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Abstract

This research examines fatigue in WC-Co, both under compressive and tensile loading conditions.
A new macro-mechanism for compression fatigue crack propagation is put forward, which
contradicts existing data on compression fatigue cracks as being self-limiting. Evidence of this
macro-mechanism is presented in the form of final crack length versus number of cycles data, and
micrographs of the compression fatigue cracks. A finite element study of the stress distribution
in the WC-Co microstructure during compression fatigue loading has been developed. This model
verifies possible methods of compression fatigue crack initiation. Examination of tensile fatigue
and fast: fracture surfaces is used to show that fatigue is a separate mechanism to fast fracture in
WC-Co. Characteristic features of the fatigue fracture surface are presented. A possible fatigue
crack propagation mechanism is also presented. Finally, fatigue crack growth rate data in the form
of the Paris equation is presented for WC-Co grades T6 and G6.
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I. Introduction

Although considerable research into the fast fracture processes in WC-Co has been conducted in
order to understand the fracture toughness of the material, very little work has been conducted
into understanding stable crack prop:agation. This may be partly due to the difficulties associated
with fatigue testing of brittle materials - mainly with the difficulty of producing a stable crack in
a brittle material from which to initiate a fatigue crack. However, in the last decade, a method of
compression fatigue has been developed as a means of initiating stable cracks in brittle materials
and it has been applied to WC-Co.

This investigation aimed at acquiring a better understanding of stac., crack growth under both
compressive and tensile loading conditions. This involved firstly, investigating the initiation and
propagation of stable cracks in we-co produced by the compression fatigue method and
secondly, investigating the propagation of stable cracks in WC-Co subjected to tensile loading
conditions.

Following the compression fatigue method, the cracks were produced from a notch, by submitting
tbe sample to compressive loading cycles. The propagation of the cracks was monitored by means
of replicas and the propagation mechanisms were deduced from scanning electron micrographs
of crack outcrops and fracture surfaces.

The initiation of the compression fatigue cracks was modelled by finite element analysis. 'This
technique was used to determine the stress distribution at the root of the notch and crack initiation
was assumed to occur at the sites of maximum tensile stress.

Finally, the cracks produced by the fatigue compression method were grown in the four-point
bending loading configuration. Here crack lengths were monitored through a travelling
microscope to determine crack growth rates. The data obtained in this manner was fitted to the
Paris equation. Once again, crack propagation mechanisms were investigated from scanning
electron micrographs of the fatigue surfaces.

1



2 Literatu.«..Survey

2.1 Tungsten Carbide-Cobalt

2.1.1 Introduc.~

WC-Co consists of hard, brittle tungsten carbide grains bonded by a soft, ductile cobalt binder.
Typical microstructures are showninfigures 3.] and 3.2 in chapter 3. It is the combination of the
properties of these two constituents which give WC-Co its excellent properties. At low and
medium cobalt contents, the tungsten carbide grains form a skeleton which gives the material
extremely high hardness. But the loss in toughness which usually results from such high hardness
is prevented by the ductile cobalt binder. The result is a material exhibiting extreme hardness,
while retaining reasonable toughness.

WC-Co is used in a number of engineering applications requiring high strength, hardness and
abrasion resistance. Itmakes an excellent cutting tool- being used as the cutting edge in machine
tools. Further, it is extensively used for drill bits in mining applications. Its high strength has led
to its use indies and anvils for diamond synthesis.

The cobalt content and tungsten carbide grain size can be varied to produce WC-Co grades with
different properties.

2.1.2 The Manufacture ofWC-Co

The following schematic, which is adapted from Brookes (1998), shows an outline of the WC-Co
manufacturing process. A simplified description of the manufacturing process is also presented
here.

The process starts with the refining of tungsten ore to get a metal powder. Typically, the ores
used are woJfuunite or scheelite (Brookes, 1993). Once tungsten metal powder has been obtained,
it is mixed with carbon black and fired at a temperature between 1400 and 2650°C in a hydrogen
atmosphere. Ball milling is used before :firing to ensure satisfactory mixing between the tungsten
powder and the carbon black. The tungsten powder is carburised during the firing to form we
(Brookes, 1998).
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Figure 2.1
we-co Manufacturing Schematic
Adapted from Brookes, 1998

At this stage, ball milling is again used, this time for mixing the WC powder and the Co powder.
The powders are milled together until the Co completely coats the WC powder. In order to
facilitate handling of the mixed powders, the powders are often mixed with a lubricant and then
granulated into pellets. The pellets or powders are then pressed into the shape of the final
component. A variety of methods exist for forming the component from the powders, but these
are beyond the scope of this work. Allowances must be made in the pressed dimensions for
shrinkage during sintering (Brookes, 1998).

Before sintering, a pre-sintering stage oflubricant removal may be applied. This preheat can be
part of the sintering furnace cycle. During this stage, the lubricant is burned out of the component.
Once the lubricant is compJetely removed, the component is sintered between 1350 and 1650 DC.
During sintering, the cobalt melts and wets the WC grains. The component shrinks considerably
(between 18 and 26 percent in each linear direction). After sintering, the WC-Co component may
be coated before use (Brookes, 1998).
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2.2.1 Introduction

Suresh (1992) defines fatigue as a term which 'applies to changes in properties which can occur
in a metallic material due to the repeated application of stresses and strains, although the term.
applies especially to those changes which lead to cracking or failure' . He states farther that the
term can be applied in the same way to non-metals. As the majority of engineering materials are
subjected to cyclic loading in service, the study of their resistance to cyclic loads is important.

The fatigue process ern be broken down into three distinct regions :
St8£e 1. Crack initiation
During crack initiation, cyclic loading causes microstructural damage accumulation to initiate a
microscopic crack. This microscopic crack grows andjoins with other microscopic cracks to form
what is known as the 'dominant crack' - the crack which will propagate to cause fiillure.
~2. Stable crack propagation
This stage consists of stable crack growth - the crack will propagate at a steady rate dictated by
the nature and magnitude of the applied loads.
Sta&e 3. Catastrophic fajlure
When the load bearing area of the component is sufficiently reduced by the fatigue crack, the
component will fail in one final loading cycle.

Tbete are two categories of methods for determining the fatigue properties of a material (Suresh,
1992). Total-life approaches involve determining the total fatigue life from inF:iation to failure
as related to the stress amplitude (..10). This method is typified by the S-N fatigue characterisation
discussed below. The defect-tolerant approach assumes the crack to already have initiated by
means of'an existing defect, and attempts to characterise the stable crack growth (stage 2 of the

fatigue life). This approach is typified by the AK vs :: curve determined using fracture

mechanics principles. The AK vs :!!!. method is discussed in section 2.2.2.
<in

As already mentioned, the stress amplitude - cycles to failure (S-N) approach attempts to
characterise the entire life oftbe component from crack initiation to final failure. In this approach,
the stress amplitude (ao) is plotted against the number of cycles to final failure (N). The result
is a curve exhibiting the expected fatigue lifetime at a given stress amplitude (shown iixfigure 2.2),
The typical S-N curve has an endurance level below which the fatigue life of the component is
considered to be infinite. This is tantamount to a stress below which a crack will not initiate and
the component should never fail.
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The SoN CUrve
Ewalds & Wanhill, 1989

The time to initiate the dominant crack (stage 1), can, however, account for as much as 90% of
the total fatirr'.le lifetime (Suresh, 1992). This first stage is drastically shortened, ifnot removed
altogether, by pre-existing material defects which can serve as crack initiation sites. This means
that the size and distribution of defects within the material can playa decisive role in the fatigue
life. As a result, considerable scatter can he obtained inSoN fatigue data (for example Polak et al,
1990). In an unnotched specimen, surface condition can also playa decisive role in determining
fatigue lifetime using the S-N approach (for example Davies & Barbana, 1972). This introduces
considerable risk for the designer using SoN data.

A better design methodology is to assume an existing defect (which is usually the case in
engineering materials) and to base fatigue calculations on remaining lifetime. This means that the
fatigue properties are hemp characterised interms of stage 2 (the stable propagation stage) of the
fatigue process. The intention is to use fracture tnt'''' 11 .ics principles to estimate the time for the
existing crack to grow to some critical dimensi .n, .~a Jiver. stress amplitude. This approach to
determining the fatigue characteristics of a , at(,rial is discussed in the next section on the
application of fracture mechanics to fatigue.
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mThe Atmlicatioo of Fracture Mechanics Principles to F .~

By relating AX; the change in stress intensity factor during cycling, to !!.! ,the crack growth rate,
dn

we relate the change in stress intensity factor to the crack growth rate. It has been shown that as
long as the stress ratio, R, remains constant, then ilK correlates to the growth rate (Ewalds &
Wanhill, 1989).

So, !!.!=.f{M,R)
<in

As this method of obtaining fatigue data excludes the crack initiation stage, much of the scatter
of the S-N method is removed. Fatigue crack initiation is a statistical process, and excluding crack
initiation from fatigue data should remove much of the variation in results. Data in this format is
also of fur more use to the designer. Material fabrication processes will introduce defects into the
finished product, When designing for fatigue, the engineer can assume defects of the smallest size
detectable by non-destructive testing methods to already be present in the material, Lifetimes at

given stress intensities can then be calculated from the AX vs !!2.. data.
dn

Generally, the curve relating crack growth rate to AX exhibits three stages (figure 2.3). The first
is a range below the threshold value (~) where no growth takes place. The second is often a
region of linear log relationship between crack growth rate and .t1K (Ewalds &Wanbill, 1989).
The most widely accepted description of this part of the crack growth rate curve is the Paris

equation: da =C(fJQfi1
dn

The third region is one offinal failure, where K".._ (the maximum stress concentration) approaches
K1c , the fracture toughness.
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Figure 2.3
The fatigue crack growth rate curve
E"raId') & Wanhill, 1989

2,2.3 Stress Anatvsis of Cracks Under Monotonic Loadin~ Conditions

The stress distnbution ahead of a crack is recognised to contain a singularity at the crack tip
which is described by an equation of the form :

where
K = stress intensity factor
r, 0= polar coordinates ofa point with respect to the crack tip (seefigure 2,4)
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Figure2.4 "
Distribution of stresses in vicinity of a crack tip
Hertzburg, 1976

As a result oftbis "tress singularity, there will be a region ahead of the crack tip where the local
stresses are greater than the yield strength of the material. Where the stresses exceed the yield
strength of the material, a region of plastically deformed material will result (Hertzberg, 1976).
This region is known as the plastic zone. Linear elastic fracture mechanics applies only to cases
where the plastic zone is small in comparison to the crack length and the cracked body still
behaves in an clastic manner, When a monotonic load is applied to the crack, there will be a
region of elastically strained material surrounding the plastic zone. This region is termed the
e. ..tic zone.
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2.2.4 Stress AnalYsis of Cracks Under Cyclic LQadini Conditions

A plastic zone will form infront of a propagating fatigue crack during the loading part of its cycle.
This zone is equivalent to the plastic zone formed under monotonic loading conditions and is thus
referred to as a monotonic plastic zone (Suresh, 1992). A second plastic zone forms as a result
of unloading the fatigue crack: when the fatigue crack is un' .aded, a load of magnitude -AP is
applied to the crack (as the load on t'Ie crack is diminished by AP). This reduction in load
instigates a reversed plastic flow O'igure2.5). The result is a reversed flow plastic zone embedded
inthe monotonic plastic zone. So a fatigue crack which is not :fullyunloaded (i.e. still under load
Pmil == Pma;: - A.P) will have a region of reversed plastic flow in its monotonic plastic region. In this
region of reversed plastic flow, residual compressive stresses are induced.

f t -6P

",,(.T,O) a.. (x, 0)

j , , (al

Ht
(bl

t t P-t:.P

r,.

Figure 2.5
Schematic representation of the development of the cyclic
plastic zone on unloading:
(a) A monotonic plastic zone is created by load P fMX

(b) Reducing the load by AP results ina reversed plastic zone
forming

(c) The resulting stress distribution due to the
superimposition of (a) and (b)
Suresh, 1992
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Infigure 2.5(c), the stress distribution resulting from the combination of the monotonic and
reversed flow plastic zones can be seen. Ahead of the crack tip the stresses are seen to be
compressive and subsequently change to tensile somewhere between the boundaries of the
reversed plastic zone and the monotonic plastic zone. This is consistent with the notion that
residual stresses are self-equilibrating (Suresh, 1992) - residual compressive stresses at the crack
tip are offset by residual tensile stresses away from the crack tip.

2.2.5 FatiiUC Crack ClQ.$.G

As has already been explained, a region of monotonic plastic deformation forms ahead of a
growing fatigue crack. As the crack grows, a wake of monotonically deformed material forms
along its sides as infigure 2.6 (Ewalds & Wanhill, 1989). As this wake is the result of tensile
loading, the material in it will be elongated normal to the crack. When the crack is open. this
elongated material is of no consequence as itwill simply be displaced along the crack sides. When
the crack closes, however, the elongated material along the crack flanks will cause the crack sides
to come into contact before the minimum load (Pmin) is reached. This means that the crack will
be fully closed before the minimum load (Pmin) is reached.

MONOTONIC CRACK
TIP PLASTIC ZONE

Figure 2.6
Wake of residual deformation around a fatigue crack
Ewalds & Wanhill, 1989

In a Mode I loading regime, no growth will take place while the crack is closed (as Mode I is an
opening mode). As the crack is fully closed before the minimum load (Pmm) and hence before the
minimum stress intensity factor, Kmtn. is reached, the effective stress intensity range in which the
crack can propagate is smaller than.dK (Ewalds & Wanhil1, 1989). It has, in fact, been suggested
that the crack will only grow when it is fully open. If (lop (>(lmin) is the stress intensity at which
the crack is fully open, then tJKfjJ arising from q;,,_re - £tp is the effective stress intensity range
during which crack growth can take place. (Suresh, 1992) .

A compliance plot is used to experimentally obtain (7op' A displacement gauge is placed behind
the crack tip to measure the crack opening (displacement) in the load cycle. The displacement (0)
measured by the gauge is then plotted against the applied stress (or equivalently against 10.The
o - a plot in the figure 2. 7 shows that the crack remain Ifully open while the stress is decreased
from 0mox (at point A) to (7", at (point B). The constant slope between A and B is the same as the
measured stiffuess (0 versus 0) of the equivalent specimen with a saw-cut the same length as the
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fatigue crack (Suresh, 1992). This means that no crack closure has occurred due to plastic
deformation, After point B, tne slope of the curve deviates from the straight line - showing that
the crack is closing. The curve becomes linear again after point C. The slope of CD is the same
as the stiffuess of the equivalent specimen without a fatigue crack (shown by slope OE), indicating
that the crack is fully closed after point C.

strain tr

~

E A

fatigue
crack

0
(0)

(hI
8

As R (the stress ratio) increases, so L1K<ffbecomescloser to L1K (the proportion of L1K during
which the crack is closed becc mes less as L1K increases with increasing R). This may be a reason
fur the effect that R has on crack growth rates. Inother words, ..dK<ffmay account for the effect

that R has on :!!.. (Ewalds & Wanhill, 1989). So itmay be:
dn

Figure 2.7
A schematic of the relationship between the applied stress
and the displacement measured by the strain gauges
Hertzburg, 1976
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2.2.6 Fatjgue Crack Growth from Notches

Plastic and elastic zones can be found at the root of a notch in much the same way as at a crack
tip as shown infigure 2.8 (Ewalds & Wanhill, 1989). Therefore, a fatigue crack growing from a
notch may start growth under conditions of local plasticity. The size of the plastic zone arising
from the notch will initially be very large when compared to the size of the developing crack. In
this situation, Linear Elastic Fracture Mechanics will not be able to predict the behaviour of the
crack. Once the crack bas grown through the plastic zone, it then has to grow through the elastic
zone of the notch before reaching the bulk stress-strain field of the material. Even in the elastic
zone, the crack growth rates are not always correlated by .d1K.

The exact manner inwhich a fatigue crack will deviate from the usual AK vs da curve is
dn

\
(
\

~~'""'-""--..__-__"'-~_~_-, ...i

J J 1 ! ! 1 1 1 1

determined by the nature of the notch. When the crack is in the plastic zone of the notch, its
growth rate will be higher than that indicated by the M. Therefore, if the notch has a plastic
zone, crack growth rates wilt IJe high until the crack grows out of the notch plastic region.

a

Ifthe notch has an elastic zone, the behaviour of the crack in the elastic zone will depend on the
crack length. This is because short cracks tend to grow faster than long cracks at the same iJK
(Ewalds &Wanhill, 1989). This phenomenon is known as the Short Crack Problem. One of the
causes of this phenomenon is difference between residual deformation in a short crack and ina
long crack as infigure 2.9. A short crack will have less residual deformation behind it, and
therefore less crack closure and a higher growth rate. A longer crack will have more residual
deformation in its wake and hence will have greater crack closure and a slower crack growth rate.

Figure 2.8
Growth of a small fatigue crack at a notch
Ewalds & Wanhill, 1989
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Figure 2.9
Differing plasticity in the wakes of short and long
cracks with the same .dK
Ewalds & Wanhill, 1989

So a short crack growing in the elastic zone of a notch will exhibit faster crack growth than the
.dK- value would suggest. Ifthe crack is not short, then it will exhibit normal growth in the elastic
zone. Ifa notch has only an elastic field (and hence the crack starts growing in the elastic zone),
initial crack growth will be faster than would be predicted from the relevant .dK value.
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2.2.7 FatiiUe Crack Initiation in Ductile Materials

Inductile materials, dislocation movement plays a very prominent role in fatigue. Fatigue cracks
tend to initiate either at the surface or at a defect in the material (Ewalds & Wanhill, 1989).
Nucleation sites can be generated by the formation of persistent slip bands (PSBs). PSBs are
surface notches formed by cyclic slip. They resemble a series of peaks and troughs (extrusions and
intrusions) on the surface of the material. Inmonotonic loading, slip planes on the surface tend
to be regular and resemble a 'staircase' in that they form a series of slip steps. Incyclic loading,
the slip systems have the effect of roughening the 'surface' by the formation of these intrusions
and extrusions.

PSBs are the surface terminations of dense bands of slip in the material. They are called persistent
as etching will not remove them (thus denoting permanent damage) and if they are polished off
and the material is subjected to further cyclic loads, they will recur at the same spots. Continuing
slip will deepen the intrusions, which act as prime sites for crack initiation. These surface features
can be regarded as the initial stages of micro crack formation (Hertzburg, 1976).

A simplified model for the formation ofPSBs is supplied by Ewalds & Wanhill (1989). The
applied load causes dislocation movement and these dislocations pile up at grain boundaries. At
the boundaries the dislocations tend to form pairs called dipoles as a result of their interacting
stress fields. An arrangement of vacancy dipoles will mean that the material between them has
fewer halfpIanes of atoms than the surrounding material (seefigure 2.10). These halfplanes of
atoms will be at the surface forming an extrusion. Similarly, an arrangement of interstitial dipoles
will have more atom half planes between them which have been removed from the surface,
thereby forming an intrusion.
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Figure 2.10
Simplified dislocation model of extrusions and intrusions
Ewalds & Wanhill, 1989

Cyclic slip will cause the intrusion cracking to extend a few grains long into the material, thereby
initiating a fatigue crack. The fatigue crack then moves into stage two of the fatigue life - stable
propagation. As the crack initiation is a result of cyclic slip, the initial crack direction will be at
450 to the applied load. This is because the maximum resolved shear stress which causes
dislocation movement is at 450 to the applied load, i.e, in the direction of maximum shear mess.
Once the Mode I loading crack starts to propagate, however, its direction will change to
perpendicular to the applied load.
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2.3 Fatigue in Compression

Generally it bas been accepted that fatigue cracks remain closed under compressive forces, and
hence will not propagate when ina totally compressive stress field. It bas come to be recognised,
however, that fatigue cracks can initiate and propagate under compressive loads (Hubbard, 1969;
Johansson et al, 1970; Reid et al, 1979; Suresh, 1985). This fatigue phenomenon is believed to
be a result of local tensile stresses at the crack tip (Suresh, 1985).

Analogous with the region of compressive stresses ahead of a crack propagating in tension, there
can be a region of residual tensile stresses ahead of a crack propagating under compression
(Suresh, 1985). These residual stresses can cause crack initiation and propagation to arise under
a far-field compressive stress. This bas been used to propagate fatigue cracks in notched
specimens (Reid et al, 1979; Suresh, 1985).

Inthese tests, notched specimens were subjected to compressive loads. During the application of
the initial load, a region of monotonic plastic deformation occurs at the notch tip. This region is
comparable with the monotonic plastic zone that forms during the loading cycle of a crack under
a far-field tensile load. Finite element studies have shown that when the compressive load is
removed, large residual tensile stresses are generated at the notch-tip (Suresh & Brockenbrough,
1988). These tensile stresses arise from a process akin to that which gives rise to compressive
stresses infront of a tensile fatigue crack (see figure 2.11). The unloading process causes a zone
of reversed flow ahead of the notch tip. These large residual tensile stresses form because there
is no contact (closure) inthe wake of the notch root (Suresh, 1992). When the notch is unloaded,
it returns to its original open position. The material at the notch tip which bas undergone
compressive defo.rmation is subjected to tensile stresses by the notch opening. This means that if
a long, sharp fatigue crack rather than a notch was subjected to compressive loading, such a
residual tensile field would probably not be generated as the crack would remain closed on
unloading.
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Figure 2.11
near-tip stress variation for
(a) cyclic tension
(b) cyclic compression
Suresh, 1992
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The residual tensile stresses generated in the first loading cycle are sufficient for crack initiation
and propagation to occur at Ute notch root. Once the crack starts to grow, the faces of the crack
tend to remain partially or fully closed during some portion of the fatigue cycle (Suresh, 1992).
Experimental measurements of crack closure show that as the compression fatigue crack grows,
the:fraction of the loading cycle for which the crack is open decreases (Suresh, Christman & Bull,
1986). The increasing crack closure causes crack growth to decelerate and then arrest as shown
infigure 2.12.

17



number of compression. cycles, N

It must be noted, however, that the region of residual tensile stresses generated in far-field
compressive loading is still surrounded by the region of compressive stresses (the compressive
plastic zone formed as a result of the initial compressive loading). Suresh (1991) explains t!i.s by
stating that residual stresses are self-equilibrating. Once the crack grows to the end of the tensile
residual stress region. it will encounter residual compressive stresses. Inaddition, when the end
of the residual te.isile stress region is reached, there is no longer any driving force for crack
growth. These two factors, together with increasing crack closure with mcreasing crack length,
will initially cause the crack to decelerate, and then to arrest entirely.

Figure 1.12
Typical variation of crack length with the number of
compressive cycles
Suresh, 1992

Cracks g own in tL manner under compressive loads can be regarded as 'true' fatigue cracks for
the following reasons (Suresh, 1992):

- The compressive fatigue cracks grow perpendicular to the applied stress (as do Mode
I fatigue cracks). Cracks grown under monotonic compressive loads tend to grow parallel
to the applied load.
- The crack length gradually increases as the number of cycles increases
- This effect is not a result of environmental effects as it has been shown to take place
ina vacuum
- The rate of crack growth bas been shown to be strongly influenced by mechanical factors
such as mean stress, stress state and stress range
- Crack closure plays an important role in determining the rate of crack growth

The self-arresting characteristic of compression-fatigue cracks is of particular significance when
attempting to introduce stable cracks into brittle materials without catastrophic failure (Suresh,
1985). This is because stable (self-limiting) cracks can be introduced into brittle materials under
compressive loads, where introducing the crack under tensile loads would lead to catastrophic
failure. Both toughness (~c) and fatigue testing (for growth rate versus L1Kinformation) require
the presence of pre-e>d:.1:ingcracks and compression fatigue can be used to introduce stable cracks
into brittle materials for this purpose.
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Fatigue cracks under far-field compression-compression loading have been grown in a number
of different materials. These include:

7075- T6 aluminium alloy (Hubbard, 1969)
7075- T735 1 aluminium alloy (Holm et al, 1986)
WC-Co (Johansson et ai, 1970; Suresh & Sylva, 1986; Human, 1988)
normalised mild steel and EN8 (Reid et ai, 1979)
2.35Cr-lMo steel (Suresh, 1985; Holm et al, 1986)
polycrysta1line alumina (Ewart & Suresh, 1986; Suresh et al, 1978)
hot-pressed silicon nitride (Suresh, 1988)
fine-grained zirconia (Suresh, 1988)
Portland-cement-based concrete (Suresh, 1988)

All these materials displayed the same compression fatigue crack growth characteristics: The
cracks advance along a plane macroscopically perpendicular to the uniaxial far-field compressive
stress axis and all the cracks arrest a1~~rprogressively slowing down (Suresh, 1991).

As can be seen, this technique has been used to grow fatigue cracks in both ductile and britt
materlals. Infact, the compr.cssion fatigue technique has allowed study of fatigue mechanisms "
brittle materials (Snresh, 1991). As brittle materials are much stronger incompression than in
tension, they are most widely used in compression. In addition, cyclic compression has thus far
proved to be the only \,ray in which to introduce and propagate a stable fatigue crack in many
brittle materials. So most of the f":earch into stage 2 fatigue in brittle materials bas been
conducted under compressive CYC!.l. ioads (Suresh, 1990).
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2,4 Fatigue Crn('ks in Brittle Materinb

The importance of dislocation movement in the initiation of fatigue cracks in ductile materials has
already been discussed. Traditionally, the assumption has been that dislocation movement is
necessary for fatigue to take place and this immediately raises questions about fatigue and fatigue
mechanisms in brittle materials, where little chance of dislocation movement causes the material
to fracture before substantial deformation can take place. Fatigue phenomena have, however, been
shown to take place inbrittle materials (above).

Engineering solids can be broadly classified into three categories (Suresh, 1991):
(i) highly brittle solids
(ii) semi-brittle solids
(iii) ductile (non-brittle solids)

The category of highly brittle solids consists of ionic ally and covalently bonded solids such as
ceramics and diamond.

The category of semi-brittle solids contains materials such as b.c.c. metals and glassy polymers.
Inthese materials a limited amount of plastic deformation will take place before brittle cracking.

Ductile solids (such as £c.c. solids) conform to the fatigue behaviour already discussed.

Fatigue by cyclic compression has been induced in all three categories of engineering materials
(see the list given in the previous section). Tensile fatigue growth rates conforming to the Paris
regime have been induced in ceramics (Suresh, 1991). This means that mechanical fatigue effects
distinctly different from static loading effects can be induced in orittle materials.

The observed fatigue in brittle materials suggests that kinematically irreversible microscopic
deformation (of which dislocation movement is an example) is necessary for fatigue (Suresh,
1992), but fatigue damage need not only result from dislocation movements, it can also result
from other processes such as micro cracking and martensitic transformations.

There are known to be several different means whereby a crack can be initiated in a brittle solid.
For example, brittle solids contain internal microscopic defects known as Griffith's flaws and
surface defects. Micrucracking as a result of residual stresses at grain boundaries and phase
interfaces has also been shown to provide nucleation sites for fatigue cracks.
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The mechanisms that lead to the generation of residual stresses under compressive loads have
been investigated in polycrystalline alumina (Ewart & Suresh, 1986). Notched specimens were
used. Microcracks were found to initiate at the grain boundaries in the vicinity of the notch. These
microcracks are attributed to residual stresses at the grain boundaries arising from thermal
contraction anisotrophy. The application of the compressive loads increases the extent of the
micro cracking. Residual tensile stresses result at the notch tip if the microcracks remain open
during unloading of the maximum far-field compressive load. Frictional sliding (due to the cyclic
load) of the faces of these microcracks causes fatigue cracks to initiate on adjacent grain
boundaries. Further cyclic loading results in the microcracks coalescing into a macrocrack, Once
again, the ultimate length that the crack grows to is limited by the extent of the damage ahead of
the crack tip. When a crack is m:tiated in compression, further cycling results inthe formation of
debris within the crack due to the repeated contact bet-ween the crack walls. This debris can
wedge the crack open, thereby having an effect on the rate of crack advance (Suresh, 1990). So
the rate of fracture will be governed by two conflicting processes:
(1) the generation of debris which wedges the crack open and
(2) macroscopic closure along the crack wake as the crack grows.

In addition to the fatigue processes witnessed in brittle materials, brittle materials will exhibit
stable fatigue growth resembling that of metals ifa ductile phase is introduced (Suresh, 1991).
This is seen to be the case inWC-Co.
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2,5 Compression Fadgue in WC~Co

Johansson et al (1970) used cylindrically shaped test pieces with enlarged ends to determine the
fatigue life time of WC-Co grades with varying cobalt contents. These pieces were tested to
destruction where the test piece shattered under the applied cyclic compressive loads. Resistance
to fatigue under compression was found to be greater than resistance to tensile fatigue. Further,
itwas found that the resistance to futigue decreased with increasing cobalt content and grain size.
No evidence ofa fatigue limit was found. Of interest is the fact that limited scatter was obtained
in the results.

Subsequent studies used the single-edge-notched geometry loaded in uniaxial compression as
showninfigure 2.13 (Suresh& Sylva, 1986; Godse et al, 1987; Human, 1988). Inthese studies,
crack length was monitored as a function of the number of cycles.
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Figure 2.13
Schematic showing the loading of a notched
specimen in cyclic compression
Suresh, 1992

Suresh & Sylva'S study explained the mechanisms whereby residual stress zones are formed in
WC-Co as a combination of those found in metals and those found in brittle materials. The
compression crack path was seen to be mainly along the interface between the cobalt binder and
the carbide grains. Some evidence of cracking was seen in the binder phase, but there was no
cracking visible through the carbide grains. The formation of the residual stresses necessary for
compressive fatigue cracking was explained as follows:
(i) Residual stresses are introduced by the plasticity of the cobalt binder:

The bioder behaves in a ductile manner. So dislocation movement in the binder results in
the formation of monotonic and reversed flow plastic zones. Residual tensile stresses
result.

(ii) Residual tensile, compressive and shear stresses exist near the carbide-binder interface as a
result of different thermal contraction effects (thermal mismatch):
These residual stresses can lead to microcracking under a fur-field applied load.

(ill) A damage zone at the notch tip, characterised by a population of microcracks at the carbide-
binder interface, can result in a local stiffness reduction. If a fraction of these cracks remain
open during the unloading portion of the compression cycle, residual stresses will resuit.
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(iv) Frictional sliding of interfacial microcracks due to the compressive cycling also adds to the
residual tensile stresses:

Once microcracks have formed, further cyclic loading will cause matching faces of the
microcracks to rub against each other. The resulting friction and shear along the carbide-
binder interfaces can promote further micro cracking at adjacent interfaces.

It must, however, be noted that the study by Luyckx (1976) documented the development of slip
steps in WC grains subjected to reversed bending fatigue. This suggests that in addition to the
mechanisms suggested by Suresh and Sylva, cyclic plasticity within the carbide grains may also
playa role in the development of residual stresses.

Godse, Gurland and Suresh investigated the residual stresses ahead of a compression fatigue crack
that has arrested. Itwas found thatR and crack tip closure affect the stress state at the crack tip.
Itwas concluded that the measurement of fracture toughness can be affected by residual stresses
arising from the compression precracking. A method was suggested to eliminate these residual
stresses:
(i) subject the specimen to cyclic compression until the crack arrests
(ii) subject the specimen to tensile fatigue in a bend configuration
(iii) monitor the crack length until a state of arrest is detected (due to residual compressive

stresses)
(iv) when crack arrest is detected, increase the maximum stress intensity (Kmd by 0.25 MParlin
(v) continue growing the crack at increasing loads until it no longer arrests
At this stage, all residual stresses should have been eliminated.

Presumably Godse et at do not suggest a stress-relieving anneal to eliminate residual stresses as
their method gives an indication of the extent of the residual stress zone.

In 1988, Human confirmed the propagation of stable cracks inWC-Co and showed that the final
crack length can be controlled by the load range and notch geometry. Increases in load range led
to increased final crack lengths, as did longer notches. Once the specimens had been cracked
under compression, fracture touglmess tests were conducted on them. The values obtained from
these tests were low when compared to the K[c values reported in the literature. This may suggest
that residual stresses at the crack tip had an effect. The method suggested by Godse et at was
applied to one specimen, and a larger K1Cvalue was obtained in the subsequent fracture toughness
test.

Iizuka & Tanaka (1991) also used compression fatigue precracks for fracture toughness testing
in single-edge-notched specimens. Instead of uniaxial loading, however, they applied cyclic
compressive loads in a four-point bending test as infigure 2.14. Once again, stable crack
propagation was induced and final crack length was increased by higher applied loads. In order
to obtain longer cracks, aqua regia was used to remove contact portions in the wake of the
arrested crack. The cracks with a sharper crack tip were then subjected to compressive cycling
again, and the arrested cracks restarted. These cracks also progressively slowed down until they
re-arrested. The K[C values obtained, however, were in very good agreement with those obtained
using other pre-cracking methods. In fact, the authors stated that the maximum amount of residual
stresses remaining after compressive precracking could not be enough to influence subsequent
fracture toughness tests.
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Figure 2.14
Schematic diagram of Single Edge Notched
Bending (SENB) specimen subjected to
(a) compressive fatigue
(b) tensile fatigue
in a four-point bend

the last two paragraphs show, there is some uncertainty as regards the effect of residual
-resses on subsequent tests. The following table summarises the views of researchers on this
point:

Table 2.1
The effect of residual stresses

Do Residual Stresses Affi:ct the Results of Subsequent Tests?

Resea:rchers Yes No

SuteSb, 1985 X

Suresh &. Sylva, 1986 X

Christman&. Suresb, 1986 X

Ewart &. Suresh, 1987 X

Suresh et al, 1987 X

Godse, Garland &. Suresb. X
1987

Human, 1988 X

Suresh, 1988 X

Iizuka &.Tanaka, 1991 X
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2.5.1 Fracture Surfaces Arisin~ From Compression Fatigue

Suresh & Sylva (1986) noted that the crack path was primarily along the interface between the
carbide grains and the cobalt binder. Some evidence of growth in the binder phase was noted, but
there was no evidence of any cracking in the carbide grains. The material that Suresh & Sylva
used was WC-25wt.%Co. Observations of the fracture surface after testing revealed a uniform
crack front through the centre thickness of the specimen. It was. however, noted that some non-
uniformity of crack front occurred at the slower growth rates just before crack arrest. It is thus
implicit that the crack front could be distinguished.

Human (1988), using WC-IOwt.%Co reported that the fracture path included transgranular
fracture through the carbide grains, fracture along the interface between the carbide grains and
the cobalt binder, fracture along the interface between carbide grains and fracture in the cobalt
binder. In addition, the fracture surface transition from compression fatigue fracture to fast
fracture was reported as being visible at low magnifications. Under the SEM, however, the
compression fatigue front was not distinguishable.

Iizuk.a& Tanaka (1991) did not report on the fracture path in their WC-8%Co material. They did,
however, note differences between the compression fatigue fracture surface and the fast fracture
surface. They reported that the difference between the fracture surfaces. was mainly in the amount
of deformation in the cobalt ligaments. There were large amounts of deformation visible on the
fast fracture surfaces, but this was not the case in the: compression fatigue surface.

A possible explanation for the differing fracture path results reported by Human and Suresh &
Sylva may be the vast difference in the Co-content ofthe materials that they used.
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2,6 Tensile Fatigue in WC-Co

The following table is an overview of studies conducted into tensile fatigue in WC-Co.

Table 2.2
T '1 fa'ensle tigue esm - 0

Researchers Year Data Test Paris Law Other

Davies &:Barhlllla 1972 S-Ncurves - rotating beam n1a - Detected slow crack growth
cantilever - Improvement in fatigue life

WC- machine with improved surface polish
25%Co - high frequency - considerable scatter in results

daldnvsAK

Evans & Linzer 1976 da/dn vs double torsion yes -WC-Co exhibits crack -tip
ilK m= 11 plasticity

- m was found to increase with
WC-6%Co increasing average stress

intensity (K"",,)

Almond & 1980 da/dnvs wedge- yes Cyclic loading causes failure
Roebuck ilK indentation m=10 mode of binder to change from

precrack and 4- ductile to brittle
wc- point bend
11%0)

Evans 1980 Review offatigue Introduction of metallic phase
in ceramics into a ceramic introduces

potential for fatigue

Lueth 1981 da/dn vs double torsion yes - Lower Co materials have a
ilK m between higher m-value

15 and 25 - There is a threshold value for

I 6-25% fatigue crack growth
Co - Fatigue crack growth

resistance increases with
increasing KIC

Knec& 1984 da/dn vs 4-point bend yes - there is a microstructure
Plumbridge ilK R=O.I: independent threshold

5<m<10.8 - Threshold value depends on
7.5 ·25% R=0.5: stress ratio R (ie crack closure)
Co 3.9<m<24 - m increases with decreasing

Co content and WC grain size

Roebuck & 1988 da/dn ve Review yes High m-values should be
Almond ss 5<m<20 interpreted as indication that

crack growth is composite of
stage 2 and 3 crack propagation

Fry & Garrett 1988 da/dn vs double torsion yes - Frecuency has no effect
ilK 10 <m<20 - Increased mean free path

leads to decreased fatigue crack
6-25% growth rate and affects m
Co

studi . wec
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Researchers Year Data Test Paris Law Otber

PolMc, Obrtlik &: 1990 SAN smooth nJa - Considerable scatter in SAN
Vrbka specimens results

WC-9%Co subjected to - SAN scatter depends on
push-pull loading defects present

Schleinkofer, 1995 SAN static, nJa - Hard metals do exhibit a
Seckel, Schlund, monotonically 'true' fatigue effect
GGrting &;Heinrich WC-6%Co increasing & - cyclic loading lowers the

cyclic loads subsequent inert strength due to
subcritica1 crack growth
- SEM and TEM investigations
suggest that fatigue processes
are located mostly in the Co
phase

ScbieiJJkofer, 1996 SAN -High nJa - WC-Co has a higher
Soeke). Schlund temperature sensitivity to fatigue at 700°C
KindemlaM, - CVD-coated than at room temperature
Schulte, Werner
Garling &:Heinrich

Scbleinkofer, 1996 SAN static, nJa - TEM investigations show that
Seckel. (RIrting &: monotonically in samples subjected to cyclic
Heinrich increasing & loading, a martensitic phase

cyclic loads transformation from f.c.c. to
h.c.p, structure occurs in the Co
ligaments

Scbleinkofer. 1996 SAN static, nJa -Hard metals do exhibit a 'true'
Sockel, Gllrting &: monotonically fatigue effect
Heinrich increasing & - fatigue effects occur during

cyclic loads cyclic loading at stress
amplitudes which are much
smaller than the bending
strength of the material

Kursawe, Schclte 1998 SAN static, nJa - TEM investigations show that
&:Sockel monotonically the f.c.c to h.c.p transformation

increasing & and the resulting embrittlement
cyclic loads is followed by sub critical crack

growC! in the Co phase.

2.6,1 S-NTest~

Davies and Barhana (1972), Polak et al (1990) and Schleinkofer et al, (1995, 1996) conducted
S-N fatigue tests. As the testing techniques used by the different studies differ considerably, it is
expected that there would be some disparity in their results.

Davies and Barhana (1972) reported that the fatigue lif~improved considerably with improved
surface polish. As they used unnotched specimens, this would be consistent with the notion of a
rougher surface providing potential fatigue initiation sites. In addition, considerable scatter was
reported in the results, suggesting a sensitivity to imperfections in the material.
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Obrtlik et al (1990) also reported considerable scatter in their results. In explaining the fatigue
processes in WC-CO, they reported that at stresses smaller than 1650 MPa the WC only deforms
elastically while the plastic deformation is concentrated in the Co-binder. Cyclic loading below
1650 MPa results in cyclic plastic strain concentrated in the binder phase. They suggested that
this strain causes extrusion and intrusion formation. As has been described in section 2.2.7, these
surface irregularities lead to the formation of a fatigue crack. The resulting fatigue S-N curve will
depend on the size of subcritical defects in the material, as these defects serve as locations for
fatigue crack initiation. The considerable scatter obtained in the fatigue results is therefore
explained by the dependence of fatigue life on subcritical defects.

Obrtlik et al (1990) conducted their tests at higher loads than Davies and Barhana (1972), and
so their reported lifetimes are correspondingly shorter.

Schleinkofer et al, (1995) compared the behaviour of specimens loaded under static,
monotonically increasing and cyclic loads in an attempt to gain greater understanding of hard
metals under cyclic loads. comparison of the different loading regimes clearly showed that fatigue
takes place. Measurements of inert strengths after the material had been subjected to cyclic
loading showed that damage by subcritical crack growth lowered the reliability of the material.
Microstructural differences were found to affect the fatigue properties of the material, but the
complexity ofWC-CO made it difficult to determine general rules as to how microstructure affects
fatigue.

Schleinkofer et al, (1996) investigated fatigue at high temperatures and the effects of coatings on
the fatigue life, Elevated temperature tests were conducted to closely model the conditions when
WC-Co is used as a cutting tooL The eVD (Chemical Vapour Deposition) process was shown
to have no effect on the mechanical properties of the bulk material. Another result was that the
cyclic strength was lower at 700°C than at room temperature.
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2.6.2 Growth rate ( do ys 4K) testin!:
dn

A number of factors have been shown to affect the growth rate of fatigue cracks in WC-Co. These
are summarised below. In addition, findings concerning possible threshold AX values at which
fatigue crack are discussed. Finally, various interpretations of the m-values obtained in growth
rate testing are discussed.

The m-value appearing in the Paris equation ( 12.=C(AK)'" ) is of considerable significance. The
dn

higher the value ofm, the greater the growth rate and the rate at which the growth rate increases
with increasing load or crack length. The m-value can therefore be regarded as a measure of a
materials resistance to fatigue crack grc vth - the higher the value ofm, the more susceptible to
fatigue crack growth the material will be.

2.6.2.1 The effect of cobalt content on wwth rate

Lueth (1981) reported that increasing cobalt content resulted in lower m-values and hence better
resistance to fatigue crack propagation - a result opposite to (hat reported by Johanssen et of
(1970) in their compressionfutigue tests. Knee & Plumbridge (1984) supported Lueth's findings
that mdecreased with increasing cobalt content. Fry & Garrett (1988) also showed that increasing
the cobalt content decreased the fatigue crack growth rate.

2,6.2.2 The effect of_ size 00 2Iowth rate

Knee & Plumbridge (1984) found that m decreased with increasing grain size. This finding
supports the result of Johanssen et 01 (1970) in their earlier compression fatigue tests. Fry &
Garrett (1988) also in agreed that increasing grain size improves resistance to fatigue crack
growth.

2,6.2.3 Correlation oflUOwth rates to Nc

Lueth (1981) reported that resistance to fatigue crack growth in WC-Co has a direct correlation
to ~C' Knee & Plumbridge (1984) reported that the m-value increased with decreasing toughness
- also indicating that resistance to fatigue crack propagation increases with increasing toughness.
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2.6.2.4 The effect ofR on crack 2fOwth rates

Knee and Plumbridge (1984) found that fatigue growth rates were increased with increasing R.
They also found that the higher R-value the greater was the range ofm-values.

2.6.2.5 The existence ofa 4Kthreshold value

Lueth (1981) reported the existence of a 4K threshold value. Knee and Plumbridge (1984) found
a microstructure-independent threshold value and showed R to have an effect on this threshold
value.

2.6.2.6 Intelj,lretation of the hi2h m-values

Almond & Roebuck (1980) reported that cyclic loading causes the failure mode of the binder
phase to change from ductile to brittle. They related the occurrence of the low-ductility fracture
to the high value of 10 that they obtained fOI In. Ductile fatigue failure modes give m-values of
2-3. In steels, where fatigue crack propagation occurs by intercrystalline or transgranular cleavage
(brittle failure), m-values of 6-7 are obtained. It is therefore to be expected that fatigue crack
growth in WC-Co will proceed by a brittle failure mode. This expectation was confirmed by
careful fractographic observations.

Knee and Plumbridge (1984) comment that highm-values suggest that in addition to stable fatigue
crack propagation, some static (ie fast fracture) events (such as clee 'age, microvoid coalescence
or transgranular fracture) are taking place. Inductile solids at high vaiues of..dK approaching fast
fracture, such static fracture events start to occur in addition to the fatigue crack propagation.
These additional static events Gause a marked sensitivity of propagation rates to microstructure
(Suresh, 1992). This interpretation is upheld by Roebuck & Almond (1988) in their review. They
also suggest that the high m-values obtained for WC-Co should be interpreted as crack
propagation taking place by a combination of stage 2 and stage 3 fatigue growth mechanisms.
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2,6,3 Tensile Fati2Ye Fracture Surfaces

The following table examines the fatigue fractography results from the tensile fatigue inWC-Co
studies:

Table 2.3
F ti fi: h ultalgue ac ograpny res s

Researehers !CrackPa1h Fracrograpby results_k
Davies & Barhana - predominantly in binder phase - no striations

- some carbide-Co interface cracking - rub markings on mating surfaces
WC-2S%Co • some transgranular cleavage near - transgranular cleavage exhibited possible

final fracture region river markings
- fracture mode was predominantly ductile
in the cobalt

Almond &;Roebuck: - fatigue crack path is in the binder phase - fast fracture occurs by ductile rupture of
• fatigue crack propagates with little the binder, fatigue occurs by brittle failure

WC-H%Co deformation of the binder phase of the binder
- fatigue fracture surfaces were easily
distinguished from fast fracture surfaces
by lack of deformation in Co binder
- no striations .....

lueth - no striations or other futigue indu ..ed
markings

(j.~·:2S%Co - no difference between fast fracture and
fatigue fracture surfaces

Knee &;Plumbridge - Crack advance involves brittle fracture - Considerable accumulation of debris on
ofWC grains ahead of crack tip followed fracture surface (particularly at low R)

7.5·2S% Co by fracture of Co ligaments obscures detail of fracture mode in binde-
- Majority of crack path is between WC - Difference between fatigue and fast-
and Co and crack will deviate around WC fracture is absence of debris in fast fracture
grains to stay at this interface - Fatigue fracture przh shows same features
- Favourably oriented WC grains in the as fast fracture path, suggesting fatigue
path have fractured consists of increments of static fracture

Almond &.Roebuck - binder phase composition could be
responsible for the contrasting

Review fractographic observations

Fry&Gr.Il'tett - Path has intergranular fracture with - Fast fracture and fatigue indistinguishable
dimples in the binder phase and with

6-2S%CO transgranular cracking oflarge carbide
grains

Polak. Obrtlik& Vrbka - No sharp transition between fatigue and
fast fracture surface detected

WC-9o/c.Co ---
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Schleinkofer, S()clcel, - crack path lies predominantly in the - presence of two structures of Co in binder
Schlund" Gerting& binder suggest Co phase transformation may play
Heinrich a role in the irreversible microscopic

changes ahead of the crack tip
WC-6%Co - r';!i;k. paths of growing subcritical cracks

lie mainly in the binder
- phase transformation from f.c,c. cobalt to
h.c.p, cobalt takes place

Scbleinkofer, Sockel, - crack path lies predominantly in he - TEM investigations show that in samples
GlSrting &. Heinrich binder subjected to cyclic loading, a martensitlc

phase transformation from f.c.c. to h.c.p,
structure occurs in the Co ligaments

2,6.3.1 M~nisms ofFatjgue Crack Propagat.kill

Fracto graphic examinations are carried out inorder to obtain information about the mechanism
of failure that occurred.

As already mentioned, Almond and Roebuck (1980) suggested that cyclic loading causes the
binder:fuihrre mode to change from ductile to brittle. This effec: could be a result of the fact that
the ductile binder, which provides the major contribution to the plasticity ofWC-Co, is the minor
phase in terms of volume. So any deformation ahead of the crack tip would cause concentrated
plasticity in the binder phase leading to work hardening and lower ductility

Lueth (1981), however, states that the fact that fast fracture and fatigue :fi:acturesurfaces were
seen to be identical suggests that fatigue is not an active mechanism in WC-Co aad the stable
crack growth consists merely of increments of fast fracture. Knee and Plumbridge (1984) also
state that as their fatigue crack path showed the same features as their fast fracture path, fatigue
crack propagation proceeds by increments of static fracture, They described the mechanism of
fatigue crack propagation as cleavage ofWC grains ahead of the crack tip followed by failure of
the Co ligaments. B\ 'h these studies therefore suggested that there is no 'true' fatigue in WC-Co
and that the stable crack propagation observed consists merely of increments offast :fracture.

Fry & Garrett (1988) also reported that fatigue fracture surfaces are indistinguishable from fast
:fracture surfaces. Further, they reported that the mean stress had a substantial effect on the crack
growth rate. This they interpreted as an indication that some 'static' (fast) fracture modes were
taking place together with the fatigue process: Fatigue crack propagation rates depend on R and
&K and are therefore, according to Fry and Gamett (1988), independent of the average applied
stress. Fast fracture is entirely dependent on the applied loads, which are related to the average
applied stress. The existence of a true fatigue process was, nowever, indicated by the lack of a
frequency effect: If the crack growth consisted only of increments offast (or static fracture), then
crack growth rates would depend on the amount of time that the crack was subjected to the
applied loads. Increasing frequency causes a decrease in the amount of time that the specimen is
subject to the applied loads at each cycle and should therefore cause a decrease in crack growth
rates. Further, comparisons of data from monotonic and cyclic crack growth tests confirmed the
existence ofa true fatigue process in WC-Co.
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In their ]996 fatigue studies, Schleinkofer et al, (1996) used TEM investigations to show that a
phase change from the f.c.c. to the h.c.p. structure occurs in the cobalt ligaments during cyclic
loading. This phase change results inembrittlement and subcritical cracking in the Co phase. SEM
investigations suggested that the cyclic loading resulted in the crack propagating almost entirely
through the cobalt phase.

Table 2.4
F' fr urfa fastfrattgue acture s cesvs acture s aces
Researcher Are fati~ fracture surfaees distinguishable from fast fracture surfaces ?

Davies ..&Barhana Some rub marks were found on the filtigue surface • otherwise the same as
1972 fast fracture surface-
Almond &Roebuck Yes - fatigue causes brittle failure of the binder as opposed to the ductile
1.979' failure mode in filst fracture

t.~ No
19&1

Knee 8-.Plumbrldgo No
1984

Fry k Garrett No
1988
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An area of some consistency is that considerable scatter is obtained in S-N data, particularly when
unnotched specimens are used. This is entirely in agreement with the notion that fatigue crack
initiation times are dependent on flaws in the material.

2.6.4 SUIJUJla[yof Tensile fatigue results

As has been shown, contradictory results are almost as numerous as the different testing methods.
What consensus can be found is that the value ofm is higher than that found in steels (usually 6-
7). This is generally interpreted as an indication that 'static' (stage 3) crack growth effects are
taking place together with the stage 2 stable fatigue crack propagation. Some researchers,
however, dispute the existence of a 'true' fatigue effect in WC-Co and state that the stable crack
growth witnessed is wholly a result of increments of static crack growth. This area of contention
is carried through to contradictory reports of fracture surface appearance.

Although it is generally agreed that microstructure plays a role in fatigue crack growth rates, the
exact mechanisms are not understood. It does, however, seem to be generally accepted that
increasing grain size brings about greater resistance to fatigue crack propagation. Very few
studies have investigated the effects of R and microstructure on crack growth rates.
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2.7.1 Introdm.1jQn

2,7 Finite Element Analysis

The finite element method has been used in a number of studies involving WC-Co. The method
has also been used to study crack propagation in a variety of other materials. The finite element
method itself is well established and is routinely used, both in research establishments and in
industry. Although the applications that are presented here use the FE method only for
stress/strain or fracture mechanics type analyses, the method is also used in a variety of other
analysis types. These include heat transfer, thermal stress analysis, mass diffusion analysis and
acoustic analysis (ABAQUS Standard Users Manual, 1996).

2.7.2 Finite Element Studies QfWC-Co

These can be divided into two categories - the first is the study of fracture in WC-Co, assuming
an existing crack and the second is the study of stresses within the microstructure.

2.7.2. 1 F~qture Analysis Qfthe WC-C() Microstructure usin~ the FE Method

The following table summarises the studies of stresses in the WC-Co microstructure:

Table 2.5
F :tal fWCCractur~ ar lyS1S 0 - o microstructure

Study Title PuI"posc FBMesh Res>Jlts

Sigland A finite element FE study of crack growrh The mesh was built on Plasticity is confined to
Schmauder. study of crack in WC-Co to study the a micrograph with an the ligaments along a
1988 growth in WC- plastic deformation of arrested crack. narrow band around the

Co , binder ligaments Residual thermal expected fracture path.
stresses were Non-bridging binder
neglected. This model regions deform purely
was embedded in a elastically
linear elastic zone
exhibiting the bulk
WC-Co properties.

Piscbmelster Finite Element Same study as above As above Void formation in the
et al; 1988 ModeUlngof binder ca'.1be predicted

Crack
Propagation in
WC-CoHard
Metals

Spiegler and Prediction of Prediction of the path that Differently-shaped Co The critical angle at which
Fischmeister, Crack Paths in a crack will take through regions were embedded a crack enters a cobalt
1992 WC-CoAlloys the WC-Co in a bulk WC-Co mesh region can be used to

microstructure and the void formation predict the preferred site
In the differently for void nucleation and
shaped regions was hence the subsequent
compared crack path
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Finite element
fracture analysis
ofWC-Co
alloys

Effects of the shape of
the Co region and of the
stress state on
distributions of hoop
stress, hydrostatic stress
and rnicrovoid volume
were discussed

Three differently-
shaped Co regions
were modelled at t!u:
tip of a crack
embedded in bulk
WC-Co

Study was performed to
gain detailed
understanding of ductile
fracture in Co.

2.7.2.2 Other Properties ofWC-Co Examined using the FE Method

The following table summarises the other FE studies in WC-Co :

To determine whether Built on an electron. -Macroelastic properties
the finite element micrograph ofWC-Co of a two-phase material
analysis procedure could microstructure can be analysed using the

Poisson's Ratio be applied to the FEmet!lod
forWC-Co microstructure of a two- -Grain boundary cracks
Alloys by the phase material for the between carbide grains
Finite Element analysis of elastic have little effect on the
Method propertll!s overall stiffness of the

WC-Co

Elastic-Plastic To determine whether Built on an electron FE applied to a two-
Behaviour of the FE method can be micrograph ofWC-Co dimensional model of
WC-Co used to predict the microstructure real microstructures
Analysed by elastic-plastic behaviour comprising as few as 20
Continuum of two-phase materials grains gives reasonable
Mechanics agreement with

experimental stress-
strain curves.

Finite Element To map the spatial Built on a micrograph, While the mean
Modelling of distribution of residual which was then equivalent stress in the
the Thermal thermal stresses in a embedded in bulk Co phase is below the
Residual Stress realistic WC-Co WC-Co. yield stress, local
Distribution in a microstructure. maxima are well above
WC-IOwt%Co yield limit. Maxima are
Alloy found at interfaces and

are relaxed by local
plastic deformation.
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Simulation of
Co Binder
Failure in WC-

, :'" ...:'. I Co Hardmetals

To simulate void growth
in constrained Co layers
using a variety of
different parameters
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The binder was
assumed to contain a
periodic array of unit
cells, each containing
a void. As a result of
symmetry, the analysis
was confined to one
quadrant of a unit cell.

Overall stress state was
shown to have a
considerable effect on
void growth. Void shape
was found to have little
overall effect on the void
behaviour. Relative slip
system orientation was
shown to be more
significant than lattice
orientation.



3 Experimental Procedure

3.1 The Material

we-Co grades T6 and G6 have been tested. Properties oftbese grades pertinent to this project
are given as follows by the supplier (Boart Longyear, 1996);

Table 3.1
we e rti- 0 propel ies

T6 G6

Binder weight % 6%Co 6% Co

Average grain size 1.8,um 2.3 um

Transverse rupture strength, 2190MPa 1910 MPa
four-point bending

,.

Compressive Strength 4610MPa 427(1

Fracture 'Ioughness 12.6MP't.,1n 13.7 MPav1n.___.

The microstructures of the two grades are illustrated inthe figures below:

L-.. ~ ._._~.__ •.." '"_,~~---_,

Figure 3.1
The microstructure of grade T6
1500 X magnification
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Figure 3.2
The microstructure of 06
1500 X magnification

The individual specimens are identified by their grade followed by a number indicating the order
in which the specimen was tested. hence the first specimen of grade T6 to be tested was called
T6.1 and the second T6.2.
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3.2 Specimen Gcometo:

For both, the specimens are shaped as inflgure 3.3. The dimensions in the figure are, however,
specific to grade T6.

Figure 3.3
T6 Specimen Geometry

The following table gives the specimen dimensions for both grades:

Table 3.2
S dime .specimen nsions

T6 G6

Height 60mm 63mm

W"Klth 6mm 7mm

Thickness 13mm 15mm

The single edge notched geometry generally used in compression-compression fatigue testing was
chosen. The specimen size was selected to be as close as possible to that used by Suresh & Sylva
(1986) and Human (1988). In addition. small specimens were chosen so as to keep the applied
loads within the capacities of the available testing machines.
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3.3 Specimen Preparation

Specimen preparation for fatigue testing involved two steps:
1. Notching the specimen
2. Precracking the specimen so as to have a sharp crack tip at which to initiate the fatigue crack.

3.3.1 Specimen Notching

The specimens were notched in the centre of their longest: side as shown infigure 3.4. The
notches were cut using a Buehler diamond saw. The notch radius (r) is 0.19mm (this value is
determined from the width of the wafering blade used to cut the notch). The notch-length to
specimen-width ratio varies from 0.1 to 0.2. This ratio is smaller than the 0.3 - 0.4 used by Suresh
& Sylva (1986) and the 0.28 - 0.4 ratio used by Human (1988). The reason for using shorter
notches is to allow more space for growing the fatigue crack on the small specimens used. All the
specimens were notched to approximately 2mm deep.

D C
A

2mm
notch

Figure 3.4
Notched Specimen

After notching, the specimens were polished on faces ABEF andDCGH to facilitate crack growth
monitoring.
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3.3.2 Precracking

The precracking was done by standing the specimen between parallel platens on a 100 kN capacity
Amsler Vibraphore,

Figure 3.5, illustrates the loading direction and the stress cycle.

Figure 3.5
The loading of a notched specimen in cyclic compression

Aload ratio (R) ofl 0 was chosen to keep testing conditions close to those used by Human (1988)
and Suresh & Sylva (1986). The maximum eompressive load was chosen so that the maximum
stress at the notch root would be the compressive strength of the material. The applied loads were
calculated as explained in the next section.
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3.3.2.1 Calculation of the stress concentration (k) at the root of the notch under axial tension

r--------------------~

n~
notcb.1cDsth

Figure 3.6
Calculation of the stress
concentration factor (k) at the
root of the notch

Using the notation infigure 3.6,'
a= notch length
d = specimen width
r = notch radius
w = specimen depth

The stress concentration, k, at the root of the notch, is obtained using the following equations:
k = k + k (!:) + k (!:)2 + k (!:)3 ---------- (1)

I 2d 3d 4d

where for 0.5 ~ !: ~ 4
r

kl = 0.721 + 2.394E - 0.l27!:Y; r

k2 = 1.978 - 11.489 ~ + 2.211!:F r

k3 = -4.413 + 18.751 ~ - 4.5915!:F r

k4 = 2.714 - 9.655 ~ + 2512!:F r

---------- (2)

---------- (3)

---------- (4)

--------- - (5)

from Roarke & Young, 1975, for the case of tensile loading.
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In the specimen geometry used here, ::">4
r

Appendix 1 contains a discussion of the inaccuracies this introduces.

3.3.2.2 Calculation of the required loads

k, the stress concentration factor, is the ratio of the applied stress to the nominal stress at the root
of the notch. So the stress concentration factor at the base of the notch is:
k = Stress at the notch root

Nominal stress across specimen waist
---------- (6)

By choosing the largest compressive stress at the notch base to be equal to the compressive
strength of the material one can calculate the stress to apply. The maximum applied compressive
stress, a.max> is therefore calculated by dividing the compressive strength by the stress
cor.... ncration factor at the notch base. So (jma:<is calculated from:

k = c(lmpressive strength
crmax

----------- (7)

Once (jill,", has been calculated, the maximum «(jml")' mean «(jove) and amplitude «(jam) stress values
are calculated from the R ratio.

These stress values have then to be converted into loads to be applied by the vibraphore.

In standard units:

P (N) X 106
cr(P~ =------~--------

cross-sectional area (m 2)
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3,3.2,3 An example of the precrackinglQ,ad calculations

Using specimen T6,1, where:
a =notch depth = 2mm
i' .: notch radius = 0.5 * wafering blade thickness = 0.19mm
d = width = 13mm
w = depth = 6mm

One obtains:
k/ = 7,151 from (2)
k2 = -12.024 from (3)
k.3 = 8.044 from (4)
k, = -2.169 from (5)

And so k: = 5.484 from (1).

Then, using (7) to calculate the maximum applied compressive stress:

li d tr compressive strength = _ 4610 = -840,6 MPa
app re s ess = k 5.484

So, the maximum compressive applied stress, a__= -840.6 MPa

0.
Now, R :::~ == 0,1

amax
So amin = (Jmax x 0.1 = -840.6 x 0.1 = -84 MPa

a. + aa = mm max:::
ave 2

..,84 + -840.6 == -462,3 MPa
2

a = a - a ::: a - o. = 378,3 MPaamp max ave ave nun

Now the loads have to be calculated from the stresses:

a (Pa) ::: P (N)
d (m) x w (m)

= __ P_(.!-N)~_
0.013 x 0,006 (m2)

Therefore, using conversion factor Q:

lQ = 0,006 x 0.013 x 106 Pa == 78N ---------- (8)
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Using the conversion factor, Q, calculated in equation (8), the following loads are obtained:
Pmax = 0.076 x (-840.6) = -65.6 leN

Pmin = 0.078 x (-84) = -6.6 leN

P a>e = 0.078 x (-462.3) = 36 kN

Pamp = 0.078 x 378.3 = 29.SkN

3.3.2.4 MonitoriDfl the growth ofllie precOO

The precrack length was monitored by stopping the test and making a replica of the crack. The
specimens remained loaded at Paw in the vibraphore while replicas were taken. Replicas were
made by dipping cellulose acetate fi1m into acetone and placing the wet film over the notch and
crack. The film was then allowed to dry on the specimen. The result was a reverse image of the
notch with the crack at its root. The crack length was then measured on either side of the
specimen at 100 times magnification. The crack length was taken to be the average of the two
measured values.

All the precracks were grown in compression until they arrested. Crack arrest was assumed once
the specimen bad been subjected to 500 000 loading cycles without any increase in crack length.

Crack growth rate curves were determined for the initial specimens of each grade bymeasuring
the crack length every 250 000 cycles. Once a growth rate curve had been determined for each
grade, the curve was used to predict the number of cycles that it would take for the crack to
arrest, and on subsequent specimens the test was simply run for this number of cycles. A replica
would then be taken of'the resulting crack and the specimen would be subjected to a further 500
000 cycles to ensure that the crack had indeed arrested.

The tests were conducted at frequencies between 220 and 230 Hz.

46



3.4 Fatigue Bending Tests

The precracked specimens were then subjected to a four-point bending fatigue test in an ESH
servo-hydraulic machine. T.. Lour-point bend geometry is illustrated by figure 3.7:

Pl2

t~ 2W

PI2 PI2

Figure 3.7
Geometry for 4-point bend single edge-notched specimen
(SENB4)

Using the notations us.figure 3.7 :
a == sum of notch and precrack length
W= specimen height
B = specimen thickness
S== specimen length
P == applied load

A stress ratio, R, of20 was used for the four-point bend tests. The procedure outlined by Godse
et al (1988) was used:
(i) an initially low K-value of 6.5 MPav'm (approximately half the expected ~c) was chosen as
Kmax
(ii) the crack was grown until it arrested
(iii) Kmax was increased by 0.5 MPavrn
(iv) steps (ii) and (iii) were repeated until the crack stopped arresting and a constant or increasing

growth rate was obtained
(v) at this stage the test was run at coustant loads, and the increasing ilK (as the crack length

increased) values were plotted against measured crack growth rates
(vi) a sinusoidal wave form was used at frequencies of 5 Hz and 20 Hz.
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3.4.1 Calculation of Loads for the Four-Point Bend Test

Using the previous notation, Yis a proportionality factor betweenP and K defined by:

Y:::: KB.jW
p ---------- (9)

(The Welding Institute: Tests for Fracture Toughness and Fatigue Assessment)

A simple polynomial approximation to Y for the SENB4 geometry is given by:

1 3 5 1 9

Y:::: 11.94(~)2 - 14.82(~)2 + 77.82(~fl - 139.02(~)2 + 148.80(~)2 ---------- (10)
IV IV IV IV IV

For 0 ~ .!:. s 0.6 and .§_:::: 6 this approximation has an accuracy ()f±0.2%
IV IV

Once Y has been determined using the approximation given in equation (10), the load required
to obtain a given K value can be determined using equation (9).

3.4.2 Example of Load Calculations for the Four-Point Bend Test

For the starting loads used on each T6 specimen with:
KmClX = 6.5 Ml'avm and
a = notch length + precrack length = 2 mm
B=6mm
W= 13 mm

Substituting ~:::: 2.:::: 0.154 intoequation(10)oneobtainsY=4.35
W 13

Using Y= 4.348 andKmax= 6.5MPa./m in equation (9) one obtainsPmax = 1.02 kN

0'min Pmin •Using R:::: -- :::: -- ::::0.2 gives Pmin = 0.2 x P max = 0.21 kN
O'max Pmax

Pave ::::
p + P.

max mm::; 0.61 kN
.!.

The ESH Servo-hydraulic machine can be used in different load ranges. In using the machine,
however, voltages (V) rather than loads (kN) are specified. The maximum output is 10 V
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irrespective of which load range is used. The procedure is, t:'erefore, to select an appropriate load
range (based on the loads to be applied) and to convert the loads to the equivalent voltage in that
lo&.\range. For loads of the magnitudes given above, the 0 - 5 kNload range l'l appropriate. This
means that 5 kN will be applied to the specimen whenever the voltage is 10 V. So to obtain the
voltage which should be applied, all the loads are multiplied by two. Hence the following voltages
will be applied to obtain the loads calculated above:

Vmax = 2 x Pmar == 2.05 V
V"'br == 2 xPmbr == 0.41 V
Vow == 2 x P""" == 1.23 V
Vamp == 2 x P amp = 0.82 V

The following table gives a list of the conversion fuctors used to obtain the voltages from the
loads. The required load is multiplied by the conversion factor to obtain the voltage which must
be used.

Table 3.3
Load .range conversion tors

f..oadRange 51cN lOkN 20kN SOleN

Conversion 2 V/lcN IV/lcN 0.5 VIJcN 0.2 VIJcN
factor to V~.

3.4.3 Monitoring the Crru:~kGrowth Rate

The crack length was measured while the cyclic bending test was running with traveling
microscopes on either side of the specimen. Crack tip identification was aided by the use of dye-
penetrant diluted with acetone, both of which were chosen f"'_ their non-corrosive properties. At
the lower frequency used (5 Hz), the liquid can be seen pulsing inthe crack as the crack opens and
closes under the cyclic load. Other methods which were attempted for crack measurement were
the use of replicas (as in the precracking) and unloading the specimen and checking the crack
.length at highmagnification. The cracks grown in the bending tests are much finer than the cracks
grown in the compression precracking and are therefore more difficult to see and measure on
replicas. Unloading the crack for measurement has the disadvantage that the CI'aI~kwill not be fully
open during measurement and will consequently be more difficult to see. This method was used
a couple of times, however, just to check that lengths being recorded through the traveling
microscope were realistic. In situ observations have the advantage that the crack can be observed
while loaded and the test does not have to be stopped (as is necessary for making a replica).

Consecutive crack length measurements allow growth rates to be calculated. In addition, the crack
length and the applied loads can be used to calculate i.1K (in a reversal of the process described
above for calculating the loads). From these results i.1K can be plotted against the crack growth
rate.
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laS The Finite Element Model

This finite element model (FEM) was built on a microstructural level in order to model the
precrack initiation. A micrograph of the WC-Co T6 microstructure was selected and the FEM
was built directly onto the micrograph. This microstructural model was then built into a
macroscalelcontinuum model of the entire test specimen (as illustra, ed infigure 3.8) in order to
model 100effect of the precracking farfield applied stresses. The microstructural model was built
into the continuum model in such a way that the microstructural region represents the area at the
base of the notch - ie the region in which the crack is most llicelyinitiate.

F!gure3.8
Schematic of Microstructural
FEM Position

The FEM was built using ABAQUS version 5.7. ABAQUS is a finite element program that runs
in this case on a UNIX platform (ABAQUS Standard Users Manual, 1996).

The process of building the FEM can be broken down into two parts, each of which consists of
several steps:

Model data definition
This consists of all the data that is used to define the model:
1 Node definition
2 Element definition
3 Contact surface definition
4 Boundary conditions
5 Material Properties
6 Constitutive relationship

History Defin.jtion:
This defines what happens to the model:
7 Loading Procedure
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Each of these steps is briefly explained below. Ineach instance the ABAQUS Standard Users
Manual (ABAQUS Standard Users Manual, 1996) is the reference that bas been used.

~Node definition

The nodes or interpolation points are defined first. This is done by assigning a name (or node
number) to each interpolation point and then specifying its coordinates. Some of this process is
automated withinABAQUS.

2 Element definition

The topography/geometry of the model is defined by combining the nodes into elements. Inthis
model the majority of the elements used are rectangular with eight nodes specified to define the
boundary es follows :

·0·
J 5 2

Figure 3.9
Four-sided,
element

eight-node

In some places, the geometry of the microstructure necessitates the use of triangular elements
which are defined by six nodes:

1 4

Figure 3.10
Three-sided, six-node
element
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The boundaries of the '!lements fit together to define the topography/geometry of the model.

3 Contact surface definition

Most of the carbide-cobalt (We-Co) and carbide-carbide (JVC-WC) interfaces in the model are
simply defined by a common node shared between neighbouring elements. This was done so as
to create the interfaces without allowing sliding or friction between the we end the Co or
between the carbide grains. But in some cases, where the geometry of the model prevents nodes
in neighbouring elements from coinciding, the WC-Co interfaces in the model are defined by
means of 'contact surfaces'. Each side of the contact surface interface is defined as a surface and
the contact between the surfaces is then defined by tying the surfaces together.

4 Boundary conditions

Finally, the movement of the mesh is limited by defining boundaries on two sides of the model.
Movement along the bottom boundary of the model is limited to the x-direction and movement
along the right side of the model is limited to the y-direction. This is done so as to prevent free
body translation.

5 Material Properties

Each element was given material properties which define its behaviour. The properties used in this
FEM are :Young's Modulus, Poisson's ratio and .he thermal expansion coefficient of the material.
Plastic properties are defined for the cobalt mr trix.

6 Constitutive relationship

The constitutive relationship is a mathematical model used to define stress-strain behaviour. In
this case, the Gurson model (Gurson, 1977) is used to model void nucleation and growth in the
cobalt.

7 Loading

Finally the loading conditions, consisting of physical loads and temperature changes, are applied
to the model.

52



3.5.2 Selecting the Micrograph

The micrograph was taken using a scanning electron microscope (SEM) at 3000 times
magnification. The specimen was prepared for the SEM by polishing and etching so as to highlight
the two different phases. The specimen was etched in Murakami's solution (lOg K3Fe(eN)4, 109
NaOH, 100ml H20) for 120 seconds (ASM Handbook, Etching). The total size of the region
that the model is built on is approximately 15 um x 15 um.

The region of the rnicrostructure chosen for the micrograph was selected to be as representative
of the general microstructure of the material as possible. Once the micrograph had been selected
it was scanned into a computer so that the model could be built directly on it.

3.5.3 Defining the mesh

3.5.3.1 The Microstructural Mesh

This part of the mesh was defined using a 'divide-and-conquer' approach of breaking the
microstructure into its we grains and Co regions and defining the mesh for each of these regions.
Some complex we grains and Co regions had to be broken further into several smaller regions,
once again to simplify the process of mesh building.

The coordinates of each region were determined using a program calledMapEdit. Maplidit is
usually used for designing maps/images for the World Wide Web (so it is, in fact, an HfML
editor). UsingMapEdit, the WWW programmer connects regions/points on an image to specific
WWW site addresses. For example, a tourism board mayuseMapEdit to design a map where the
user can obtain more information about a specific region by clicking the mouse on that region of
the map.

MapEdit works by writing a text file which contains the coordinates of each region of the image
and links the coordinates with information such as the name of the region, or the address that
anyone selecting the region should be taken to. For the FEM, the "name" of each region was
stored together with its coordinates.

In order to automate what would otherwise have been an extremely tedious process, a e program
was written to convert the output ofMapEdit (ie the regions and their coordinates) into the input
file for the finite element program, ABAQUS.

The program reads the coordinates from theMapEdit file and creates a node at each coordinate.
It then defines nodes between the coordinates and finally defines the elements that link all those
nodes. Any small errors in the input file were corrected directly in AhA.2US.

Once the corrected structure was set-up inABAQUS, contact surfaces were defined where the
mesh does not match. The contact surfaces were tied together in a manner that prevents the
surfaces from moving relative to each other.
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The following figures show the mesh which was placed on the microstructure. WC grains are
green, and Co regions are red. The gray region is the base of the notch where the microstructural
model has been placed and the blue region is the bulk material surrounding the microstructure.

Figure 3.11
Finite Element Mesh

Figure 3.12
Micrograph ofFEM region
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3.5.3.2 The Continuum Mesh

The continuum model was built around the microstructural model so as to allow the application
of the compressive stresses. The rectangular elements used in the continuum model were given
the bull, properties ofWC-Co. The microstructural model was tied to the continuum model using
tied co ntact surfaces. Figure 3.13 shows the continuum model. The black region represents the
notch.

Continuum Model ~resh

.L J
Figure 3.13
The Continuum Model

Figure 3.]4 shows the detail of the notch, with the microstructural model at the root of the notch.

Figure 3.14
Mesh Detail
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3.5.3.3 Stress State...MruM

In addition to the microstructural model embedded in the continuum model, a further continuum
model was built without the microstructural region. This model was built to investigate the stress
state at toe base of the notch without microstructural effects. In this model, the microstructure
was replaced with bulk WC~Co elements, as shown injigure 3.15.

Figure 3.15
The Stress State Model

This model was then subjected to the same loading conditions as the model with the
microstructural region.

Both the stress state model and the model with the microstructural region are built ill plane strain,
which implies that there is no displacement out of the plane of the model. So the finite element
model is purely two-dimensional, consisting only of a thin slice of the WC-Co test specimen. This
means that the model can only be regarded as a guide to the physics of the problem, rather than
a precise numerical representation.
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3.5.4 Property and Procedure Definition

3.5.4.1 Materials Properties

The following properties were used to define the material:

Table 3.4

1
Fischmeister et al, 1988
Boart Longyear, 1996
Spiegler et a~ 1992
Aok! et al, b964

0.31 1 0.21 2

5.2 X 10-6 2

500 4 n/a

The we and the bulk WC-Co were treated as being purely elastic. The yield "tress, 0', of the
constrained Co was determined from the following equation::

e I -1.
0' = 0'0 + (ess - 0'0) (1 - exp (-.L)] + k L 2

e' Y

(Poech et al, 1991)
where

L is the mean linear intercept of the binder
ky= 7 Nm-112 is the Hall-Petch coefficient which accounts for the limited slip due to the

constrained binder
(10 = yield stress of unconstrained Co
(1s= 970 MPa = a plastic flow parameter
c· = 0.06
cp/= plastic strain
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3.5.4.2 Constitutive Relationship

The elastic behaviour of the materials is described using Young's Modulus and Poisson's
ratio. The constitutive model used for the plastic failure of the cobalt phase is the Gurson
model (Gurson, 1977), which describes the failure ofa ductile metal by the nucleation and
growth of voids.

Inthe statement of the Gurson model below. the triaxial stress state has been broken down
into two components: a hydrostatic component and a deviatoric component. The hydrostatic
component, p, is defined as follows:

p = 1. (0 : l)
3

and the deviatoric component, S, is defined as :
S=,a+pl

where o is the macroscopic stress tensor and I is the unit matrix.

The Gurson constitutive model for a material with a small volume fraction of voids is stated as
follows:

Where:

q=~t(S:S)

p is the hydrostatic pressure
fis the volume fraction oftbe voids
Oy is the yield stress of the fully dense material
q/. q2 and q3 are parameters introduced by Tvergaard (Tvergaard,1981) with the
following recommended values:

q} = 1.25
q]= 1

is the Mises stress

q3 =s.
q/ = q2 = q3 = 1 gives the original Gurson equation.
S is defined above

The model gives reasonable results ior material with less than 10% voids - ie for f < 0.1
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In this model, the change invoid volume fraction, is given as:

i = t; + intJcl
where

ig1' is the rate at which the void volume fraction cbanges due to void growth

and

t: is the rate at which the void volume fraction changes due to void

nucleation.

These are discussed ingreater detail inAppendix 2.
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3.5.4.3 Loadina- Procedure

The following initial conditions are applied to the specimen:
Temperature 1200 'C
Pressure 50 Bar
Relative Density 1

These are the conditions which the specimen is subjected to during the sinter HIP step in the
manufacturing operation.

The loading procedure bas then been broken into four steps:

~
Temperature: Eutectic temperature lowered to room temperature
Load applied: 50 bar decreased to atmospheric pressure
Step 1 simulates the cooling of the specimen from the sinter HIP process.

~
Temperature: room temperature
Load applied: none
The nodes and elements which make up the specimen notch are removed from the modeL So
the cutting of the notch is simulated in this step. None of the compressive stresses that may be
introduced into the material as a result of cutting the notch are explicitly included in the
model,

~Temperature:roomtempe~tre
Load applied: the maximum precracking load (amaJ is applied to the specimen top and bottom
The first load cycle maximum load is simulated in this step.

~
Temperature: room temperature
Load applied: the precracking load is removed from the specimen.
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3,6 verification of the FEM Results

Inorder to ensure that the FEM model accurately represents the precracking process, the
FEM results were compared to other researcher's results. The thermal residual stresses
predicted by step 1 of the FEM model were compared with the results of neutron diffraction
studies (eg Krawitz et ai, 1988).

Experimental results are not so readily available, however, for the stresses generated in steps 3
and 4. In order to verify these results, a single-load test was performed on a prepared T6
specimen. The specimen was then examined in the SEM so as to compare the magnitude and
sites of damage on the specimen with the areas of high tensile stress predi-' ..by the model.
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il.,esults 3ud Discussion

This chapter presents results from the precracking and fatigue experiments as well as the results
from fractography, stress analysis and verification of the stress analysis.

4.1 Precrack Result!

4.1.1 Precrack Growth Rates

The precracking tests on T6 samples were conducted at approximately the loads calculated in the
previous chapter, section 3.3.2.3, ie:

PDYlX ::: --65.6 leN

Pmln = -6,6 leN

Pave::: -36 leN

Pamp = 29.51eN

The precracking tests on G6 samples were carried out at higher loads, due to the larger cross-
sectional area oftbe specimens. The precracking loads for the G6 samples were calculated using
the same method as was used for the precracking loads for the T6 samples and were the
following:

Pmax ::: -78 leN

Pmin ::: -7.8 leN

Pave ::: -42.9 kN

Pamp ::: 35.1 leN
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Figure 4.1 shows the crack length versus the number of cycles for grade T6:

1 1.5 .2 2.5 3 3.5
Cycles x 1De6

120

E 100
2-
:g, 80
c:
.El 60
.>::c
l2 40
0
l!!

200-

0
0 0.5

Figure 4.1
Average the crack length versus the number
of cycles for Grade T6

Figure 4.1 is the crack length versus the number of cycles curve for specimens 16.2 and T6.3.

0.5 1.5
Cycles x 1De6

2 2.5

Figure 4.2
Crack length versus the number of cycles
Curve for Grade G6

Figure 4.2 shows the crack length versus the number of cycles curve for grade G6, determined
on specimen G6.2.

Both the above curves are typical curves as reported in the literature, where the crack grows at
a decreasing rate until it arrests. Suresh et al (1986) have shown that as the crack grows longer,
the fraction of the loading cycle for which the crack is open decreases. Crack growth
deceleration and arrest have been attributed to this crack closure effect combined with the residual
compressive stresses ahead of the crack (Suresh, 1991).
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4.1 .2 FjnalPrecrack LeIJi1hs

The following table lists the final length of each precrack and the number of cycles it was
subjected to.

Table 4.1
Final Pr k Le thsecrac engi

Specimen Final Precrack TotaInumbel' of
Length (pm) cycles

T6.2 IHJ 3.25 x 106

T6.3 120 2.5 x 106

T5.4 530 7.25 x 106

T6.S 3390 4x 106

T6.6 140 4.5 x 106

T6.7 130 4x 106

T6.3 285 6x 106
t--.......
T6.9 195 6x 106

TG.I0 480 6x 106

06.2 80 2.5 x 106

06.3 220 6.5 x 106

Table
SUIllIll&Yof final precrack lengths

T6.1 and 06.1 specimens were notched with a new blade which had not yet been worn down to
a rounded shape. the result was 'square' notches. When the T6 'square' notch was subjected to
cyclic compression, a crack grew offeach comer as can be seeminfigura 4.3.
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FigVlllC 4.3
Fatigue cracks growing off the comers of a square notch
lOOXMagnification

Specimen T6.5 c;ii'.;velopeda 6mm-Iong fatigue crack on one side, while the on other side it
developed a 'typical' compression fatigue crack. The start of the 6mm fatigue crack can be seen
infigw-e 4.4. Whereas all the other compression fatigue cracks had a wide, blunt appearance, the
crack grown on specimen T6.5 is long and narrow. Both the appearance and length of this crack
suggest that it grew in tension. Subsequent measurement of the specimen with a Vernier calliper
showed that the ends were not parallel The two arrows infigure 4.5 show where the far comer
of the specimen was almost 0.1 mm longer than the near comer. This would have resulted in the
load being placed on the fur corner as shown in thefigure 4.5. This load application would cause
a bending moment at the notch causing a tensile stress there. The tensile fatigue crack infigure
4.4 resulted. Figure 4.6 shows a typical precrack for comparison.
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Figure 4.4
Tensile fatigue crack grown on specimen T6.5
400X Magnification

Figure 4.5
Tensile fatigue crack on
compression loading
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Figure 4.6
Typical precrack from a round notch
100X Magnification

None of the precrack lengths were the same on both sides of the specimen. This uneven cracking
woukl have resuIted:from the base of the notch not being 'centred' in the specimen. Inspecimen
T6.3, ror example, the crack shown infigzqe 4.7 is 160 Jim long, while the other side of the crack
shown iafigure 4.8 is 80 Jim long.
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Figure 4.7
Longer side ofprecrack on specimen T6.3
400X Magnification

-1

Fiqure4.8
Shorter side of precrack on specimen T6.3
400X Magnification
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Figure 4.9 is a plot of the final precrack lengths in specimens T6 against the number of cycles
which the test specimen was subjected to. T6.1 and T6.5 are not included in the plot due to the
reasons discussed above.
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Figure 4.9
Final Crack Length VS Number of Cycles in
specimens T6

The above curve suggests that there is a relationship between the number of cycles and the final
precrack length. This is contrary to the growth rate curves generated both in this project and by
other researchers, which show that the crack arrests after a certain number of cycles and so there
should be no relationship between final crack length and number of cycles (once the crack has
arrested). This is discussed in detail at page 74. All the final lengths in the above graph were
determined once the crack had not grown for 500 000 cycles, ie the cracks had arrested.
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4.1.3 Morphology of Compression Fati~ Cracks

Figure 4.10 shows another general morphology of the precrack produced by compression-
compression fatigue, viewed on an optical microscope. The precrack is wide and blunt, with some
smaller cracks at the crack tip that are only visible at higher magnification (figure 4.13). Figures
4.11 and 4.12 ,takenon the SEM, show this in detail. Figure 4.13 shows the crack tip. There are
small. "sharp" cracks ahead of the main crack tip and there is also considerable crack branching,
as manifested by the missing fragments.

Figure 4.10
Prec, sck Morphology
Grade f6
400X Magnification
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Figure 4.11
Detail ofPrecrack Outcrop
GradeT6

Figure 4.12
Detail of Precrack Tip
GradeT6

71



Figure 4.13
Precrack tip detail
GradeT6

The material below the notch tip has fine cracks on either side as a result of the extensive crack
tip branching.
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Figure 4.14 shows a region of the compression fatigue crack. On the right, there is an area from
which a piece of the material bas fallen off. On the left, there is a region encircled by fine cracks
where it looks as if'another piece of material is about to full off.

Figure 4.14
Precraek Crack Branching
GradeT6

Figures 4.13 an' 4 show that fine cracks form, both in front and on the side of the precrack,
with considerar .tek branching. Areas ofthe material become surrounded by these fine cracks
and eventually kill out of the specimen altogether, thus increasing the area of the main precrack.
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Figure 4.9 shows that there is a relationship between the final precrack length and the number
of cycles that the test is run fur. Figures 4.1 and 4.2, however, sbow that the precrack decelerates
and arrests. The met that the precrack arrests means that any subsequent cycles should not cause
any further growth, so figures 4.1 and 4.2 imply that there should be no relationship between
number of cycles and final precrack length. A nuruber of researchers have reported growth rate
curves similar to those infigures 4.1 and 4.2. Their results are summarised inbelow:

Table 4.2
Precracking growth rate results from the literature
Researchers Year Material No cycles at No cycles Intervals. Frequency test

which the test run for precrack conducted at
crack arrested measured at

Reid et al 1979 Mild steel ±5 x lOS 8 x lOS I x lOS 25Hz

Sureslt 1985 Steel :1:1.1 x lOs 1.4 x lOs 0.2 x lOS 50Hz

Suresh& 1986 WC-Co :1:3x 105 4 x lOS 4Hz
Sylva

Ewart & 1986 PolycrystalJine :1:2x lOS 4x 105 0.2 X 105 20Hz
Suresh alumina -
Figures 4.1 1998 WC-Co :I: 30 x 105 40 X 105 2S X lOS :I: 230 Hz
and".:!

Clearly, figzue 4.9 contradicts these results by showing that the precrack continues growing
(which it must do if there is a relationship between the final precrack length and number of
cycles). A possible mechanism of fatigue compression crack growth based on the present
experimental results is presented here inorder to explain this discrepancy.

As was shown iafigures 4.10, 4.12 and 4.13, there are always sharp cracks ahead of the main
body of the preerack, This fact, coupled with observations of the crack replicas taken during
testing, suggest that initially the crack consists entirely of sharp, branching cracks at the notch
tip, as illustrated schematically below:
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Notch

\
T ,

Sharp, branching precrack at IWtch lip

Figure 4.15
Initial Precrack Appearance

As shown usfigures 4.13 and 4.14, the sharp, branching cracks propagate during subsequent
compression cycles and cause 'chunks' of material to full out of the specimen entirely. This is
represented schematica.1lyinfigure 4.16, where the material at the tip of the notch infigure 4.15
has fallen out of the specimen. This in effect increases the length of the notch, by forming a new
notch, with a smaller radius than the original notch, at the tip of the original notch.

75



Notch

Figure 4.16
A 'Chunk' of Material is dislodged at the Notch
Tip

Compression fatigue cracJc

Once loads are applied to the 'new notch', new near-tip residual stresses will result, New, fine,
branching cracks will form at the base of the new notch as a result of the new region of residual
stresses, and so the entire process wr: recur. The next step, once again consisting of dislodging
material and forming new, sharp, cracks is schematicaIly illustrated injigure 4.17.

In all the precrack growth rate research reported above, precrack arrest was generally assumed
after less than 3 x lOScycles (or in the case ofjigures 4.1 and 4.2, after 5 x lOs cycles). In all the
studies quoted in table 4.1, the tests were run for less than a million cycles at low frequencies. In
addition, the :fine cracks ahead of the precrack tip shown injigure 4.13 are scarcely visible using
an optical microscope and therefore cannot be measured on a replica viewed through an optical
microscope. So the precrack arrest that is reported is probably a slow, undetected growth of the
fine, 'sharp' cracks ahead of the precrack. So although crack closure and residual compressive
stresses (Suresh, 1991) may cause the crack growth to decelerate, it seems that the notch growth
(caused by material being dislodged) is the dominant mechanism.
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Compression fatigue crack

Figure 4.17
Precrack Schematic
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4.2 Four-Point Bending Fatigue Test Results

The following growth rate curveswere obtained for grade T6 and G6. Each curve was determined
from a single specimen.

•
1e-3

1e-4

As discussed in section 2.6.2, the larger m-value of the Paris equation, the greater the rate at
which the growth rate of the fatigue crack increases and therefore the lower the resistance to
fatigue crack propagation. The above curves show a lower m-value (and hence a better resistance

J
11e-5

~

1e-6

1e-7
2 3 4 5 6 7 8 9 1011

f • T6
T6 : Regresssion line: 111=18.73

V G6
. G6: Regression line : 111= 19.49

.M( (MPa.,lm)

Where 111 is defined in equation 1

Figure 18
Fatigue Growth Rate Curves for grades '1.'6and G6

In each case, the data was fitted to the Paris equation:

da=C(MQm
dn

------------------ [1]
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to fatigue crack propagation) for T6 than G6. The literature is consistent in reporting that m
decreases with increasing grain size (Knee & Plumridge, 1984; Johansen et al 1970; Fry &
Garrett, 1988). Further, the literature indicates a positive correlation between toughness and
resistance to fatigue crack propagation. T6 has a smaller average grain size (reported as 1.8 um,
Boart Longyear, 1996) and a lower fracture toughness (reported as 12.6 MPavm , Boart
Longyear, 1996) thanG6 (2.3 um and 13.7 MPavm, BoartLongyear, 1996). So T6 should have
the larger m-value (ie, the lower fatigue resistance), but this not the case in the results presented
here.

The regression coefficient for the T6 regression line is 0.9164 and for the G6 regression line is
0.9252. So, the m-values can be quoted as foHows:

mT6= 18.73±0.78
mG6":' 19.49±0.73

So, in fact, the two m-values are statistically the same and the discrepancy reported above can be
attributed to experimental scatter. This would suggest that the method used here is not sensitive
enough to discriminated between grades with very close properties.

The m-values obtained here are, howev cr, consistent with the m-values in the literature that listed
in table 2.2.
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4.3 Fractography

The fracture surfaces of the samples tested as described in sections 3.3 and 3.4 were examined
using a scanning electron microscope (SEM). Figure 4.19 is a schematic showing how fracture
progresses once it initiates from the notch. The r.otchwas approximately 2mm long. The precrack,
which initiated at the base of the notch, varied in length across the breadth of the specimen, with
lengths ranging from about 30pm to 200pm. The lengths presented in Table 4.1 are averages of
the crack length measured on the surface at either side of the specimens. Such variations in the
length of the precrack were observed both between specimens, and within the same specimen.
Different types of fracture surfaces were observed in the pre crack region. The fatigue region,
which resulted from the four-point bend fatigue tests, was generally a few millimetres long -
depending on how long the fatigue crack grew before K reached the critical K1C value and fast
fracture occurred. The rest of the fracture surface resulted from the final fast fracture of the
specimen.

Fatigue

Fast Fracture

As the precrack and fatigue fracture surfaces will be compared with the fast fracture surface, the
results offractography on the fast fracture surface will be presented first. As the fracture surfaces
occurring in grades T6 and G6 are the same in all salient features, the fractography results for
these two grades will be presented together.

Figure 19
Schematic of Fracture Surface
Not to scale
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4.3.1 Fast Fracture

Figure 4.20 shows the fast fracture surface ofa T6 specimen andfigure 4.21 shows the fast
fracture surface of a G6 specimen. Inboth, the angular shaped grains are the carbide grains, and
the cobalt ridges occur as lighter areas on the carbide grains. At higher magnification, with T6
infigure 4.22 and G6 infigure 4.23 , the cobalt ridges are visible ingreater detail on and between
the carbide grains. In all the fast fi:acture micrographs, the cobalt ridges are clearly defined.

Figure 4.20
Fast Fracture
GradeT6
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Figure 4.21
Fast Fracture
GradeG6

Figure 4.22
Fast Fracture
Grade T6 82
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Figure 4.23
Fast Fracture
GradeG6
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4.3.2 Precrack Fracto~J)hy

At a low magnification. considerable crack branching and change in fracture surface orientation
are visible in the precrack region. For instance, a "step" can be seen on the fracture surface
shown infigure 4.24. The extent to which these fracture surface orientation changes can occur
is shown infigure 4.25. The crack branching, which generates steps on the fracture surface, is
consistent WIDthe crack branching shown in section 4.1.3 and discussed in connection with the
precrack growth mechanism in section 4.1.3.

Figure 4.24
Precrack fracture surface
GradeG6
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Figure4.2S
Precrack fracture surface
GradeG6

The level changes in the micrograph give the impression of a 'chunk' about to full off in the
manner discussed insection 4.1.3.
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Two ditferenr types offracture surfaces occur within the precrack region: a cobalt ridge deficient
fracture surface and a "intermediate" region in which some cobalt ridges are visible, although less
than in the neighbouring fatigue region. Figure 4.26 was taken on a specimen that was broken
without being subjected to fatigue loading and shows the transition from the "intermediate" region
to fast fracture : fewer cobalt ridges are visible in the top half of the micrograph than in the
bottom half. The following sequence of micrographs, all taken at :5000X magnification on the
same T6 specimen, which was broken before being subjected to the four-point bend fatigue test,
shows the progression. Figure 4.27 shows the cobalt ridge deficient region, figure 4.28 shows
the 'intermediate" region andfigure 4.29 shows a fast fracture surface for comparison. What is
noticeable in this sequence of micrographs is the increase in the number of visible cobalt ridges
through the sequence.

Figure 4.26
Interface between precrack and fast fracture
Grade T(,
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Figure 4.27
Cobalt Ridge Deficient Precrack Region
Grade T6

Figure 4.28
Intermediate Precrack Region 87
GradeT6



Figure 4.29
Fast Fracture Surface
GradeT6

Figure 4.30 shows the cobalt deficient precrack region ingrade G6. As inT6, there are no visible
cobalt ridges.
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Figure 4.30
Cobalt ridge deficient area
GradeG6

Figure 4.31 shows the cobalt ridge deficient region ingrade T6 at higher magnification. There
are no cobalt ridges visible in the micrograph. The we grains appear: .)be chipped - there are
no sharp corners visible. There is some cobalt visible on the fracture surface, but it does not occur
inclearly defined ridges. There is also some debris on this part of the fracture surface. The same
features are visible in grade G6, as shown infigure 4.32.
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Figure 4.31
Precrack Cobalt Ridge Deficient Region
GradeT6
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Figure 4.32
Precrack Cobalt Ridge Deficient Region
GradeG6

Figure 4.33 shows the "intermediate" region at higher magnification. Some cobalt ridges are
visible, but fewer than injigure 4.34 , which is the fast fracture surface fur comparison. There
is also some carbide grain damage inthe intermediate region, for instance the large carbide grain
on the left ofjigure 4.33.
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Figure 4.33
Intermediate Precrack Fracture Surface
GradeT6

Figure 4.34
Fast Fracture Surface
Grade T6 92



The lack of cobalt ridges on parts of the precrack fracture surface can be explained by examining
the loading conditions. Normally, cobalt ridges form in the presence of unidirectional stresses
which results in the cobalt ligaImnts elongating in the direction of the applied stress. Inthis case,
the material is successively crushed by repeated compressive loading. This means that the
ligaments will..oot be pulled apart unidirectionally to form cobalt ridges. Rather the ligaments will
be tom and squashed by the repeated loading.

That there are two separate fracture surfaces in the precrack region should not be surprising, since
there are two separate mechanisms at work in precrack propagation. The first mechanism is the
mechanism by which the sharp, fine initial cracks grow and the second mechanism is that which
occurs when the 'chunk' of material falls out, destroying the original fracture surfaces, There is
no doubt that the cobalt deficient regions have been substantially more damaged than the
'intermediate' regions which suggests that the 'intermediate' region corresponds to the initial, fine
cracks, while the cobalt deficient region corresponds to the dislodged material.
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4.3.3 The Fatigue Surface

4.3.3.1 Crack Morphology

Inthe four-polar bend fatigue test, the cracks observed through the travelling microscope did not
exhibit crack branching and consisted of a single thin line, in which the dye penetrant pulsed as
the crack opened and closed. Immediately after the specimens were broken in the four-point bend
fatigue test, the fatigue crack marked by the dye-penetrant on the fracture surface exhibited very
little crack bowing and was the same length on either side of the specimen.

4.3.3.2 Fractography

At lower magnifications, the fatigue fracture surface is similar to the fast fracture surface. At
higher magnifications, the appearance of the carbide grains remains the same as in fast fracture -
but the appearance of the cobalt ridges differs dramatically. Figures 4.35 and 4.36 show fast
fracture and fatigue surfaces respectively in grade T6. The appearance of the cobalt differs
dramatically: the fast fracture cobalt appears as ridges and dimples, while the fatigue cobalt is
blurred and rugged. This effect is also illustrated uifigures 4.37 and 4.38 at higher magnification.
Finally, G6 fatigue fracture surfaces are shown ui figures 4.39 and 4.40.

Fast fracture in WC-Co occurs first by a crack extending through the carbide phase, and then by
void nucleation and growth in the cobalt phase (Sigl and Schmauder, 1988). As the voids increase
in size behind the opening crack, ligaments of cobalt are stretched until they rupture (Fischmeister
et al, 1988). The result is the smooth cobalt ridges visible on the fast fracture surfaces. In fatigue,
the cobalt that remains on the carbide grains differ dramatically from fast fracture. The fatigue
cobalt is rugged and does not form well defined ridges. This suggests that a different type of
failure mechanism is taking place in the cobalt during fatigue.

Almond and Roebuck (1980) suggested that the cobalt failure mechanism may change from
ductile to brittle due to the fatigue loading. Further, Schleinkofer et al (1996) showed that a phase
change from f.c.c to h.c.p. takes place in the cobalt binder ligaments behind the crack tip. The
same martensitic phase transformation was shown to occur around the crack tip. This phase
transformation strongly reduces the amount of plastic deformation that can take place in the
cobalt.

TEM micrographs offatigue cracks show parallel cleavage cracks in the cobalt which give a
'zig-zag' shape to the overall fracture (Kursawe et al, 1998). This 'zig-zag' appearance
appears to match with the rugged appearance of the cobalt in the present fatigue SEM
micrographs. The rugged, uneven appearance of the cobalt may therefore be explained by
brittle micro cracking occuring in the h.c.p. cobalt in the cobalt ligaments and around the crack
tip.

Schleiukofer et al (I996) also reported that the fatigue crack travels almost entirely through
the cobalt phase. This is also the case here as the WC grains do not have cleavage patterns.
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Figure 4.35
Fast Fracture Surface
GradeT6

Figure 4.36
Fatigue Fracture Surface
GradeT6
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Figure 4.37
Fast Fracture Surface
GradeT6

Figure 4.38
Fatigue Fracture Surface
GradeT6

96



Figure 4.39
Fatigue Fracture surface
GradeG6

t:
t

Figure 4.40
F.atigue Fracture Surface
GradeG6
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4.4 §1tlrC§S Anllllysis

Figure 4.41 shows the geometry of the microstructural model before loading, with the Co regions
in red and the WC in green. The grey area is the notch that will be removed, The blue areas
around the microstructure represent the bulk WC-Co.

Figure 4.41
Microstructural FEM

All the stress values in th€;contour map legends in the following figures are in Pa.
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4.4.1 Step 1 . Residual Thermal Stresses

Infigure 4.42 below, the larger of the principal stresses in the plane of the model is mapped. The
stresses in the Co regions mostly range between 70 and 1860 MPa, while the stresses in the we
grains are mostly between -1000 and 70MPa. At comers ofWC grains and where WC grains
meet, higher compressive stresses are generated. These can be as large as -2000 MPa.

Figure 4.43 shows the smaller of the principal stresses in the plane of the model. Here the stresses
in the Co vary from -200 to 1000MPa, while the stresses in the WC vary from below -1000 MPa
to400MPa.
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Figure 4.42
Step 1 : Residual Thermal Stress
Larger of the principal stresses in the plane of the model

99



Figure 4.43
Step 1 : Residual Thermal Stresses
Smaller of the principal stresses in the plane of the model

1.4.2 Step 2 : Cutting the Notch

In the second step, the elements making up the notch are removed. This can be seen on the left
of the microstructural region. Figures 4.44 and 4.45 compare the stresses in steps 1 and 2. Here,
the larger of the principal stresses in the plane of the model are mapped again. The stress contour
maps remain mostly the same, but some of the high compressive stresses in the WC are released
at the notch base and the tensile stresses in the Co alongside the notch are also reduced.

Infigures 4.46 and 4.47, the smaller of the principal stresses are compared in steps 1 and 2. Once
again some of the higher tensile stresses in the Co near the notch are relaxed, while some of the
larger compressive stresses in the WC are relaxed. But, some new areas of compressive stresses
fonn away from the notch, as the stresses are redistributed away from the notch free surface into
the bulk of the material (compareftgures 4.46 and 4.47).
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Figure 4.44
Step 1 : Residual Thermal Stresses
Larger of the principal stresses in the plane of the model
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Figure 4.45
Step 2 : Cutting the notch
Larger of the principal stresses in the plane of the model
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Figure 4.46
Step 1 : Residual Thermal Stresses
Smaller of the principal stresses in the plane of the model
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Figure 4.47
Step 2 : Cutting the notch
Smaller of the principal stresses in the plane of the notch



4.4.3 Step 3 . Loadin!?:the Specimen

The model was loaded to the same loads as the T6 specimens:
Pmax = -65.6 leN

First, the results of'loading the bulk continuum model are presented so as to give an idea of the
stresses that are generated by the loading regime. Figure 4.48 is a map of the. stresses in the
loading direction (direction 2 on the map) in the stress state only model. The high stresses
generateJ at the comers of the square region are not truly representative of the stress state, as the
stress concentrators that occur at the COTP';!rsof the square region do not, in fact, exist. This stress
concentrator is a result of the geometry with which the microstructural part of the model is
connected to the continuum model and is, therefore, not a 'real' representaf In of the stresses that
arise. So ignoring those stresses, a maximum compressive stress of -1000 ]I,.'Pa is generated in the
specimen, while tensile stresses of up to 20(1-'MFa are generated at the base of'the notch. The
compressive stresses in the model are considerably lower than the compressive strength ofT6
WC-Co which is quoted at 4610 MPa by the manufacturer (Boart Longyear, 1996).

L
Figure 4.48
Step 3 : Loading the specimen
Stress state FEM
Direction 2 : the loading axis
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Injigure 4.49 below, only the tensile stresses fromjigure 4.48 are mapped (all the compressive
"tresses are represented in dark blue). This map shows that there is, in fact, a region of tensile
stresses at the notch tip during compressive loading, concurring with the results of Suresh &
Brockenbrough (1988). The tensile stresses range up to 2000 MPa.

S~2 1I11LUll

Ff
_5.6811+10
+2 _22E-1f:

:::::::~:
.a- , +5. 71E+03
L~-+7.14E"09

-+8.57E+09

-+1.0011+10

+1. 29E+::'0
+1.43E+10
+:: 57E+10
+1.11E+10
+1.86E+10

-·+2.00E+10

+l:IlFl:Ill:TII

L
Figure 4.49
Step 3 : Loading the specimen
Tensile stresses in the stress state model
Stresses in direction 2 : the loading axis
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Figure 4.50 is a map of the stresses in the direction l.Once again, disregarding the effect of the
false stress raising comers, maximum compressive stresses of -5000 MPa are generated. Some
tensile stresses (up to 2000 MPa) are generated at the notch tip.
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F.igure4.50
Step 3 : Loading the specimen
Stress state model
Stresses in direction 1
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Injigures 4.51 and 4.52, the stresses in the directions 2 and 1 are shown, this time on the
microstructural model. In these stress maps, the effect of the composite microstructure on the
stresses generated during loading is marked. Inboth directions, the stresses cover a wide range
of values, from -10 000 MPa (which is well above the compressive strength of the material) to
10 000 MPa. But for the most part, the stresses illthe cobalt range between -1000 MPa and 2000
MPa.

Further, there are lome regions, particularly in the direction of the loading axis, that the
compressive stresses reach a magnitude of -80 GPa. These regions of high localised compressive
stresses occur where we grains meet in the loading axis. These very high stresses are an
indication of the areas inwhich failure is likely. In reality, some deformation of the carbide grains
(as here they have only been given elastic properties) or cracking within or between grains would
occur at these sites. Similarly, the areas of very high tensile stresses indicated in direction 1will
have failed before such high stresses have built up.
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Figure 4.51
Step 3 : Loading the specimen
Stresses in direction 2 : the loading axis
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Figure 4.52
Step 3 : Loading the specimen
Stresses in direction 1
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Figure 4.53 shows the equivalent plastic strain in the cobalt. When the Gurson model is used in
ABAQUS, this value acts as a yes/no flag, telling whether the material is currently yielding or not
(ABAQUS Standard Users Manual, 1996). The figure shows that deformation is occurring in areas
of the Co phase.
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Figure 4.53
Step 3 ; Loading the specimen
Plastic deformation in the cobalt
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4.4.4 St~ 4 ; Unloading the Specimen

Infigures 4.54 and 4.55, the microstructural model of the unloaded specimen is presented. Figure
4.54 represents once again the stresses in the loading direction: near the notch tip the stresses
generally remain similar to those generated during loading. But further away from the notch tip
(in the region of 10 um away from the notch tip), extremely high tensile stresses are generated
(up to 20 000MPa) .These tensile stresses are a result of the plastic flow in the cobalt. This can
be seen by comparing the figure below withfigure 4.53. The high stress regions in the carbide in
figure 4.54 coincide with the areas of plastic flow in the cobalt. When the specimen is unloaded,
the plastic flow inthe cobalt remains (this can be seen uifigure 4.56) and causes the new stresses
inthe carbide. Also, the extremely high localised compressive stresses that were generated during
loading were not relieved by the unloading.

There is very little change in the picture of the stresses in direction 1 on unloading.
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Figure 4.54
Step 4 : Unloading the specimen
Stresses in direction 2 : the loading axis
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Figure 4.55
Step 4 : Unloading the specimen
Stresses in direction 1
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In figure 4.56 below, the equivalent plastic strain is plotted for step 4. Once again, some
deformation is present in the Co phase. These is no difference between the areas of plastic flow
infigure 4.54 (which occur during step 3) and those below.
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Figure 4.56
Step 4 : Unloading the specimen
Plastic deformation in the cobalt
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4.4.5 Void Formation

Void nucleation and growth are defined by three variables in ABAQUS:
~ the mean value of the normal distribution of the nucleation strain, typically 0.1 to 0.3
SN> the standard deviation oftbe normal distnbution of the nucleation strain, usually 0.05

to 0.1 and
iN is the volume fraction of nucleated voids, given as 0.04

The values of the three variables stated above are the values given by Tvergaard and Needleman,
J 984, fur a typical metal Tvergaard and Needleman determined these values for void formation
in a steel bar, subjected to unidirectional tensile loading.

Using these values in the final element model resulted in the formation of voids during step 1,
which is contrary to the feet that we-Co is fully dense after sinter HIPing. In addition, these
values led to such a large amount of void formation dllI'llig step 3 (the loading), that the Gurson
constitutive model no longer applied and the stresses could not be calculated.

The void nucleation values were adjusted until no voids were formed during cooling and until the
loading stresses could be calculated. Finally, the following values were used for the void
nucleation variables:

~=3
~=0.01
fN=O.OOl

The increase inmean strain and decrease invo :inucleation volume can be explained by the highly
constrained nature of the cobalt. Under such constrained conditions, a very large deviatoric stress
component will be required for void nucleation and growth. hence the greater difficulty in
nucleating and growing voids than inunconstrained tension.
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Figure 4.57 represents the voids that have formed in the cobalt phase during step 3, ie the loading
of the specimen, whilefigure 4.58 shows the one area where voids did form in closer detail. In
the contour maps that follow, the void volume fraction is mapped. A vvf of 1 means that the
material is fully voided, while a vvf of 0 (as is almost the case in the following contour maps)
means that the material is fully dense.
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Figure 4.57
Step 3 : Loading the specimen
The void volume fraction

Figure 4.58
Step 3 : Unloading the specimen
The void volume fraction



In step 4, ie during unloading, voids formed inmore areas than in step 3, as is shown infigure
4.59, but the void volume fraction appears to be smaller those areas than was the case in step 3.
This can be seen iafigures 4.60,4.61 and 4.62. So presumably some of the voids represented in
figure 4.58 actually closed on unloading (compare with figure 4.60).
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Figure 4.59
S, • d.: Unloading the specimen
lit. id volume fraction

Figure 4.60
Step 4 : unloading the specimen
The void volume fraction



Figure 4.61
Step 4 : Unloading the specimen
The void volume fraction

Figure 4.62
Step 4 : unloading the specimen
The void volume fraction
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4.5 VerificationlDiscussion of Stress Analysis

4.5.1 Step 1 : Residual Thl mal Stresses

The following table lists results obtained from studies into the residual thermal stresses ofWC-
6wt%Co. The results are specifically taken from studies on 6wt% cobalt grades, as the magnitude
of the therrral stresses varies with the amount of cobalt in the WC-Co alloys (Exner, 1979).

Table 4.3

±1280MPAReview ofvarious ±-100 MPA
studies

-200 to 1000
MPA

FEM < -1000 to
WC-6Co 1860 A'£PA~~------.~~------~--------~

For the most part, the residual thermal stresses generated in this model are consistent with
compared with those determined in other studies. The bulk of the WC is under stresses between
-300 and 70MPa, which values are of the same order of magnitude as those above. But, some
areas, particularly where WC grains meet, develop much higher compressive stresses than are
reported in the literature.

The cobalt stresses range mostly between 70 and 1000 MFa. The occasional small region of
compressive stresses does occur in the cobalt, but these regions are not common.

The stresses of largest magnitude, both tensile and compressive, occur along the interfaces
between WC grains and cobalt regions or where WC grains meet, as the thermal mismatch is the
largest along the interfaces.

4.5.2 Step 2 : Cutting the Notch

As is to be anticipated, cutting a notch in the material reduced the magnitude of residual stresses
in the region of the free notch surface. The compressive stresses in the WC at the notch tip were
decreased, as were the tensile stresses in the Co.
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4,5,3 Steps 3 and 4' Loading and Unloading

A T6 specimen was subjected to a single load test (once again the specimen was loaded to -65,6
leN) and then unloaded, The area at the base of the notch was then examined in the SEM, The only
visible damage to the specimen was the cracked we grain shown ui figure 4.63 below, This
cracked we grain was on the edge of the notch tip, as is consistent with the region of tensile
stresses generated by the loading and shown infigure 4.64.

Figure 4.63
Damage due to single load cycle
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Tensile stresses at the notch tip during loading



During the step 3 loading, the cobalt phase showed large regions of deformation (figure 4.53) and
some void nucleation, so consequently the stresses in the cobalt remain low - mostly between -500
and 500 MPa. In addition, the pre-existing tensile stresses in the cobalt (the thermal residual
stresses) may also serve to lower the effects of the compressive loading on the cobalt. Much
higher compressive stresses are built up in the carbide phases, particularly where carbide grains
lie in the direction of the loading axis. Very high tensile stresses build up at right angles to the
loading axis, also mostly where we grains meet. As before, the largest stresses occur at the
interfaces between we and cobalt and where WC grains meet. So it seems that one can expect
both plastic deformation in the cobalt and subcritical cracking along the interfaces (between WC
and cobalt and where WC grains meet) under this loading regime. This is in agreement with the
explanation provided by Suresh and Sylva (1986), who suggested that residual stresses may be
introduced into we-co during compressive loading as a result of pialltic binder flow and thermal
mismatch.

When the specimen is unloaded, very high compressive stresses build up in the WC neighbouring
areas of cobalt plastic deformation. This can be seen by comparing figures 4.53 and 4.54. This
would increase; the likelihood of subcritical cracking along the carbide-binder interfaces.

Although the areas inwhich the cobalt yields and the areas inwhich the high compressive stresses
form on unloading coincide, these areas do not coincide with the areas of highest stresses
predicted in figure 4.51 (during loading). This is because the cobalt in these areas has yielded,
thereby relieving the highest tensile stresses. Further, plastic flow, by definition, does not relax
on unloading, and so although unloading causes considerable change in the stress distribution,
there is no concurrent change in the distribution of plastic deformation.

Figures 451 and 4.55 show mostly compressive stresses in the cobalt at the notch tip on
unloading. These correspond well to the cyclic plastic zone compressive stresses ahead of a crack
shown in Figure 2.5. In addition, the tensile stresses away from the notch tip in Figure 4.54
correspond to the monotonic plastic zone in Figure 2.5

Most of the plastic flow in the cobalt and the high tensile stresses that f.·lrmon unloading occur
away from the notch tip (see figures 4.53, 4.54 and 4.56), although bothfigures 4.51 and 4.48
show higher tensile stresses at the notch tip. The uneven distribution of the plastic deformation
is probably as a result of the heterogenous nature of the WC-Co microstructure, although further
studies would be required to determine how the heterogeneity affects the stress distribution.
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5 Conclusions and Recommendations

All the experimental work was carried out on WC-Co grades T6 and G6, which have 6wt% Co
and average grain sizes of 1.8,um and 2.3J.lm respectively. The experimental work involved

compression-compression fatigue pre cracking, followed by da vs ilK tensile fatigue testing in
dll

the four-point bend configuration, Both the fracture surfaces resulting from the compression-
compression fatigue precraoking and from the four-point bend fatigue testing were subjected to
fracto graphic examination.

The compression-compression fatigue cracks described here confirm what is reported in the
literature in that the cracks grow perpendicular to the applied uniaxial load and are a means of
introducing stable cracks into WC-Co.

As shown in.figures 4.J 0, 4.J2 and 4.J3, there is always a "sharp" (or fine) crack ahead of the

main crack tip. This means that the compression fatigue cracks can be used as pre cracks in da
dn

vs ilK tensile fatigue testing.

Compression-compression fatigue precrack growth rate curves similar to those reported in the
literature were generated (figures 4.J and 4.2), but an examination of [mal precrack lengths
against the number of cycles that the precrack is subjected to (figure 4.9) suggests that these
curves are incomplete, since the final crack Ie' gthincreases with an increasing number of cycles.

Based on the precrack morphology, a new macro mechanism of fine branching crack growth
resulting in material. being dislodged from the precrack has been presented. Fine cracks ahead of
the compression-compression fatigure precrack encircle material and result in the material being
dislodged from the test specimen. Material dislodged from the base of the notch increases the
notch length and results in the formation of'new residual stresses on subsequent loading cycles,
causing further precrack growth. This means that tile crack does not arrest as previously reported
in the literature.

The precracks have been shown to "grow" by a process of "chunks" falling off. It is suggested
that this precrack growth macro mechanism should be documented photographically by taking
micrographs ofthe precrack at least every 100 000 cycles. Similarly, detailed growth rate curves
need to be generated for the pre cracking process, with tens of millions of cycles applied to the test
specimen. The precracking process could perhaps be continued until the repeated dislodging of
material reduces the spec.men cross-sectional area to the point at which the specimen fails by fast
fracture.

The precrack fracture surface was shown to consist of two different types offracture surface. The
first is what has been called the 'intermediate' fracture surface which probably results from the
fine, 'sharp' cracks at the tip of the precrack. This region had some cobalt ridges, but not as many
as the fast fracture surface. The second was a region totally devoid of cobalt ridges. This fracture
surface corresponds to the 'chunks' of material that fall out oi'the specimen. The lack of cobalt
ridges is attributed to the multiaxial nature of the stresses, which prevents the formation of ridges.
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Further study of the compression fracture surface could examine the cobalt in the 'intermediate'
region at higher magnifications and compare it with the cobalt in the fast fracture and fatigue
regions, as a diagnosis of whether the precracks are 'true' fatigue cracks.

Grades T6 and G6 exhibit similar ...E vs tll( growth rate curves. The Paris equation exponent
n

obtained for G6 was the same as that determined for T6 within the experimental error, which is
contrary to the reports in the literature according to which the exponent for T6 should be higher
since T6 has a finer grain size. It seems that the fatigue method and/or conditions used here are
not sensitive enough to discriminate between grades of very close properties. The m-value of
approximately 18 does, however, correspond well with the m-values for WC-Co reported in the
literature.

The cobalt features on the fatigue fracture surface were shown to differ dramatically from the
cobalt features on the fast fracture surface: the fast fracture surfaces had smooth, well-defined
cobalt ridges, while the cobalt on the fatigue fracture surface was rugged. Other research has
suggested that a phase change from f.c.c. to h.c.p. cobalt in the fatigue crack process zone and
at the crack tip results in the cobalt becoming more brittle (Schleinkofer et al, 1996). The TEM
work ofKursawe et al (1998) showed a 'zig-zag' fracture resulting from cleavage cracks which
occur in the h.c.p. cobalt and this matches perfectly with the 'zig-zag' rugged appearance of the
cobalt on the present fatigue fracture surfaces (figure 4.36 and 4.37).

A recommendation for further work is to is to determine the planes along which these cracks
propagate by electron diffraction to determine their orientation and get a full description ofthe
fatigue mechanism in WC-Co.

The finite element model was used to predict stress distributions in the microstructure at the base
of the notch during the first cycle of compression-compression fatigue precracking. In addiiion
to the microstructural FEM (in which separate WC and Co regions were modelled), a stress-state
FEM consisting only ofWC-Co was developed.

The residual thermal stresses predicted by the microstructural FEM stress analysis are consistent
with experimental results of other studies, predicting tensile stresses of up to -2000 MPa in the
cobalt and compressive stresses of up to -1000 MPa in the carbide.

Cutting the notch in the FEM model resulted in the higher residual stresses being relieved at the
notch free surface, although more compressive stresses were generated in some parts of the
microstructure when the notch was cut (figures 4.55 and 4.56).

A region of tensile stresses is generated at the notch tip during the loading of a stress-state only
FEM (with stresses of up to 2000 MFa). In the microstructural FEM, some tensile stresses are
generated in the cobalt (with stresses of up to 10000 MFa), leading to deformation and void
nucleation and growth. The deformation in the cobalt does not 0\ 'cur at the notch tip, which is the
region of highest tensile stresses, but rather away from the tip. Very high compressive stresses
(predicted as above 30 000 MFa) are generated between carbide grains that meet along the
loading axis. So failure is expected to initiate both in the cobalt binder and at contacts between
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carbide grains.

Unloading the specimen results in high tensile stresses (in excess of30 000 MPa) forming in the
carbide adjacent to yielded cobalt. So further failure is expected to take place at the carbide-cobalt
interface. Unloading has no effect on the high compressive stresses that are generated at contacts
between carbide grains. Some of the voids that nucleated on loading seem to close on unloading,
but more regions of voids form when the specimen is unloaded.

The parameters for void formation had to be adjusted by an order of magnitude from those for
a typical metal found in the literature. There is considerable scope for further investigation into
void formation in the cobalt and into determining these parameters, perhaps bvdeveloping models
at the atomic level.
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Appendix 1: Error in Stress COQcentraf,:m, k. at the root oftbe notcb

.-
DDlella 1cD&1lI

FigureAl.1
Calculation of the stress
concentration factor (Ie) at the
root of the notch

Using the notation inFigure 1 :
a = notch depth = 2mm
r = notch radius = 0.5 • wafering blade thickness = 0.19mm
d=width= 13mm
w = depth = 6mm

The stress concentration, k; at the root of the notch, is obtained using the following equations:
Ie =" + J.(!.) + k: (!.)2 + "(2.)3 ---------- (1)I "'2d 3d 4d

wherefor 0.5 s !!. $ 4
r

"1 = 0.721 + 2.394E - O.127!.Y; r

's. = 1.978 - 11.489 ~ + 2.211!.y-; r

Is = -4.413 + 18.751 ~ - 4.596!.Y; r

"4 = 2.714 - 9.655 ~ + 2.512!.Y; ,
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For 2.. = _2_ = 10.5 one obtains:
, 0.19

le/ == 7.151 from (2)
k} == -12.024 from (3)
le3 == 8.044 from (4)
k4 == -2.169 from (5)

And so /c= 5.484 from (1) -----------------------------------~------ (a)

For !!.. = 4 one obtains:
r

k/= 5 from (2)
k}= -12.156ftom(3)
k3= 14.705 from (4)
k" = -6.548 from (5)

And so k:= 3.454 from (1) --------------.-------------------------- (b)

The value in (a) is approximately 1.5 times the value in (b). As this equation ismerely used to
suggest a load at which a crack will initiate at the notch tip, this discrepancy is relatively
unimportant. Inaccuracies will also have been introduced by the fact that these equations are
derived for tensile loads, while the applied loads are compressive.
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Appendix 2: GU[8Qn's Mos:I~1
(From: ABAQUS Standard Users Manual, 1996)

The Gurson yield condition for a material with a small volume fraction of voids is stated as
follows:

Where:

q = ~ t (8 : 8) is the Mises stress

S = 0 + pI is the deviatoric part of the Cauchy stress tens-ir, o, The Cauchy

stress is defined as the force per unit area comprised of voids and material.
I is the unit matrix
: is the scalar product of two matrices

p = .!. «(J : I) is the hydrostatic pressure
3

f is the volume fraction of the voids: f=O implies that the material is fully dense and the
Gurson yield condition is reduced to the Mises yield condition,.f= 1 implies that the
material is fully voided and has no stress carrying capability.

Oyis the yield stress of the fully dense material. It is a function of

plastic strain in the matrix. So:
-I

0y = 0y (<.)

ql>q2 and qjareparameters introduced by Tvergaard (Tvergaard,1981) with the following
recommended values:
q1 = 1.25
q2= 1
q3 = q1
q, = q2 = q3 = 1 gives the original Gurson equation.

The model gives reasonable results fur material with less than 10% voids - ie for f < 0.1

The plastic strains are derived from the yield condition, with:

it=l2...!ao
where}. is the non-negative plastic flow multiplier.
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The change invoid volume fraction is given as:

i = t; + i;.1I.C1
where

i1V is the rate at which the void volume fraction changes due to void growth

and

inuc' is the rate at which the void volume :fraction changes due to void nucleation.

Growth of existing voids is based on the law of conservation of mass and is expressed as follows:

. ~[
fgr = (l-j) & : I

where
ipi is the rate of plastic strain matrix and
fis the void volume fraction as before

The nucleation of voids is given by a strain-controlled relationship:
. -",

fnll.Cf = A epl

where

where
~ is the mean. value of the normal distribution of'tbe nucleation strain, typically 0.1 to 0.3
SN is the standard deviation. usually 0.05 to 0.1 and
fN is the volume fraction of nucleated voids, given as 0.04

is assumed to have a normal distribution,
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