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Abstract

The remarkable toughening effect usually found in
WC|Co cermets has been analyzed by means of a
fracture mechanics approach based on R-curve
characterization and in situ measurements of crack
opening displacement (COD). The use of a crack
stabilizer specially designed for the bending geometry
enabled to detect the rising R-curve behavior of the
material starting from the very neighborhood behind
the crack tip (i.e.<100um). In situ COD measure-
ments were related to the rising R-curve behavior
through theoretical equations for bridged cracks. As a
result, the toughening effect in the cermet was
explained using a constant (average) distribution of
bridging stress which shields the crack in the very
neighborhood behind its tip. The magnitude of the
bridging stress was found to be close to the ultimate
strength of the Co metal phase. Only a very minor
effect on toughening was found to be operated by metal
ligaments in regions far away from the crack tip.
© 1998 Elsevier Science Limited. All rights reserved
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1 Introduction

Toughening of brittle matrices through the addi-
tion of a minor fraction of a ductile phase is a well
recognized concept in the field of structural cera-
mics.! Accordingly, efforts have recently been
directed towards the development of new proces-
sing routes to produce such cermet materials with
higher efficiency.? Despite the improved processing
ability, however, the theoretical directives for
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developing a cermet microstructure which can
experience optimum toughness are not yet well
clarified. From the experimental side, the presence
of a metal phase with the morphology of a ductile
binder, which continuously circumvents the cera-
mic grains, seems to be more effective than a dis-
continuous dispersion of metallic particles.> This
assertion is mainly supported by the outcome of
fracture mechanics analyses of the WC/Co cermet
system, perhaps the toughest cermet material made
so far available by traditional processing routes.*
Recently, Kotoul® has presented a theoretical ana-
lysis of crack bridging process in the WC/Co sys-
tem, with emphasis placed on the effect of the
volume fraction of metal binder on fracture
toughness. The main outcome of this analysis is
that the cooperation of the cleavage process in the
matrix grains and the tearing of binder ligaments
results in a significant crack meandering, with the
development of a bridging zone containing a high
fraction of metal phase. In this paper, we have a,
attempted to experimentally analyze the toughen-
ing behavior of the WC,/Co cermet by means of
stable fracture experiments. In addition, scanning
electron microscopy (SEM) observation and mea-
surements of the crack opening displacement
(COD), have been employed to quantitatively assess
the typical extension of the bridging zone and the
magnitude of the bridging stresses, which are pro-
vided by the metal ligaments in a process zone in the
very neighborhood of the crack tip. The principal
goal of this study has been that of quantifying the
above two microscopic bridging parameters, which
were theoretically discussed as inherent material
properties in a previous paper.® The experimental
evidences obtained by analysing the tough WC/Co
system are thought to provide important research
directives for the future development of new cer-
mets with high toughness characteristics.



120 G. Pezzotti et al.

2 Fracture Mechanics and Microscopy
Experiments

The WC/Co material employed in this investiga-
tion was provided by Pozzo Co., International
Saws (Udine, Italy) and contained a volume frac-
tion of Co binder ~6wt%. The average grain size
of the WC matrix was 1-5 um. Specimens for frac-
ture mechanics testing were parallelepipeds
3x4x20mm (BXxWxL). A straight through notch
with a relative length, a/W~0-5 was introduced at
the center of the bars by a diamond cutter (blade
thickness of 0-2 mm). For reducing the influence of
the finite notch—tip radius on the monitored frac-
ture behavior, the bottom part of the saw-notch
was sharpened with a razor blade sprinkled with
fine diamond paste (1 um). By this procedure, the
notch root could be sharpened to a radius of
<10 um. In order to achieve stable, fracture pro-
pagation in bending geometry, a crack stabilizer’ in
three-point bending geometry was employed. This
crack stabilizer allows to arrest the crack even after
very short extensions (i.e., of few tens micron
order), thus enabling the determination of very
near-tip rising R-curve behaviors. The span of the
loading jig was 16mm. The load-displacement
relation was directly measured with semiconductor
strain gauges placed both on the loading bar and
on the tensile surface of the specimen. Further
details of the notching procedure and the bending
stabilizer have been reported elsewhere.®® R-curve
data were collected from the load—displacement
curves obtained under the relatively fast cross-head
speed of 0-1mm/min~!. The crack length was
measured by SEM during successive steps of the
stable crack propagation, concurrently with col-
lecting a COD map along the crack path. The SEM
apparatus was an Hitachi S-800, using a field
emission gun operating at 30kV. The procedure
for measuring COD on the crack profile was the
same as that suggested by Rodel e al.'® The crack
resistance value, Kgr, relative to the actual crack
extension was calculated from standard equations
for three-point bending geometry.

3 Results and Discussion

Figure 1 shows a typical load (P) versus displace-
ment (u) curve experienced by the WC/Co cermet
during stable fracture propagation in bending. in
the inset of Fig. 1, also the dependence of the crack
Resistance K, on the crack length, Aa, measured
from the notch root is shown, the latter parameter
being determined by SEM observations on the
crack profile during stable propagation. These data
clearly prove that the rising R-curve behavior of
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Fig. 1. Experimental P—u relation determined by stable crack

propagation in bending (full line) in comparison with the the-

oretical P-u dependence predicted for linearly elastic material

(broken line). The rising R-curve behavior, as determined by
stable fracture experiments, is shown in the inset.

the WC/Co material abruptly takes place within a
rather short crack extension (i.e. Aa=80--100 um)
up to a plateau value (Kg)max~10 Mpaxm!/? (i.e.
the crack resistance value calculated at the max-
imum load, Pc). The work of fracture, I', was cal-
culated from the area under the P versus u plot, by
dividing it by twice the fractured surface area. The
' value calculated from averaging three data of
different tests was 95-6 Jm~—2. This value is some
what larger than the work of fracture reported by
Engel and Huebner!! (i.e. ~70 Jm—2) for a WC/Co
cermet with an average grain size of the WC grains
~0-76 um. This difference may be due to the fact
that the grain size of the present WC/Co cermet
material is nearly double than that tested by Engel
and Huebner. An interesting feature of the P ver-
sus u plot is that, upon initial loading, the curve
loses its linearity at a relatively low P value,
namely at P/Pc~1/3. This load corresponds to the
critical stress intensity for crack propagation in the
brittle WC matrix, namely, Kyy=3-2 MPaxm!/2.
The detected change in specimen compliance
during initial loading reflects the occurrence of a
(subcritical) crack propagation from the tip of the
notch prior to achieving the maximum load Pc. A
confirmation of this compliance results could be
obtained by SEM observation of the neighborhood
of a notch root in a specimen loaded up to P/Pc
=0-5. In Fig. 2, cleaved WC grains are shown
which failed ahead of the notch under a load below
the critical value, Pc, for stable crack propagation.
The P versus u plot of the WC/Co cermet specimen
can be theoretically predicted when the process-
zone behind the crack tip (i.e. the crack extension
along which toughening mechanisms are activated)
can be considered to be small as compared with the
total crack length. This is the case in which the
bridging mechanism can be considered to contribute
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Fig. 2. Cleaved WC matrix grains observed by SEM ahead of
the notch tip upon loading below the critical load for crack
propagation (i.e. P/Pc=0-5).

to the intrinsic toughness of the material. Provided
that the elastic constants (i.e. the Young’s mod-
ulus, E, and the Poisson’s ratio, v) of the material
and the notch depth are known, the theoretical
load-displacement curve of a linearly elastic mate-
rial can be determined, according to the analytical
procedure given by Srawley and Gross.!> The
result of this calculation is shown by a dashed line
in Fig. 1. Such a theoretical P-u curve represents
the compliance response of a brittle material to
a constant critical stress intensity factor, Kjc=
(KR)max, (i.€. independent of the crack length).
Leaving aside the change in compliance asso-
ciated with the subcritical crack extension (indi-
cated as Au* in Fig. 1) in the WC matrix, the
experimental P—u curve shows a morphology
almost coincident with the theoretical compliance.
Particularly, the load decrease upon crack exten-
sion occurs in nearly the same way as in a linearly
elastic material. This characteristic of the P-u
curve means that, in the present WC/Co material,
the crack bridging mechanism can only be exploi-
ted within a very short process zone behind the
crack tip, while no toughening mechanism is
operative in the long-range crack extension. Using

standard equations to relate the change in com-
pliance, Au*, to the crack length!! leads to assess a
(subcritical) crack extension Aa* =120 um, in good
agreement with the Ag* value experimentally
found from the Ky versus Aa plot (cf. Figure 1).
The nearly linear elastic behavior found by the
present fracture toughness analysis is in agreement
with the outcome of an analysis of strength beha-
vior previously reported for WC/Co cermet.!?

Figure 3 shows a SEM picture of a portion of
crack profile taken in the neighborhood behind the
crack tip. Stretched Co ligaments are clearly visi-
ble, which are considered to provide the near-tip
bridging effect in the present WC/Co material.
SEM observations also revealed that such liga-
ments were broken in zones of the crack profile far
away from the crack tip. Exploiting the good reso-
lution of the field-emission SEM images, the con-
struction of a COD map (cf. arrows in Fig. 3) was
attempted for a crack extension Aa=100um
behind the tip of a stably propagated crack. The
results of this mapping experiment are summarized
in Fig. 4(A). For comparison, the COD profile
theoretically calculated for the WC matrix (i.e. in
absence of bridging tractions) is also shown. The
theoretical COD profile for an unbridged crack is
given by the Irwin parabola.'?

8m(x) = [(KR)max/El](gx/n)l/z (1)
On the other hand, the COD profile of a bridged

crack is given as:!'4

5(x) = 8m(x) — (2/7E) J R ()

o

(2)

ln“(xll/z i x1/2)/(x’1/2 _ x1/2)”dxl

where x is the abscissa along the crack wake with
origin at the crack tip, E' is the plain strain

Fig. 3. SEM image of a portion of crack profile which was located ~30um behind the crack tip under an applied

Ky = (Kr)

max

~ 10MPa x m!/2, Stretched Co ligaments are clearly visible along the profile. The crack propagated from left to right.

The arrows indicate an example of COD measurement, as performed throughout along the equilibrium crack.
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Fig. 4. (A) Experimental COD results from SEM mapping are
compared with the Irwin COD parabola [cf. eqn (1)] for a lin-
early elastic material and the theoretical COD values calcu-
lated from the Barenblatt eqn (2). (B) Bridging stress
distributions calculated from the experimental rising R-curve
behavior of the WC/Co cermet. The calculation is performed
both according to eqn (3) or by considering a constant brid-
ging stress distribution, under the assumption of a bridging
zone length, Ag* = 80 um.

Young’s modulus (i.e. measured as £’ =620 GPa in
the present WC/Co cermet), ogr is the bridging
stress and x’ is the abscissa where such a stress is
applied along the crack profile. In addition, the
macroscopic R-curve behavior of the material can
be related to the microscopic bridging stress func-
tion, opr ('), through the following equation:!?

Aa
Kr = Kio + (2/7)'"2 J[GBR(x’) Y (3)

o

The integral eqn (3) can be solved for the stress
function opgr(x’) using the R-curve data, provided
that a physically sound shape for the function
opr(x’) is chosen and the boundary conditions
established. One possible choice for representing
the bridging stress function is the functional form:

UBR(XI> — 0/2 _ ,Bx’3 (4)

This function has been proposed and shown to be
appropriate in a previous studies of nearby tough-
ened ceramics.!® In addition, a direct evaluation of

near—tip bridging stresses in toughened Siz;N,4 cera-
mics by Raman microprobe spectroscopy!” has
also confirmed the validity of a functional stress
form given in (4). A further choice can be that of
considering a constant (average) stress field which
shields the crack in the neighborhood of its tip. If
the functional form in (4) is selected, after sub-
stituing in eqn (3) and integrating, the two arbi-
trary constants @ and 8 can be determined from the
Kr and Kjo data (cf. Fig. 1), by applying the
boundary condition ogr for X’ = Ada*. In the case
of constant bridging stress, the determination of
the ogr value is straightforward from iterative
integration of eqn (3). The results of this analytical
procedure are shown in Fig. 4(A). For a bridging
zone Aa* = 80 um, the constants o« and S were
calculated as 1-30x10'? and 1-63x10'¢, respec-
tively, when stresses and crack lengths are given in
MPa and pm, respectively. The maximum bridging
stress, (OBR)p can be calculated by using the
condition dopr(x’)/dx’ =0, which results in
(0BR ) max = 40°/(278%) =1235 MPa at x' = 2w/38
~ 53 um. When the bridging zone is taken as
Aa* = 120 um, the maximum stress value reduces
to 1008 MPa, placed at X' = 80 um. A (0BR ).y Of
GPa order is however about twice the ultimate
strength value reported for annealed Co metal.®
Even assuming that a strong constraint effect exer-
ted by the ceramic grains on the metal phase
occurs,'? it is difficult to justify such a high strength
of the metal ligaments. In alternative, the very high
maximum bridging stress may just be an artifact of
the bridging stress distribution chosen. Closer to
the actual strength reported for Co metal'® is the
value found by considering a constant bridging
stress distribution, namely, [ogr]- =420 MPa. In
order to discuss the validity of the two opr(x)
functions, eqn (2) was numerically solved with
using the bridging stress functions shown in
Fig. 4(B). The COD functions calculated in this
way are shown in Fig. 4(A) (cf. dotted line), in
comparison with the Irwin COD parabola and the
COD values experimentally determined by SEM
observations. The Irwin parabola for the
unbridged crack lies well above the experimental
COD data. On the other hand, theoretical results
obtained by a constant stress distribution
[oBr]c = 420 MPa seem to fit the experimental
COD results with a better agreement as compared
to the function in (4). This calculation may show
that the choice of a constant stress distribution is
physically sound and confirms the importance of
obtaining a tangible bridging effect in the very
neighborhood of the crack tip. Such a mechanism
is available in the WC/Co cermet since the metal
phase continuously circumvents all the ceramic
grains. Thus, although the ultimate strength of
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the metal ligament may be lower than that of
an individual ceramic crystallite, high toughness
is achieved due to a more effective bridging
stress distribution as compared to monolithic
ceramics toughened through bridging of individual
crystallites.

4 Conclusions

An experimental analysis of the toughening beha-
vior of a WC/Co cermet material has been pre-
sented, which is based on both the assessment of
rising R-curve behavior upon stable crack propa-
gation and the experimental determination of COD
profiles by SEM observations. According to the
microscopy evidence of stretched Co ligaments
shielding the crack along a limited extension of the
order Aa* ~= 100 um, a near-tip crack bridging
mechanism has been assumed as the main factor
responsible for the toughening effect. A theoretical
analysis using the mechanics of cracks bridged
within a small process zone enabled us to explain
the sharply rising R-curve behavior of the WC/Co
cermet. For doing so, a bridging stress distribution
was taken along the crack profile abscissa, x’, both
in the functional form, opgr (¥') = ax’? — Bx’3, or as
a constant value. The constant stress distribution
was found to lead to a more conceivable value of
the ultimate strength of the metal ligaments as
compared to the other proposed bridging stress
distribution. The theoretical COD profile along the
bridged crack, as calculated by using a constant
opr(X') function), was found to reasonably fit the
COD profile experimentally determined by SEM
mapping. The present study was motivated by the
intention of deeply understanding the excellent
fracture behavior of the WC/Co cermet material
and in order to apply the same toughening concept
and microstructural approach to other cermet-type
composites.
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