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Abstract

The ballistic performances of liquid-phase sintered silicon carbide (SiC) specimens prepared by pressureless sintering were evaluated. Solid-
state sintering additives were also used in preparation of additional SiC specimens for comparison purposes. SiC specimens prepared by adding
solid-state sintering additives were also prepared for the purpose of comparison. With the addition of 10–15 wt% of Al2O3 and Y2O3, the strength
and toughness of the liquid-phase sintered SiC (LSC) were higher than those of solid-state sintered SiC (SSC). Nevertheless, the hardness of LSC
specimen tended to be lower. However, LSC specimens sintered at 1875 1C can pass the NIJ Level IV test. The microstructure observation
provides direct evidence of the importance of hardness and toughness regarding ballistic performance. A performance index, the hardness/density
ratio, is proposed to rank the ballistic performance on ceramics used for personnel armor applications.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In order to neutralize ballistic impact energy, ceramics are
often used in armor applications [1–6]. Although the mechan-
ical properties, hardness, strength and toughness of ceramics
are all important to evaluate the ballistic performance of
ceramics, a recent study has raised doubt in regards to the
role of toughness on ballistic performance [6]. The resistance
of ceramics under ballistic attack involves complex interac-
tions between the ceramics and projectiles. Until now, no
single parameter has been considered satisfactory for defining
the ballistic performance of ceramics.

The most popular ceramics for armor are alumina (Al2O3)
and silicon carbide (SiC). Boron carbide (B4C) has also been
considered as a potential ceramic for armor due to its low
density. However, the resistance of B4C specimens under
multi-hits is rather disappointing [7]. Moreover, since the
density of Al2O3 is relatively high, SiC has received wider
attention for its use as body armor. Due to certain covalent
bonding characteristics, the densification of bulk SiC via
pressureless sintering is possible only when several sintering
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aids are used. Furthermore, after the addition of solid-state
sintering additives, such as boron and carbon, the full
densification of SiC is only possible when the sintering
temperature is higher than 2000 1C [8]. However, the extre-
mely high sintering temperature imposes a high cost on the
SiC products. The addition of liquid-phase sintering additives
offers a promising solution because they allow the sintering
temperature to be reduced. However, this benefit is traded off
with a decrease in hardness [9]. The use of liquid-phase
sintered SiC as armor plate thus needs to be evaluated in order
to determine whether they are suitable alternatives to solid-
state sintered SiC.
Evaluation of the ballistic performance of various ceramics

is a challenging task, however. Although several indexes, such
as hardness, toughness etc., have been proposed to evaluate the
ballistic performance of ceramics for armor application, the use
of these indexes on liquid-phase sintered SiC has not yet been
employed.
Most SiC armor specimens are prepared by a hot-pressing

technique [10]. This technique limits the size and shape of
armor specimens. In order to improve the economic feasibility
of SiC specimen preparation, the use of pressureless sintering
is important. In the present study, a liquid-phase, Y2O3–

Al2O3–SiO2, was used to assist the densification of the SiC.
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The mechanical properties of the liquid-phase sintered SiC
were determined. The ballistic performance of the SiC was
then evaluated. Some solid-state sintered SiC specimens were
also prepared for the purpose of comparison. A performance
index was then proposed to rank their ballistic performance.
2. Experimental procedures

The SiC content in the starting silicon carbide powder (UF-
15, H.C. Starck Co., Germany) used in the present study was
higher than 98%. The average particle size of the SiC powder
was 0.55 μm and the crystalline phase was α-phase. The liquid
phase sintering aids were Al2O3 (AL-160SG-4, Showa Denko
Co., Japan) and Y2O3 (Ganzhou Deshipu Advanced Material,
China) powders; the average particle sizes of the powders were
0.55 μm and 3.5 μm, respectively. The amount of the liquid-
phase sintering aids per specimen was 10 wt% or 15 wt%.
The weight ratio of Al2O3 to Y2O3 was 2:3. Table 1 shows
the compositions for all the specimens prepared in the
present study.

The powder mixtures were milled in deionized water for 3 h
using SiC grinding media. A binder, polyvinyl alcohol (PVA),
with 1 wt% was added during milling. The drying process was
carried out with a spray dryer. Green powder compacts, with
the dimensions of 58� 58� 11.5 mm, were prepared by die-
pressing at a uniaxial pressure of 130 MPa. The green body
was pre-fired at 600 1C for 1 h in air to remove the binder. The
sintering was then conducted in a graphite furnace within a
temperature range from 1850 1C to 1900 1C in a flowing argon.
The crucible used was also graphite. The heating rate was 5 1C/min
from room temperature to 1800 1C, and 2.5 1C/min from 1800 1C
to the sintering temperature. The dwell time at sintering was 1 h.
The density of the sintered specimens was determined using
Archimede's method. The crystalline phase was identified using X-
ray diffraction technique (D2 Phaser, Bruker Co., Germany). Since
specimens prepared using liquid-phase sintering additives and
densification at 1875 1C could pass the ballistic test, the micro-
structure and properties for these specimens were determined,
which are illustrated, unless otherwise stated.

Some silicon carbide specimens were prepared by adding
the solid-state sintering aids boron (Grade I, H.C. Starck Co.,
Germany) and carbon (14029-U, Sigma-Aldrich Chemie
GmbH, Germany). The total amount of boron and carbon
was 1.5 wt%, as shown in Table 1. The powder preparation
procedures were the same as for the liquid-phase sintered
specimens. The heating rate was 5 1C/min from room
Table 1
Notation and starting compositions for the SiC specimens prepared in the
present study.

Specimens SiC/wt% B/wt% C/wt% Al2O3/wt% Y2O3/wt%

SSC 98.5 1.2 0.3 – –

LSC10 90.0 – – 4.0 6.0
LSC15 85.0 – – 6.0 9.0
temperature to 1800 1C and 1.5 1C/min from 1800 1C to
2050 1C. The dwell time at 2050 1C was 1 h.
A four-point bending technique was used to determine the

flexural strength with a universal testing machine (Micro350,
Testometrix Co., UK). The cross-head speed was 0.5 mm/min.
The dimensions of the testing bars were 3� 4� 50 mm. The
upper and lower spans were 10 mm and 30 mm. The surface of
the testing bar was ground in the longitudinal directions with
diamond wheels. After polishing with diamond pastes, the
Vickers hardness and fracture toughness were measured with
the indentation technique (FM-700, Nakazawa Co., Japan).
The load applied was 9.8 N. At least 15 measurements were
made for each average value. The relationship proposed by
Chantikul et al. was used to calculate the fracture toughness
[11]. The elastic modulus was determined via the ultrasonic
method set to 5 MHz (pulse receiver 5055PR and oscilloscope
9354CM, LeCroy Co., New York). Microstructure observation
on the fracture and polished surfaces was conducted using
scanning electron microscopy (JEOL 5400, JEOL Co., Japan).
For the ballistic testing, several SiC specimens were joined

together with resin and backed with Twaron™ fibers. The
thickness of the backing fibers was 4.5 mm. The final dimen-
sions of ballistic testing panels were 250� 300� 14 mm. The
testing procedures followed the National Institute of Justice
Standard (NIJ) 0108.01. The projectiles used for the ballistic
testing were 0.30 WC-Co-core armor piercing (AP) bullets.
Their speed was 868715 m/s. Four to six panels were used
for each composition or each sintering condition.

3. Results

The density of the SiC specimens after pressureless sintering
is shown in Table 2. The mechanical properties, hardness,
elastic modulus, flexural strength and toughness are also
shown. Comparing the properties of the SSC and LSC speci-
mens, the strength and toughness of LSC specimens were
respectively 15–70% and 40–70% higher than those of the
SSC specimens. However, the hardness of LSC specimens was
10–30% lower than that of SSC specimens.
A typical micrograph for the liquid-phase sintered silicon

carbide (LSC) specimen is shown in Fig. 1. The amount of
starting liquid-phase sintering additives in the specimen was
10 wt%. After sintering at 1875 1C for 1 h, the SiC grains had
become slightly elongated with a grain size around 2 μm. The
amount of second phase in the sintered specimen was around
20 vol%. Fig. 2 shows the XRD patterns for the sintered SSC
and LSC specimens. For the solid-state sintered specimens
(SSC), the SiC-polytypes 6H, 15R and 4H were detected.
A very small amount of graphite was also found. For the
liquid-phase sintered specimens (LSC), the SiC-6H, 15R, 4H
and several second phases were detected. For the LSC speci-
men sintered at 1850 1C, the second phases were mainly
composed of yttria-alumina-garnet (YAG, 3Y2O3–5Al2O3,
Y3Al5O12), yttria-alumina-monoclinic (YAM, 2Y2O3–Al2O3,
Y4Al2O9) and AlY3C0.5. Apart from these second phases, the
glassy phase, Y2O3–Al2O3–SiO2 silicate, remained in the LSC
specimens. The presence of such a non-crystalline phase



Table 2
Sintering conditions for the SiC specimens and their properties.

Sintering
temp./1C

Density/g/
cm3

Vickers
hardness/GPa

Elastic
modulus/GPa

Flexural
strength/MPa

KIC/
MPam0.5

Sonic
velocity/m/s

D value/
1012 s−1

SSC 2050 3.0570.05 23.270.1 387 317723 2.770.3 11.5 5.1
LSC10 1850 3.1470.01 17.771.8 377 482730 4.470.4 11.4 1.4
LSC10 1875 3.2270.01 20.170.5 396 537762 4.270.6 11.5 1.9
LSC10 1900 3.1570.03 19.073.5 395 465794 3.870.5 11.7 2.2
LSC15 1850 3.2070.01 15.672.6 370 365730 4.670.7 11.2 1.1
LSC15 1875 3.2770.02 18.670.2 381 473778 4.570.3 11.3 1.4
LSC15 1900 3.2570.03 18.071.5 391 403783 4.270.6 11.4 1.6

Fig. 1. Microstructure of a typical liquid-phase sintered silicon carbide (LSC).
The specimen contained 10 wt% sintering aids and sintered at 1875 1C.

Fig. 2. XRD patterns for the SSC specimen sintered 2050 1C, LSC10
specimens sintered at 1850 1C, 1875 1C and 1900 1C.
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reduces the sintering temperature from 2050 1C to 1875 1C.
The YAG and YAM phases were the precipitates from the
liquid phase during the cooling stage [12]. The second phase in
the LSC specimen sintered at 1850 1C was mainly YAG phase.
With the increase of sintering temperature, the amount of YAG
became consumed by the increase of YAM. For the LSC
specimen sintered at 1900 1C, YAG phase was hardly
observed and a small amount of Y2O3 was detected. The peak
height of the second phases in the XRD patterns indicated that
the amount of crystalline second phase decreased with the
increase of sintering temperature and that the liquid increased
with the increase of sintering temperature.
Fig. 3 shows the interactions between a crack induced by

Vickers indentation and the SiC grains. For the liquid-phase
sintered specimen (Fig. 3a), the crack mainly propagated along
the boundary phase. For the solid-state sintered specimen, the
crack path was straight, which suggests that the crack
penetrated through the grains (Fig. 3b).
Table 3 shows the ballistic test results. All the SSC

specimens passed the NIJ Level IV test. The heights of all
bulges at the back of specimen panels were measured. The
height of the bulge at the back of the SSC panels was around
13 mm. For the LSC specimens, the AP projectiles penetrated
through the LSC panels for the specimens sintered at 1850 1C.
The LSC specimens prepared by sintering at 1875 1C passed
the NIJ Level IV test. The height of the bulge at the back of the
LSC panels varied from 13 to 16 mm, depending on the
amount of liquid-phase sintering additives. Since the hardness,
strength and toughness of the LSC specimens prepared by
sintering at 1900 1C were all lower than those of the specimens
prepared at 1875 1C (see Table 2) these were not used for the
ballistic test.
Fig. 4 shows the remains of the AP projectiles before and

after ballistic tests. After each ballistic test, the debris of the
projectile was collected. The heads of the AP projectiles were
shattered into small fragments. There was a strong correlation
between hardness and the fracturing behavior of projectiles.
The AP projectile broke into smaller fragments as the hardness
of SiC specimens increased. The hardness of the SSC speci-
mens was higher than that of the LSC specimens. The hardness
of the LSC10 specimen was higher than that of the LSC15
specimen, which must be due to a lower liquid phase content
in LSC10.
By removing the cover fiber layer, the remains of the SiC

specimens after the ballistic test were observed. Fig. 5 shows
the morphology of the LSC10 and SSC specimens in the
panels after ballistic tests. For the LSC panel, only the
specimen under attack was broken (Fig. 5a). The nearby



Fig. 3. Interactions between SiC grains and indentation-induced crack in the
(a) LSC10 and (b) SSC specimens.

Table 3
Ballistic testing results for the SiC panels prepared in the present study.

Specimen No. of
projectiles used

No. of
penetrations

Bulge of backing
material/mm

NIJ Level
IV test

SSC 5 0 13.271.3 Pass
LSC10-
1850

4 4 – Fail

LSC10-
1875

6 0 13.371.8 Pass

LSC15-
1850

4 4 – Fail

LSC15-
1875

5 0 15.572.4 Pass
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specimens were intact. For the SSC specimens, not only the
specimen under strike by the AP projectile was broken, but the
nearby SSC specimens were also broken (Fig. 5b). The LSC
and SSC panels were assembled with the same resin and
procedures. The LSC specimens seem to absorb more energy
from the attack. The nearby LSC specimens were not affected.
This result demonstrates that the resistance of the LSC speci-
mens under multiple hits is likely higher.
Fig. 6 shows the typical fracture surface of the broken pieces

collected from the SiC specimens after ballistic tests. The
fracture mode of the LSC specimen is mainly an inter-granular
one (Fig. 6a) while the fracture of the SSC specimen is a trans-
granular one (Fig. 6b). The fracture path induced by indenta-
tion in fig. 3 is the same as that shown in fig. 6. This
demonstrates that the fracture mode produced by relatively
slow crack growth (via Vickers indentation) is similar to that
produced by fast crack growth (via ballistic attack).
4. Discussion

In the present study, the silicon carbide specimens were
prepared using solid-state sintering additives, boron and
carbon, as well as liquid-phase sintering additives, Y2O3 and
Al2O3. The lowest eutectic temperature for the Y2O3–Al2O3–

SiO2 system is around 1400 1C [13]. A liquid phase is thus
formed when the sintering is conducted above 1850 1C.
A weight loss around 7% was observed after pressureless
sintering in the graphite furnace. Such weight loss has been
reported for the pressureless sintering of the Y2O3–Al2O3–SiC
system [13–15], and results from the vaporization of SiO, CO
and Al2O during sintering. Although such weight loss occurs,
however, the density of the LSC specimens became higher
than 3.2 g/cm3 when the sintering temperature was higher than
1875 1C. Furthermore, the sonic velocity of the ultrasonic
wave (Table 2) in the LSC specimen was close to that of the
SSC specimens. The sensitivity of the sonic velocity to the
amount of pores within the specimens suggests that the
porosity in the LSC specimens must be close to that of the
SSC specimens. By assuming that the theoretical density of the
solid-sintered SiC is 3.21 g/cm3 [16], the relative density of the
SSC specimens should be 94.971.6%, which is a value
confirmed by the micrographs shown in Figs. 3(b) and 6(b).
The relative density of the LSC specimens must therefore be
close to 95%. This value can also be confirmed via the
observation of the LSC microstructure. A typical micrograph
for the LSC10 specimen is shown in Fig. 1. The porosity in
this micrograph is less than 5 vol%. This demonstrates that the
dense SiC armor-specimens can be prepared by using pres-
sureless sintering through the use of liquid-phase sintering aids
such as Y2O3 and Al2O3. The weight loss of LSC specimens,
possibly due to vaporization prior to densification, causes little
problem to the densification of the LSC specimens.
The reaction phases for the Y2O3–Al2O3–SiO2 system are

mainly Y3Al5O12 (YAG), Y4Al2O9 (YAM) and Y2Si2O7 [13].
Apart from the liquid phase, the YAG and YAM phases are
also found in the sintered specimens. The absolute density of
these reaction phases is higher than that of SiC. The absolute
density of the LSC specimen must therefore be higher than that
of the SSC specimen. Nevertheless, the amount of porosity in
the LSC specimens should be close to that found in the SSC
specimens.



Fig. 4. Projectile (a) before and after hitting the (b) SSC, (c) LSC10 and (d) LSC15 panels.

Fig. 5. (a) LSC10 and (b) SSC specimens in the panels after ballistic test.

Fig. 6. Fracture surfaces of (a) LSC10 and (b) SSC specimens after
ballistic test.
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The mechanical properties for all the specimens are shown
in Table 2. With the addition of liquid phase sintering
additives, the flexural strength and toughness of SiC are
enhanced. However, the Vickers hardness is reduced. There
has been a long-standing pursuit for an index to evaluate the
ballistic performance of various ceramics. An index known as



Fig. 7. Density vs. hardness for various armor ceramics. The dotted lines show
the performance index. Along with our experimental data, the data reported
from the Medvedovski's papers [17] are also shown.
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the ballistic energy dissipation criterion (D) has been fre-
quently used to evaluate the ballistic performance [17]. This
index combines several mechanical properties of the ceramic
as

D¼ 0:36
HvEC

KIC
2 ð1Þ

In the above equation, the Hv is the Vickers hardness, E
the elastic modulus, C the sonic velocity and KIC the
fracture toughness. The values for D are also shown in
Table 2. The toughness is enhanced by 50% after the
addition of liquid phase, so the D values drop significantly.
Judging from the D values, the ballistic performance of
SSC specimens should be much better than that of LSC
specimens. However, from the bulge height at the back of
the armor panel (Table 3), the ballistic performance in SSC
specimens appears only slightly better than that of the LSC
specimens. Furthermore, the LSC specimens exhibit a
better resistance to multiple hits (Fig. 5). This implies that
the fracture behavior during ballistic attacks is complex.
Therefore, there is a need to define an index to correlate the
ballistic performance and material properties.

The morphology of the AP projectiles after hitting each
SiC specimen (Fig. 4) suggests that the hardness of ceramic
specimens plays an important role in ballistic performance.
For harder ceramic specimens, more bullet debris is
produced after hitting the ceramic. Smaller debris imposes
less threat to the brittle ceramics. The higher hardness is
therefore preferred. Table 2 demonstrates that when the
hardness is higher than 18 GPa, the SiC specimens can pass
the NIJ level IV test. This suggests that the hardness alone
is useful enough to rank the SiC specimens. For example,
the LSC specimen that sintered at 1850 1C fails to pass the
NIJ IV test due to its lower hardness; and thus can be
considered lower in rank than that of the LSC specimen
sintered at 1875 1C that passed the test.

The fracture mode reflects the amount of energy dissipation
during the fracture process. More energy is needed to produce
a higher degree of fracture across the surface. The thermal
expansion mismatch between SiC and liquid-phase induced
second phase (thermal expansion coefficient of YAM and
YAG�8� 10−6/1C, of SiC�4.5� 10−6/1C [18]) produces
stresses at the grain boundaries. The crack thus tends to
propagate along the grain boundaries regardless of the crack
propagation speed. The LSC specimen exhibits higher tough-
ness due to its fracture mode being inter-granular. Although
the role of fracture toughness on ballistic performance is
currently under debate [6,19,20], by comparing Figs. 4 and 6,
it becomes clear that the fracture mode for the SiC specimens is
the same under slow crack growth (Vickers indentation) versus
under fast crack growth (bullet hitting). This thus implies that the
fracture toughness is a useful index to show the interaction
between SiC grains and cracks. It is also interesting to note the
weight of the fracture toughness on the value of D (Eq. (1)). The
square of the toughness in the equation suggests that the role of
toughness on the ballistic performance is important. However,
the value of D fails to shed light on the observation that the
ballistic performance of LSC is close to that of SSC. From the
morphology of the SiC panels after ballistic tests (Fig. 5), the
toughness indeed appears to be an important parameter. This
reflects the fact that there is resistance in the ceramic material to
the fracture of the nearby SiC specimen. As the SiC specimen
can absorb more energy under attack, less energy can pass on to
the next SiC specimen. The nearby SiC specimen can then
survive to defeat the next ballistic threat. Therefore, toughness is
a useful index for body armor under multiple attacks.
There are many ceramics available for armor application.

A justified parameter is needed for choosing a suitable
ceramic. Prof. Ashby has developed a conceptual tool to guide
the material selection [21]. The tool uses performance indices
to describe material performance. As discussed above, the
weight is an important consideration for personnel armor, with
a lower density being preferred. Likewise, hardness is another
important factor. Since both hardness and density are impor-
tant parameters to evaluate the ballistic performance of
ceramics, we propose a performance index, the hardness/
density ratio, to rank the ballistic performance of ceramics
for body armor application. The values of the hardness/density
ratio for the LSC and SSC specimens are shown in Fig. 7. The
data reported for other armor ceramics [17] were also collected
and shown in the figure. These data include the reported values
for silicon carbide. Our experimental values are close to the
reported values. The figure shows the performance index
values of the SSC specimens are indeed slightly higher than
that of LSC specimens.
The hardness/density ratio serves as a straightforward index

to rank the ceramics for armor application. Fig. 7 demonstrates
that the ballistic performance of SiC is better than that of many
other ceramics, such as alumina and reaction bonded silicon
carbide (RBSC). However, this index only takes density and
hardness into account. The influence of toughness is not
included. Since the toughness may affect the ballistic perfor-
mance under multiple attacks, further study on the evaluation
of factors affecting multiple attacks is still needed.
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5. Conclusions

Several conclusions can be made from the experimental
results presented in the present study:
1.
 The liquid-phase sintered SiC prepared through pressureless
sintering can be used as body armor.
2.
 The hardness of ceramics is critical to ballistic resistance.
The projectile is fractured into smaller pieces after hitting a
harder ceramic. Smaller debris imposes less threat.
3.
 The toughness may play an important role on the ballistic
performance under multiple attacks. However, more experi-
mental data are needed to identify the key material
characteristic of such resistance.
4.
 The hardness/density ratio is a useful performance index to
rank the ballistic performance. This index demonstrates that
the ballistic performance of solid-state sintered SiC is
slightly superior to that of liquid-phase sintered SiC.
Moreover, the ballistic resistance of SiC is better than
many ceramics, such as alumina, RBSC etc.
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