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The mechanical strength of three WC-Co grades was determined and compared under uniaxial and biax-
ial bending. Uniaxial four-point bending was conducted on bar-shaped specimens; biaxial testing was
performed on discs using the ball-on-three-balls (B3B) method. Strength results were analysed within
the frame of the Weibull theory. Differences in characteristic strength between uniaxial and biaxial bend-
ing were explained as an effect of the effective surface tested in each case. A higher Weibull modulus was
obtained in one grade, independent of the testing method, which was related to its higher fracture tough-
ness. The use and validity of the B3B biaxial test to determine the strength distribution of cemented car-
bides is discussed.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

As for other high strength brittle materials, cemented carbides
show defect controlling fracture strength, which is associated with
the size of the largest (or critical) defect in the material, and this
can differ from specimen to specimen (or component to compo-
nent) [1–3]. The type of intrinsic defects in these materials ranges
from pores to non-metallic inclusions, as well as abnormally large
carbides or binderless carbide agglomerates, among other micro-
structural heterogeneities [4–9]. Therefore, strength cannot be de-
scribed uniquely by a single number, but as a distribution function
(related to the defect size distribution), where a probability of fail-
ure can be defined as the probability that fracture occurs at a stress
equal to or lower than a given value [10,11]. For cemented car-
bides, as for many brittle materials, an homogeneous crack-size
frequency density function g(a) of the form g / a�p [10,12,13], with
p being a material constant, can be assumed which leads to the
well-known probability function (Weibull statistics) [14]:

Pf ðr;VÞ ¼ 1� exp � V
V0

r
r0

� �m� �
; ð1Þ

where the Weibull modulus, m, describes the scatter of the strength
data (with m = 2(p � 1)), and the characteristic strength, r0, is the
stress at which, for specimens of volume V = V0, the failure probabil-
ity is: Pf(r0, V0) = 1 � exp(�1) � 63%. The probability of failure
increases with the magnitude of the load (i.e. r) and with the size
of the specimens (i.e. V). The size effect on strength is the most
prominent consequence of the statistical behaviour of strength in
brittle materials. That is, large specimens have higher probability
of failure than smaller specimens, under the same applied load.
The so-called effective surface or effective volume of a component,
i.e. region under tensile applied stress, is given by the integration of
the stress field over the surface (or volume) according to [11]:

Seff ¼
Z
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rr

� �m
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where rr is an arbitrary reference stress (generally the maximum in
the stress field). The integration is done only over surface (or vol-
ume) elements where the stress rð~rÞ is positive (tensile). For simple
cases, e.g. the stress field in a bending specimen, the calculation of
the integral in Eqs. (2) and (3) can be made analytically [15]. But in
general, and especially in the case of components, a numerical solu-
tion is necessary.

Recent work showed that the size of cemented carbide speci-
mens tested can be very significant on determining the tensile
strength [16]; the microstructural features originating the failure
might differ depending on the size of the specimen (i.e. tested vol-
ume of material). This is particular relevant when results of speci-
men characterization are to be extrapolated to real components of
different shape and size.
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The experimental characterization of strength using standard
approaches such as three- or four-point bending requires a rela-
tively large number of specimens as well as sample preparation
(e.g. cutting, grinding, polishing, edge chamfering, etc.). In addition,
the preparation of samples (e.g. bending bars) may modify the sur-
face to be tested, thus introducing flaw populations which may
mask the inherent strength distribution of the material itself. Fur-
thermore, strength measurement uncertainties (MU) associated
with the testing procedure (e.g. inaccurate positioning of the spec-
imens, uneven contact and transfer of load, friction, etc.) can lead
to underestimation of the Weibull parameters [17]. This can be
very significant in the case of brittle materials with a relatively
high Weibull modulus, where such large MU may be in the range
of the scatter of the strength.

In this work, strength of three microstructurally different WC-
Co cemented carbides is assessed by implementing uniaxial and
biaxial bending methods. Uniaxial testing is conducted under
four-point bending with two different spans and biaxial testing is
performed using the ball-on-three-balls (B3B) methodology. The
effect of specimen size on strength is investigated comparing uni-
axial and biaxial bending. The suitability of the B3B method is con-
firmed as alternative to uniaxial bending tests for mechanical
characterization of cemented carbides, and proposed for testing
in different environments (e.g. humidity and temperature [18,19]).
Fig. 1. (a) Schematic of the ball-on-three-balls testing jig; (b) stress distribution in a
plate during biaxial loading. The maximal stress is concentrated in the centre of the
specimen surface.
2. Materials and methods

2.1. Material of study

The materials studied were plain WC-Co cemented carbides pro-
vided by DURIT Metalurgia Portuguesa do Tungsténio, Lda. Three
grades corresponding to different combinations of carbide grain size
(dWC) and cobalt volume fraction (VCo) were investigated (referred to
as 16F, 16M and 27C). The designations, compositions, and key
microstructural parameters of each grade can be found in [20]. Mean
carbide grain size was determined by image analysis using scanning
electron microscopy (SEM) micrographs taken from polished and
etched surfaces, resulting in dWC = 0.50, 1.06 and 1.66 lm for the
16F, 16M and 27C grades, respectively. Values for cobalt binder
thickness (kCo) and carbide contiguity (CWC) were estimated from
best-fit equations, attained after compilation and analysis of data
published in a large number of literature studies, on the basis of
empirical relationships given by Roebuck and Almond [21], but
extending them to include carbide size influence [6]. Values of
kCo = 0.25, 0.30 and 0.76 lm, and CWC = 0.61, 0.32 and 0.18, were
estimated for the 16F, 16M and 27C grades, respectively.

2.2. Determination of mechanical strength

2.2.1. Uniaxial bending
Four-point bending (4PB) tests were performed with a fully

articulated test jig with two different outer (40 and 20 mm) and in-
ner spans (20 and 10 mm). Tests were carried out at room temper-
ature, under load control using an electro-mechanic testing
machine (Model 5505, Instron Ltd.) with a load cell of 100 kN, at
a testing rate of 100 N/s. Prismatic bar-shape specimens with
dimension (45 � 4 � 3 mm) were loaded until fracture. At least
ten samples were evaluated for each grade and test condition.
The strength was calculated from the maximum load at fracture
as [22]:

rmax ¼
3Fðs0 � siÞ

2bh2 ; ð4Þ

where F is the load at fracture, s0 and si are the outer and inner
spans, b is the specimen width and h is the specimen height.
2.2.2. Biaxial bending
The biaxial flexural strength was measured using the ball on

three balls (B3B) test [23–25], where a disc specimen is supported
on three balls and loaded symmetrically by a fourth ball (Fig. 1a).
In this loading situation, the three-point support guarantees
well-defined three point contacts (see Fig. 1b). At the midpoint of
the disc surface opposite to the loading ball a biaxial tensile stress
state exists, which is used for the biaxial strength testing. This test
has been recognised to be very tolerant for some out of flatness of
the disc and also for other small geometries or some misalignment
[24]. Furthermore, friction is recognised to be much smaller than in
the commonly used bending tests. For these reasons, the B3B-test
can also be used in as-sintered and small specimens. Details about
the test can be found elsewhere [24]. In our case all four balls had a
diameter of 3 mm. The tensile loaded surfaces of the B3B speci-
mens (disks of 0.7–1.5 mm in thickness and 13 mm in diameter)
were carefully grounded and polished to 3 lm finish to reach the
same surface quality. The biaxial flexural test was carried out using
an electromechanic universal testing machine (Model 5505, In-
stron Ltd.). A pre-load of 10 N was applied to hold the specimen be-
tween the four balls. The tests were conducted under load control
at a rate of 100 N/s at room temperature (relative humidity of
35 ± 2 % at 25 ± 1 �C). The load was increased until fracture and
the fracture load, F, was used to calculate the maximum tensile
biaxial stress in the specimen at the moment of fracture. At least
10 specimens were tested for each cemented carbide grade. For
an elastically isotropic material the maximum stress rmax corre-
sponding to the fracture load can be calculated as follows:

rmax ¼ f � F
t2 ; ð5Þ

where t is the thickness of the disc and f a dimensionless factor,
which depends on the geometry of the specimen and the balls,
the Poisson’s ratio of the tested material and details of the load
transfer from the jig into the specimen [23]. The factor f was calcu-
lated for each geometry using an applet at Ref. [26]. For the speci-
mens of study (with thickness ranging between 1.5 mm and
0.7 mm) the factor f ranged between 1.1 and 1.5.

The corresponding stress distribution in the disc during biaxial
loading is shown in Fig. 1b. The maximal stress is located in the
centre of the three balls. It can be inferred from the referred figure
that the central region, i.e. approx. 1/20 of the specimen dimen-
sion, is stressed with more than 90% of the maximal stress. There-
fore, localised strength measurements can be performed. We draw
the attention of the reader that both the effective surface and
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volume in the B3B configuration are much smaller than under uni-
axial bending.
3. Results and discussion

3.1. Strength distribution: effect of testing configuration

Fig. 2 represents the strength distribution in a Weibull diagram
corresponding to the three cemented carbide grades investigated
(16F, 16M and 27C), tested under four-point bending with 20–
10 mm and 40–20 mm spans and using the ball-on-three-balls
method. The failure stress, rf, (calculated for every specimen
according to Eqs. (4) and (5)) is represented versus the probability
of failure, Pf, for the specimens tested. It can be inferred that the
failure stress values follow a Weibull distribution, which is associ-
ated with the flaw size distribution in the sample (the critical flaw
sizes of the samples will be assessed later). The Weibull parame-
ters, r0 and m, for all strength distributions were calculated
according to the standard EN 843-5 [27]:

ln ln
1

1� Pf

� �
¼ m � ln rf �m � ln r0; ð6Þ

The broken lines in Fig. 2 represent the best fit of the strength
data according to Eq. (6) using the maximum likelihood method.
The corresponding Weibull parameters (with the 90% confidence
interval) for each grade and testing configurations are given in Ta-
ble 1. The 90% confidence interval for the measured values repre-
sents the range where the true Weibull parameters (from the
parent distribution) can be found with a 90% probability and
Fig. 2. Failure stress, rf, versus the probability of failure, Pf, for (a) 16F, (b) 16M, and (c)
40–20 mm spans and under biaxial bending (B3B-test). The broken lines represent the b
reflects the influence of the sampling procedure. The fracture
toughness is also given as determined elsewhere [28].

In all three materials an effect of the testing configuration can
be observed, especially when comparing uniaxial (4PB) with biax-
ial (B3B) testing (see Table 1). In the case of biaxial bending higher
failure stress values are measured in all three materials. Despite
the small number of specimens tested, an effect of the sample
tested (effective surface or effective volume) can be clearly seen,
which can be explained according to Weibull theory, where the
probability of failure increases with the size of the specimen. In
our case, the volume of material tested is very different when com-
paring uniaxial with biaxial testing. Thus, the strength in both
cases can be related based on the effective surface Seff (or effective
volume Veff) tested in both configurations, according to [10,11]:

rmSeff ¼ rm
0 S0; ð7Þ

and

rmVeff ¼ rm
0 V0; ð8Þ

where the effective surface and volume are calculated with Eqs. (2)
and (3) respectively. In the uniaxial bending case, Seff and Veff can be
estimated analytically according to [15] as follows:

Seff ¼ ½hþ bðmþ 1Þ� ðs0 þ simÞ
ð1þmÞ2

; ð9Þ

Veff ¼ ½bh=2� ðs0 þ simÞ
ð1þmÞ2

; ð10Þ

where b is the specimen width, h is the specimen thickness, s0 and si

are the outer and inner spans respectively, and m is the Weibull
modulus. For the case of biaxial loading using the B3B test Seff
27C samples tested under uniaxial four-point bending (4PB) using 20–10 mm and
est fit of the strength data according to Eq. (6).



Table 1
Weibull parameters estimated under uniaxial and biaxial bending for three different cemented carbide grades (i.e. 16F, 16M and 27C). The values in brackets represent the 90%
confidence interval. Fracture toughness is also given as determined elsewhere [28].

Grade KIc [28] (MPa m1/2) Weibull parameters

Uniaxial (four-point bending) Biaxial (ball on three balls)

Spans 40 and 20 mm Spans 20 and 10 mm

r0 (MPa) m r0 (MPa) m r0 (MPa) m

16F 9.2 ± 0.2 2799 [2605–3012] 8 [5–11] 3004 [2796–3233] 8 [5–11] 4208 [3888–4567] 8 [4–11]
16M 10.5 ± 0.2 2238 [2010–2500] 6 [3–8] 2397 [2151–2681] 6 [3–7] 3281 [3012–3585] 7 [4–10]
27C 14.7 ± 0.2 2699 [2591–2815] 16 [9–21] 2859 [2746–2980] 16 [9–21] 3341 [3133–3571] 10 [6–13]
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and Veff were calculated according to Eqs. (2) and (3) with finite ele-
ment commercial software available at [26]. It is important to ob-
serve that both Seff and Veff depend on the Weibull modulus (see
Eqs. (2) and (3)). In addition, since a multiaxial stress state exists
for the B3B, the calculation of rð~rÞ requires an equivalent stress
re to be defined. The principle of independent action (PIA) is com-
monly used to calculate the equivalent stress, and accounts for the
action of all principal stresses (rI, rII and rIII) independently [29],
as: re ¼ rm

I þ rm
II þ rm

III

� �1=m defined for tensile stresses.
As a result, an effective surface of �40 mm2 and �20 mm2 was

estimated with Eq. (9) according to Ref. [15] for the four-point
bending specimens with 40–20 mm and 20–10 mm spans, respec-
tively. An effective surface ranging from only 0.2 to 0.7 mm2 was
obtained for the specimens tested with B3B [23,26]. In terms of
effective volume, a value of �10 mm3 and �5 mm3 was estimated
with Eq. (10) for the 4PB specimens with 40–20 mm and 20–
10 mm spans, respectively. An effective volume ranging from
0.005 to 0.03 mm3 was obtained for the specimens tested with
B3B depending on the thickness of the disc specimens [23,26].

In order to explain the size effect associated with the testing con-
figuration the characteristic strength of each grade is represented in
Fig. 3 as a function of the effective surface and effective volume. The
characteristic strength of the 4PB (40–20 mm) configuration is taken
Fig. 3. Characteristic strength of (a) 16F, (b) 16M, and (c) 27C cemented carbide grades a
c2) according to Weibull theory. The characteristic strength of the 4PB (40–20 mm) samp
symbols) describe the 90% confidence intervals.
as a reference; the broken lines represent the extrapolation of the
90% confidence interval for r0 for different Seff (Fig. 3a1, b1 and c1)
and Veff (Fig. 3a2, b2 and c2) respectively. According to Fig. 3 the size
effect predicted by the Weibull theory can be clearly seen. An extrap-
olation of uniaxial results shows a good agreement between uniaxial
and biaxial strength, when considering fracture originating defects
located at the sample surface (effective surface).

The analysis of the fracture surfaces in terms of origin, size and
type of defect, for the three grades of cemented carbides investi-
gated revealed that failure origins were found at or near the sur-
face of the specimens; no fracture origin in the interior of the
specimens (far from the surface) was found. Thus, the Weibull
extrapolation considering the effective surface represented in
Fig. 3a1, b1 and c1 should be considered. As inferred from the re-
ferred figure, the Weibull theory can explain the difference in
strength between samples tested under uniaxial and biaxial bend-
ing for the three cemented carbides investigated. A direct conse-
quence is that the strength distributions obtained under biaxial
bending using the B3B method can be ascribed to surface (or
sub-surface) defect population in the three cemented carbide
grades. This qualifies the B3B method to be used for mechanical
characterization of cemented carbides as those investigated in this
work.
s a function of the effective surface (a1, b1 and c1) and effective volume (a2, b2 and
les is taken as reference for the extrapolation. Broken lines (as well error bars in the
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3.2. Analysis of critical defect size

Based on a linear elastic fracture mechanics (LEFM) approach,
the critical defect size (ac) causing the failure of the uniaxial or
biaxial loaded specimens can be estimated based on the failure
stress, rf (as reported in Table 1), and on the fracture toughness,
KIc, of the material according to the Griffith relation: KIc =
rf�Y�(pac)1/2. The factor Y can adopt different values depending on
the location of the critical flaw. According to [30,31], for the case
of internal circular defects Y can be assumed as 2/p � 0.63; for
small critical surface flaws (semi-circular cracks) Y can be assumed
as 0.73; for large critical surface flaws (e.g. scratches) Y can be de-
fined as 1.12; and for sub-surface flaws Y � 0.93 (due to the sub-
critical growth up to the surface [30]). In our case, since both
surface and sub-surface flaws were found, a factor Y � 1 was as-
sumed. The estimated mean critical flaw sizes for all three grades
under both loading configurations were: (i) 3 lm, 7 lm, and
9 lm under 4PB (40–20 mm), (ii) 3 lm, 6 lm, and 8 lm under
4PB (20–10 mm), and (iii) 2 lm, 3 lm and 6 lm under B3B, for
16F, 16M and 27C, respectively. In general smaller defects could
be estimated for the three grades tested under B3B, most likely
associated with the lower effective surface (or effective volume)
in the sample during testing (i.e. lower probability of encountering
large defects). For the case of the B3B, the estimated effective sur-
face calculated above with Eq. (2), i.e. between 0.2 and 0.7 mm2,
corresponds to areas as wide as 400 lm � 500 lm and
700 lm � 1000 lm, respectively. This ensures the validity of the
B3B method to sample a representative area of the material tested
containing typical sizes of failure initiating defects.

Very interesting is the small difference between 4PB and B3B
strength in the 27C grade. This can be associated with the rela-
tively higher KIc as well as more pronounced R-curve in this grade
compared to 16F and 16M (see Torres et al. for more details [32]).
As a consequence, although initial defects may have similar size,
they can grow sub-critically in the 27C grade up to certain size
both under 4PB and B3B configurations. This leads to a certain
‘‘homogenization’’ in size, which can also be inferred from the rel-
atively higher Weibull modulus obtained in the 27C compared to
the other two grades (i.e. m = 16 for 27C and m = 8 for 16F and
16M). According to this result, the B3B method should be able to
account for R-curve effects which may be present in cemented car-
bide grades. Future work will consider the use of B3B to test WC-Co
in different environments (e.g. humidity and temperature as em-
ployed for other materials [18,19]), where the accuracy of the test-
ing method place a significant role to differentiate strength
behaviours under different conditions.
4. Conclusions

Different uniaxial and biaxial strength distributions were mea-
sured in three WC-Co grades with different microstructures using
the four-point bending (4PB) and ball-on-three-balls (B3B) meth-
ods. Characteristic strengths ranging from �2200 MPa to
�3000 MPa were measured under 4PB, while higher values be-
tween �3300 MPa and �4200 MPa were obtained under B3B. This
could be explained according to the size effect on strength in brittle
materials, as predicted by the Weibull theory; extrapolation of 4PB
results for effective surface showed good agreement with the B3B
experimental values. A higher Weibull modulus was measured in
the WC-Co grade with pronounced R-curve under both 4PB and
B3B, associated with the subcritical growth of initial defects. The
B3B is suggested as alternative method for testing WC-Co cemen-
ted carbides, which could be extended to different environments
and temperatures.
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