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bstract

he oxidation behavior for ZrB2–20 vol% SiC (ZS20) and ZrB2–30 vol% SiC (ZS30) ceramics at 1500 ◦C was evaluated by weight gain mea-
urements and cross-sectional microstructure analysis. Based on the oxidation results, laminated ZrB2–30 vol% SiC (ZS30)/ZrB2–25 vol% SiC
ZS25)/ZrB2–30 vol% SiC (ZS30) symmetric structure with ZS30 as the outer layer were prepared. The influence of thermal residual stress and

he layer thickness ratio of outer and inner layer on the mechanical properties of ZS30/ZS25/ZS30 composites were studied. It was found that
igher surface compressive stress resulted in higher flexural strength. The fracture toughness of ZS30/ZS25/ZS30 laminates was found to reach to
0.73 MPa m1/2 at the layer thickness ratio of 0.5, which was almost 2 times that of ZS30 monolithic ceramics.

 2011 Elsevier Ltd. All rights reserved.

t
i
c
c
o
t

c
l
i
c
o
t
s
w

2

∼

eywords: ZrB2–SiC; Mechanical properties; Laminated ceramic composites

.  Introduction

Ultra-high temperature ceramics (UHTCs) are a family of
aterials including several diborides, carbides and nitrides of the

roup IVB and VB transition metals, for example, ZrB2, HfB2,
aC, ZrC, HfC and HfN.1 The interest in UHTCs has increased
ignificantly in recent years2–4 due to their remarkable properties
f high melting point, high thermal conductivities, good oxi-
ation resistance, and excellent corrosion resistance.5–7 These
roperties make them promising candidates for high temperature
tructural applications, including long time hypersonic flight,
ocket propulsion system, leading edge and nose cap, molten
etal crucible, etc.
Among the UHTCs, ZrB2 is of particular interest due to its

ower theoretical density (6.09 g/cm3) and lower cost, which
an be advantages over other candidates for aerospace appli-
ations. It has been proved that the addition of SiC could not
nly improve the sinterability of ZrB2 ceramics,8,9 but also
ncreased the oxidation resistance and mechanical properties of
rB2 ceramics,10–13 Therefore, a lot of research works have been

arried out on ZrB2–SiC composites.

However, despite their attractive properties and potential
pplications, the preparation of the ZrB2–SiC materials with
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ailored microstructure and synergistic properties, such as
mproved reliability, high thermal shock resistance, etc. is still a
hallenge for their application in severe environments. Ceramic
omposites with multilayered structures have been considered
ne of the possible route for improving the brittleness14 and
hermal shock behavior.15

In our previous research, ZrB2–SiC sheets with different
ompositions were prepared by aqueous tape casting. After
amination and hot pressing, the microstructure and mechan-
cal properties of the monolithic ZrB2–SiC ceramics were
haracterized.16 In the present study, the oxidation behavior
f monolithic ZrB2–SiC ceramics was investigated. Based on
he results, laminated ZrB2–SiC ceramics with composition and
tructure control were prepared and the mechanical properties
ere characterized.

. Experimental  procedure

Commercially available ZrB2 powders (average particle size
3.2 �m, oxygen content 3.0 wt%, Dandong Chemical Engi-

eering Institute Co. Ltd., China) and SiC powders (0.31 �m,
-phase, FCP 15C, Sika Tech., Norway) were used as raw mate-
ials. ZrB2–SiC composites were named as ZS (for ZrB2 and
iC) along with the SiC content (based on total ceramic pow-
er). For example, the ceramic prepared from ZrB2 and 20 vol%
iC was named as ZS20.

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.020
mailto:dljiang@sunm.shcnc.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2011.04.020
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Fig. 1. SEM micrographs of the pol

The as-received ZrB2 powder was attrition milled for 2 h
t 300 rpm in water using WC as the media followed by acid
reatment. The details of the processing have been reported
reviously.17 Aqueous ZrB2–SiC slurries were prepared by mix-
ng as-treated ZrB2 powder, SiC powder and dispersant into
ionized water. Slurries were ball milled with zirconia media for
4 h, followed by adding emulsion binder and plasticizer. Then
he slurries were ball milled for another 12 h. After homoge-
ization, the slurries were degassed under vacuum to remove air
ubbles. Finally, tape casting was performed on Procast Preci-
ion Tape Casting Equipment (HED International, Inc., USA)
ith a gap height of 400 �m at a speed of 100 mm/min. The shear

ate was calculated to be ∼4 s−1. After drying freely in open air
t ambient temperature for 4–5 h, green tapes were obtained. The
reen tapes were laminated and heat treated at 500 ◦C for 1 h to
emove the binder. Then, the pyrolysed samples were sintered
t 1900 ◦C for 45 min under an applied pressure of 32 MPa in
r atmosphere.18

The densities of the sintered ceramics were measured using
rchimedes method with water as the immersing media, respec-

ively. Flexural strength was tested in three-point bending on
 mm ×  4 mm ×  36 mm bars, using a span width of 30 mm
nd a crosshead speed of 0.5 mm/min (Model 5566, Instron
orp.). Fracture toughness was measured by a single-edge
otched beam test with a span of 16 mm and a crosshead
peed of 0.05 mm/min using 2 mm ×  4 mm ×  22 mm test bars,
n the same jig used for the flexural strength. Specimens with
imensions of 3 mm ×  4 mm ×  36 mm were used for oxidation
ehavior study after polishing. Prior to oxidation, specimens
ere cleaned in an ultrasonic bath with acetone. Then the spec-

mens were placed on alumina plates and heated to 1500 ◦C
t a rate of 10 ◦C/min in stagnant air (HT 40/17; Nabertherm
mbh, Lilienthal, Germany). The microstructure of the sintered

eramics and oxidized specimens was observed by scanning
lectron microscopy (JXA 8100, Jeol, Tokyo, Japan) with
nergy-dispersive spectroscopy (EDS).

.  Results  and  discussion
The oxidized surface layer of SiC particles could react with
he oxides on ZrB2 surface,8,9 and the remove of the oxides from
rB2 would allow the densification process occur more easily.

l
(
i
5

 surfaces of (a) ZS20 and (b) ZS30.

he relative densities of the as-sintered ZS20 and ZS30 ceram-
cs were 99.2% and 99.6%, respectively. Thus, the low porosity
as considered to be ineffective for the consequent oxidation
ehavior tests. Fig. 1 showed the surface microstructure of ZS20
nd ZS30 ceramics. No obvious porosity was found on the sur-
ace, which was in agreement with the density measurements.
he black SiC phase dispersed homogeneously in the grey ZrB2
atrix. Besides ZrB2 and SiC phases, the SEM images revealed

he presence of a brighter WC phase, which was probably intro-
uced during attrition milling.18 Previous reports demonstrated
hat the flexural strength of ZrB2–SiC ceramics were controlled
y the size of SiC grains rather than the size of ZrB2 grain.19,20

hen SiC content increased from 20 vol% to 30 vol%, the SiC
articles in the matrix tended to aggregate and therefore formed
arger SiC agglomerates,21 which would resulted in a decrease
n flexural strength and fracture toughness.16

The main oxidation reactions of ZrB2–SiC ceramics at
500 ◦C could be described as follows22,23:

rB2(s) + 5
2 O2(g) →  ZrO2(s) +  B2O3(l) (1)

2O3(l) →  B2O3(g) (2)

iC(s) + 3
2 O2(g) →  SiO2(l) +  CO(g) (3)

The molten SiO2 formed on the surface of ZrB2–SiC ceram-
cs would provide effective barrier to oxygen diffusion, resulting
n passive oxidation protection with parabolic weight gain kinet-
cs. The weight gain versus oxidation time at 1500 ◦C for ZS20
nd ZS30 ceramics was shown in Fig. 2. The weight gain
urves of ZS20 and ZS30 ceramics both illustrated parabolic
eight gain kinetics, while the weight gain of ZS20 ceramic
as higher than that of ZS30 ceramics with the same oxidation

ime. After being oxidized at 1500 ◦C for 10 h, the weight gain
f ZS20 ceramic was 7.55 mg/cm2, but that of ZS30 ceramic
as 6.59 mg/cm2.
Fig. 3 showed the cross-sectional microstructure of ZS20 and

S30 ceramics after oxidized at 1500 ◦C for 10 h. The linear
lement distribution results were inserted at the top right cor-
er of the micrographs. For both ceramics, the cross-sectional

ayered structure consisted of: (I) a silica-rich glassy layer;
II) a porous ZrO2 layer; (III) unaffected ZrB2–SiC ceram-
cs. The thickness of layers I and layer II was 28 �m and
8 �m respectively for ZS20 ceramics but was 27 �m and
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Fig. 2. The weight gain versus of oxidation time at 1500 ◦C for ZS20 and ZS30
ceramics.
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basically initiated from the surface, therefore the strength of
laminates should be equal to the sum of surface compressive
2 �m respectively for ZS30 ceramics. The lower thickness of
xidized layer and mass gain both confirmed that the oxida-
ion resistance of ZS30 ceramic was better than that of ZS20
eramics.

In consideration of both mechanical properties and oxidation
ehavior, ZS30 with good oxidation resistance was selected as
he outer layer for the ZrB2–SiC laminated ceramic composites.
S25 ceramics was used as the inner layer of the composites
o that the residual compressive stress would appear in ZS30
ayer due to the proper mismatch of thermal expansion coeffi-
ient of ZS25 (6.175 × 10−6 K−1) and ZS30 (6.05 ×  10−6 K−1)
hile the tensile stress in ZS25 layer would not be too large to

ntroduce cracks into ZS25 layer. Fig. 4 illustrated the schematic
tructure for the ZrB2–SiC laminated ceramic composites. The
hickness ratio (r) of outer layer (ZS30) and inner layer (ZS25)
as introduced as one parameter. The physical properties of
rB2 and SiC were shown in Table 1.24 The properties of ZS25

nd ZS30 were calculated based on the rules of mixtures. s

Fig. 3. Cross-sectional micrographs of (a) ZS20 and (b) 
Fig. 4. Schematic illustrations of laminated structure.

Chartier25 has proposed a simple formula to calculate the
ompressive stress:

1 = nE1E2d2(α2 −  α1)�T

n(1 −  ν1)E2d2 +  (n  +  1)(1 −  ν2)E1d1
(4)

here E1, E2, α1, α1, ν1, ν2, d1, and d2 are the Young’s modulus,
hermal expansion coefficient, Poisson’s ratio and layer thick-
ess of outer layer and inner layer, respectively. �T  and n  are
he difference in temperature between room and the sintering
emperature and the amount of composite layers respectively.

Besides formula (4), finite element method (FEM) was also
sed to calculate the compressive stress in ZS30/ZS25/ZS30
aminated ceramic composites. The calculated results were
hown in Table 2. Results indicated that the compressive stress
ncreased with the decrease in thickness ratio (r). The results
alculated by formula (4) were larger than that calculated by
EM.

The mechanical properties of as-prepared ZS30/ZS25/ZS30
aminated ceramic composites with different thickness ratio
ere shown in Table 3. The experimental results indicated that

he surface compressive stress could effectively influence the
exural strength. The higher the surface compressive stress,

he higher the flexural strength is. The fracture of ceramics
tress and the strength of outer layer. For this reason, the surface

ZS30 ceramics after oxidized at 1500 ◦C for 10 h.
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Table 1
Properties of materials in laminated ceramics.

Materials ZrB2 SiC ZrB2 + 25 vol%SiC ZrB2 + 30 vol%SiC
Abbreviation Z S ZS25 ZS30

Density (g/cm3) 6.09 3.21 5.37 5.226
Elastic modulus (GPa) 489 430 473.516 470.484
Poisson ratio 0.14 0.16 0.145 0.146
Coefficient of thermal expansion (10−6 K−1) 6.8 4.3 6.175 6.05
Thermal conductivity (W/m K) 85 125 95 97
Specific heat (J/kg K) 422 668 458.654 466

Table 2
Surface compressive stress in ZS30/ZS25/ZS30 laminated ceramic composites.

r Compressive stress calculated by formula (4) (MPa) Compressive stress calculated by FEM (MPa)

1 56 37
0.5 78 55
0.2 102 79
0.1 114 92

Table 3
Mechanical properties of ZS30/ZS25/ZS30 laminated ceramic composites.

r Flexural strength (MPa) σa (MPa) Fracture toughness (MPa m1/2)

1 562.6 ± 36.1 35.7 10.03 ± 1.26
0.5 580.1 ± 36.4 53.2 10.73 ± 0.91
0.2 596.3 ± 27.2 69.4 9.53 ± 0.93
0.1 624.1 ± 63.5 97.2 8.47 ± 1.14
ZS25 549.5 ± 88.6 – 5.54 ± 0.59
Z

c
c
a
l
t

fi
f
i
t
o

F
(

s
T
o
w
c

S30 526.9 ± 24.8 

a σ = σZS30/ZS25/ZS30 − σZS30.

ompressive stresses (σ) of ZS30/ZS25/ZS30 laminated ceramic
omposites were calculated based on the strength of laminar
nd ZS30 ceramic (see Table 3). It revealed that the calcu-
ated results by FEM showed a good agreement with that from
esting.

The surface compressive stress could help to lower the stress
eld at the crack tip, which would contribute to the increase in
racture toughness.25 Moreover, the stress state changed at the

nterface between inner layer and outer layer, which might lead
o the crack deflection at the interface, as shown in Fig. 5. If the
uter layer was too thin, the crack length after deflection was still

ig. 5. The fractography of ZS30/ZS25/ZS30 laminated ceramic composites
r = 0.5).
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– 5.37 ± 1.06

hort, which might contribute less to the increase in toughness.
herefore, the ZS30/ZS25/ZS30 laminates with a thickness ratio
f 0.5 showed a higher fracture toughness of 10.73 MPa m1/2,
hich was almost 2 times of that of ZS30 monolithic

eramics.

. Conclusions

Nearly fully densified ZrB2–SiC ceramics were obtained by
queous tape casting. Increase in SiC content from 20 vol%
o 30 vol% led to the form of larger SiC agglomerates,
hich therefore resulted in a decrease in mechanical proper-

ies. ZS30 ceramics had lower oxidized layer thickness and
eight gain than ZS20 ceramics after oxidized at 1500 ◦C

or 10 h, so ZS30 layers were selected as the outer layer
or preparing ZS30/ZS25/ZS30 laminated ceramic compos-
tes. The surface residual compressive stress was found to
ncrease with the decrease of thickness ratio (r). Higher sur-
ace compressive stress resulted in higher flexural strength.
he fracture toughness of ZS30/ZS25/ZS30 laminates reached

o 10.73 MPa m1/2 at the thickness ratio of 0.5, which was
lmost 2 times of that of ZS30 monolithic ceramics. Results

howed that the mechanical properties could be tailored
hrough the careful composition and structural design of the
omposites.
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