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Fracture toughness measurement with
fatigue-precracked single edge-notched
beam specimens of WC-Co hard metal

H. HZUKA, M. TANAKA

Mining College, Akita University, Tegatagakuen-cho 1-1, Akita 010, Japan

The plain-strain fracture toughness of WC-8%Co hard metal, Kjc, was measured using single
edge-notched beam (SENB) specimens with fatigue precrack. The fatigue precrack was
introduced with. compressive fatigue cycling in four-point bending at room temperature. Since
stable fatigue-crack propagation was obtained from the notch tip, it was easy to control the

fatigue-precrack length. A reasonable K¢ value of 13.3 MPam

/2 was obtained with the

fatigue-precracked SENB specimens in four-point bending. The compressive fatigue-precrack-
ing technique in four-point bending was simple and convenient, and is therefore applicable to
precracking in a variety of brittle materials prior to fracture-toughness measurements.

1. Introduction

The plain-strain fracture-toughness parameter, K¢,
has been determined using a variety of different speci-
men geometries such as the single edge-notched beam
(SENB) specimen, the double cantilever beam speci-
men, the double torsion specimen, the short rod/bar
specimen and the chevron notched specimen [1, 2].
The main difficulties in K¢ determination with SENB
specimens are the introduction of a sharp precrack,
and the measurement of its length when this can be
successfully introduced. Economical specimen pre-
paration is also necessary. Several methods have been
advocated in the past, however no single method has
gained wide acceptance. Mechanical precracking by
the usual methods of fatigue cycling or wedge loading
is difficult because the necessary stress-intensity factor
for precracking is often very close to the critical
fracture toughness in hard metals and ceramics. Spe-
cial techniques are therefore needed for precracking in
these materials.

The bridge compression [3] and cyclic loading
[4-7] methods are promising, since these methods can
introduce an ideal sharp precrack. However, they do
have some limitations and should be investigated
thoroughly for wider application. For example, there
is a difficulty in the reproduction of bridge-compres-
sion precracks of the same size. Residual stresses
resulting from the bridge-compression precracking
procedure affect the measured fracture toughness [3].
The high-temperature fatigue precracking procedure
may produce crack closure resulting from the forma-
tion of an oxide film on the fracture surface [4].
Moreover, it is known that the precrack length in
compressive fatigue cycling is limited to the size of the
local damage zone at the notch root [5]. Suresh and
co-workers [6, 7] showed that crack propagation
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under uniaxial cyclic compression offers a novel pos-
sibility for precracking in brittle materials prior to
fracture-toughness  measurements.

In this paper, compressive fatigue crack propaga-
tion from the notch-tip was observed in four-point
bending specimens at room temperature. Fracture
toughness, K, was measured with fatigue-precracked
SENB specimens. Discussion was made on the possi-
bility of compressive bending-fatigue cycling for the
precracking prior to fracture-toughness measurement.

2. Experimental procedure .

The material used was WC-8%Co hard metal, the
average grain diameter of the WC particles being
about 2.1 um. The fracture strength was 2.3 GPa. The
size¢ of the SENB specimen was 3x6x 60 mm.
Notches were introduced by spark cutting with an
electrical-discharge machine. The notch depth, d, was
1.5 mm, notch width was 0.27 mm and the notch-root
radius, p, was 0.14 mm.

Fatigue precrackings and fracture-toughness tests
were carried out using servocontrolled fatigue-test
equipment at room temperature. Fig.1 shows dia-
grams of SENB specimens subjected to compressive
fatigue cycling for precracking and loading for frac-
ture-toughness tests in four-point bending, in which
the outer span, L,, was 50 mm and the inner span, L,,
was 10 mm. Fully compressive cyclic loads of a trian-
gular wave-shape (5 Hz frequency) were applied at
room temperature for precracking. The maximum
load, P,,,, was 2.5-3.5kN, which corresponded to
1.4-2.0 GPa in tensile stress at the smooth specimen
surface. The load ratio, R = P,/ P,..x» Was main-
tained at a constant value of 0.1 in all experiments.
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Figure 1 Schematic diagram of SENB specimen subjected to (a)
compressive fatigue cycling for precracking and (b) tensile loading
for fracture-toughness tests in four-point bending.

The cross-head speed was 2.1 x10"*mmsec™! in
fracture-toughness tests.

K, was also measured with the indentation-
fracture method [8, 9] and the natural-flaw method
[2]. The indentation-fracture method was carried out
with a Vickers hardness tester: the indentation load
was 490 N and the hold time 30 sec. Measurements
were performed after surface polishing of about 60 um
with diamond paste. In the natural-flaw method, K,
was calculated with the largest natural flaw which was
observed on the fracture surfaces in fracture-strength
tests with four-point bending. The K, values ob-
tained are listed in Table L

The stress-intensity factor, K, of the fatigue pre-
crack which was initiated at the notch-tip was calcu-
lated with [10]

K =Y-3P(L, — L,)a"?/(2bW?) )

where P is the applied load, a is the total crack length,
b is the specimen width, W is the specimen height, and
Y is the modification factor which is calculated by

Y =199 — 2.47(a/W) + 12.97(a/W)?
— 23.17(a/W)® + 24.80(a/W)* )

3. Results and discussion

3.1. Introduction of compressive fatigue
precrack

Fig. 2 shows the influence of compressive fatigue

cycling on fatigue-crack propagation from the notch

TABLE I Results of fracture-toughness tests on WC-8%Co

tip. Stable crack propagation was produced under all
loading conditions. It is known that the important
contribution to such crack initiation and propagation
arises from the residual tensile stresses induced locally
at the notch tip [6, 7]. The fatigue cracks propagate at
a progressively decreasing velocity until the cracks are
arrested completely. The final crack length was longer,
with larger values of P_,,. However, extremely large
load amplitude resulted in catastrophic failure from
the tensile-stress side of the specimens. It was difficult
to introduce a precrack longer than about 0.13 mm in
WC-8%Co with this specimen geometry.

The crack-arrest distance under compressive fatigue
is dictated by the competing effects of the residual
tensile-stress field and the development of crack clos-
ure with an increase in crack length [7]. To obtain
longer precracks, the contact portions in the wake of
the fatigue crack were removed with aqua-regia
etching. After etching, the arrested cracks were re-
started: Fig. 3 shows the re-started crack propagation.
The crack-propagation rate was also progressively
reduced until it was re-arrested. Fig.4 shows the
arrested fatigue precrack and the re-started fatigue
precrack. The re-started fatigue crack also had a sharp
crack tip.

Fig. 5 shows the fatigue-precrack profile on fracture
surface. Slight non-uniformity in the fatigue-crack
front occurred during fatigue cycling. The crack
propagation distance within about 0.5 mm of the side
surfaces was larger than that in the interior of the
secimen, ;. [, was 0.01-0.03 mm longer than I, when
I; = 0.07-0.22 mm, where [ is the crack propagation
distance at the side surface. The effect of this crack-tip
profile on the K- measurements is considered to be
small, since the ratio of (d + I;) to (d + I;) was higher
than 0.95, where d is the notch depth. Ewart and
Suresh [6] observed a similar crack profile under
uniaxial compressive fatigue in Al,O;.

3.2. Fracture toughness

Fig. 6 shows the effect of fatigue-precrack propaga-
tion distance, /;, on the necessary stress-intensity fac-
tor for crack extension, K. Kz was decreased with
the increase of I, and was approximately constant
when [, was longer than about 0.09 mm. The average
value of Kz was 13.3 MPam'/? under [; > 0.09 mm.

Method Results

Surface flaw Circular pore K¢ o

depth (um) diameter (pum) (MPam'/?) (MPa m'/?)
Indentation flaw - - 14.25* 0.56
Natural flaw 8 - 12.31° -

34 - 13.49% -

- 29 13.86° -

- 20 12.80¢ -

*Kyc = 0.011 E®* P%€ 7% (1/a)~°* where E = Young’s modulus; P = applied load; a = diagonal length of indentation; I = Palmquvist-

crack length, from [10].
® K¢ calculated with equation in [11].
¢ K¢ calculated with equation in [12].
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Figure 2 Influence of compressive cycling on fatigue crack propaga-
tion. P, = 0,35 A,31;,0,29kN, ~*~
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Figure 3 Effect of aqua-regia etching on re-start of arrested fétigue
crack. Arrow indicates the point of time when the fracture surface
was etched with aqua-regia. P,,, = 3.5kN.

The extent of scatter in the results was small. More-
over, the average values obtained were almost equal to
the K, values which were obtained with the natural-
flaw and indentation-fracture methods. Therefore it is
considered that reasonable K, values were obtained
when [, was longer than about 0.09 mm. The re-started
fatigue precracks in the aqua-regia-etched specimens
were extended further than about 30 WC grains after
last etching, prior to fracture-toughness tests.

The influence of notch geometry on the stress-
intensity factor, K, of the precrack which was initiated
at the notch tip was analysed by Nishitani and co-
workers [13, 14]. The value K of the precrack was
strongly influenced by p/d. However, K of the pre-
crack is almost equal to that of the through-thickness
crack with the same total crack length when p/d is
small. For example, according to Nishitani and Ishida
[14], K/o[x(d + I))]** = 1.11 for p/d = 0.125 and
I;/d = 0.1. These results show that one can calculate K
of the precrack regardless of the influence of notch
geometry when p/d is small. In this study, p/d is 0.1
and l;/d = 0.1 when [, = 0.15 mm. Therefore the influ-
ence of notch geometry on the calculation of K of the
precrack with Equation 1 seems to be small when
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Figure 4 Fatigue precrack. (a) P, = 3.5kN; (b) fatigue precrack
re-started after aqua-regia etching, P, = 3.5kN.

Is 1
(fatigue precrack)

I

fracture  surface.

profile on

Figure 5 Fatigue
P =29 kN.

precrack

; = 0.15 mm. The results shown in Fig. 6 indicate that

the influence of the notch geometry is small when /; is
larger than about 0.09 mm. The slightly higher K
values when /; is smaller than 0.09 mm are explained
by the fact that the K values calculated with Equa-
tion 1 were larger than the real driving force, K.

K g measured with the notched specimen ([, = 0)
was about 60% higher than 13.3 MPam?!/2. Higher
K g values were obtained in notched specimens with
larger notch-root radii in many brittle materials. For
example, p > 70 um in Al,O; with 10 pym grain size
[15], p >"60 pm in Al,O, with 10 pm grain size [16],
and p > 10 um in Si;N, and SiC with 34 pm grain
size [16]. It is known that K values measured with
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Figure 6 Effect of fatigue-precrack propagation distance, /;, on

necessary stress-intensity factor for crack extension, K. *, Results
measured with aqua-regia etched specimens. K, measured with A,
indentation-flaw method; [J, natural-flaw method.

notched specimens are proportional to the square root
of the notch radius, p, for p greater than a limiting
sharpness [15, 16]. The critical notch radius to obtain
a reasonable K. is strongly influenced by the grain
size [16].

In general, the effect of residual stress produced in
precracking on measured toughness values is import-
ant. However, the maximum extent of damage left at
the crack tip under compressive fatigue cycling is not
likely to affect subsequent fracture-toughness meas-
urements. This assumption has been experimentally
substantiated in metal under far-field uniaxial com-
pressive load [6].

3.3. Microstructural observations

Fig. 7 shows the difference between the fatigue-
fracture surface and the catastrophic bend-fracture
surface produced in fracture-toughness tests. The most
notable difference was the amount of plastic deforma-
tion in cobalt ligaments, which were strongly defor-
med and ruptured on the bend-fracture surfaces. On

Fatique precrack
L que p

Figure 7 Scanning electron micrographs. Fatigue-fracture surface produced with P,

the fatigue-fracture surfaces, large plastic deformation
of cobalt ligaments was not observed. Therefore it was
casy to measure the fatigue-precrack propagation dis-
tance on the fracture surfaces. Moreover, it was con-
firmed that the aqua-regia etching had no influence on
the features of the bend-fracture surfaces.

Suresh and co-workers {6, 7] found that the crack-
propagation rate was progressively reduced until it
was arrested under far-field uniaxial cyclic compres-
sion in metals and brittle materials, and emphasized
that this phenomenon has some important appli-
cations as a sharp precracking technique for fracture-
toughness measurements in  brittle materials.
The results obtained in this study also show that
compressive fatigue precracking is useful in brittle
materials. Moreover, the compressive fatigue-pre-
cracking technique in four-point bending is simple
and convenient. The extent of maximum load for
precracking is lower in four-point bending than in
uniaxial cyclic compression [7] or in bridge com-
pression [3]. Therefore, this method is applicable to
precracking in a variety of brittle materials prior to
fracture-toughness measurements.

4. Conclusions

The fracture toughness value, K., of WC-8%Co, was
measured with SENB specimens with fatigue pre-
cracks. The fatigue precracks were introduced by com-
pressive fatigue cycling in four-point bending. The
results obtained were as follows:

1. A reasonable K. value of 13.3 MPam'/? was
obtained with fatigue-precracked SENB specimens
when the fatigue-precrack propagation distance was
larger than about 0.09 mm from the notch tip at which
the notch-root radius was 0.14 mm.

2. The compressive fatigue precracking technique
was simple and convenient, since the stable crack
propagation was obtained in compressive fatigue cyc-
ling. This method is applicable to precracking in a
variety of brittle materials prior to fracture-toughness
measurements.

Fatigue failure

Bend fracture

= 2.5kN.

max
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