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bstract

n this paper, zirconium diboride based ceramics added with 20 vol.% silicon carbide particle and 15 vol.% zirconia fiber (Z20Sp15Zf) were prepared
y hot-pressing at 1850 ◦C for 60 min under a uniaxial load of 30 MPa in Ar atmosphere. R-curves for Z20Sp15Zf ceramics were studied using
he indentation-strength in bending technique and the envelope method. The results indicated that these two testing methods were consistent and

1/2
iable for estimating R-curve. Z20Sp15Zf ceramics had high resistance to crack growth and damage tolerance with the 6.8 MPa m of steady-state
oughness. The toughening mechanism was fiber debonding, fiber pull-out, crack bridging, crack branching, crack deflection and transformation
oughening.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The traditional ceramics exhibit a large strength scatter
ecause of the poor crack tolerance and the wide range of flaws
nduced by fabrication and machining processes.1 Recent stud-
es have proved that the improvement in the strength reliability
omes from the crack resistance curve (R-curve).2,3 R-curve
ehavior of ceramics has attracted wide attention in the past
ecades, which describes the increase in crack growth resis-
ance during stable crack extension before instability and can be
xpressed by a power-law equation1:

R =  A(�c)n (1)

here KR is the crack resistance, A  and n are material constants,
c is the increase in crack length, �c  = c  −  c0, c0 is a preexisting,

raction-free notch. The exponent n  measures susceptibility to R-
urve behavior. A rising R-curve denotes that additional energy

s required not only to meet the need at the crack tip to propagate
he crack, but also to overcome extrinsic toughening mecha-
isms, such as crack bridging and crack deflection.4,5 R-curve
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s now known to have a profound influence on the mechan-
cal properties of ceramics, such as fracture toughness, cycle
atigue and thermal shock behavior.6 In order to predict the insta-
ility of ceramics, characterizing and understanding R-curve
ehavior are of great importance. According to the numerical
alculation and experimental progress in the literature, the test-
ng methods of estimating R-curve are summarized.7–10 One
s direct method, including indentation method, single-edge
otched beam test and double cantilever beam method. For all
hese methods, the crack length must be measured and the corre-
ponding stress states are recorded, respectively. However, it is
ifficult to determine the crack position and monitor stable crack
rowth. The other is indirect method without direct measuring
f crack length, such as the envelope method. Compared with
he conventional testing methods, the indirect method provides

 unique simplicity and economy in test procedure, at little cost
n reliability.

As one of the ultra-high temperature ceramics (UHTC),
irconium diboride (ZrB2) has the lowest theoretical den-
ity (6.09 g cm−3), which makes it attractive for aerospace
pplications.11 Furthermore, ZrB has excellent properties such
2
s high melting point (>3000 ◦C), high thermal and electrical
onductivities, chemical inertness against molten metals and
reat thermal shock resistance, so that it is a potential candidate

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.028
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aterial for high-temperature structural application, including
ypersonic aircraft, furnace elements, plasma-arc electrodes,
eusable launch vehicles, or rocket engines and thermal protec-
ion structures for leading edge parts on hypersonic reentry space
ehicles at over 1800 ◦C.12,13 However, because of strong cova-
ent bonding and low self-diffusion, monolithic ZrB2 is difficult
o get densified without high temperatures and external pres-
ures. Moreover, the intrinsic brittleness leads to catastrophic
ailure and poor thermal shock resistance of ZrB2-based ceram-
cs, which also limits their practical applications. Our previous
ork14,15 has confirmed that the addition of silicon carbide par-

icle (SiCp) and zirconia fiber (ZrO2f) to the ZrB2 matrix results
n the improvement in both densification process and fracture
oughness. The toughening mechanism with lack of researching
n the ternary ZrB2–SiCp–ZrO2f ceramics is complex.

The previous work proved that ZrB2 added with 20 vol.%
iCp and 15 vol.% ZrO2f (Z20Sp15Zf) had optimal flexu-
al strength and fracture toughness.14 In the present study,
20Sp15Zf ceramics were fabricated by hot-pressing. The phase
omposition and microstructure of the Z20Sp15Zf ceramics
ere investigated. The damage resistance and R-curves behav-

or of the Z20Sp15Zf ceramics were evaluated by using the
ndentation-strength in bending (ISB) technique, and compared
ith the envelope method, the difference between the two being

nalyzed.

. Experimental  procedures

.1.  Preparation

Commercially available ZrB2 powder (2 �m, purity > 99.5%,
orthwest Institute for Non-ferrous Metal Research, China)

nd SiC (1 �m, purity > 99.5%, Weifang Kaihua Micro-powder
o., Ltd., China) were used as raw material. The ZrO2 fiber

mean diameter and length are 5–8 �m and 200 �m, respec-
ively, purity > 99%, Shandong Huolong Ceramic Fiber Co.,
td., China) used here was 3 mol.% Y2O3 partially stabilized
irconia. The powders were weighed in proportion to the sto-
chiometric ratio to yield ZrB2–20 vol.%SiCp–15 vol.%ZrO2f
nd then ball-mixed for 20 h in a polyethylene bottle using zir-
onia balls and ethanol as the grinding media. After mixing,
he slurry was dried in a rotary evaporator. The resulting pow-
ers were crushed and then passed through a 100-mesh sieve.
he resulting powder mixtures were hot-pressed at 1850 ◦C for
0 min under a uniaxial load of 30 MPa in Ar atmosphere.

.2. Characterization

The phase composition was determined by X-ray diffraction
XRD; Rigaku, Dmax-rb, CuKa = 1.5418 Å). According to the
ormula of Toraya et al., the volume fraction of the m-ZrO2 (Vm)
as calculated by measuring the intensities of (111) and (111̄)

eflections of the monoclinic phase and the (111) peak of the
16
etragonal phase :

m = 1.311Xm
1 +  0.311Xm

(2)

w
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o
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m = Im(111) +  Im(111̄)

Im(111) +  Im(111̄) +  It(111)
(3)

here Xm denoted the integrated intensity ratio, Im and It were
he peak intensities of the m-ZrO2 and t-ZrO2, respectively. Fur-
hermore, the obtained Vm was individually normalized to the
olume fraction of ZrO2 (VZrO2 ) in each composite as follows:

mtot =  Vm ×  VZrO2 ×  100% (4)

herefore, the result of Vmtot on the fracture surface minus the
ne on the polished surface equals to the transformation fraction
rom t-ZrO2 to m-ZrO2 during fracture (i.e., t-ZrO2 transforma-
ility).

The microstructural features and fragmented surfaces of
he hot-pressed ceramic were observed by scanning electron

icroscopy (SEM, FEI Sirion, Holland). Flexural strength
σ) was tested in three-point bending on 3 mm by 4 mm
y 36 mm bars, using a 30 mm span and a crosshead speed
f 0.5 mm min−1. Each specimen was ground and polished
ith diamond slurries down to a 1 �m finish. The edges of

ll the specimens were chamfered to minimize the effect of
tress concentration due to machining flaws. Young’s modu-
us (E) was evaluated from the slopes of load deflection curves
f above strength tests. A static extensometer was used to
easure the deflection with an error in the measurement of

.1%.
For crack-growth experiments, Vickers’ indentation under

pplied loads between 4.9 and 147 N for 10 s was made at
he center of the prospective tensile surface of each test piece.
fter the indentation test, the indentation strength of specimens
as performed immediately by three-points bending tests after

ndentation in order to avoid any subcritical crack growth due to
he stress corrosion effect. The indentation strengths were deter-

ined from the failure load as above strength test. At least six
pecimens were tested for each experimental condition.

.3. Determination  of  R-curve

The indentation cracks are used to estimate the toughness of
rittle ceramics. During post-indentation bending, the crack is
ubjected to a total stress intensity factor, KI, as shown in Eq.
5) 17:

I =  Kσ +  Kr +  Ks (5)

here Kσ , Kr and Ks are the bending stress intensity factor,
he indentation residual stress intensity factors and the residual
urface stress intensity factors, respectively. In this study, the
esidual surface stress generated by machine grinding can be
liminated completely by appropriate annealing process, Ks = 0.
o Eq. (5) can be normalized to

I =  Kσ +  Kr =  ψσc1/2 +  χPc−3/2 (6)
here σ, P  and c are the applied stress, the indentation load
nd the crack length, respectively. Parameter ψ  is a shape factor
f crack geometry, which is treated as a constant (∼1.24) in the
valuation of fracture toughness or R-curve behavior of ceramics
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the ISB method are plotted in Fig. 4a, which agree well with the
ig. 1. SEM image of Vickers’ indentation (taken at 147 N) on the polished
urface of Z20Sp15Zf ceramics.

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

 =  δ

(
E

H

)1/2

(7)

here E  and H  are Young’s modulus and the hardness of the
aterial, respectively. Parameter δ  is a non-dimensional constant

hat depends on the indenter geometry and Poisson’s ratio of the
aterial, and according to the research of Anstis et al.,18 it can

e assumed to be constant, δ  = 0.016 ±  0.004.
According to the energy principle, the crack will grow if

pplied KI is equal to or greater than the fracture resistance of
he material, KR. An equilibrium position will be attained at

I = KR if the condition of dKI/dc  < dKR/dc  is satisfied. For a
iven indentation load P  and the corresponding applied stress

 = σf, the criterion for the onset of crack-extension instability,
eading finally to rupture, is the common-tangent intersection
or the KI and KR curves,

I =  KR (8)

dKI
dc

= dKR
dc

(9)

For the envelope method, according to Eq. (6), the families of
I(c) curves can be generated from the (σf, P) data sets. Then,
ased on the assumption of Eqs. (8) and (9), KR(c) curve can
e calculated objectively as the envelopes of tangency points to
hese families of KI(c) curves using the program of Matlab, so
he R-curve is produced.

For the ISB method, the crack length is measured using scan-

ing electron microscopy, as shown in Fig. 1. The KR(c) curve is
stimated by solving Eqs. (6) and (8). In other word, the R-curve
an be determined from the (c, σf, P) data sets.

h
i
m
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.  Results  and  discussion

.1.  Indentation  load  and  strength

According to the reported work,4 Griffith materials, which
how no rising behavior, would follow the power law:

f ∝  P−β (10)

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

og σf ∝  −β  log P  (11)

Li et al. reported that ZrB2 added with 10 vol.% silicon
arbide particle (SiCp) and 10 vol.% zirconia particle (ZrO2p)
Z10Sp10Zp) had the most excellent combination of mechan-
cal properties and thermal shock behavior.19,20 Fig. 2 plots
he logarithm of observed bending strength versus the loga-
ithm of indentation load for the Z20Sp15Zf ceramics, compared
ith that for monolithic ZrB2 and Z10Sp10Zp which are col-

ected from the published literature.21 Linear regression was
pplied to calculate the best fit to the data. As shown in Fig. 2,
n the high-indentation-load region, the fracture strength of
hree materials reduced linearly with the increasing indenta-
ion load. The slope decreased from 0.341 for monolithic ZrB2
o 0.231 for Z10Sp10Zp and 0.181 for Z20Sp15Zf. Accord-
ng to the judgment criterion of Griffith materials, monolithic
rB2 is expected to show no rising R-curve behavior, but the
10Sp10Zp and Z20Sp15Zf ceramics with slopes lower than
/3 are expected to have rising R-curve behavior. Moreover, the
exural strength after indentation varied less rapidly with inden-

ation load for Z20Sp15Zf than the one for monolithic ZrB2 and
10Sp10Zp. This result indicated that the Z20Sp15Zf ceram-

cs had improved damage resistance in comparison with the
onolithic ZrB2 and Z10Sp10Zp ceramics. In other words, it
as implied that the Z20Sp15Zf ceramics would have higher

ising R-curve behavior than that of the monolithic ZrB2 and
10Sp10Zp ceramics.

.2.  R-curves  (the  envelope  method)

Fig. 3 shows the families of KI(c) curves and the envelopes
f tangency points for the Z20Sp15Zf ceramic. It could be seen
rom Fig. 3, the envelope curve of tangency points, which was
tted by using the program of Matlab, formed the rising R-curve
ehavior. This result indicated that the fracture toughness of the
20Sp15Zf ceramics increased with the increase of crack length.

.3. R-curves  (the  ISB  method)

The scattered points of fracture toughness data obtained by
eavy line obtained by the envelope method, also exhibit the typ-
cal R-curve behavior. The result proved that these two testing

ethods were consistent and feasible for estimating R-curve,
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Fig. 2. Strength response to indentation load for (a) Z2
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of the Z20Sp15Zf ceramics. As seen from the insert mag-
Fig. 3. R-curve for Z20Sp15Zf ceramics (the envelope method).

nd accurate data acquisition was achieved. Fig. 4b displays
hat fracture toughness is plotted as a function of crack length
or ZrB2 and Z10Sp10Zp ceramics, respectively, which are col-
ected from the published literature.21 Obviously, monolithic
rB2 showed a plateau R-curve behavior, which was almost

orizontal. The slope of 0.341 in Fig. 2b, close to 1/3, also
onfirmed the soft R-curve behavior for monolithic ZrB2, which
ould be mainly attributed to the absence of extrinsic toughening

n
fi
fi

Fig. 4. R-curve behavior for (a) Z20Sp15Zf (the ISB 
0Sp15Zf and (b) ZrB2, Z10Sp10Zp
21 ceramics.

echanisms.21 Compared with monolithic ZrB2, Z10Sp10Zp
eramics provided obvious R-curve, and the value of steady-
tate toughness was ∼6.4 MPa m1/2, which was contributed to
he interaction of transformation toughening and crack bridging.
vidently, as shown in Fig. 4a, the present Z20Sp15Zf ceram-

cs had higher rising R-curve behavior. Z20Sp15Zf ceramics
ad an initial toughness in the short crack region (<100 �m)
igher than both monolithic ZrB2 and Z10Sp10Zp ceramics.
he crack growth propagated continuously, R-curve behav-

or became stronger so that the stress intensity factor, which
as required to promote stable crack growth, increased rapidly
ntil the steady-state toughness was obtained. In the case of
20Sp15Zf ceramics, the value of steady-state toughness was
6.8 MPa m1/2. This suggested that Z20Sp15Zf ceramic pos-

essed excellent damage tolerance and a rising R-curve behavior
n comparison with both monolithic ZrB2 and Z10Sp10Zp
eramics.

.4.  The  toughening  mechanism

Fig. 5 is the typical SEM micrographs of the fracture surface
ification in Fig. 5B, the perfect interface between zirconia
ber and other phases was displayed, which was favorable to
ber debonding and pull-out. The fiber debonding, pull-out and

method) and (b) ZrB2, Z10Sp10Zp
21 ceramics.
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Fig. 5. Fracture surfac

racture were observed on the rough fractured surface, which
ndicated that the stress intensity factor at the crack tip over-

ame not only the crack growth resistance of matrix, but also the
nterfacial shear resistance. The debonding, pull-out and fracture
ber would improve the fracture toughness of the ceramics.

s
t
a

Fig. 6. Typical crack propagation on the polis
Z20Sp15Zf ceramics.

The SEM micrographs of cracks path obtained by the inden-
ation on the polished surface of the Z20Sp15Zf ceramics are

hown in Fig. 6. The tortuous crack propagation path indicated
hat crack deflection occurred along weak interface might be
nother toughening mechanism since the crack swerving and

hed surface of the Z20Sp15Zf ceramics.
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ig. 7. XRD spectra obtained from the fracture surface and polished surface of
he Z20Sp15Zf ceramics.

wisting along fiber/matrix interface exhausted more energy than
rack propagating straightforward.4 In addition, the obvious
rack branching and bridging were displayed. In general, the
rack path was deflected and branched along the weak inter-
ace in the matrix. The pulled-out fibers had bridging effects
n crack propagation behind crack tip. The crack path became
evious and the work of fracture (WOF) increased. Hence, the
racture toughness of the Z20Sp15Zf ceramics increased as the
rack length increased. Undoubtedly, such integrated toughen-
ng effect consumed the energy of crack propagation during
racturing process and led to the improvement of the fracture
oughness.

Besides the above toughening mechanisms, phase transfor-
ation toughening is another important contribution to toughen

irconia-containing composites.21 An XRD spectra obtained
rom the fractured and polished surface of the Z20Sp15Zf ceram-
cs are shown in Fig. 7. Apparently, the phase analysis indicated
he main phases in the polished surface of the Z20Sp15Zf ceram-
cs were ZrB2, SiC and t-ZrO2 as well as a trace of ZrC, which
as attributed to the reaction of silicon carbide particle and zirco-
ia fiber. As seen in Fig. 7, the diffraction peak of m-ZrO2 phase
as observed in the fractured surface of the Z20Sp15Zf ceram-

cs. According to Eqs. (2)–(4), t-ZrO2 transformability during
racturing process can be calculated. As known, when sub-
ected to the external load, stress concentration in the hot-pressed
20Sp15Zf ceramics will bring the phase transformation from

-ZrO2 to m-ZrO2 with volume change,22 which will restrain the
rack growing or propagating and exhaust the fracture energy.
esultantly, the combination effects of all these toughening
echanisms above provide a valuable way to toughen ZrB2-

ased ceramics.

. Conclusions

The Z20Sp15Zf ceramics were fabricated by hot-pressing
t 1850 ◦C for 60 min under a uniaxial load of 30 MPa in Ar

tmosphere. The experimental results and analysis of the crack
rowth resistance behavior of Z20Sp15Zf were studied using the
ndentation-strength in bending technique with a comparison of

1

amic Society 32 (2012) 1743–1749

he envelope method. The results proved that these two testing
ethods were uniform and viable for estimating R-curve. Under

hree-points bending tests, the crack growth resistance property
f Z20Sp15Zf ceramics exhibited rising R-curve behavior, and
he toughness reached a steady-state value at 6.8 MPa m1/2. Such
mprovements in damage tolerance and R-curve behavior were
ue to the toughening mechanism, such as fiber debonding, fiber
ull-out, crack branching, crack bridging, crack deflection and
ransformation toughening.
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