4)

The slope is the densification activation energy (Qd).

The calculated densification activation energies of BAY1,

AY2, BAY3, and BAY4 were 466.89, 326.32, 300.96, and
85.96 kJ/mol, respectively. It can be seen that as the Y2O3

ontent increases, the densification activation energy of the
ceramic composites continues to decrease, indicating that the
addition of Y2O3 enhanced sintering and reduced the sintering
temperature, while increasing the densification rate. Although
sintering is a complex process, the most common theory indi-
cates that sintering is always controlled by flow, diffusion, and
evaporation-condensation. As the activation energy of these
mechanisms is reduced, sintering can be accelerated. Accord-
ing to the theory, considering the high activation energy of
B4C-Al2O3 (1820 kJ/mol) and low activation energy of Y2O3, it
becomes essential to add sintering aids to densify composites
of B4C-Al2O3 in order to accelerate the sintering process.

Y2O3 is an ideal sintering aid for B4C-Al2O3 multiphase
ceramic composites. According to the binary phase diagram
of Y2O3-Al2O3, the three eutectic phases between Y2O3-Al2O3

are YAG (Y3Al5O12), YAP (YAlO3), and YAM (Y4Al2O9) [52].
The low-temperature liquid phase formed by the reaction of
Y2O3 and Al2O3 can further reduce the sintering temperature
of the ceramic composites and promote densification. Fig. 6
(a) shows a raw material powder uniformly mixed after ball
milling of the ceramic composites. The nano-scale �-Al2O3

powder encapsulates completely the B4C powder, as schemat-
ically shown in Fig. 6 (b). Since Al2O3 has a good diffusion
coefficient, the shrinkage and diffusion of Al2O3 is used to pro-
mote the rearrangement of B4C particles and the migration of

substances, as shown in Fig. 6 (b, c).
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Fig. 4 – Stress index n value of B4C-Al2O3 multiphase ceramic composites during thermal insulation: (a) BAY1-1500 ◦C, (b)

BAY2-1500 ◦C, (c)BAY3-1400 ◦C, (d) BAY4-1350 ◦C.

3.2.  Performance  analysis  of  B4C-Al2O3  multiphase
ceramic  composites

3.2.1.  Density  of  B4C-Al2O3 multiphase  ceramic
composites
Fig. 7 (a) shows the sintering shrinkage curve of B4C-Al2O3

multiphase ceramic composites. The curve is calculated from
the sample mass, the actual density, and the displacement
of the upper indenter during sintering. Combining the tem-
perature rise curve in Fig. 7 (b), it can be seen that the rapid
sintering and densification of the ceramic composites occurs
between 1000 and 1500 ◦C, and the rapid shrinkage temper-
atures of BAY1 and BAY2 samples are higher than that of
BAY3 and BAY4. Research [53] pointed out that the SPS den-
sification sintering temperature of Al2O3 ceramics is in the
range 1200–1400 ◦C. The SPS densification and sintering tem-
perature of the ceramic composites are similar to those of
Al2O3 ceramics. This is because the addition of Y2O3 has a
positive effect on the sintering and densification of B4C-Al2O3

multiphase ceramic composites; further, higher the Y2O3 con-
tent, the more  notable the positive effect. Fig. 7 (c) shows the
change curve of the minimum sintering temperature required

for B4C-Al2O3 multiphase ceramic composites to obtain high
density (> 97%). As the Y2O3 content increases, the required
sintering temperature gradually decreases, and BAY2, BAY3,
and BAY4 obtain higher densities at 1500, 1400, and 1350 ◦C,
respectively. Therefore, the addition of Y2O3 has a significant
effect on reducing the sintering temperature and increasing
the density of the ceramic composites. The reaction between
Y2O3 and Al2O3 and the low-melting liquid phase, generated
by the reaction between B4C and Al2O3, can promote the plas-
tic flow of the particles, thereby promoting the densification
of the ceramic composites.

Fig.7(d) shows the densification curve of B4C-Al2O3 mul-
tiphase ceramic composites. When the content of Y2O3 is
less than 5 vol.%, as the temperature increases, the densi-
ties of the multiphase ceramic composites BAY1 and BAY2
gradually increase, and higher densities (> 97%) are obtained
at 1500 ◦C. However, when the content of Y2O3 is 5 vol.%,
the density of the multiphase ceramic composite BAY3
appears to first increase and then decrease. This trend can
be attributed to the extremely high temperature, and the
rapid volatilization of the liquid phase during the sintering
process, causing residual pores in the sintered body. There-
fore, for the ceramic composites supplemented with Y2O3

to aid sintering, the sintering temperature should not be
extremely high. Extremely high temperature may not only

make the grain coarser but also cause the density of the
multiphase ceramic composites to decrease, while increas-
ing the porosity and reducing the internal crystal particle
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Fig. 5 – Densification activation energy (Qd) of B4C-Al2O3 multiphase ceramic composites: (a) BAY1-1500 ◦C, (b) BAY2-1500 ◦C,
(c) BAY3-1400 ◦C, and (d) BAY4-1350 ◦C.
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Fig. 6 – Sintering diagram of B4C-A

inding, which may affect the mechanical properties of the
aterial.

.2.2.  Phase  analysis  of  B4C-Al2O3 multiphase  ceramic
omposites
ig. 8 shows the XRD patterns of the BAY3 multiphase ceramic
omposites. The subfigures (a), (b), and (c) are the XRD patterns
easured at 1350, 1400, and 1500 ◦C, respectively. In addition

o the two matrix phases of B4C and Al2O3, the samples sin-

ered at 1350 ◦C for BAY3 multiphase ceramic composites also
ave a small amount of YAG and Al18B4O33. Moreover, YBO3

as a higher diffraction peak, indicating that there is more
BO3 in BAY3 multiphase ceramics sintered at 1350 ◦C. The
multiphase ceramic composites.

formation of Al18B4O33 and YBO3 may be due to the pres-
ence of the oxide B2O3 on the surface of the B4C particles.
The reactions (1) and (2) [54] occurred during the sintering pro-
cess. Reaction (1) for generating YBO3 occurs at approximately
700 ◦C, which is lower than the temperature for reaction (2)
for generating Al18B4O33. Therefore, during sintering, reac-
tions (1) and (2) may cause more  YBO3 to be generated. From
Fig. 8 (a), it is determined that the number of YBO3 diffraction
peaks is more  than that of Al18B4O33, with a higher peak inten-
sity. Hence, it is evident that in the sintered BAY3 multiphase

ceramic composites at 1350 ◦C, the amount of YBO3 is more
than that of Al18B4O33.

B2O3+Y2O3 → YBO3
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Fig. 7 – Shrinkage and densification curves of B4C-Al2O3 multiphase ceramic composites: (a) shrinkage curves of B4C-Al2O3

multiphase ceramic composites, (b) sintering temperature curve, (c) B4C-Al2O3 multiphase ceramic composites with a
density higher than 97% curve of required temperature, and (d) density change line of B4C-Al2O3 multiphase ceramic
composites.

Fig. 8 – XRD patterns of BAY3 multiphase ceramic

composites: (a) 1350 ◦C, (b) 1400 ◦C, and (c) 1500 ◦C.

9Al2O3+2B2O3 → Al18B4O33

With increasing sintering temperature, from Fig. 8, it can

be seen that the number and intensity of YBO3 and Al18B4O33

diffraction peaks are decreasing. Almost all the Al18B4O33

diffraction peaks are not found for the BAY3 multiphase
ceramic composite samples sintered at 1400 and 1500 ◦C. At
1400 ◦C, there are a few weak diffraction peaks of YBO3. In
the BAY3 sample, at 1500 ◦C, the YBO3 diffraction peaks have
almost completely disappeared, and only the phases of the
two substrates B4C and Al2O3 exist. It shows that under high
temperature environment, neither YBO3 nor Al18B4O33 can
exist stably, and Al18B4O33 will decompose completely and
transform into �-Al2O3 phase. According to existing research,
in the range of 1000–1500 ◦C, Y2O3 will react with B2O3 to form
YBO3, and it will be stable. Above 1500 ◦C, YBO3 will automat-
ically decompose [55,56].

Fig. 9 shows the XRD patterns of B4C-Al2O3 multiphase
ceramic composites. In BAY1 multiphase ceramic composites,
because no Y2O3 is added, the samples only comprise B4C and
Al2O3 and a small amount of Al18B4O33 phases. Research have
pointed out that the Al18B4O33 phase will reduce the sinter-
ing driving force of Al2O3 ceramics, which is not conducive to
sintering and densification [54]. In the BAY2 sample, only the
diffraction peaks of the B4C and Al2O3 phases were detected,
and the Al18B4O33 phase was not present. Guo [54] pointed
out that the presence of Y2O3 can make B2O3 to react with
Y2O3 preferentially, thereby inhibiting the formation of the
Al18B4O33 phase. In BAY3 and BAY4 samples, more  YAG and

YBO3 were generated due to the addition of Y2O3, and the
diffraction peak intensity of �-Al2O3 at the (012) (104) crystal
planes was gradually reduced. The intensity and number of
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Fig. 9 – XRD pattern of B4C-Al2O3multiphase ceramic
composites: (a) BAY1-1500 ◦C, (b) BAY2-1500 ◦C, (c)
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diffusion coefficient and easy sintering are used to promote
AY3-1400 ◦C, and (d) BAY4-1350 ◦C.

iffraction peaks of the YAG phase in the BAY4 sample are very
igh, indicating that there are a large number of YAG phases;
his is one of the reasons for the high density of BAY4 com-
osite phase ceramics at 1350 ◦C. However, at the same time,
he existence of a large number of YBO3 and YAG phases also
ffects the mechanical properties of the composites [54].

Fig. 10 shows the fracture morphology and SEM/EDS results
f BAY4. The fracture morphology shows that there are a few
bnormally grown grains in the sample, and most of the grain
izes remain fine (<1 �m).  Combined with the previous phase
nalysis, the large particle area in the figure has a lower con-
ent of Al and O elements; hence, it is a B4C particle. The Y
lement is distributed around the large B4C particles and cov-
rs these small particles. This is because YAG is dispersed at
he grain boundaries due to the formation of a liquid phase.
urther, the presence of YAG can also suppress grain growth.

he YAG located at the grain boundaries of Al2O3 grains has a

imiting effect on the boundary diffusion of Al2O3 grains. Dur-
ng the sintering process, the abnormal growth of Al2O3 grains

Fig. 10 – Fracture morphology of B
;9(5):11687–11701 11695

can be effectively suppressed, thereby improving the material
properties.

3.2.3.  Mechanical  properties  of  B4C-Al2O3 multiphase
ceramic  composites
B4C-Al2O3 multiphase ceramic composites (BAY1, BAY2, BAY3,
BAY4) sintered at different temperatures with different con-
tents of the sintering aid Y2O3 were tested and analysed
for mechanical properties such as Vickers hardness, fracture
toughness, and flexural strength. The test results of various
mechanical properties are listed in Table 4. The density of B4C-
Al2O3 without additives (BAY1 ceramics) is only 96.93%, while
the density of B4C-Al2O3 multiphase ceramic composites con-
taining Y2O3 reaches over 98%, indicating that the addition of
Y2O3 improves the density of B4C-Al2O3 multiphase ceramic
composites. At a temperature higher than 1000 ◦C, for samples
without Y2O3, B2O3 on the surface, the B4C powder begins to
volatilize and react with Al2O3 to form Al18B4O33, leading to
a reduction in the driving force of Al2O3 sintering [54,57] and
resulting in a low density. For the sample added with Y2O3, the
Y2O3 adhesive reacts with B2O3 to form YBO3 at high tempera-
tures, inhibiting the formation of Al18B4O33 and promoting the
densification of B4C-Al2O3 multiphase ceramic composites.

For a better comparison of densification, Fig. 11 shows the
microstructures of BAY1, BAY2, BAY3, and BAY4. Fig. 11 (a)
shows that B4C-Al2O3 multiphase ceramic composites (BAY1)
without Y2O3 contains few pores, but those containing 1 vol.%
Y2O3 (BAY2), 5 vol.% Y2O3 (BAY3), and 14.23 vol.% Y2O3 (BAY4)
show more  dense microstructures; these results are consis-
tent with the density values. As shown in Fig. 11(a), in-situ
observation in the backscattered electron image  shows that
the microstructure includes a gray-white Al2O3 phase and a
dispersed dark B4C phase. It can be seen that Al2O3 is basically
wrapped and distributed around the B4C particles. Accord-
ing to this analysis, the characteristics of Al2O3 with high
the material migration of B4C particles, thereby obtaining
dense B4C-Al2O3 multiphase ceramic composites. Observa-
tions show that some B4C and Al2O3 particles aggregate and

AY4-1350 ◦C and EDS results.
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Table 4 – Mechanical properties of B4C-Al2O3 multiphase ceramic composites.

Sample Density(%) Hardness(GPa) Fracture toughness KIC (MPa•m1/2) Flexural strength (MPa)

BAY1 96.93 22.08(±0.77) 5.81(±0.54) 477.58(±28.00)
BAY2 98.60 23.75(±1.46) 4.89(±0.52) 464.96(±32.34)
BAY3 98.25 20.60(±0.63) 5.90(±0.80) 454.64(±23.46)
BAY4 98.29 16.47(±0.57) 4.77(±0.76) 273.02(±50.11)

Fig. 11 – BSE morphology of B4C-Al2O3 multiphase ceramic composites polished surface: (a) BAY1, (b) BAY2, (c) BAY3, and (d)

Fig. 12 – Hardness and fracture toughness of B4C-Al2O3

multiphase ceramic composites.
BAY4.

grow; however, the aggregated and grown particles are uni-
formly distributed. This is due to the overheating effect caused
by the rapid increase in the sintering temperature in SPS,
which can lead to uneven growth of the particles. Both B4C and
Al2O3 particles are high-hardness ceramic particles. When
cracks pass through these large particles, a large amount of
energy is consumed; hence, the presence of these large parti-
cles may affect the fracture toughness and bending strength
of the material, to a certain extent.

3.2.4.  Hardness  and  fracture  toughness  of  B4C-Al2O3

multiphase  ceramic  composites
The hardness of B4C-Al2O3 multiphase ceramic composites
first increases and then decreases, as shown in Fig. 12. There
is a general relationship between hardness, fracture tough-
ness, and compactness. Hardness increases with increasing

density, while fracture toughness decreases. Therefore, com-
pared with BAY1, due to the increased density, the hardness
also increased from 22.08 GPa to 23.75 GPa. However, BAY2,
BAY3, and BAY4 samples show little difference in densities,
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Fig. 14 – Flexural strength of B4C-Al2O3 multiphase ceramic
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anging from 98% to 99%; however, their hardness values grad-
ally decrease. On the one hand, the Y2O3 content in the BAY2,
AY3, and BAY4 multiphase ceramic composites, gradually

ncreases; hence, this can be the cause of the gradual decrease
n hardness. During the sintering process, Y2O3 reacts with
-Al2O3 to form a low-melting phase YAG. The hardness of
AG ceramics is between 13 GPa and 20 GPa, which is much

ower than that of B4C and Al2O3 ceramics. And according to
RD phase analysis, BAY3 and BAY4 have more  YAG to reduce
ardness. In other words, the more  YAG produced by the Y2O3

ontent, the more  obvious the decrease in hardness. On the
ther hand, owing to the lower sintering temperature of BAY3
nd BAY4, some YBO3 is still present in the samples, which
urther reduces the hardness of the multiphase ceramic com-
osites. Further, Guo [54] pointed out that YBO3 is a softer
hase, and its presence will significantly reduce the hardness
f B4C-Al2O3. After removing YBO3 from B4C-Al2O3 multi-
hase ceramic composites, their hardness value increased
rom 17.6 GPa to 21.0 GPa. Therefore, with the increase of Y2O3

ontent, the amount of YAG produced increases and the YBO3

emaining in the sample also increases due to the decrease in
he sintering temperature. Under the combined effect of these
wo factors, the hardness of the ceramic composites decreases
harply.

B4C-Al2O3 multiphase ceramic composites have higher
racture toughness, over 4.77 MPa m1/2, compared with the
oughness of pure B4C (2.2–3.5 MPa m1/2) and pure Al2O3

3 MPa m1/2). The fracture toughness of BAY1, BAY2, and BAY3
ultiphase ceramic composites conforms to the relationship

etween fracture toughness,hardness and denseness, which
ecreases with the increase of hardness. However, compared
ith the BAY3 sample, the KIC of the BAY4 sample does not

ncrease with the decrease in hardness (20.60→16.47 GPa), but
ecreases from 5.90 MPa m1/2 to 4.77 MPa m1/2.

The toughening mechanism of ceramic materials includes
article toughening, whisker toughening, phase transforma-
ion toughening, and micro-crack toughening. According to
he crack propagation diagram of BAY2 multiphase ceramic
omposites (Fig. 13), it can be seen that these large parti-
les can deflect cracks. The second-phase large particles with

igher hardness and dispersed can deflect cracks, making

he crack propagation path more  tortuous and consuming
he energy of crack propagation. The primary crack passes
hrough these large particles by means of transgranular prop-

Fig. 13 – Indentation crack propa
composites.

agation, which also consumes a lot of energy. Whether the
crack passes through large particles or deflects the crack to
bypass these large particles, they will consume the energy of
crack propagation and achieve the effect of toughening.

In addition, residual stress and micro-cracks are also
important ways to toughen the ceramic composites. Micro-
cracks in ceramic materials are mainly the result of boundary
stresses caused by differences in thermal expansion coeffi-
cients between different phase grains. The thermal expansion
coefficient of B4C is 4.5 × 10−6/K, while that of Al2O3 is
8.6 × 10−6/K. As a result of this difference, during the cooling
process of the multiphase ceramic composites, large resid-
ual stresses and micro-cracks will be generated around the
Al2O3 particles. During crack propagation, primary cracks
are constantly deflected and bifurcated when encountering
micro-cracks. Hence, primary cracks need to consume more
energy and improve their toughness.

3.2.5.  Bending  strength  of  B4C-Al2O3 multiphase  ceramic
composites
Fig. 14 shows the flexural strength of B4C-Al2O3 multiphase
ceramic composites. The overall flexural strength of these

composites gradually decreases with the increase of Y2O3

content. The flexural strength of the BAY1, BAY2, and BAY3
samples is maintained at a relatively high level (> 454 MPa),
which is nearly 20% higher than that of pure B4C (320–430 MPa)

gation morphology of BAY2.
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 com

mechanism of B4C-Al2O3multiphase ceramic composites
Fig. 15 – SEM morphology of B4C-Al2O3 multiphase ceramic

and pure Al2O3 (350 MPa). Ahmad [58] used Y2O3 as an additive
to prepare Al2O3-MWCNT multiphase ceramic composites,
with a bending strength of only 380 MPa and low fracture
toughness of 4.2 MPa m1/2.

The improvement of the bending strength is due to the
change of the fracture form (Fig. 15), which shows the fracture
morphology of B4C-Al2O3 multiphase ceramic composites.
The fracture morphology of BAY1, BAY2, and BAY3 shows good
intergranular bonding, with no obvious pores. Further, there
are relatively rough striped steps on the cross section of large
grains. When the grains are tightly bound, a large amount of
energy is consumed during fractures, whether transgranular
or intergranular fractures. According to fracture morphology,
the fracture form of the ceramic composites is transgranu-
lar and the cross section of large particles is relatively rough
with obvious streaks. Research [59] show that transgranular
fractures consume more  energy than intragranular fractures.
More  energy and greater external force are required for frac-
tures, with more  energy being consumed in rough sections.
Therefore, the transgranular fracture form of BAY1, BAY2, and
BAY3 has higher bending strength.

The lower bending strength of BAY4 may be due to the
presence of a large amount of YAG and YBO3 in the sam-
ple. According to the analysis of the EDS results in Fig. 10,
YAG and YBO3 are distributed along the grains, and can sup-
press grain growth. The fracture of BAY4 in Fig. 15 (d) shows

that most of the particles in the sample remain fine; however,
the combination of the fine particles is poor with many  tiny
pores. Without tight bonding along with the presence of pores,
posites fracture: (a) BAY1, (b) BAY2, (c) BAY3, and (d) BAY4.

fractures along small particles basically form crystal fractures.
Hence, the energy required for fractures is lower, with lower
bending strength of BAY4. Existing research [54,55] indicates
that the presence of YBO3 not only reduces the hardness of the
ceramic composites but also reduces its bending strength. The
bending strength of B4C-Al2O3 multiphase ceramic compos-
ites containing YBO3 is 20% lower than that of pure ceramics.

4.  Conclusion

1 Using Y2O3 as a sintering aid, B4C-Al2O3 multiphase
ceramic composites are close to full density, with high hard-
ness, good fracture toughness, and bending strength. When
the Y2O3 content is 1.0 vol.%, relative density, hardness,
fracture toughness, and flexural strength of the multiphase
ceramic composites are 98.60%, 23.75 GPa, 4.89 MPa m1/2,
and 464.96 MPa, respectively.

2 Using Y2O3 as sintering aid, B4C-Al2O3 multiphase ceramic
composites have a high densification rate (4 × 10−3/s). The
addition of Y2O3 can reduce the densification activation
energy of the multiphase ceramic composites. The densi-
fication activation energy of specimens BAY1, BAY2, BAY3,
and BAY4 are 466.89 kJ/mol, 326.32 kJ/mol, 300.96 kJ/mol,
285.96 kJ/mol. At the end of sintering, the densification
are plastic flow. The addition of Y2O3 can effectively reduce
the densification temperature of the multiphase ceramic
composites. With the increase of Y2O3 content, the den-
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sification sintering temperature is reduced from 1500 ◦C to
1350 ◦C.

 Because B4C-Al2O3 multiphase ceramic composites have
larger B4C, Al2O3 particles, and micro-cracks caused by dif-
ferent thermal expansion coefficients, they will cause crack
deflection and bridge and absorb crack propagation energy;
thus, these can give the B4C-Al2O3 multiphase ceramic
composites a toughening effect. The specimens BAY1, BAY2,
and BAY3 have tight internal crystal grains, mainly frac-
tured in the form of penetrating grains, and the cross
section is rough with high flexural strength (> 450 MPa). The
BAY4 sample has several fine pores due to the YBO3 phase
and poor grain bonding. The small particles are mainly crys-
tal fractures and the bending strength of the sample is low
273.02 ± 50.11 MPa.
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