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Abstract

In this paper, zirconium diboride based ceramics added with 20 vol.% silicon carbide particle and 15 vol.% zirconia fiber (Z20S,15Z;) were prepared
by hot-pressing at 1850 °C for 60 min under a uniaxial load of 30 MPa in Ar atmosphere. R-curves for Z20S,15Z; ceramics were studied using
the indentation-strength in bending technique and the envelope method. The results indicated that these two testing methods were consistent and
viable for estimating R-curve. Z20S,15Z; ceramics had high resistance to crack growth and damage tolerance with the 6.8 MPam'”? of steady-state
toughness. The toughening mechanism was fiber debonding, fiber pull-out, crack bridging, crack branching, crack deflection and transformation

toughening.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The traditional ceramics exhibit a large strength scatter
because of the poor crack tolerance and the wide range of flaws
induced by fabrication and machining processes.! Recent stud-
ies have proved that the improvement in the strength reliability
comes from the crack resistance curve (R-curve).>? R-curve
behavior of ceramics has attracted wide attention in the past
decades, which describes the increase in crack growth resis-
tance during stable crack extension before instability and can be
expressed by a power-law equation!:

Kr = A(Ac)" (1)

where Kp, is the crack resistance, A and » are material constants,
Acistheincrease in crack length, Ac =c — ¢, cg is a preexisting,
traction-free notch. The exponent n measures susceptibility to R-
curve behavior. A rising R-curve denotes that additional energy
is required not only to meet the need at the crack tip to propagate
the crack, but also to overcome extrinsic toughening mecha-
nisms, such as crack bridging and crack deflection.*> R-curve
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is now known to have a profound influence on the mechan-
ical properties of ceramics, such as fracture toughness, cycle
fatigue and thermal shock behavior.® In order to predict the insta-
bility of ceramics, characterizing and understanding R-curve
behavior are of great importance. According to the numerical
calculation and experimental progress in the literature, the test-
ing methods of estimating R-curve are summarized.”' One
is direct method, including indentation method, single-edge
notched beam test and double cantilever beam method. For all
these methods, the crack length must be measured and the corre-
sponding stress states are recorded, respectively. However, it is
difficult to determine the crack position and monitor stable crack
growth. The other is indirect method without direct measuring
of crack length, such as the envelope method. Compared with
the conventional testing methods, the indirect method provides
a unique simplicity and economy in test procedure, at little cost
in reliability.

As one of the ultra-high temperature ceramics (UHTC),
zirconium diboride (ZrB,) has the lowest theoretical den-
sity (6.09 gem™3), which makes it attractive for aerospace
applications.!! Furthermore, ZrB, has excellent properties such
as high melting point (>3000 °C), high thermal and electrical
conductivities, chemical inertness against molten metals and
great thermal shock resistance, so that it is a potential candidate
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material for high-temperature structural application, including
hypersonic aircraft, furnace elements, plasma-arc electrodes,
reusable launch vehicles, or rocket engines and thermal protec-
tion structures for leading edge parts on hypersonic reentry space
vehicles at over 1800 °C.1213 However, because of strong cova-
lent bonding and low self-diffusion, monolithic ZrB; is difficult
to get densified without high temperatures and external pres-
sures. Moreover, the intrinsic brittleness leads to catastrophic
failure and poor thermal shock resistance of ZrB;-based ceram-
ics, which also limits their practical applications. Our previous
work 415 has confirmed that the addition of silicon carbide par-
ticle (SiCp) and zirconia fiber (ZrOx¢) to the ZrB; matrix results
in the improvement in both densification process and fracture
toughness. The toughening mechanism with lack of researching
in the ternary ZrB,—SiCp—ZrO,¢ ceramics is complex.

The previous work proved that ZrB, added with 20 vol.%
SiCp and 15vol.% ZrOyt (220S,15Z¢) had optimal flexu-
ral strength and fracture toughness.'* In the present study,
Z220S,15Z¢ ceramics were fabricated by hot-pressing. The phase
composition and microstructure of the Z20S,15Z¢ ceramics
were investigated. The damage resistance and R-curves behav-
ior of the Z20S,15Z¢ ceramics were evaluated by using the
indentation-strength in bending (ISB) technique, and compared
with the envelope method, the difference between the two being
analyzed.

2. Experimental procedures
2.1. Preparation

Commercially available ZrB; powder (2 pm, purity >99.5%,
Northwest Institute for Non-ferrous Metal Research, China)
and SiC (1 pm, purity > 99.5%, Weifang Kaihua Micro-powder
Co., Ltd., China) were used as raw material. The ZrO, fiber
(mean diameter and length are 5-8 pm and 200 wm, respec-
tively, purity >99%, Shandong Huolong Ceramic Fiber Co.,
Ltd., China) used here was 3mol.% Y,Os3 partially stabilized
zirconia. The powders were weighed in proportion to the sto-
ichiometric ratio to yield ZrB—-20 vol.%SiCy—15 vol.%ZrOx¢
and then ball-mixed for 20 h in a polyethylene bottle using zir-
conia balls and ethanol as the grinding media. After mixing,
the slurry was dried in a rotary evaporator. The resulting pow-
ders were crushed and then passed through a 100-mesh sieve.
The resulting powder mixtures were hot-pressed at 1850 °C for
60 min under a uniaxial load of 30 MPa in Ar atmosphere.

2.2. Characterization

The phase composition was determined by X-ray diffraction
(XRD; Rigaku, Dmax-rb, CuKa=1.5418 A). According to the
formula of Toraya et al., the volume fraction of the m-ZrO; (V,;,)
was calculated by measuring the intensities of (111) and (1171)
reflections of the monoclinic phase and the (111) peak of the
tetragonal phase'®:

1.311X,,

_ - Am 2
1+0.311X,, @

m

B Ln(111) + I,(117)
" Ly(111) + L, (111) + L, (111)

where X, denoted the integrated intensity ratio, I,,, and I; were
the peak intensities of the m-ZrO; and #-ZrO,, respectively. Fur-
thermore, the obtained V,, was individually normalized to the
volume fraction of ZrO; (Vz:0,) in each composite as follows:

X 3

Vintor = Vin X Vzzo, x 100% %)

Therefore, the result of V,,,; on the fracture surface minus the
one on the polished surface equals to the transformation fraction
from t-ZrO» to m-ZrO, during fracture (i.e., -ZrO» transforma-
bility).

The microstructural features and fragmented surfaces of
the hot-pressed ceramic were observed by scanning electron
microscopy (SEM, FEI Sirion, Holland). Flexural strength
(0) was tested in three-point bending on 3mm by 4mm
by 36 mm bars, using a 30 mm span and a crosshead speed
of 0.5mmmin~!. Each specimen was ground and polished
with diamond slurries down to a 1 pm finish. The edges of
all the specimens were chamfered to minimize the effect of
stress concentration due to machining flaws. Young’s modu-
lus (E) was evaluated from the slopes of load deflection curves
of above strength tests. A static extensometer was used to
measure the deflection with an error in the measurement of
0.1%.

For crack-growth experiments, Vickers’ indentation under
applied loads between 4.9 and 147N for 10s was made at
the center of the prospective tensile surface of each test piece.
After the indentation test, the indentation strength of specimens
was performed immediately by three-points bending tests after
indentation in order to avoid any subcritical crack growth due to
the stress corrosion effect. The indentation strengths were deter-
mined from the failure load as above strength test. At least six
specimens were tested for each experimental condition.

2.3. Determination of R-curve

The indentation cracks are used to estimate the toughness of
brittle ceramics. During post-indentation bending, the crack is
subjected to a total stress intensity factor, Kj, as shown in Eq.
(5!

K=K, +K,+K; )

where K, K, and K are the bending stress intensity factor,
the indentation residual stress intensity factors and the residual
surface stress intensity factors, respectively. In this study, the
residual surface stress generated by machine grinding can be
eliminated completely by appropriate annealing process, Ks =0.
So Eq. (5) can be normalized to

K = Ko + K, = Yoc'/? 4 y P32 (©6)

where o, P and c are the applied stress, the indentation load
and the crack length, respectively. Parameter v is a shape factor
of crack geometry, which is treated as a constant (~1.24) in the
evaluation of fracture toughness or R-curve behavior of ceramics
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Fig. 1. SEM image of Vickers’ indentation (taken at 147 N) on the polished
surface of Z20S,15Z¢ ceramics.

using indentation cracks. This hypothesis is valid based on the
crack size is much smaller than the bend specimen dimensions
and the crack shape is semicircular and invariant during stable
crack extension. The indenter geometry-material constant y is
defined as

£\ 1/2
X=5<H> @)

where E and H are Young’s modulus and the hardness of the
material, respectively. Parameter § is a non-dimensional constant
that depends on the indenter geometry and Poisson’s ratio of the
material, and according to the research of Anstis et al.,'® it can
be assumed to be constant, § =0.016 & 0.004.

According to the energy principle, the crack will grow if
applied Kj is equal to or greater than the fracture resistance of
the material, Kg. An equilibrium position will be attained at
K;=Kp if the condition of dK;/dc <dKg/dc is satisfied. For a
given indentation load P and the corresponding applied stress
o =0y, the criterion for the onset of crack-extension instability,
leading finally to rupture, is the common-tangent intersection
for the K7 and Ky curves,

Ki=Kgr (8
dK; dKpr

— R 9
dc dc ©

For the envelope method, according to Eq. (6), the families of
Kj(c) curves can be generated from the (oy, P) data sets. Then,
based on the assumption of Egs. (8) and (9), Kr(c) curve can
be calculated objectively as the envelopes of tangency points to
these families of Kj(c) curves using the program of Matlab, so
the R-curve is produced.

For the ISB method, the crack length is measured using scan-
ning electron microscopy, as shown in Fig. 1. The Kg(c) curve is
estimated by solving Egs. (6) and (8). In other word, the R-curve
can be determined from the (c, oy P) data sets.

3. Results and discussion
3.1. Indentation load and strength

According to the reported work,* Griffith materials, which
show no rising behavior, would follow the power law:

ofoc PP (10)

where = 1/3. On the contrary, materials with slopes less than
1/3 would have R-curve behavior. After taking logarithm of Eq.
(10), the relationship between fracture strength oy and indenta-
tion load P can be expressed as follows:

log oy o —Blog P an

Li et al. reported that ZrB, added with 10vol.% silicon
carbide particle (SiC,) and 10 vol.% zirconia particle (ZrOp)
(Z210S,10Z;,) had the most excellent combination of mechan-
ical properties and thermal shock behavior.!®?? Fig. 2 plots
the logarithm of observed bending strength versus the loga-
rithm of indentation load for the Z20S,,15Z¢ ceramics, compared
with that for monolithic ZrB, and Z10S;10Z, which are col-
lected from the published literature.>! Linear regression was
applied to calculate the best fit to the data. As shown in Fig. 2,
in the high-indentation-load region, the fracture strength of
three materials reduced linearly with the increasing indenta-
tion load. The slope decreased from 0.341 for monolithic ZrB>
to 0.231 for Z10S,10Z, and 0.181 for Z20S,15Z¢. Accord-
ing to the judgment criterion of Griffith materials, monolithic
ZrB, is expected to show no rising R-curve behavior, but the
Z10Sp10Z;, and Z20S,15Z¢ ceramics with slopes lower than
1/3 are expected to have rising R-curve behavior. Moreover, the
flexural strength after indentation varied less rapidly with inden-
tation load for Z20S,15Z¢ than the one for monolithic ZrB; and
Z10S,10Z,. This result indicated that the Z20S,15Z¢ ceram-
ics had improved damage resistance in comparison with the
monolithic ZrB; and Z10S,10Z, ceramics. In other words, it
was implied that the Z20S,15Z¢ ceramics would have higher
rising R-curve behavior than that of the monolithic ZrB, and
7210S,10Z,, ceramics.

3.2. R-curves (the envelope method)

Fig. 3 shows the families of Kj(c) curves and the envelopes
of tangency points for the Z20S,15Z; ceramic. It could be seen
from Fig. 3, the envelope curve of tangency points, which was
fitted by using the program of Matlab, formed the rising R-curve
behavior. This result indicated that the fracture toughness of the
Z208,15Z¢ ceramics increased with the increase of crack length.

3.3. R-curves (the ISB method)

The scattered points of fracture toughness data obtained by
the ISB method are plotted in Fig. 4a, which agree well with the
heavy line obtained by the envelope method, also exhibit the typ-
ical R-curve behavior. The result proved that these two testing
methods were consistent and feasible for estimating R-curve,
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Fig. 2. Strength response to indentation load for (a) Z20S,15Z; and (b) ZrB,, ZIOSPIOZP21 ceramics.
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Fig. 3. R-curve for Z20S,15Z ceramics (the envelope method).

and accurate data acquisition was achieved. Fig. 4b displays
that fracture toughness is plotted as a function of crack length
for ZrB; and Z10S,10Z;, ceramics, respectively, which are col-
lected from the published literature.?! Obviously, monolithic
ZrB, showed a plateau R-curve behavior, which was almost
horizontal. The slope of 0.341 in Fig. 2b, close to 1/3, also
confirmed the soft R-curve behavior for monolithic ZrB,, which
could be mainly attributed to the absence of extrinsic toughening
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mechanisms.?! Compared with monolithic ZrB,, Z10S,10Z,
ceramics provided obvious R-curve, and the value of steady-
state toughness was ~6.4 MPa m'2, which was contributed to
the interaction of transformation toughening and crack bridging.
Evidently, as shown in Fig. 4a, the present Z20S,15Z¢ ceram-
ics had higher rising R-curve behavior. Z20S,15Z¢ ceramics
had an initial toughness in the short crack region (<100 pwm)
higher than both monolithic ZrB; and Z10S,10Z, ceramics.
The crack growth propagated continuously, R-curve behav-
ior became stronger so that the stress intensity factor, which
was required to promote stable crack growth, increased rapidly
until the steady-state toughness was obtained. In the case of
Z20S,15Z¢ ceramics, the value of steady-state toughness was
~6.8 MPam!/?. This suggested that Z220S,15Z¢ ceramic pos-
sessed excellent damage tolerance and a rising R-curve behavior
in comparison with both monolithic ZrB; and Z10S,10Z,
ceramics.

3.4. The toughening mechanism

Fig. 5 is the typical SEM micrographs of the fracture surface
of the Z20S,15Z¢ ceramics. As seen from the insert mag-
nification in Fig. 5B, the perfect interface between zirconia
fiber and other phases was displayed, which was favorable to
fiber debonding and pull-out. The fiber debonding, pull-out and

Crack length (um)

Fig. 4. R-curve behavior for (a) Z20S,15Z¢ (the ISB method) and (b) ZrB,, ZIOSPIOZPZ' ceramics.
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Fig. 5. Fracture surfaces of Z20S,15Zs ceramics.

fracture were observed on the rough fractured surface, which
indicated that the stress intensity factor at the crack tip over-
came not only the crack growth resistance of matrix, but also the
interfacial shear resistance. The debonding, pull-out and fracture
fiber would improve the fracture toughness of the ceramics.

The SEM micrographs of cracks path obtained by the inden-
tation on the polished surface of the Z20S,15Z¢ ceramics are
shown in Fig. 6. The tortuous crack propagation path indicated
that crack deflection occurred along weak interface might be
another toughening mechanism since the crack swerving and

Fig. 6. Typical crack propagation on the polished surface of the Z20S,,15Z¢ ceramics.
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Fig. 7. XRD spectra obtained from the fracture surface and polished surface of
the Z20S;,15Z; ceramics.

twisting along fiber/matrix interface exhausted more energy than
crack propagating straightforward.* In addition, the obvious
crack branching and bridging were displayed. In general, the
crack path was deflected and branched along the weak inter-
face in the matrix. The pulled-out fibers had bridging effects
on crack propagation behind crack tip. The crack path became
devious and the work of fracture (WOF) increased. Hence, the
fracture toughness of the Z20S,15Z¢ ceramics increased as the
crack length increased. Undoubtedly, such integrated toughen-
ing effect consumed the energy of crack propagation during
fracturing process and led to the improvement of the fracture
toughness.

Besides the above toughening mechanisms, phase transfor-
mation toughening is another important contribution to toughen
zirconia-containing composites.”?! An XRD spectra obtained
from the fractured and polished surface of the Z20S,15Z¢ ceram-
ics are shown in Fig. 7. Apparently, the phase analysis indicated
the main phases in the polished surface of the Z20S,15Z¢ ceram-
ics were ZrB», SiC and #-ZrO as well as a trace of ZrC, which
was attributed to the reaction of silicon carbide particle and zirco-
nia fiber. As seen in Fig. 7, the diffraction peak of m-ZrO, phase
was observed in the fractured surface of the Z20S,15Z¢ ceram-
ics. According to Egs. (2)—(4), +-ZrO; transformability during
fracturing process can be calculated. As known, when sub-
jected to the external load, stress concentration in the hot-pressed
Z20S,15Zs ceramics will bring the phase transformation from
t-ZrO to m-ZrO, with volume change,22 which will restrain the
crack growing or propagating and exhaust the fracture energy.
Resultantly, the combination effects of all these toughening
mechanisms above provide a valuable way to toughen ZrB;-
based ceramics.

4. Conclusions

The Z20S,15Z¢ ceramics were fabricated by hot-pressing
at 1850°C for 60 min under a uniaxial load of 30 MPa in Ar
atmosphere. The experimental results and analysis of the crack
growth resistance behavior of Z20S,15Z¢ were studied using the
indentation-strength in bending technique with a comparison of

the envelope method. The results proved that these two testing
methods were uniform and viable for estimating R-curve. Under
three-points bending tests, the crack growth resistance property
of Z20S,15Z¢ ceramics exhibited rising R-curve behavior, and
the toughness reached a steady-state value at 6.8 MPam!/?. Such
improvements in damage tolerance and R-curve behavior were
due to the toughening mechanism, such as fiber debonding, fiber
pull-out, crack branching, crack bridging, crack deflection and
transformation toughening.
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