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Abstract: Laminated ceramics with weak interface layers have been proven to be effective in tough-
ening ceramics. The energy absorption ability of laminated ceramics may also benefit their ballistic
performance. However, the effect of the layer structure on the ballistic performance of laminated
ceramics has not been studied. Focusing on the application for body armor, this paper studied the
effect of the different layer structures on the ballistic performance of laminated SiC ceramics. The
laminated SiC ceramics with different layered structures were designed and prepared by tape-casting
and hot-pressing. When used for the ‘in conjunction with’ armor system, the laminated SiC ceramics
with a gradual-layered structure had the backface signature depth of 30% less than the laminated
SiC with no interface structure and 50% less than the commercial solid-state sintered SiC. However,
when used stand-alone, the laminated SiC had a similar ballistic performance regardless of the layer
structure, which was likely due to the weak back support. In conclusion, the ballistic performance of
the laminated ceramics was related to the back support of the armor system. When used for the ‘in
conjunction with’ armor system, the laminated SiC had a better ballistic performance than that of the
solid-state sintered SiC.

Keywords: laminated ceramics; tape-casting; ballistic performance

1. Introduction

With the development of military technology, armor protection for personnel is being
increasingly emphasized. Body armor needs to resist the penetration of the bullet as well
as absorb the energy of the bullet, preventing lethal damage to the personnel. Additionally,
to effectively protect the person from auto weapons, multi-hit resistance is also required.
Ceramics, compared to metals, have superior hardness, good strength, and low density,
making them an attractive armor material. The ceramic armor plate has become an essential
part of personal armor to protect from rifles or higher-level thread [1]. However, ceramics
are brittle in nature with low toughness and are sensitive to defects [2]. Defects in the
ceramics can facilitate crack propagation and effectively reduce the ballistic performance
of the ceramics [3].

The defects are often introduced to the ceramic green body during fabrication and
are not eliminated during sintering. The ceramics prepared by colloid processing have
fewer defects in the final products compared to the ceramics made by the conventional
dry-pressing route [4]. Laminated ceramics, which are prepared by stacking ceramic
green tapes and sintering, allow for fabrication from colloid processing [5,6] and would be
advantageous over conventional dry-pressed ceramics in armor application.
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The introduction of the weak interface layer to the laminated ceramics has also been
proven to be effective in toughening the ceramics and thus enhancing the energy absorption
of the ceramics. The toughening mechanism of the laminated ceramics was proposed by
Cook [7] in 1964 in that crack deflection would occur by introducing the weak interface in
the composite. In 1990, Clegg [8] first prepared the SiC/C laminated composite using this
strategy and reported that the material had several times higher toughness and 100 times
higher work of fracture than that of the bulk SiC. Since then, many studies have been
carried out on laminated ceramics to develop high toughness in ceramics. The layer-by-
layer stacking method provided laminated ceramics many design variables, such as the
layer composition, layer thickness, stacking sequence for layers with different compositions,
etc. The effects of these designing factors were extensively studied to optimize mechanical
performance. The strength of the matrix layer was found to be important to the final
mechanical properties of the laminated ceramics [9]. Toughening the matrix layer of
the laminated ceramics would provide more percentage of improvement to the overall
toughness than toughening the monolithic ceramics [10]. An optimal range of the bonding
strength of the interface layer also exists in which the toughness of the laminated ceramics
reaches the maximum [6,10].

However, it is still in doubt whether the toughening mechanism of the layered ceramics
for static mechanical loading is effective for the ballistic impact. The ballistic impact is a
complex dynamic event that is very different from static mechanical loading [11]. Due to
the difficulty in theoretical study and analysis, no conclusion has been drawn until now.
The study for the ballistic performance of laminated ceramics has been very limited. The
only study, carried out by Li et al. [12], reported that the laminated Si3N4/BN would remain
a whole piece after ballistic impact, while the monolithic Si3N4 broke into pieces, but the
penetration resistance of the laminated ceramics was decreased. Introducing the weak
interface layer only at the backside of the ceramic plate would mitigate the penetration
resistance decrease. The laminating structure is an important factor in the performance
of laminated ceramics. Previous studies in the AlN/polymer laminated composite found
that the composite would have a depth of penetration (DOP) greater or less than the
monolithic AlN, depending on the layer structure [13,14]. However, such an effect on
ballistic performance has not been studied for laminated ceramics.

This study aimed at the application of laminated ceramics as a body armor material.
Based on this purpose, the effect of structure on the ballistic performance of laminated
ceramics was studied. It was found that the laminated SiC with interface layers could
provide good energy absorption ability under the ballistic impact when used in conjunc-
tion with a flexible armor jacket. The laminated SiC ceramics with differently layered
structures were prepared by tape-casting and hot-pressing. The effects of layer structure
on mechanical performance and ballistic performance were discussed. The results showed
that when used for the ‘in conjunction with’ armor system, the laminated SiC ceramics
with a gradual-layered structure had the backface signature depth of 30% less than the
laminated SiC with no interface structure and 50% less than the commercially available
solid-state sintered SiC.

2. Materials and Methods

The laminated ceramics were prepared by tape-casting followed by hot-press sin-
tering. The ceramic slurry was prepared by ball-milling α-SiC (average particle size of
0.5 µm, North High-tech Industry Co., Ltd., Ningxia, China), Y2O3 (purity > 99%, av-
erage particle size of 1 µm, Shanghai Shuitian technology Co., Ltd., Shanghai, China),
Al2O3 (purity > 99.8%, average particle size of 1 µm, Shanghai Shuitian technology Co.,
Ltd., Shanghai, China), BN (purity > 99.9%, average particle size of 0.2 µm, Shanghai
Shuitian technology Co., Ltd., Shanghai, China), triethylphosphate, and ethanol for 24 h.
The polyvinyl butyral, dioctyl phthalate, and glycerol were then added to the slurry and
ball-milled for another 24 h. After de-gassing for 30 min, the slurry was tape-casted to
tapes with the desired thickness.
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Two types of ceramic green tapes, the matrix tapes and the interface tapes were
prepared for the lamination. The matrix tape consisted of a 92 wt.% α-SiC and 8 wt.%
Al2O3/Y2O3 mixture (the molar ratio of Al2O3 to Y2O3 was 3:2) of total ceramic powder.
The interface tape consisted of a 46 wt.% α-SiC, 46 wt.% h-BN and 8 wt.% Al2O3/Y2O3
mixture of total ceramic powder. The thickness of the matrix tape and interface tape was
approximately 0.25 mm and 0.05 mm, respectively.

The green tapes were then cut into 130 × 130 pieces and stacked as designed. The
uniform-layered sample had a uniformly layered structure. In each repeating unit, the
number of the matrix layer to the number of the interface layer was 10 to 1. The gradual-
layered sample was designed as a gradually layered structure, i.e., the number of the matrix
layer between two interface layers was gradually changed. The number of the matrix layers
using the following sequence from strike face to the back: 10, 10, 5, 2, and 2. The layer
structure for different sample types is listed in Table 1.

Table 1. The layer structure for different sample types.

Sample Type Layer Structure

Uniform-layered 10 matrix layers followed by 1 interface layer

Gradual-layered Gradually layered, the number of the matrix layer
followed by 1 interface layer was 10, 10, 5, 2, 2

Pure-matrix Matrix layers without any interface layers

The ceramic green bodies were then prepared by pressing the stacked tapes under
the pressure of 80 MPa. Before sintering, the green bodies were de-binded at 850 ◦C for
4 h in nitrogen. The de-binded samples were then sintered at temperature ranging from
1840 ◦C to 1900 ◦C for 1 h under the pressure of 40 MPa in argon. After firing, the sintered
ceramic plates were cut and polished into the dimension of 120 × 120 × 5.5 mm, as shown
in Figure 1.
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Figure 1. The image of the 120 × 120 × 5.5 mm laminated ceramic prepared in this study
(gradual layered).

The ballistic performance was carried out following the Chinese national military
standard, GJB4300-2002. The 5.8 mm × 42 mm type-87 steel core bullet was used in this
study. The bullet had a full metal jacket and the mass of the bullet was 4.15 g. The velocity
of the bullet was measured using an infrared tachometer. The infrared tachometer had
two consecutive screens so that it could record the time for the bullet that passed through
it and to calculate the velocity of the bullet. The gunpowder for the bullet was adjusted
based on the velocity measured several times to guarantee that the velocity of the bullet
was within the range of 900 to 920 m/s. The armor or armor system was mounted on the
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armor carrier. The armor carrier was filled with clay as the backface signature (BFS). The
configuration for the ballistic testing is shown in Figure 2a. The BFS depths were measured
for the shot that was partially penetrated. After ballistic impact, irregular bulges form
around the indent. To avoid the interference of the bulge, the depth was counted from
the original flat clay plane to the maximum depth of the indent after ballistic impact, as
illustrated in Figure 2b. Two conditions were performed in this study. In one condition, the
armor plate was tested in conjunction with a flexible armor jacket, named the CA test. In
this test, the armor plate was inserted into the flexible armor jacket as a removable unit
to enhance the ballistic performance of the armor system. The armor plate took one shot
due to the limited space of the plate. In the other condition, the armor plate was tested
stand-alone and the armor plates took three shots. This condition was named the SA test.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 12 
 

based on the velocity measured several times to guarantee that the velocity of the bullet 
was within the range of 900 to 920 m/s. The armor or armor system was mounted on the 
armor carrier. The armor carrier was filled with clay as the backface signature (BFS). The 
configuration for the ballistic testing is shown in Figure 2a. The BFS depths were meas-
ured for the shot that was partially penetrated. After ballistic impact, irregular bulges 
form around the indent. To avoid the interference of the bulge, the depth was counted 
from the original flat clay plane to the maximum depth of the indent after ballistic impact, 
as illustrated in Figure 2b. Two conditions were performed in this study. In one condition, 
the armor plate was tested in conjunction with a flexible armor jacket, named the CA test. 
In this test, the armor plate was inserted into the flexible armor jacket as a removable unit 
to enhance the ballistic performance of the armor system. The armor plate took one shot 
due to the limited space of the plate. In the other condition, the armor plate was tested 
stand-alone and the armor plates took three shots. This condition was named the SA test. 

  
(a) (b) 

Figure 2. The illustration of ballistic testing: (a) the configuration; (b) the measurement for the BFS depth. 

The armor plate was prepared in Zhejiang Light-Tough Composite Co., Ltd. For both 
the CA and SA tests, the ceramic plate was first bonded with ultra-high-molecular poly-
ethylene (UHMWPE) fabrics layer by layer. The overall areal density of the UHMWPE 
fabrics was 7.3 kg/m2. The armor plate for the CA test used one piece of the ceramic plate 
and the dimension was 120 × 120 × 5.5 mm. The armor plate for the CA test was then 
attached to a flexible armor jacket made by UHMWPE fabrics with an areal density of 5.77 
kg/m2 (FDF-15, Zhejiang Light-Tough Composite Co., Ltd., Huzhou, China). The armor 
plate for the SA test used four pieces of the ceramic plate to provide a dimension of 240 × 
240 × 5.5 mm. The commercially available solid-state sintered SiC ceramic plate (SSIC 
plate, Ningbo FLK Co., Ltd., Ningbo, China) was also used to prepare an armor plate as a 
reference. Figure 3 illustrates how the armor or armor system was prepared for the CA 
and SA tests. 

  
(a) (b) 

Figure 3. The illustration of the armor or armor system prepared for (a) the CA test (b) the SA test. 

Figure 2. The illustration of ballistic testing: (a) the configuration; (b) the measurement for the BFS depth.

The armor plate was prepared in Zhejiang Light-Tough Composite Co., Ltd. For
both the CA and SA tests, the ceramic plate was first bonded with ultra-high-molecular
polyethylene (UHMWPE) fabrics layer by layer. The overall areal density of the UHMWPE
fabrics was 7.3 kg/m2. The armor plate for the CA test used one piece of the ceramic plate
and the dimension was 120 × 120 × 5.5 mm. The armor plate for the CA test was then
attached to a flexible armor jacket made by UHMWPE fabrics with an areal density of
5.77 kg/m2 (FDF-15, Zhejiang Light-Tough Composite Co., Ltd., Huzhou, China). The
armor plate for the SA test used four pieces of the ceramic plate to provide a dimension
of 240 × 240 × 5.5 mm. The commercially available solid-state sintered SiC ceramic plate
(SSIC plate, Ningbo FLK Co., Ltd., Ningbo, China) was also used to prepare an armor plate
as a reference. Figure 3 illustrates how the armor or armor system was prepared for the CA
and SA tests.
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The strength of the samples was measured using the three-point bending test. The
specimens were cut into 3 × 4 × 35 mm in size. The fracture toughness of the samples was
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measured using the single-edge notched beam (SENB) method. The Vickers hardness was
tested using a microhardness machine with a load of 1 kg. The surface and cross-section of
the samples were studied using scanning electron microscopy (SEM).

3. Results and Discussion

To optimize the sintering temperature of the laminated ceramics, pure-matrix samples
were sintered at different sintering temperatures. The relative density of the pure-matrix
ceramic at different sintering temperatures is shown in Figure 4. The relative density
increased from 95.7% to 98.1% and the temperature increased from 1840 ◦C to 1880 ◦C
and then slightly decreased to 97.2% at 1900 ◦C. The decrease of the density at a higher
temperature was likely due to the evaporation of the sintering additives [6,15]. The liquid
phase overflow was also observed at 1900 ◦C. The highest relative density of the ceramics,
98.1%, was achieved at the sintering temperature of 1880 ◦C. The samples prepared for
ballistic testing were sintered at this temperature.
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Figure 4. The relative density of the sintered uniform-layered sample under different temperatures.

The X-ray spectrum of the pure-matrix sample is shown in Figure 5. α-SiC was the
main phase in the final product. YAG phase was also observed, which was formed from
the additives during sintering following the reaction:

3Al2O3 + 5Y2O3 → 2Y3Al5O12 (1)

This result was consistent with other research [6].
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The mechanical performance of the samples is shown in Table 2. The flexural strength
of the uniform-layered, gradual-layered, and pure-matrix sample was 348 MPa, 396 MPa,
and 640 MPa, respectively. The toughness of the uniform-layered sample was the highest
at 7.4 MPa·m1/2. The toughness of the gradual-layered and the pure-matrix sample was
6.8 and 6.9 MPa·m1/2, respectively. The hardness of the matrix layer for the laminated
SiC was 22 GPa. The SSIC sample had a flexural strength of 414 MPa and a toughness of
4.2 MPa·m1/2. The hardness of the SSIC was 26 GPa, higher than that of the laminated SiC.

Table 2. Mechanical performance of the samples.

Sample Type Flexural Strength 1

(MPa)
Toughness 2

(MPa·m1/2)
Vickers Hardness 3

(GPa)

Uniform-layered 348 7.4 22 (martix)
Gradual-layered 396 6.8 22 (martix)

Pure-matrix 640 6.9 22
SSIC 414 4.2 26

1: data obtained by three-point bending test; 2: data obtained by the single-edge notched beam method; 3: the
testing load was 1 kg.

The microstructures of the laminated ceramics are shown in Figure 6. The thickness
of the matrix layer in the uniform-layered sample was approximately 800 µm and the
thickness of the interface layer was approximately 20 µm after sintering. The matrix layer
thickness in the gradual-layered sample was gradually changed: from the bottom (i.e., the
strike face in the ballistic test) to the top were 800 µm, 450 µm, and 250 µm, respectively. The
interface layer of the gradual-layer sample was also 20 µm. The detail of the interface layer
is shown in Figure 6c and the SiC particles and the BN plates were observed. The fracture
surface of the matrix layer is shown in Figure 6d. The fracture mode was a combination of
inter-granular and trans-granular fractures. The grain was fine with a size of 1–3 µm.
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The laminated SiC without the interface layer (pure-matrix) showed a high strength
as well as toughness compared to the solid-state sintered SiC, SSIC. Previous studies [4,16]
have shown that tape-casting is a colloid process that could leave fewer defects in the
green body compared to the conventional dry-press method because the colloid process
allows particles to be well-dispersed to avoid agglomerates. Since ceramics are a brittle
material that is sensitive to defects, this would improve the strength of the final products.
For liquid-phase-sintered SiC, the inter-granular crack deflection was the main toughening
mechanism [17,18]. The phase formed in the grain boundary of the liquid phase sintering
SiC (in this study, the phase was YAG) was weaker than SiC, so the cracks tended to
propagate along the grain boundary rather than through the grain [15]. Moreover, the
residual stress generated by the thermal mismatch of the phase in the grain boundary
further weakened the grain boundary, facilitating the inter-granular crack deflection [15,16].
The crack deflection elongated the cracking path, leading to the high toughness of the
liquid phase sintered SiC, compared to that of the solid-state sintered SiC. The degree of the
inter-granular fracture reflected the effect of the inter-granular crack deflection. A higher
inter-granular fracture indicated a weaker grain boundary, and the liquid phase sintered
SiC with a higher degree of the inter-granular fracture tended to have higher toughness but
lower strength and lower Vickers hardness, compared to the SiC with a lower degree of the
inter-granular fracture [19,20]. In this study, the laminated SiC showed a low degree of inter-
granular fracture, so the strength and Vickers hardness of the pure-matrix sample remained
high among the liquid phase sintered SiC (approximately 450–650 MPa in strength and
18–20 GPa in Vickers hardness). The price for the high strength and hardness of the pure-
matrix SiC was the reduced toughness. The toughness of the pure-matrix SiC (with 8 wt.%
Al2O3-Y2O3) was 6.9 MPa·m1/2, lower than that of the SiC prepared by She [15]. Their SiC
with 5–10 wt.% Al2O3-Y2O3 additives was sintered pressureless but reached a toughness
of 7.0–7.5 MPa·m1/2. However, the toughness of the pure-matrix SiC was still higher than
the SSIC due to the crack deflection effect.

The introduction of the interface layer to the laminated ceramics in this study was to
promote the energy absorption ability of the material. According to Sun’s study [6], the
interface layer with a combination of SiC and BN (approximately 1:1 in weight) would
facilitate the crack kinking and delamination cracking in the interface layer during fractur-
ing and the crack would propagate step-like. In this study, the uniform-layered sample
(10 matrix layers to 1 interface layer) had improved toughness compared to the pure-matrix
sample. A step-like cracking path is observed in Figure 7, showing strong delamination
cracking and crack kinking effect. The gradient-layered structure sample, however, did not
have this effect and had similar toughness as the pure-matrix sample.
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Figure 7. Optical image of the side-view of the gradual-layered sample after the
three-point-bending test.

The ballistic results are shown in Table 3. In the CA test, all of the samples resisted
the shot and were not completely penetrated by the bullets. The BFS depth of the uniform-
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layered, gradual-layered, pure-matrix, and SSIC samples was 7.2 mm, 5.6 mm, 9.1 mm,
and 11.2 mm, respectively. All three types of the laminated SiC had decreased BFS depths
compared to the SSIC sample. The BFS depth of the gradual-layered sample after ballistic
impact, which was the least in this study, was 50% less than that of the SSIC. In the SA
test, all three laminated ceramics resisted three hits and were not completely penetrated,
showing good multi-hit resistance. The maximum BFS depth of the uniform-layered
sample was 16.4 mm, slightly higher than that of gradual-layered and pure-matrix samples
(both were 15.7 mm). A typical front and side view of the sample after ballistic impact was
taken for the pure-matrix sample after the SA test and is shown in Figure 8.

Table 3. Ballistic test results of the laminated SiC ceramics tested in conjunction with a flexible armor jacket (the CA test)
and stand-alone (the SA test).

Sample Type
CA Test Results SA Test Results

Hit Result BFS Depth of Hits (mm)
Hit Result(s)

The Maximum BFS Depth (mm)
1st 2nd 3rd

Uniform-layered PP a 7.2 PP PP PP 16.4
Gradual-layered PP 5.6 PP PP PP 15.7

Pure-matrix PP 9.1 PP PP PP 15.7
SSIC PP 11.2 - - - -

a: The bullet was partially penetrated. -: Not measured
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Generally, three stages occur during the projectile impact [21]: shattering, erosion, and
catching. Shattering is the primary stage in defending the hard-core projectile. During the
shattering stage, the projectile impacts the ceramic surface. A shock wave is generated
and reflected from the back of the ceramic/backing interface. The reflected tensile wave
initiates the damage accumulation and cracking in the ceramic. The interaction between
projectile and ceramic also results in deforming, shattering, or eroding of the projectile.
During the erosion stage, the ceramic is already cracked but still prevents the projectile
or fragments from penetration by the erosion mechanism. In the last catching stage, the
ceramic and its back-plate stops the projectile and fragments by momentum transfer.

The interaction between projectile and ceramic that results in the deforming or shat-
tering of the projectile is a key process in defeating the projectile because the deformed,
or even shattered, projectile dissipates its kinetic energy to a larger area and reduces the
stress generated. To effectively deform or shatter the projectile, the ceramic needs to have
sufficient hardness. Flinders et al. [22] reported that the hardness was negatively related
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to the depth of penetration (DOP) for several SiC ceramics, including solid-state sintered
SiC and liquid-phase sintered SiC. Huang et al. [12] reported a decrease in the penetration
resistance of the laminated ceramics with low-hardness interface layers and found that
introducing the interface layer at the backside affected penetration resistance less. The
interface layer in this study had very low Vickers hardness due to the 50 wt.% of BN, thus
the interface layer may not provide an effective projectile-fracturing effect. To guarantee the
projectile-fracturing effect of the laminated ceramics, no interface layer was introduced to
the first 0.8 mm in the strike face side. As a result, the uniform-layered and gradual-layered
samples both successfully defeated the 5.8 mm bullet, indicating a sufficient hardness of
the sample to deform or shatter the bullet.

In this study, the laminated SiC was found to provide better energy absorption ability
under the ballistic impact compared to the solid-state sintered SiC when used in conjunction
with a flexible armor jacket. The BFS depths of the four types of the samples in the CA test
were in the following sequences: gradual-layered < uniform-layered < pure-matrix < SSIC.
The laminated SiC, even with no interface layer, had a BFS depth of 20% less than that of the
SSIC. As can be seen in Table 2, the pure-matrix sample had a higher strength and a higher
toughness but a slightly lower hardness than that of SSIC. Flinders et al. [22] reported
that a higher hardness would benefit the ballistic performance when using 7.62 mm M993
(WC-Co core, designed to target light armor vehicles). However, in this study, the type-87
5.8 mm steel core is not designed as armor-piercing (AP) ammunition and the steel core
had a much lower hardness than that of the WC-Co core. The hardness of the matrix
SiC layer for the laminated ceramics, 22 GPa, was likely sufficient, and further increasing
the hardness of the ceramic might not contribute to the ballistic performance [23]. High
flexural strength would be beneficial to resist the tensile wave generated by the impact and
the toughness would resist the penetration through energy absorption [24]. With a higher
flexural strength and a higher toughness, the pure-matrix sample would have better energy
absorption ability and thus less BFS depth compared to the SSIC sample. However, the
mechanical performance of the laminated ceramics was not directly related to their ballistic
performance of the CA test. The least BFS depth was obtained by the gradual-layered
sample which had a lower strength and a close toughness compared to the pure-matrix
sample. This indicated that the energy absorption effect by the layered structure was the
dominating factor. Due to different mechanical properties between the matrix layer and the
interface layer, the stress wave in the laminated ceramics or composites would be reflected
at the interface and would be attenuated [14,25,26]. Li et al. [25] showed that laminated
ceramics could have better impact resistance due to the multi-reflection and attenuation
of the stress wave at the interfaces. The reflection and attenuation of the stress wave also
reduced the wave propagation speed within the material and thus enhanced penetration
resistance [14,26]. The gradual-layered sample, with more interface layers at the back face
side, had a decreased BFS depth compared to the uniform-layered sample. This was in
agreement with the studies mentioned above in that the introduction of the interface layers
helps to improve the ballistic performance.

The ballistic performance of the laminated ceramics with interface layers not only
depended on the layer structure of the ceramics itself but was also highly dependent on
the testing conditions. The BFS depths of the uniform-layered, gradual-layered, and pure-
matrix samples were similar in the SA test, while these ceramics had different BFS depths
in the CA test. Of note is that the ballistic performance was highly related to the testing
conditions as well as the armor itself, e.g., the back support [27], the confinement [28],
or the pre-stress applied to the armor plate [29,30]. In the CA test, the armor plate was
attached to a flexible armor jacket which provided stronger back support than the armor
plate for the SA test. The stress wave generated by the ballistic impact was reflected at the
ceramic/backing interface due to the mechanical impedance [2]. A theoretical study by
Gour [27] also showed that a thicker back-plate would help to offset the tensile stress at
the ceramics and support the ceramic for a longer time, preventing the premature failure
of the ceramics. Compared to the laminated SiC ceramics for the CA test, the laminated
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SiC ceramics in the SA test had a weaker back support, thus they likely failed before the
laminated structure could play a role. As a result, the BFS depths of the three laminated
SiC ceramics in the SA test were close. It is still unclear whether there is a threshold for the
laminated ceramics with interface layers to be effective, e.g., the critical impact energy or
velocity of the wave. Additional experiments, as well as theoretical studies, are needed to
explain this phenomenon.

4. Conclusions

The three types of laminated SiC ceramics, the uniform-layered, gradual-layered,
and pure-matrix, were designed and prepared by tape-casting and hot-pressing. When
tested in conjunction with a flexible armor jacket, the BFS depths of the samples were in
the following sequences: gradual-layered < uniform-layered < pure-matrix and all the
laminated SiC obtained less BFS depth than the solid-state sintered SiC. The layer structure
was the main reason for the differences. The gradual-layered sample had the back face
signature depth of 30% less than the laminated SiC with no interface structure and 50%
less than the solid-state sintered SiC. However, the ballistic performance of the laminated
ceramics with interface layers not only depended on the layer structure of the ceramics
itself but was also highly dependent on the back support for the ceramics. When tested
stand-alone, the laminated SiC armor plates had a similar ballistic performance regardless
of the layer structure, which was likely because the armor plate for the stand-alone test had
weaker back support compared to the armor plates tested in conjunction with a flexible
armor jacket. All of the laminated SiC resisted three shots of the bullet in the stand-alone
test, showing good multi-hit resistance. In conclusion, the ballistic performance of the
laminated ceramics was related to the back support of the armor system. When used in the
in conjunction armor system, the laminated SiC had a better ballistic performance than that
of the solid-state sintered SiC, making the laminated ceramic a potential armor ceramic.
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