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Abstract

Laminated ZrB,—SiC ceramics with residual surface compression were prepared by stacking layers with different SiC contents. The maximum
apparent fracture toughness of these laminated ZrB,—SiC ceramics was 10.4 MPam'’?, which was much higher than that of monolithic ZrB,-SiC
ceramics. The theoretical predictions showed that the apparent fracture toughness was strongly dependent on the position of the notch tip, which
was confirmed by the SENB tests. Moreover, laminated ceramics showed a higher fracture load when the notch tip located in the compressive
layer, whereas showed a lower fracture load as the notch tip within the tensile layer. The toughening effect of residual compressive stresses was
verified by the appearance of crack deflection and pop-in event. The influence of geometrical parameters on the apparent fracture toughness and
residual stresses was analyzed. The results of theoretical calculation indicated that the highest residual compressive stress did not correspond to

the highest apparent fracture toughness.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride (ZrB;), as one of the most promising
ultra-high temperature ceramic (UHTC) materials, has attracted
considerable attention because of its excellent combination of
physicochemical properties, such as extremely high melting
point and hardness,> high thermal and electrical conduc-
tivity and excellent chemical and physical stability at high
temperatures.> These properties make it an attractive candidate
for a variety of ultra-high temperature applications, including
atmospheric re-entry, hypersonic flight, and high-temperature
electrodes, nozzles and armor.2*> However, despite a lot of
excellent properties for different applications, the low fracture
toughness directly related to the limited mechanical reliabil-
ity has long prevented ZrB, ceramic from being used in wide
structural applications.®” Many attempts have been made in
the past in order to improve the fracture toughness of mono-
lithic ZrB, and great progress has been achieved in recent
years. Generally, higher fracture toughness has been obtained
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through conventional approaches, including incorporation of
fibers,® whiskers,+%:10 particles reinforcements, =13 and phase-
transformation reinforcing.®!'# Unfortunately, the unsatisfactory
fracture toughness of the ZrB;-based ceramics toughened by
above-mentioned approaches is still the obstacle to a wider range
of use, especially for applications in severe environments.!
Recently, new strategies to increase toughness and improve
ceramic performance have been developed that are signifi-
cantly different from the conventional approach. The design of
ceramic laminate to enhance the fracture toughness of ceramics
is considered one of the effective strategies. %2 In the case of
layered ceramics, there are two main methods used to enhance
toughness over conventional ceramics, namely introducing low-
energy paths for crack propagation®!~3 or making the presence
of residual stresses.!82420 For the first case, the objective has
been achieved using either porous or weak interlayer to promote
delamination and crack deflection. In this way the strength is usu-
ally not increased, but the deformation and the energy absorbed
before failure are amplified many times.?”->® With regard to the
other case, the residual stresses in the laminated ceramics aris-
ing from a mismatch in the coefficient of thermal expansion
between the different layers will remarkably enhance the frac-
ture toughness.?” These residual stresses can be controlled to
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Fig. 1. Schematic illustration of the designed two-component laminated
ZrB,—SiC composite with symmetric macrostructure: the two components were
signed by symbols 1 and 2, respectively.

improve their mechanical properties.”® On ceramics and glasses,
for instance, the compressive stresses on the surface have proved
to be useful for increasing their fracture strength. In addition,
laminated ceramics designed with compressive stresses in the
bulk may present a threshold strength below which catastrophic
failure does not occur.?%-28-3

However, up to date the research on the laminated ZrB;-
based ceramics with strong interfaces has been rarely reported.
In the present work, symmetrical N-layer laminated ZrB,-SiC
ceramics with compressive stresses at the surface were designed
and prepared (N being an odd number to satisfy the condition of
symmetry). The effect of architectural parameters on the residual
stress profile and fracture toughness was investigated in detail.
Furthermore, the influence of residual stresses on the mechanical
performance and fracture behavior of the laminated ZrB,-SiC
ceramics was also studied.

2. Theoretical background and design

In this work two-component laminated ZrB,—SiC ceramics
composites with symmetric macrostructure are considered as
shown in Fig. 1. As can be seen from Fig. 1, the layers of the
first component including two external layers are designated as
symbol 1 and the layers of the second component are designated
as symbol 2. The total number of layers, N, in such a composite
sample is 2n+ 1. The number of layers designated as symbol 1
is n+ 1, and the number of layers designated as symbol 2 is n.
The layer of each component has some constant thickness and
the layers of same component have identical thickness.

According to the design of laminated architecture shown in
Fig. 1, the differences in the thermal expansion coefficients of
two adjacent components in a laminate structure can lead to a
thermal mismatch during cooling from the sintering tempera-
ture. This results in a strain mismatch defined as':

To

EM = (0[2 —O[l)dT (1)

Table 1
Weight function coefficients (Avuw) for a 3-point bend bar determined by the
“boundary collocation method”.

n=0 n=1 n=2 w=3 w=4

0 0.50 2.45 0.07 1.32 -3.07
=1 0.54 —5.08 24.35 —32.72 18.12
2 -0.19 2.56 —12.64 19.76 —10.99

where o and «; are the thermal expansion coefficient of the
two materials and Ty is the temperature at which elastic stress
develops due to thermal strain mismatch and 7 is the room tem-
perature. In the ceramic system investigated in the present work
where there is perfectly rigid bonding between the layers in
a two component system, the residual stresses generated after
sintering have been described as>’:

nE1Eshy(ar — ay) AT
n(l —v)Exhy + (n + DA — v2)Erhy
(n+ DE{Exhi(ap —ay) AT
Ores2 = 3
n(l —v)Exhy + (n+ D1 — v2)Erhy

where E; and v; are the Young’s modulus and Poisson’s ratio of

the ith component, respectively, 41 and hy are the layer thick-

ness of the first and second components with thermal expansion
coefficients of «; and a.

Using the superposition principle, the crack-tip stress inten-

sity for an edge crack in a multilayer SENB specimen, K;;(a),

can be written as33:

Ktip(a) = Kappl(a) + Kyes(a) 4

where K, is the stress intensity due to the applied bending
load, and K. is the stress intensity due to the designed residual
stresses. Then the crack propagation criterion is fulfilled when?3:

Kappl(a) > Ko — Kyes(a) = Kapparent Q)]

where K is the intrinsic toughness of each individual layer cal-
culated by the SENB method in the corresponding monoliths,
and Kypparens is the apparent fracture toughness of the laminated
composites. In Egs. (4) and (5), the effect of residual stresses on
the fracture toughness of the laminated composite, i.e. Ky .5(a),
can be evaluated by integrating the product of a weight function
h(x,a) and the stress distribution o .s(x)>*:

@

Oresl =

Kies(a) = /a h(x, @)ores(x) dx (6)
0

The corresponding weight function is given by>>:

12 1
h(x,a) = (E) (= x/a) (1 — ajw)’?
[0 A )]
@)

where w is the specimen thickness, and the parameters Avu, v
and o determined using the “boundary collocation method”’*
are listed in Table 1.
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Samples with external compressive layers prepared by hot-pressing.
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Samples Composition Layer thickness (mm) N Layer thickness ratio
Compressive layers Tensile layers Compressive layers Tensile layers
LZS-1 ZrB; +30vol% SiC ZrB; + 10 vol% SiC 0.6 0.6 17 0.89
LZS-2 ZrB; +30vol% SiC ZrB; +20vol% SiC 0.6 0.6 17 0.89
LZS-3 ZrB; +30vol% SiC ZrB; +20vol% SiC 0.4 0.8 17 1.78
LZS-4 ZrB; +30vol% SiC ZrB; +20vol% SiC 0.4 0.5 9 1
LZS-5 ZrB; +30vol% SiC ZrB; +20vol% SiC 0.32 0.6 9 1.5
LZS-6 ZrB; +30vol% SiC ZrBs +20vol% SiC 0.27 0.67 9 2
LZS-7 ZrB; +30vol% SiC ZrB; +20vol% SiC 0.23 0.71 9 2.5
LZS-8 ZrB;, +30vol% SiC ZrB; +20vol% SiC 0.2 0.75 9 3
LZS-9 ZrB; +30vol% SiC ZrB; +20vol% SiC 0.13 0.83 9 5

3. Experimental procedure

Commercially available ZrB; (mean particle size 2 pm,
Northwest Institute for Non-ferrous Metal Research, China) and
SiC (mean particle size 0.5 pwm, Weifang Kaihua Micro-powder
Co. Ltd., China) were used in the present work. The process-
ing procedure of the laminated ZrB,—SiC ceramics included:
(a) ball milling of powders in certain proportions, and (b) stack-
ing layers in alternated sequence in graphite mold. The mixtures
of various compositions were ball-milled using ZrO, ball and
ethanol as the grinding media at 220 rpm for 10 h, followed by
rotating evaporation to remove the solvent. The obtained pow-
ders were put into graphite die according to a certain quality
ratio. Both monolithic and laminated samples were fabricated.
The laminated samples were prepared by alternately stacking
compressive layers and tensile layers with different SiC con-
tents. The monolithic samples were fabricated from stacking
layers with the same composition. The hot pressing was per-
formed at 1950 °C and 30 MPa for 60 min in Ar atmosphere.
The specimens for mechanical tests were obtained by machin-
ing the hot pressed tiles. All flexural and fracture bars were
cut with the tensile surface perpendicular to the hot-pressing
direction. A minimum number of six specimens were tested for
each experimental condition. The macroscopic cross-section and
microstructures features of the composites were observed by
optical microscope and scanning electron microscopy, respec-
tively. Both the intrinsic fracture toughness Ko of the monolithic
sample and the apparent fracture toughness (Kjc) of the lami-
nated sample were evaluated by a single-edge notched beam
(SENB) test with a 16-mm span in three point bending and a
cross-head speed of 0.05 mm/min using 2 mm x 4 mm x 22 mm
bars. The elastic modulus was measured by three-points bending
tests with a 30-mm span by using a calibrated strain gauge to
measure the strain as a function of applied load and a cross-head
speed of 0.5 mm/min using 3 mm x 4 mm x 36 mm bars.

4. Results and discussion

In the present work, the laminated ZrB,—SiC ceramics were
designed according to Fig. 1 and the characteristics of samples
with external compressive layers prepared by hot-pressing are
listed in Table 2. The optical micrographs of cross-section of the

laminated ZrB,—SiC ceramics with different compositions and
layer thickness are shown in Fig. 2. It can be seen that layers
in the laminated ceramics are smooth and uniform. The perfect
adhesion between layers is evident. It should be noted that the
residual thermal stress adjustment is very important and too high
residual tensile stress will cause the material to crack (Fig. 2a).

4.1. Thermal expansion coefficient adjustment

In order to introduce residual stresses in laminated structures,
it is necessary to use materials with different coefficients of
thermal expansion as discussed in Section 2. In this work, the dif-
ferences in the thermal expansion coefficient are gained through
adjusting the SiC content in the single lamina. According to
Egs. (2) and (3), for the given geometry parameters of lam-
inated architecture, the thermal expansion coefficient directly
decides the residual stresses and affects the microstructure and
mechanical reliability. Fig. 2 shows the effect of thermal expan-
sion coefficient mismatch on the laminated ZrB,—SiC ceramics.
InFig. 2a, many cracks emerge and propagate through the tensile
layers in LZS-1. But there are no cracks in LZS-2-LZS-9. The
two phenomena suggest that the thermal expansion coefficient
adjustment is very effective and important. A higher difference
in the thermal expansion coefficient was expected in order to
obtain a bigger residual compressive stress. Meanwhile, it must
be ensured that the residual tensile stresses are less than the
strength of tensile layers.

4.2. Residual stress in the laminated ZrB>—SiC ceramics

The residual stress profile developed within a ceramic lami-
nate is related to the composition/microstructure, thickness and
stacking order of the monolayer, i.e. the composite architec-
ture. On the basis of the aforementioned analysis, as long as
the Young modulus, Poisson’s ratio, thermal expansion coeffi-
cient and thickness for each layer are determined, the residual
stress distribution will can be estimated for the preset laminated
architecture. For the designed laminated architecture as shown
in Fig. 1, we can define a variable, A = nhy/(n + 1)h1, which is the
ratio between the total thickness of the tensile layers and that of
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Fig. 2. Optical micrographs of cross-section of the laminated ZrB,—SiC ceramics: (a)—(i) represent LZS-1-LZS-9, respectively.

the compressive layers. Thus Egs. (2) and (3) can be simplified
as:

E1Ey(ay —ay) AT
(I —vDEr +(1 —v)E ™!
E1E>(op —ay) AT

res2 = 9
72 = = o) Exh + (1 — v Ey ®

As it derives from Eqs. (8) and (9), the architecture (A) defines
the residual stress field. We have estimated the residual stresses
of LZS-4-1.ZS-9 according to Eqgs. (8) and (9). The proper-
ties of the materials required for the residual stress calculation
are summarized in Table 3. The Poisson’s ratio was calculated
using rule of mixture taking literature values for the Poisson’s

®)

Oresl = —

ratio of the two constituent phases (ZrB, =0.121, SiC=0. 17).36
The thermal expansion coefficient values for ZrB; + 20 vol%
SiC and ZrB,+30vol% SiC were 7.18 x 107%/K7 and
6.8 x 1076/K. 38

Fig. 3 shows the residual stresses for different layer thick-
ness ratios (A) in the layered architectures designed with
external compressive layers. As shown in Fig. 3, the com-
pressive stress increases with increasing layer thickness ratio,
whereas the tensile stress decreases. For the laminated ceramics,
the residual compressive stress is beneficial to the mechan-
ical properties and mechanical reliability.?**® Therefore, a
high A should be applied in order to achieve high residual
compressive stress during the design of laminate ceram-

Table 3

Material properties used to estimate the residual stress distribution.

Monolithic material E (GPa) Poisson’s ratio, v Thermal expansion coefficient, (107%/K) Ko (MPam!/2)
ZrB, +20vol% SiC 450 0.131 7.18% 4.8

ZrB; +30vol% SiC 440 0.136 6.8° 5.6

a Ref. [37].
b Ref. [38].
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|

Fig. 6. SEM images of cross-section of the monolithic (a and b) and laminated (c—h) ceramics specimens after SENB test.

ceramics occurs as a result of the residual compressive stresses
shielding the applied stress at the crack tip.>’ Fig. 4 shows
the apparent fracture toughness as a function of crack length
for different layer thickness ratios (1) in the layered archi-
tectures, i.e. laminated LZS-4-1L.ZS-9 designed with external
compressive layers. As it can be inferred from Eqs. (8) and
(9), the residual stress field is influenced by the architectural
parameter A. Therefore, the apparent fracture toughness is
represented for different values of A (until the crack length a
being approximately half of the specimen thickness) in order to
determine the geometry that provides the maximum shielding.
It can be found from Fig. 4 that the laminated ZrB,-SiC
architecture maximizes the apparent toughness at the first

interface. The toughness increases in the compressive layers
with increasing crack length and reaches a local maximum at
the ZrB, + 30 vol% SiC/ZrB; + 20 vol% SiC interface, whereas
it decreases in the tensile layers and reaches a local minimum
at the ZrB, + 20 vol% SiC/ZrB; + 30 vol% SiC interface.

In view of the shielding effects as a function of the various
A, the following aspects may be inferred from Fig. 4. For the
laminates with residual surface compression, the X is defined
as nhy/(n+1)hy. Thus, high values of A correspond to thin
ZrB, +30vol% SiC layers in comparison to the ZrB; + 20 vol%
SiC layers, and high compressive stresses are present in the for-
mer according to Eq. (8). This is the reason why the shielding
increases sharply in the ZrB; +30vol% SiC layers and a high
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stress intensity factor should be considered to lead the speci-
men to failure.3? However, for low values of A, the thickness of
the ZrB; + 30 vol% SiC layers is much greater than that of the
ZrB; +20vol% SiC layers. As aresult, high tensile stresses arise
in these ZrBj +20 vol% SiC layers and the effective toughness
drops remarkably in the ZrB, +20vol% SiC layers for these
laminates. In contrast to what could be expected, the highest
surface compressive stress (the highest A) does not correspond
to the highest shielding in the first layer. Since the maximum
shielding in the first layer is obtained at a distance equal to the
outer layer thickness, the thickness 41 plays an important role.
The values of fracture toughness obtained by SENB tests for
LZS-4, 6, 8 and 9 are shown in Fig. 5. It should be noted that the
notch tips were located in the fifth layer of the tested samples. As
shown in Fig. 5, the experimental value of the fracture toughness
is a function of the distance from notch tip to the ZrB, + 30 vol%
SiC/ZrB; + 20 vol% SiC interface. Note that the interface is the
nearest ZrB> + 30 vol% SiC/ZrB; +20 vol% SiC interface along
the direction of crack advancing. The fracture toughness can
reach the maximum at the ZrB; + 30 vol% SiC/ZrB; +20 vol%
SiC interface, which is consistent with the theoretical calcu-
lations as shown in Fig. 4. In addition, the fracture toughness
increases with the increase of layer thickness ratio (A) when X is

lower value, and then decreases as the layer thickness ratio ()
continues to increase. It also agrees with the theoretical calcula-
tions that the highest A does not correspond to the highest fracture
toughness. The maximum of fracture toughness is 10.4 MPam'/?
when A is 3.

4.4. Crack propagation in the laminated ceramics and
toughening mechanism

The crack growth resistance was obviously affected by the
presence of residual stresses in the laminated ZrB,—SiC ceram-
ics due to the differential thermal strains between adjacent layers
during cooling down from sintering. So, crack propagation in
the laminated ceramics will be swayed by the residual stresses.
SEM images of cross-section of the monolithic and laminated
ceramics specimens after SENB tests are shown in Fig. 6. These
laminated ceramic specimens used for crack propagation anal-
ysis come from LZS-9 listed in Table 2. As shown in Fig. 6¢-h,
the ZrB; +30vol% SiC layers show dark and thin, while the
ZrB; +20vol% SiC layers appear as bright and thick layers
separating the ZrB, +30vol% SiC layers. It can be observed
that cracks are deflected in laminated ceramics and no crack
deflection is observed in the monolithic samples. In addition,



2422 X. Zhang et al. / Journal of the European Ceramic Society 31 (2011) 2415-2423

the modes of crack propagation are dependent on the location
of crack tips. When crack tips were located in the compressive
layers (see Fig. 6d—g), the initial crack deflection would occur
at the tips. But cracks perforate through the tensile layers when
crack tips located in the tensile layers (see Fig. 6h) or at the com-
pressive layer/tensile layer interfaces (see Fig. 6¢). Furthermore,
when crack tips were located in the tensile layers or compressive
layer/tensile layer interfaces (see Fig. 6¢ and h), cracks deflec-
tion would occur as long as the cracks propagate into the next
compressive layer. The change of crack propagation direction
implies that the residual compressive stresses can weaken the
crack propagation driving force and enhance the crack growth
resistance. This is why the laminated ceramics with strong
interfaces exhibit high fracture toughness. Another feature of
laminated composites worthy of note is their fracture behavior
under flexural loading. The representative load—displacement
curves of the notched laminated ceramic specimens (laminated
ceramic specimens c, d, g, h related to Fig. 6) are shown in
Fig. 7. As can be seen, the laminated ceramic shows a stepwise
fracture with a pop-in event in the load—displacement curve.
This behavior has been observed by other authors in other
laminated structures, exhibiting the effectiveness of the internal
compressive layers in hindering the cracks propagation.”62° As
it can be inferred from Fig. 7, the pop-in events accompany crack
deflection referred to results as shown in Fig. 6. After pop-in
events the unstable failure does not emerge. Instead, the fracture
stress increases continuously with a different slope because
the crack propagation is inhibited by the residual compressive
stresses. The significant differences in crack propagation
and fracture behavior between the laminated and monolithic
ZrB,-SiC ceramics reflect the toughening effect of the residual
stresses.

5. Conclusions

The laminated ZrB,—SiC ceramics were successfully pre-
pared by hot-pressing through superimposing different ceramic
layers. The maximum apparent fracture toughness of these lam-
inated ZrB,—SiC ceramics was 10.4 MPam'!/?, which was much
higher than that of monolithic ZrB,—SiC ceramics. The the-
oretical calculations indicated that the residual stresses and
apparent toughness were strongly dependent on the architec-
tural parameter and the highest residual compressive stress did
not correspond to the highest apparent toughness. The results
of SENB tests showed that the experimental values of the frac-
ture toughness of laminated ZrB,—SiC ceramics were defined
by the position of the notch tips inside compressive or tensile
layers, which was in agreement with the results predicted by
the weight function analytical procedure. In addition, both the
fracture behavior and the patterns of crack propagation of the
laminated ceramics were dependent on the position of crack tips
which were located in the compressive or tensile layers. The
crack deflection and pop-in events in the load—displace curve
occurred because of the residual compressive stresses enhancing
the crack growth resistance.
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