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ABSTRACT

Delayed fracture, slow crack growth and corrosion in sintered
WC-Co alloys containing 6, 13 arnd 16% cobalt by weight, have been
cbserved and evaluated at room texmperature in a variety of environwents
ircluding laboratory air, distilled water and dilute nitric acid.

Data from strength tests and double torsion tests have been analysed
using theories of stress corrosicn and brittle IZraciture, to obtain
estimates of the stress corrosion parameter, n, which best describe

the behaviour. A statistical method has been developed for analysing
strength data. Observation of specimens in soak tests has shown
corrosion to occur in some environments. InSpectioh of bend strength
specimen fracture faces has indicated the source of fracture initiation;
A simple, and reliable method cf precracking WC-Co. double torsion

specimens has been developed.
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1. INTRCIDUCTION

The object of this study was to observe and evaluate tige
dependent effects on the strength of tungsten carbide-cobalt
(WC-Co) materials with particular emphasis on stress corrosion.

This range of alloys has found considerable use in silaping and
forming tools and in wear resistant applications, So extensive is
their usage that even a modest increase in tool performance would
greatly increase the profitability of manufacturing industry (Lardner,
1981). Since the introduction of WC-Co materials, cutting speeds,
for example, have increased by approximately an order of magnitude
over those achieved by conventional cutting steels (Schwartzhopf,Kieffer,
1960).

To maximise performance, component behaviour must be well understood.
However, such an understanding can rarely be achieved through experience
gained from studies of existing usage. Invariably, tests on the
materials from which the components are made must be performed in the
laboratory, where individual factors influencing the behaviour, can
be isolated and studied in depth. Only then is it possible to build
up a comprehensive picture of material‘behaviour from which component
behaviour can be reliably predicted.

The success of WC-Co materials lies in their high strength,
retention of hardness at elevated temperatures, and good wear properties.
However, of equal importance to the production engineer is an estimate
of the likely component life. Tc obtain this, thebmaterial properties
must be studied in relation to time dependent factors - how strength
varies with time and hence, the influence of such mechanisms as

fatigue, creep, wear, ageing':and corrosion.

Another time dependent mechanism is stress corrosion. The

resulting slow crack growth inducing delayed £racture has received



ruch attention in glasses and csrarics (see, in review, Wachiman, 1874;
Wiedernorn,1974; Adams, McMillan, 1977) and in metals (also in review,
Logan, 1966; Scully, 1271). However little is known of its effects

in WC~Co materials. Searches through the literature for data which

might indicate the presence of sitress corrosive mechanisms, yield informétion
which, firstly, is extremely limited, and seconrdly is, for the most part,
elither contradictory or inconclusive. (A review may be found in

Section 3.6).

The first to investigate delayed fracture in WC-Co materials in
terms of stress corrosion were Braiden et al (1977). Although a
significant dependence of strength on rate of loading to fracture was
Cetected at elevated temperatures, results at ambient temperatures were
somewhat inconclusive, and, as a result, led to the study reported here.

The effects of stress corrosion may be investigated usirg two
distinct approaches. The first involves the measurement of strength
degradation under the action of stress corrosive cracking, and the
second, an investigation of the crack growth itself, By carefﬁlly
controlling influential factors, which include applied stress, test
environment, and temperature, throughout the duration of the test, and
by analysing the resulting strength or crack growth data using theories
of stress corrosion, estimates may be made of parameters characterising
the behaviour. Since two approaches are available paraméters obtained
from each can be compared, thereby increasing confidence and reliability
in observations and parameter estimates. A brief review of typical
stress corrosion behaviour is given in Chapter 2.

A test programme to investigate stress corrosive slow crack growth
and consequent delayed fracture was therefore developed to highlight
these features whilst avoiding, or taking into account influences from

other factors which might cause misinterpretation of the results.



Obviousliy delayed fracture induced by fatigue can be easily avoided by
ensuring that loads are not cyclic. However, identifying stress
corrosion when say, corrosion independent of stress is also present,
is not so easy. Further, the behaviour may be cbscured by ron-tize
dependent factors, such as small changes in material composition, or
specimen surface firish. In this respect an ocutline of general WC-Co
behaviour with particular emphasis on strength and fracture, is given
in Chapter 3.

One factor which cannot be avoided is the strength dependence of
of WC-Co materials upon inherent flaws. Their random, and in most cases,
unpredictable nature induces a degree of uncertainty into results.

In consequence, analysis of delayed fracture requires both the use of
fracture mechanics (Pook, 1870; Knott, 1973) to model the effect of
flaws, and also a statistical approach to model their randomness (Weibull,
1951; Stanley et al, 1973; Braiden, 1975). This is particularly
necessary when effects of delayed fracture are expected to be littile
larger than random variations due to material flaws, and as such, are
likely to be obscured. The delayed fracture model and the methods of
analysis axe developed in Chapter 4.

In this work, the primary concern has been the influence of applied
stress and its variation with time in laboratory air. In addition,
effects of different environments, namely distilled water and dilute nitric
acid, have been investigated briefly. All tests were performed at room
temperature.

Throughout this report, the term 'strength'" refers to the stress,
calculated using linear elastic continuum mechanics, applied to a
specimen at the point of catastrOphic failure. No account is taken of
any microstructural features such as flaws or cracks. Unless otherwise

stated, the strength is measured in berding.



2. STRESS CCRROSION

2,1 Introduction

Stress corrosion is discussed in texrms of its effects on strength
and lifetire, factors influencing the degree of delayed fracture,
meckhanisms, slow crack growth and mathematical models representing the
behaviour quantitatively. The review provides details of expected
behaviour, investigatory approaches and analytical techniques for use
in the development of a test programme to study stress corrosion in
WC-Co materials.

The discussion is based to a large extent upon reports of tests
on what are traditionally considered more brittle materials, such as
glasses and ceramics. It is from their behaviour, however, that
modern stress corrosion theories were developed. Even so, the theories
appear to model relatively well various types of slow crack growth for
which widely different machanisms, some based on more ductile behaviour,

have been proposed (Evans, Langdon, 1976).

2.2 Effects of stress corrosion on strengih and lifetime, and factors
influencing the degree of delayed fracture

Grenet (18%92) first observed that glass which had supported a
constant load for some time, suddenly failed without warning. Since
then, this delayed fracture phenomenon, dubbed "static fatigue" at an
éarly stage (although now more correctly called stress corrosion) has
been found to be controlled by three major factors - applied load,

environment and temperature.



2.2,1 Anplied Load

Much early work involved the application of comnstant lcads
until failure occurred. Experiments on various glasses and porcelain
(Baker, Preston, 1846; Gurney, Borysowski, 1948) revealed that the
tire to frecture decreased wien sgeclmens were subjected to a higher
censtant load.

Work on similar materials in which the load was increased at a
constant rate showed that the strength was greater at higher loading
rates (Kropschot, Mikesell, 1957; Creyke, 1968).

Thus, in general, the strength diminishes as both the magnitude

of the load and period cof application prior to failure are increased.

2,2.2 Environment

The strength and lifetime under prolonged loading were also
found to be influenced by the test environment. A major factor
appeared to be the quantity of water present.

From tests on various glasses in vacuum (Baker, Preston, 1946)
including heat treatments to remove absorbed, or surface water (Gurney,
Pearson, 194%) and tests in a range of relative humidities (Mould,
Scuthwick, 19351-61) and liquid water (Baker,lpreston, 1946), the
strength was found to decrease as the water content in the test
environment was increased. The materials were also found to become

more susceptible to delayed fracture.

2.2.3 Temperature

The test temperature was also found to be influential (Vannegut,
Glathart, 1946; Kropschot, Mikesall, 1957) although the relationship
between strength and temperature was not simple. The strength reached

s s o . .
a minimum at around 200 C for the glasses studied and increased as the



terperature was relsed up o £20°C and cown o ZdKu Agein delayed
fracture was more proncunced when the strength was low.

These results were corrochorated by Proctor et al (1L967) who
suggested that two mechanisms were present - a thermally contrelled
interaction between material and environrent, limited by the availability
of water both in the environzent and absorbed in the material. They
also noted that at high temperatures (>200°C) an additicnal factor was

present, nawely a chemical change in the material.

2.3 Theories and models of stress corrosion

Many theories have been proposed to explain the mechanisms of
stress corrosion ranging from the early theories of Orowan (1944);
Murgatroyd and Sykes (1944, 1947); Taylor (1947); Gurney {(1947);
Stuart and Anderson (1953) involving viscous pockets of material within
an elastic matrix, rearrangement of atomic lattices and environmental
corrosion, to the modern theories of Weidmann and Holloway (19274) and
Lawn (1975) incorporating concepts of limited plastic deformation, and
atomically kinked cracked fronts. However, perhaps most widely adopted
for practical usage are the theories of Charles and Hillig (1958, 1962).

Charles (1958) proposed that a thermally activated chemical reaction
takes place at the tip of an atomically sharp crack, the reactants being
the material at the tip and a corrosive species in the envirenment.
Further, for stress corrosive crack growth to cccur, the material at
the tip has to experience tensile stresses tending to open the crack,
although magnitudes are less than the critical level for catastrophic
Tallure. The reaction breakg material bonds revealing new sites foxr
stress corrosion, and Hence elonrates the crack.

The longer this relatively slow crack propagation is allowed to



continve, then the grestexr is Ghe crack Lengih when the criligal
conditions for catastopnic fellure ars reached. Gence the corresponding
applied stress at this point, and therefore the fracture strength as
measured using continuum mechanics are smaller. Thus all flacters which
tend to increase the rate of chemical reactlon belitween material and
environment, such as higher applied siresses for longer durations, greater
concentration of corrosive species in the environment, and higher
temperatures, increase the rate of crack growth and hence cause reductions
to strength and lifetime.

Charles attempted to express the behaviour mathematically. Reléting
the velocity of sub-critical crack growth, v, to the crack length, a,

the critical crack length, a an activation energy term, A, the gas

I?

constant, R, the temperature , T such that
v o o= eL[P (a/aI)n/2 + k] e “MET

where e¢ , P and n are constants and k is a term representing stress-
ingependent corrosion, and by assuming a simple relationship to hold

between v and the tensile stress,oh, at the crack tip, such that

v = 8(0')n + k
m

where ¥ is a constant, he was able to develop simple equations relating
strength or lifetime to test conditions.
For example, the mean lifetime, T, of specimens held under a

constant appliied stress, GE, until faiiure, is given by
log (t) = -n log(aé) + constant cecoenee 2.1

Also the mean fracture strength, 5} of specimens loaded at a

constantly increasing rate of stress, &, is given by

1

E:iy log (&) + constant cooessos 2,2



It is evident frcm Iguaticns 2.1 and 2.2 that the fterm n plays
an irportant part in specifying the degree of stress corrosicn. Charles
compared values of n (now commonly called the stress corrosion parameter)
obtained from constant siress, and constant stress rate tests on scda-lime
glass specimens in saturated water vapour at rooxm terperature and found
them to be in good agreement (n=16).

Charles and Hillig (1862) develcpedthe theory Zfurther and deronsirated
the possible exisience of a set of limiting conditions below which stress
corrosion cracking would not occur, This supported the experimental

findings of Mould and Southwick (1959-61).

2.4 Stress corrosive slow crack growth

A major step forward in the investigation of stress corrosion came
with the development of test technigues invelving large artifically
induced cracks, for fracture toughness measurements. Adapting the
techniques to allow observation of slow crack growth, early workers in
this field (Wiederhorn, Bolz, 1967, 1970; Schonart et al, 1970;

Kies, Clark, 1970; Mostovoy et al, 1971; Carter, 1971) demonsirated
that when a material was tested in a particular environment, a unique
curve could be achieved experimentally relating crack tip velocity to
a parameter incorporating both the applied load and the crack length.
The shape was similar to that predicted theoretically (for example,

by Shand (1961)) from the theories of Charles and Hillig (1958, 1962).

The commonest parameter plotted against the crack tip velocity, v ,
is the plane strain stress intensity factor,

Ki, in the crack opening mode I (see Knott (1973)). It is related to

the applied stress, o, and the crack length, a, by



R

XK = Y.o.a coson e 2.3

where Y is a geometrical factor associated with the fest technigue.
Rapid crack growth at The onsst of catastrophic falilure cccurs when
KI = KIC“ the critical stress intensity facior, or Ifracture toughness.

The general shape 0f the curve may be seen on the KI - v diagran shown
schexmatically in Flgure 2.1. Three regions are evident lying between
two Limiting values of KI' The lower 1limit represents a stress corrosion
limit, KIO’ below which slow crack growth cannot occur (see Section 2.3).

The upper limit is the critical stress intensity factor K In between,

Iic’
v increases with KI in region 1, remains approximately constant during
further increases. of KI in region 2, and increases again with KI in
region 3.

Wiederhorn (1967) explained the three regions in the following way.
In region 1, crack growth is controlled by the rate of chemical reaction
between the material at the crack tip and a corrosive species in the
test envirohment. in regidn 2, crack growth is limited by the rate at
which the corrosive species can be trangported to the crack tip. Crack
growth in region 3 is probably controlled by a combination of mechanical
tearing and chemical action.

Uiederharn found that for glass specimens tested using the double
cantilever beam technigue, general levels of crack velocities in regions
1 and 2, increased as the amount of water in the test environment rose.
Further work by Wiederhorn and Bokz (1970) dem@nstrated a similar effect
when the temperature was raised (up to SOOC);’ These results support
the firdings from strength tests discussed in Section 2.2.

Since these first studies, many materials have been tested in a

similar way using various test configurations. KI - v diagrams (or their



t
<

equivalent) have Deen produced for such zalerials as ghasses {(Evans et

al, 1972, 1973; Freiman et al, 1973; Veidmann, Holloway, L874), silicon
carbide (Evans, Lange, 1975; Xotchick, Tressler, 1975; Ndlenry, Tressler,
1977), silicon nitride (Evans,Wiederhorn,1874), alurina (Evans, 1973)
grazhite (Freiman, lMecholsky, 1978) and egoxy resins (Phillips, Scolt,
1974; Young, Beaumeont, 1976). They all digplay one or meore cf the

regions shown in Figure 2.1.

2.5 Use of the KI-V diagram to predict strength and lifetime

The unigueness of the KI—V curve provides a useful basis for
quantitative representation of stress corrosion behaviour. Evans (1972)

propesed that each region be expressed in the form
v = AX cuoone 2.4

where A is the intercept, and n the gradient of each region when drawn
as a straight line using logarithric axes.

Using Equation 2.4 and the fracture mechanlecs relationship for KI
given by Equation 2.3, egquations may be formulated relating strengths
and lifetimes to various types of loading and test conditions.

The task may be made easier by assuming that for simple types of
loading, regions 2 and 3 of the KI - v diag:am can be ignored. High
velocities in these rsgions indicate that the specimen passes through
to the critical level for catastrophic failure, so quickly that the
extent of crack growth is negligible. The effects of regions 2 and 3
have been described by Evans and Johnson (1974, 1975).

Thus, considering region 1 alone, Equations 2.3 and 2.4 may be

combined and integrated to form the expression



wrere integraticn is carried cut between tizes t =%, and ¢t = t_ whers
the crack iengths are a = a, and a = a, respectively. Tre suffix i refers

to the irnitial applicaticn of stress ¢ , waich is a functicn of %, and £

the final application, not necessarily representing the point of failure.

One example of simple loading is a constant stress rate test, where
the stress is raised at a constant rate, & , until the specimen fails,
at a stress, o? . Eguation 2.5 may be used to show, to a close

approximation, that

r 1/(n+l)
- 28 (n+ 1)

! AYn(n—Z)ai(n_z)/2 .....

The various elements of Eguation 2.6 may be seen clearer in its

logarithmic form

a1 | (n-2) 1) 2(n+1.)
tog (0} ) = (n+l) loE(O‘>+(n+l)log(al/2}+ (n—z-l)lOg AYn(n—z)
..... 2.7

The first term on the right-hand side of Equation 2.7 shows the
dependence of strength upon the stress rate, the second indicates the
brittle dependence of stirength on the crack length; and the third is a
constant scaling factor.

Applying Equation 2.7 to batches of specimens failing at a mean
stress of 5} under stress rate & , and assuming that the mean initial

crack length, ;i is the same for all batches
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Likewise, the mean lifetime, t,o0f a batch of specimens tested at

a cecnstant siress, Gé , Ls given Dby
leg (t) = -n log (@E) + comnstant 00 ..... 2.9

Equations 2.8 and 2.9 are exactly the same as those derived by
Charles (1958) (see Equations 2.2 and 2.1 respectively in Section 2.3).

These eguations not only permit the prediction of strength and lifetime,
but conversely allow estimation of the stress corrosion parameter, n, from
strength tests for comparison with estimates from crack propagation tests
using a large crack specimen.

There are few reports of both approaches being applied to the sare
material. However, Evans and Johnson (19275) found good agreement between
n - values cbtained from stress rate tests and double torsion.crack
propagationtestson soda-lime silicate glass. In contrast, tests
performed by Davidge et al (1973) on alumina gave quite different n-values
from each type of test - n = 21.5 from bend strength tests and n = 30-60
from double torsion tests.

At present, the cause of this difference is unknown. However,
strength tests and crack propagation tests are fundamentally dissimilar
in a number of respects. Firstly, the crack size and extent of
cracking are considerably greater in crack propagation tests, Secondly,
crack growth in crack propagation tests is effectively in one direction,
whereas in strength tests it is likely to be three dimensional. Thirdly,
there may be a need for crack initiattion prior to propagation in
strength tests, whereas crack growth imncrack propagation testsis

invariably from an existing sharp crack -Davidge and Tappin (1968) have



shown Lhaet fer geme matewrlals, ensrgy regulired Zfor inltlatlion —ay be
significantly greater than for propagation. Fipnally two cilferent
Large crack technigues used for fracture toughness measurements o not
arweys give comparable resulis when applied to the saze material
(Sizpson, 1974 ; Meredith, Prati, 1L875).

2.6 Summary

Stress corrosion is a thermally activated cherical reaction beiween
the material and a corrosive species in the environment, occurring at
the tip of a crack subjected to tensile stresses terding to open it,

The resulting slow crack growth, at a level of stress intensity factor
less than that required for catastrophic failure, reduces the continuum
strength of a specimen and its lifetime.

Major factors influencing the degree of stress corrosion, and hence
delayed fracture, include the applied stress, the test environment
including temperature, and the variation of these with time.

Experimental evidence of stress corrosion may be obtained using
two approaches, Firstly, variations in strength and lifetime are
evident from traditional bend tests. Secondly, recently developed large
crack techniques have enabled slow crack growth to be studied directly.

Data from hoth strength tests involving simple types of loading,
and the KI— v diagram obtained from crack propagation tests may be

analysed to provide estimates of the stress corrosion parameter, n.



3. PRCTERTIES CF WC-Co NATERTALS

3.1 Introduction

The properties of WC-Co materials are discussed with partiéular
exphasis on strength, fracture and mechaniscs of failure, and the
infl.rence of material compesition, Cterperaturs ard microstiruciural
factors., The Lixized information avallabie on delayed fraciure in
WC-Co raterials is also considered.

The review provides details of the general behaviocur of WC-Co
raterials and indicates factors to be controlled in the test programme

so that their influence does not obscure any delayed fracture effects.

3.2 Factors influencing the strength

Factors influencing the strength of WC-Co alloys include the
composition and structure of the material, the temperature at which
the tests are performed, and local factors such as material flaws,

ippurities and residual stresses in the specimen.

3.2.1 Material compeosition and grain size

The major constituents of WC-Ce materials are a hard ceramic
granular phase of tungsten carbide (WC), set in a softer metallic
matrix of cobalt (Co). In general, the materials are specified by the
cobalt content (either by volume, VCo or by weight, WCO) and the xean
WC grain diameter, &Wco Their mechanical properties are controlled by

the manufacturing process, and to some extent by subsequent machining.

At a constant value of dW" the strength increases with VCo until

~

a maximum is reached. Further incrsases in VCo cause the strength

to decrease. A similar variation is observed when VCo is held constant

and dWC increased; again there is a particular value of &WC for optimum

strength. The interaction between these two factors is such that the

value of VCo required to maximise the strength depends on the value of
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&WC {Gurlaxnd, Bardzil, 1885, Suzuxi, Tarese, 1876; Chermant et'al, L877).
Attempts have been rmade to find a single parameter characterising

the material which displays a unigque relationship with the strength.

One example is the mean free path in the cobalt matrix,QYcO {Gurland,

Bardzil, 1955; Chermant et a2, L277), Although soxe degree oFf

correiation appears to exist for lLow ACOy this is not apparent for higher

values., Fere, a relationship proposed by Drucker (1864) seers more

suitable, in which the strengih is related primazily to &WC'

3.3.2 Temperature

The effects of temperature on strength are fairly similar for
all commercial grades of WC-Co. As the temperature is raised above
ambient, the étrength remains relatively constant (Platev, 1260) or shows
a slight increase (Kreimer et al, 1955) up to a transition temperature,
the level of which tendé tec decrease with increasing VCo‘ Beyond this,
the strength drops rapidly. The transition temperature is typically

between 200°C and 600°C.

3.2.3 Microstructural factors

Microstructural factors range from large holes or pores,
through impurities and phase boundaries, to microscopic "flaws'™ such
as dislocation pile-ups.

Porosity is present in all WC-Co alloys, although to a much lesser
extent in hot-isostatically pressed materials than in sintered materials
(Lardner, 1974).

Impurities are of two main types. The first awe ""foreign bodies”

introduced with the starting materials, or from the surrovndings during
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ranufacture. The second are coxposed of the elexents found in the
major constituents, and originate primarily from the manufacturing
process. These include free carben, the embrlttling eta phase, and
tungsten dissclived in the ccbalt phase, All inZfluence the strengih
to some extent (Suzuki, Kubcta, 18966; Ueda et al, LS77a; Suzuki et
al, 1978).

Phase boundsaries and microscopic flaws have received considerable
attention in the search for a fracture rodel. Their infiuence on
crack initiation andpreferred paths of propagation are discussed in
Section 3.5.

The general effect of all the local factors listed above is to
attract stress concentrations around them. Since commercial grades
of WC-Co materials do not contain sufficient dislocation mobility for
significant stress relief, local factors or flaws, have a considerable
influence upon the site of initial failure and the fracture strength.

The wide range of types of flaws and their generally random size, shape,
orientation and distribution through the material induce a correspondingly
wide variability in strength. Employing Weibull statistics (see Section
4.2) to model the variability, Chermant et al (1977) found that the Weibull
meduln s, m., increased both with increasing V o’ and decreasing aWC (a low
value of m indicates a wide variability in strength, and hence a strong
dependence on flaws, or a wide range of flaw sizes).

The influence of flaws introduces two additional factors affecting
the strength - specimen size, and surface finish. As specimen
dimensions increase, the strength tends to decrease (Gurland, 1961);

a bigger critical flaw controlling failure i; more likely to be found
in larger specimens. A decrease in strength is also apparent with

increasingly severe surface finishes (Gurland, 1961: Chermant et al, 1277).



A diarond pollished surlace glves a higher strength than a ground
one which in turn is betlter than a spark ercded surface. Again the
critical flaw is likely to be larger with rcugher surface finishes.

3.3 Treactors influencing %the fraciture toughness and its measurexents

The eaxliest report of fracture toughress measurements in WC-Co
materials is by Kenny (1971). He used a simgle bend technigue,
inducing precracks with a row of Knoop indentations across the width
of the specimen, However, doubts have been expressed (Inglestrom,
Nordberg, 1974) on the validity of the method. of preeracking since
indenting, in addition to introducing small cracks, also induces large
residual stresses which may influence subsequent propagation. The
method is also limited in the grades of material that may be studied,
because cracks are not formed around indentations in large cobalt
content alloys at room temperatures.

In an attempt to overcome the problems of initiating a sharp
precrack, Chermant et al (1974,1976) investigated crack propagation
from notches cut with diamond wheels of varying thicknesses. However,
the apparent values of fracture toughness decreased with notch root
radius, until a certain value was reached below which no further decrease
was observed. The low level was also achiéved using spark ercded
notches, prompting the authors to suggest that such notches satisfactorily
represent a sharp precrack. This evidence led Pickens and Gurland (1978)
and Nakamura and Gurland (1980) to use a similar technigque in their own
investigations.

Murray and Perrott (1276) however, found that upon loading double
torsion specimens with spark ercded notches, the load reached a high
level which, after the start of crackpropagation dropped rapidiy to a

lower level. The authors proposed that the high level represents crack
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initiation, necessary because CThe spars eroded neich was not irmmediately
suitable for crack preopagation,

A further problem asscciated with fracture toughness tests using
spark eroded noltches as alternatives to precracks is that initial cracx
growth ccecurs throeugh a region of material severely damaged by spark
erosion (Almond, Roebuck, 1978). Since this regicn is unrepresentative
of the bulk, estimates of fracture toughness so measured are opviocusly
suspect.

Greater reliability, then, should be accorded to the values of
fracture toughness obtained from techniques involving a sharp precrack.
Lueth (1974) induced precracks into double cantilever beam specimens by
opening a machined notch with a steadily advancing wedge. Berry (1975,
1976) also used a wedge to precrack notched bend specimens, although
he applied the precrack load using an impact technique. To retain the
crack inside the specimen, he added compressive loads to the specimen
sides, tending to close the crack. This technique was used by
Inglestrom and Nordberg (1974) to precrack compact tension specimens.
However they found the apparent fracture toughness to be dependent
upon the magnitudes of the side lcads; below a certain magnitude
the apparent value remained constant but above that level, it increased.
Why this should happen is still unclear, although the compreséive stress
field may, in addition to halting the crack within the specimen, produce
a crack front which is unsuitable for immediate propagation - some
re-initiation may be necessary.

Recently Almond and Roebuck (1978) have returned to the Knoop
in¢enting methods cf Kenny (1971). They improved the technique by
removing material containing residual stresses 'induced during indenting,

by diamond grinding (annealing proving unsuccessful) and induced cracks
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around Indentaticons in high cchalt alloys by nerforaing the coperaticn
in liquid nitrogen.

Despite the variocus test configurations, precracking Ttechnigues
and their relative, suitability, similar trends have been cbserved.
Fracture tcughness, KIC increases both with cobalt centent, VCo’
and zean WC grain size, &WC (Inglestrom, Nerdberg, 1974; Chermant et
al, 1974, 1976). Unlike the variation in fracture strength, ch
continues to rise at high values of VCO and &WC° Further a unique

relationship between the mean free path in the cobalt phase,ACo, and

the critical strain energy release rate, GIC where

2 2
GIC = KIC (].'E' W )

and E and V are Young's modulus and Poisson's ratio respectively, has

been proposed by Murray (1977) of the form

G = “)‘CO + B e, 3.1

where © and p are constants. The relationship fits well the
experimental data obtained by Murray and others (Lueth, 1974; Pickens,

Gurland, 19278; Nakamura, Gurland, 1980).

3.4 Crack resistance

The uncertainty of predicting fracture from strength data led to
the development of large crack technigques and the use of fracture
toughness as a comparative measure. However, the experimental
difficulties encountered in such tests have resulted in the search for

another alternative.

When an indentor is pressed into some materials such as glass or
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1C-Co z2ligys, cracks arz produced arcund the indentation, This is
the basis for Kenny's precracking technigue discussed in Section 3.3.

Palmgwist (19257) proposed that the total lengths, L, of cracks
emanating frcoa the corners of a Vickers pyramid indentation, produced
under a load, P, was related o the resistance of the material to
cracking. He defined tkhe Palmgvist toughness, or crack resisiance,

W, as

W = P/L coess 3.2
Workers (Vis wanadham, Venables, 1977; Peters, 1979) finding
experimentally that W increased with AACO for WC-Co alloys containing
less than about 16% cobalt by weight, proposed that a linear relationship
exists of such a form that when combined with Murray's (1977) GICr'A

Co
relationship (Equation 3.1) demonstrates that W is proportional to GIC'
If the proposal can be accepted then the test provides a simple

method of obtaining estimates of fracture toughness. However, great
care has to be taken in preparing the specimen surfaces for inden:tatiocon

since residual stresses influence the value of W (Exner, 1969; French,

1969).

3.5 Mechanisms of failure

The thickness of cobalt binder film separating two adjacent WC
grains depends both upon the cobalt content, VCo’ and the WC grain
size, dWC' At large VCo and dWC’ the film thickness is relatively
large and capable of significant plastic deformation. Yielding tends
to transfer load from the matrix to the grains, and assuming the

preferential crack path to be transgranular, makes grain fracture more

likely. (Gurland, Norton, 1956). This supports the findings of



Druczer {1364) wro proposed that fraciure of high V and ¢ rates
E, Py t\]n g

Co
and herce their strerngth was influenced alxost entirely by crack
initiation in WC grains and hence awCo

As the film thickness decreases (thrcugh a reduction in VCo or
awc)g the yield strength of the film increases because of the proximity
of the hard WC grains. Hence less plastic defermation cccurs prior
to transgranular fracture. (Gurland, Bardzil, 1966; Gurland, Norion,
1956).

With further decreases in film thickness, the cobalt appears to
play a much lesser part in controlling fracture. The binder may
become discontinuous resulting in - contiguous grains and areas devoid
of material, These areas of weakness cause a transferal of the type
of preferential fracture path from transgranular to intergranular
(Gurland, Bardzil, 1955).

Early workers, referenced above, suggested that a carbide skeleton
may be present in low VCo/aWC alloys allowing crack propagation to
proceed through the specimen with the minimum of crack blunting by the
softer cobalt phase, Recent work by Lee and Gurland (1978) indicated
a high probability of such a skeleton existing.

To summarise the corresponding variation in strength and fracture
toughness, the types of fracture path delineated by Chermantand
Osterstock (1976) have been used. They proposed four types -
transgranular cleavage (which they labelled) W/C; intergranular
fracture between contignous grains, WC/WC; intergranular fracture at
matrix - grain boundaries, WC/Co; and intergranular fracture completely
within the matrix, Co/Co.

In low cobalt alloys where the binder film thickness is thin,

fracture is predominantly of the WC/WC typé through areas of weakness.
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Consequently strength anc fracture toughness are both low.

As the binder f£film thickness increases, areas of weakness
disappear, cobalt Yegins to toughen the material and W/C fracture
tecomes more evident, Failure is governed by a comdbiration of the
plasticity of the cobalt £ilm and its thickness, znd the increase
in yield strength of the film imposed by the proximity of hard
carbide grains. The corpromise of constrained plasticity produces
the highest strengths and a high fracture toughness.

With large binder thickness, W/C fracture is seen less freguently.
Instead, a large proportion of crack growth is of the WC/Co and Co/Co
type, demonstrating that for fracture to occcur, the crack must
necessarily pass through a considerable volume of cobalt, because
the binder thickness is large, with little or no grain contiguity.
Since a large amount of energy is required to propagate a crack
through the cobalt region, the fracture toughness is very high.
Conversely the strength is relatively low. But in this case the
criterion appears to be crack initiation rather than propagation;
substantial yielding of the matrix passes ioad to the grains making
initiation of the W/C type more likely, and both reduce the load
bearing ability of the material.

A mathematical model has been developed by Murray (1977) to
describe the relationship between critical strain energy release rate,
G in the crack opening mode I (see Knott (1973)) and the mean free

1ic’

path in the cobalt matrix, A He proposed that fracture is

Co’
contreolled by plasticity of the cobalt phase at the crack tip, even
for extremely small binder thicknesses. Further the plasticity is

constrained by the proximity of hard carbide grains such that the
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matrix yield strengih is comsiderably higher than that found in single
phase cobalt material, Murray found that the matrix yield strength
was constant for all grades of WC-Co studied and approximately equal

tc twice the thecoxrelical shear sitress, ¢

°

th

Hence, introducing terms to represent internal stresses, Gb
o

in the matrix, and rcughness factor, # to describe the deviatoric
nature of crack growth, Murray derived a relaticonship between GIC and

A . such that
Co

2

1278 - [, & 2 .
ic = E 1 ——zcé’ Cin )\Co * lim(Gr o)
th

Iy ACo-*O

where E and V¥ are Young's modulus and Poisson's ratio respectively
for the material.

The intercept is considered to be influenced by the surface energy
of cobalt, mode II and III crack growth (see Knott (1973)) and slip at
Co-WC interfaces.

Thus, to summarise, the fracture behaviour of WC-Co materials may
be thought of as a complex mixture of brittle cracking and constrained
plasticity, the degree of each being dependent upon the composition and

structure of the alloy,

3.6 Delayed fracture and slow crack growth

Delayed fracture has been investigated in WC-Co materials both
in respect to fatigue (for example, Dawihl ;1941; Kreimer et al, 1958;
Hara, Yazu, 1968; Evans, Linzer, 1976) and high temperature creep

(for example Ueda et al, 1975; Suzuki et al, 1877a). However, reports



of behavicur which might be caused by stress corrcsion are scarce.
0f these, most involved the measureaxent of bend strength in ambient

conditions under cifferent rates of loading., Some cannot be
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considered because cther delayed fracture rcechanismzs may have been
present. In this respect, high texperature work has to be discarded
because of the possible influence of creep (Ueda et al, 1977b,1977c:
Suzuki et al, 1977b; Braiden et al, 1977) or toughening through
crack blunting (see work on Si§N4

The remaining reports are by no means consistent. Gurland (1961)

by Evans and Wiederhorr{1974)).

applied three loading rates (6, 600, 6000 lp/sec) to WC-10% Co
specimens and found no influence on the strength. Conversely, Smaglenko
and Loshak (1973) found considerable rate effect. Applying deformation
rates between 0,5 and 5 x 103 mm/sec to alloys containing 6-25% cobalt,
they observed a significant increase in strength with deformation rate
in all but the 6% cobalt alloy. The change in strength with deformation
rate increased as the cobalt content became greater.

The rate effect noticed by Knotek et al (1978) was not as straight-
forward. The strength tended to decrease as the rate was raised,
until a minimum.was reached. At higher rates, the strength began to
increase again. Doi et al (1975) however, recoxrded a rise in strength
with crosshead speeds up to 10 mm/sec, above which the strength dropped
rapidly. The drop was more pronounced in large grain alloys.
Scanning electron microscopy revealed that low rate fracture surfaces
showed a preference for crack propagation along Co-WC boundaries whereas
at high rates, grain cleavage and crack nucleation at the boun¢aries
of contiguous grains werevevident. The aﬁthors explained this

phenomenon in terms of embrittlement at high strain rates ecaused by
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the tire between initial lcad agplication and failure being so short
as to limit the extent of stress relieving plastic deformation.

Braiden et al (1977) specifically set out to investigate delayed
fracture in WC-Co méterials in terms of stress corrosion and used
many of the concepts and technicues developed for use on other materials.
Initial tests on WC6% Co specimens under crosshead rates of 0,005, 0,05
and 0.5 mm/min proved inconclusive; the authors pointed ocut the
difficulty of drawing reasonable conclusions because of the scatter
of strengths in any one test case, caused by the brittle dependence
on materials flaws. They calculated the Weibull modulus for the
variability in strength to be approximately 9.

To investigate further, Braiden et al employed a form of stepped
loading used by Davidge et al (1973) for tests on alumina (details of
this type of loading are given in Section 6.3). The tests provided
evidence of delayed fracture during periods of constant load, and
data which, when compared with results from rate tests, produced an
estimate of the stress corrosion parameter, n, of approximately 200.

Similar tests were performed on WC-16%Co specimens, but although
delayed fracture was observed, insufficient data were available for
conclusions to be drawn.

Braiden et al also attempted to study slow crack growth iﬁ wCc-Co
materials using the double torsion technique. However tests proved
unsuccessful because of the difficulties encountered in precracking the
plate specimens - a precrack once initiated, travelled rapidly through
the complete specimen, The authors suggested that such rapid

propagation indicated a steep slope on the K_-V diagram and hence a large

I

value of n - which was in agreement with their strength test results.
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Almond et al (L876) fourd slow crack growthwhaen WC-6% Co specirens
containing pyramid indentations with cracks emanating from each corner
(see Section 3.4), were exposed to hydrogen fluoride (HF) vapour.
Preclonged exposure caused flakes to break away from arcund the
incdentation, The authors proposed that the phencmenon was stress
corrosive since crack enlargement and filaking only cccurred when the
residual stresses, intrcduced by indenting, were left in specirgens
during exposure to HF vapour; if the residual stresses were removed
by annealing, crack growth was not observed. However annealing may
also have caused crack blunting, which would tend to inhibit further
crack growth.

Further evidence of slow crack growth may be present in the work
of Murray (1977). He produced a diagram of load against time for
double torsion specimens with spark eroded notches lcaded at a constant
crosshead speed, The locad rose initially to a high level, when crack
growth began, reducing the load to a lower level. This remained roughly
constant for a short while before dropping to zeroc as the crack emerged
from the specimen. Murray proposed that the high level of load
represented that required to induce crack initiation and the low level,
that for rapid propagation and hence representative of the critical
conditions for catastrophic failure. However, the high leyel can also
be explained in terms of end effects unrepresentative of general
by Trantina (1977) , Bruce and Koepke (1977) and Shetty and Virkar
(19278). Further, the persistence of the lower level indicates a
relatively slow rate of crack growth, and is similar to the theoretical

stress corrosive crack growth behaviour predicted by Evans (1972); if
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crack growrth was raplid, then the lcad might bz expecited to drep frem
the high level izxediately fo Zero,

Given the evidence detailed above, it is gpparent that few
conclusions may be drawn as to the presence of stress corrcsive
rechanisms, Resulis from strength tests are coniradictory or inconglusive,
and there are few reports of slcw crack growth. The sitrength behaviour
reported by Loshak and Smaglenko (1973) and Braiden (1977) and possible
slow crack growth seen in the work of Murray (1977) can be satisfactorily
modelled using stress corrosion theories. However, the theories cannot
describe the complex variation of strength with rate of loading obsesrved
by Knotek et al (1978) and Doi et al (1975).

Further, there is no information as to whether the behaviour
discussed above is in any way environmentally assisted; apparent stress
corrosive cracking in HF vapour reported by Almond et al (149476), provides
little supporting evidence since the test environment is so different,
chemically, from laboratory air used by the other workers.

General fracture mechanisms in WC-Co matérials, discussed in
Section 3.5, likewise give few clues as to the expected behaviour.

The materials have a brittle phase capable of supporting slow crack
growth but alsc have a potentially ductile phase which may inhibit, or
prevent crack propagation under conditions less than those reQuired
for catastrophic failure,

However, giving consideration to the degree of variation observed
in strengths under the ranges of loading rates employed in the tests
discussed above, delayed fracture, if present in WC-Co materials when
tested in laboratory air at room temperature, is likely to be small,
and comparatively much smaller than stress corrosive delayed fracture

observed in glasses and alumina (see Chapter 2).
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3.7 Suzmary

The strength,fracture toughness ant crack resistance of WC-Co
materials are influenced by the cobalt content and the mean WC grain
size. The strength is further influenced by temperature and
structural factors irncluding pores, impurities and surface damage,

Fracture of WC-Co materiéls may be considered a complex mixture
ol brittle cracking and constrained plasticity, the dominance of each
dependirg upon the composition and structure of the alloy.

Evidence of delayed fracture, or slow crack growth which may be
induced by stress corrosion, is extremely limited. Delayed fracture,
if present in ambient conditions, is likely to be small. Nothing is
known regarding any environmental, or thermal influence under these
conditions., Further there is no evidence to indicate whether reported
variations of streﬁgth with loading rate are controlled by stress

corrosive mechanisms, or not.



4, MANZPULAT.ON AND ANALYSIS OF STRENGTH DATA

4,1 Introduction

In this chapter, analytical technigues are develcped to compare thel
distributions of sirengths obtained from bend tests involving different 7
types of lozding t0 fallure, to assess the significance of any cbserved
delayed fracture eZfects, and to estimate parareters descriking the
behaviour,

The techniques are based on a failure model developed from theories
of brittle fracture and stress corrosion, using Weibull statistics to
account for the variability in strength due to material flaws. The
zethed of maximum likelihood is incorporated for parameter estimation, .
and iransformation equations are developed to enable results from tests
involving different types of time dependent loading, to be compared.

In addition, a graphical method of displaying delayed fracture -

the SPT diagram - is discussed.

4.2 Brittle fracture model

The analysis of brittle fracture is comuxonly approached using the
model developed by Griffith (1921). He representéd a matexrial flaw,
or crack by an ellipse with major and minor axes of lengths 2a and 2b
respectively., Using the model to represent a crack of zero thickness
and of length a, Griffith proposed that one condition for brittle fracture
was that the decrease in strain energy due to the formation of a crack must
be at least equal to the energy required to create the new surfaces, such
that the continuum stress, O%s at fracture is given by

2EY_ 1/2
wa




where E and Xs are Young's modulus and the surface energy per unit
length, respectively, for the material, Thus the strength is directly
proportional to a function of the model flaw size.

Although the model flaw cannot be considered a direct representaticn
of real material flaws - which are in the majority of cases, far too
complex in size, shape, orientation and distribution, for mathematical
representation - it may be thoughtof as an .equivalent, Thus, if
material flaws are assumed to be random by nature, then through the
equivalent model flaw, the corresponding strengths should likewise be
random.

The representation of this variability requires a statistical
approach. Consider a variable, X, demonstrating variability in a
number of observations° The probability, P, of an observed value of
X being equal to, or less than a fixed value, x, is defined as the

cumulative distribution function (cdf), F(x) such that

P {XsXJ = F(X) ces s e 4.2

In general a cdf may be expressed in the form

e—f(x)

F(x) = 1 - e~ ... 4.3

where f£(x) is some function of x.
One such function proposed by Weibull (1951) is of the form

m
£(x) = (x B xu) ....... 4.4
T A

[o]
where xu is a lowest limit of possible x, X, is a normalising, or scaling
factor, and m is a shape factor, now commonly called the Weibull modulus.
This distribution has been applied to observations of brittle strength,
01, (Gucer, Gurland, 1962; Davies, 1973) where xu is taken as zero, and

F generally referred to as the cumulative failure probability (cfp).

Using 0; as the corresponding scaling factor

m
X
z = £ = - == 1 e ea. .5
F(x) P {o—l £ x} 1 exp (o— ) 4
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Consider a sampie oI N cbservations of o}, wrere (Gi)i is the
i’ th when the data are ranked in ascending order of magnitude.

If (Ui)i is plotted against the corresponding redian, or mean rank
value (obtained from standard tables (Johnson, 1864)) assigned to the

cfp, F(o&)i, for the whole sample, then, from Equation 4.6, the peints

should lie along a curve given by

r
A -
F(o&) = 1 - exp| - — coces 4.6

or in its logarithmic form

1

log log | +————
1 - F(op)

= m log (0&) - m log (c;) coese 4.7

When Weibull paper is used, where axes are adjusted in the manner
of Equation 4.7, the relationship should be linear with a gradient of
m, Obviously, since the N observations represent only a sample of the
behaviour, the points are unlikely- to lie exactly along a straight line;
the deviation from it represents errors due to sampling. However, the
exact location of the straight line is unknown, but may be estimated by
drawing a best straight line by eye through the plotted points.
Confidence bands can be added (Johnson; 1964) to produce an area on
the Weibull diagram in which the true straight line is, say, 99% certain
to lie, Also, simple formulae have been deveIOped by Sivill (1974) to
assess the possible error in the Weibull modulus, m.

Thus, the distribution of strengths may be characterised using the
Weibull diagram to obtain estimates of the parameters describing the
best straight line - usually the Weibull modulus, m, and the median
strength, ¢ , corresponding to a cumulative failure probability of 50%

(F(G&) = 0.5) - and the gonfidence that may be placed in them.
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Tre significzace of m may be seen by rearranging Equation 4.7, so

that
log (c‘):l log log S — + log (o) 4.8
I m l—F(Gi) o
The first term on the right-hand side of Equation 4.8 represenis
the variability in ¢ and is governed by the magnitude of m. The

smaller m becoxes, the greater the variability in o& is seen. The

second term on the right-hand side acts as a scaling factor on G}.

4,3 Stress corrosion model

With the inclusion of stress corrosion effects in the failure
model, consideration must be given to time as a variable. When stress
corrosion does not occur, only the stress at failure is important,
whereas when it does, consequent sub-critical slow crack growth
introduces the need for the loading prior to failure and its variation
with time to be defined.

Development of the failure model, described below, has been based
on an applied continuum. stress raised at a constant rate to failure.
However, similar procedures may be adopted, in principle, for other types

of loading, where mathematical representation is simple.

4.3.1 The failure model

In section 2.5, the applied stress of fracture, o, under a

constant stress rate & was shown to be given by

1/(n+l)
o 2(n+1)& cooen
F T | a¥™(n-2)a_ (n=2)/2 (Equation 2.6)
b
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where aj is the initial theorstical. flaw sizme at the start of loading,
n 1s the stress corrosion parezeter, and A, Y are constants -

Rewriting Equation 2.6 inlcgarthimic form

1 . (n - 2) 1 \1 1
r = e———— 2
logxcﬁ) = oD log(é& ) + CYEY log 3 T/ot* log (C7)
where log (CI) ?%:I) log giégkﬂél__ = constant .... 4.9
. AY (n-2)

Equation 4.9 shows the dependence of strength upon time dependent
loading, the initial flaw size, and a constant scaling factor.

Potentially Equation 4.2 could be used to estimate the stress
cerrosion parameter,n, given experimental data, but the operation is

impeded by the unknown quantity ai.

4,3.2 Comparison of average behaviour

One method of avoiding the measurement of ai is to compare
the average behaviour of a number of identical specimens rathér than of
individuals, If the total number of specimens to be tested is split
into several batches, then the average size of the equivalent theoretical
flaw for each batch will be approximately the same. Then, if all specimens
in each batch are tested to failure using the same stress rate,_é’, and
different batches are tested at different stress ratés, then the
relationship between mean strength 5} , for each batch, and stress

rate is given, from Equation 4.9, by

log (0} ) = ?I]-;:i_) log (& ) + log (C'1)

where log (CII) = log (CI) + %Ei%% log( 1 172 ): constant ... 4.10
a,
i

Thus, a plot of log (5}!) against log (&~ ) should yield a straight
line relationship, where n may be calculated from the gradient of the

best line through the points.
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Eowever, exrors are potentially higlh. Pirstly the behaviour of

each batch is represented by only one number - the mean strength - and

thus, no account is taken of the distribution or the presence of any

"extreme"” values, which tend to have a considerable effect on the mean.

Secondly, the average eguivalent flaw size of each batch is unlikely

to be exactly the same, particularly when batch sizes are small,
the specimkens form only a random sample of the whole, Tairdly,
total number of specimens available for testing,limits not only
batch size but also the number of batches, and hence the number
rates employed. Thus, some ervor must be expected when trying
a best straight line through relatively few points on the graph

against log ¢ &),

4,3.3 Statistical representation of the random variable a;

The method can be improved if the random variable ai
approached statistically. This may be achieved by considering

material behaviour under a different set of conditions.

because
the

the
of stress
to fit

of log (6-‘5_)

is

the

If the specimens are loaded to failure in such a way that stress

corrosion is prevented from occurring, say, in an inert environment,

then the inert strength, oo, may be related to the initial theoretical

flaw size, ai, and the critical stress intensity factor, KIC’ (see

K = Yo . a, 600 eo0

where Y is the same geometrical constant used in Equation 2.6.

Combining Equations 4.9 and 4.11 to eliminate ai produces

4.11



35

P . R DI Iz
leg (o } = (s ~C8 &)+ (nim) -8B (01) + Zog {777
111 /
where log (C° ) = log (C ) + = constant.... 4.12
(n+1) \

Now the sirength is dependent upon the unknown inert strength,

C.o However, Gi is identical to the brittlie strength discussed in

-

Section 4.2, Thus Weibull statisties may be introduced once again,

to represent the variability in u},
Consider a sample of N observations obtained from tests at a

single stress rate. Then Equation 4,12 reduces to

(n-2)

1V
(nil) log (0&) + log ¢C™ )

log (0’} ) =

where log (CIV) = log (CIII) + log (& ) = constant ... 4,13

1
(n+l)

i (OUF)i is the i’ th observation when the data are ranked in
ascending order of magnitude, then by noting that.c} is directly
proportional to 01, the ranked order of Gi is the same as that of c} .
Thus (0? )i may be plotted against the corresponding median, or mean
rank value assigned to the cfp, F(Oi)i’ for the whole sample.

The points should lie along a curve described by a combination

of Equations 4.7 and 4.13 to eliminate o such that

1 m(n+l) ,. \Y
log IOg[l-_F(?I) = 2—1'1—:2—) log (G'j_ ) = log (C)

n(n+l)

Iy
(n-2) log (C” ') = constant ... 4.14

where log (CV) = m log (Ob) +

Hence, once again, on Weibull paper with logarithimic axes, the
relationship should be linear, but this time with a slope of m(n+l)/(n-2).
However, for large n, this approximates to m.

Estimates of the median strength, o&,iand m may be made from the
Weibull diagram foxr each batch of specimens and hence for each stress

rate employed.



At this stage also, each distribuiicn can be siudied for unsxgected’
trends and the presence of any “extreme” values. In the case of the

latter, a more suitable straight line might be drawn if they are

The procedure to estirate the stress corrcosicn parareter, n
continues by cbserving that estimated values of cM\for each stress
rate correspend to the same curulative failure probability of 0.5 and

hence the same median inert strength, (Oi)M

-

Hence, returning to equation 4.12

1 . VI
log (GM) = (D) log (& ) + Log (C )
where log (CVI) = log (CIII) + gﬁi%; log (o&) = constant... 4,15

This may be compared with Equatiqn 4,10 used in the first method
to describe the relationship of mean strength with stress rate. Here,
a plot of log (OM) against log (& ) should yield a straight line
relationship where n may be calculated from the gradient of the best
line through the points.

This method benefits over the first, in that the representatiocn
of a batch = still using a single number, OM - is based not only on
mathematical analysis of the data, but also upon a study of the
distributions and any peculiarities that may be present in them.

This method is still limited in that only a relatively few results
are analysed statistically at any one time; sampling errors are
therefore likely to be large. Although Davidge et al (1973) found the
technique useful for analysingstrength data from tests on alumina, where
n is relatively low, Braiden et al (1977) could place little significance
in their results from tests on WC-Co materials in ambient conditions;

their estimates of n®& 200 for WC6% Co indicated that the expected changes
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in strength under cifferent rates of lcading were sizilar in size to
possible errors due to savpling, The authorsalsc noted that reasonable
increases in batch sizme were iikely to reduce sampling errcrs only

sligntly.

4,3.4 A technigue to analyse strengths originating from tests involving
different stress rates to failure

One alternative is to develop a technique wh}ch analyses all data
together irrespective of the stress rate employed. Since the single large
batch to be operated on statistically is considerably 1érger than individual
stress rate batches, significant reductions in sampling errors might be
expected.

An analytical technique of this type was developed by Jakus et al
(1978), Using as a failure model a combination of Equations 4.7 and

4,12 (which elimates GI) of the form

_ (@=2)

1 . 1
log (G? ) log (&) = n(n+1) log log l-F(ci) + constant

(n+l)

ceosoan 4.16

they ranked data according to the magnitude of the left-hand side of
Equation 4.16 treated as a single term, To do this they had to guess
an initial value of n.

Rearranging Equation 4.16 to the form

(n-2)

m(n+1)

log (&) +

1 1
log (G}.) = Tasl) log log [ l-F(GI) + constant

they performed a multivariate regression analysis to obtain estimates
of 1/(n+l), (n-2)/m(n+l), and the constant,from which they calculated

a new value of n.
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o

The initial guessed velue ¢f n was replaced by the new value and
the whole operatiorn repeated in an iterative lcop, until a best
"regressicn” estimate of n was cbiained.

The technigue was aprilied to WC-Co data cbtalined in the present
study, buz the cutcome differed in one respect f£rom the reporis of
Jaxus et al. Whereas they incdicate a single best estimate of n, the
WC-Co cata yielded a range of "best” estimates at which the iteration
process stopped. The final value depended upon the guessed value used
at the start of iteration,

Further, the technique appears to involve a multivariate regression
using the "least squares’ method. Since this requires all data to have
an equal degree of confidence, and since the multivariate regression is
performed on ranked data where more extreme values have less confidence
attached to them, the statistical validity of the analysis appears to
be in doubt. The authors were approached by letter with a request for

clarification of these points but declined to answer.

4.4 Development of the "maximum likelihood' technique

In the light of the various shortcomings‘associated with existing
methods of obtaining estimates of the stress corrosion parameter, n,
from stress rate tests, an alternative technique has been developed
(Wright et al, 1982). It employs theories of brittle fracture and
stress corrosion, with Weibull statistics, using the method of maximum
likelihood to analyse unranked strength data within a single analysis
irrespective of the stress rate employed. The technique makes maximum
use of the data, by minimising possible sampiing errors, whilst maintaining

statistical validity, and obtains estimates of the stress corrosion
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pararzeter, the Weilkull modulus, the cconfidence attached te thex, arnd

the significance of any rate effect on the strength. A further developmént,
incorperating the Monte Carlo method assesses the suitability of the

failure model in representing the material behaviour. A similar

technigue has been Jevelcped by Trustrum and Jayatilaka (i97%) to

estimate parareters of brittle fracture.

4.4.1 The failure mocdel

The failure model is based on Egquations 4.5 and 4.12 describing
brittle, and stress corrosion behaviour respectively.

The twe equations may be combined by first writing

°tc.

Gi
Z = m log,— ccoos 4,17
o

The curulative distribution function (cdf) of Z may be obtained

= 1 - exp (- ex),,... 4,18

from Equation 4.6 such that
P{ZSX}

This probability distribution with no parameters, is known as the

il
Y
o
-
A
Q

Gumbel or "extreme-value" distribution (Fraser,1976).

The elimination of 0& from Equation 4.12 using Equation 4.18 gives

1 . Gr 22
= —— it &
log (c} ) i) log (&) + m(nel) + B
_ III (n-2) B
where B = 1log (C ) ?;:IY_IOg (Gb) = constant 4.19

Equation 4.19 demonstrates that the model predicts a linear regression
of log (d} ) on log (&6~ ), the slope of which is 1/{(n+l). The second term,

involving the random variable, %, represents the variability in op -
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The final term - the intercept, B - invoives a number of un%}wn parameters,
all constant.

The distinctive features of this model are:

(i) the "error' distribution is "extreme value" rather than the
more ccmronly enccuntered Normal or Gaussian. In consequence, the
standard "least squares" theory is not applicable.

(ii) The "errcrs" in the fracture strength dataare more properly
systematic random variation caused by the variability in material flaws,
the size of which cannot be measured. Thus, these errors are not
expected to be negligible, and close fit of a straight line to the
(log (&, log (o}_)) data will not be obtained. In this context,

measurement error may be neglected.

4,4.2 Use of the model to estimate unknown parameters, n, m, B

Although the "least squares'" method of linear regression is not
applicable in this case, another standard statistical procedure - the
methed of maximum likelihood estimation (Fraser,i976) - is valid, It
may be uSed to obtain not only estimates of the unknown parameters in
the model (given by Equation 4.19) but also confidence limits for them,

Consider a sample of N observations (Xi, Yi) where

>
1]

log (&)

=

for the i'th observation,

<
]

log (oy)



> (n-2)
;s T (D Yi T aeen) s

+ B e cao 4,20

For temporary notaticnal convenience, this may be written

3. = X, 4+ sY. + ¢
i i i
where r = m/(n-2)
s = mnn+l)/ (-2 ... 4.21
t = -mB(n+l)/(n-2)

The cdf of Yi for a given Xi = xi (i.e. a fixed preset stress rate)

is given from Equations 4.18 and 4 21 by

(
P{Yiéyi}_ PEZis(rxi+syi+t)-

1 - exp { - exp (xr xi + 8 yi + t)J

Now the probability density function (pdf) of Yi’ g(yi) is the
derivative of the cdf. Thus

g(yi) = exXp [ - exp(r X, + S vy + t):} .exp(r xi + S yi +t ). s

The likelihood is the product of these terms over the whole sample

so that the log-likelihood, or support, §, is given by

g

1]

N
og [ & (¥

i=1
N

= Z log g (Y,)
i=1
N

z:: [(rxi+ ] Yi + t)—exp(rxi+ sYi +t) + logs_]

i=1
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i=1

-exp Gr log (éi) + s log (c} i)+ t) + log (S{J

The maxipum iikelihcced estinates of r, s, t are obtained by
rmaximising S. Exact formulae are not available, bub the maximisation
can be carried out easily using a standard numerical technique. The
estimates of n,m,B may then be obtained from Equation 4.21.

The values assigned to n,m,B at the end of the maximisation procedure
are only estimates, Thus an indication of the ¢onfidence that may be
placed in them is required. To this end, a likelihood ratio test may
be employed, (Fraser,1976). Suppose that‘S; is the maximum support
obtained when the parameters n,m,B are restricted by one fixed constraint.

1f § is the maximum unrestricted support, then

7{ - 2(5-5,)

has apprbximately a }{2 distribution on one degree of ffeedom, under the
null hypothesis that the constraint actually holds.

For example, if the constraint is that the stress corrosion
parameter, n = no, where no is some preéssigned number, and if the
maximum support under this restriction is denocted by S;o, then Z(ﬁjs;b)
has a.)(z distribution with one degree of freedom if n = n,. The upper

5% point of this distribution is 3.84, so that the collection of values

S

of no, such that

2(8 —,s’n ) £ 3.84
o

provides a 95% confidence interval for n.



A similar procedure mey be adopied to obtain confidence intervals
for m and B. 1f simultanecus confidence statements about two or three
of the parameters ave reguired, then the resulting )Cz distribution
will have two or three degrees of Iregedom respectively.

Scrwetires it may be necessary to saow that the fracture stress is
being influenced by the stress rate to a significant degree, sc that
any apparent correlation between the two is not merely an effect cof
sampling. In this case, tne null hypothesis is that the fracture
stress is not influenced by the stress rate, so that a single constraint
applies, namely that n = co. If‘S'and S;Q are the unrestricted, and

restricted supports respectively, then

7(2

255 ) ceenn 4.22

Whether there is a significant departure from the null hypothesis
that no rate effect exists is assessed by comparing ;( 2 calculated
. . . . . . 2 .
using Equation 4.22 with the distribution of 7( in one degree of

freedom given in standard tables.

4,4.3 Assessing the wvalidity cf the model

Up to this point, the validity of the model and in particular,
the Weibull assumption, has not been questioned. Some attempt to do
so may be made by examining the residuals, zi, in Equation 4.20, which

may be expressed in the form

m(n+l) _ 1 _
B = T(o-2) Yi “(me1y - %3 B

Ei is evaluated for eachk@i,Yi) = ( log (&), log (q;)) , given the

estimated values of m,n,B. If the Weibull assumption is correct, then
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Eﬁp(i =1,2,3 ...N} should appear %to follow approximaiely the "extreme-

value" distribution. This may be checked graphically by first <transforming

the ﬁi using the protability integral transform

U, = 1 =-exp ( - exp(B:)),

The resulting Ui (i =1,2,3.....N) should be approximateiy uniformly
distributed in the interval (0,1). If these N values are ordered in
magnittde and then plotted against i/N (i = 1,2,3...N) the points should
lie close to the 45° 1ine from(0,0) to (1,1).

Obviously, sampling fluctuations tend to generate departures from
this ideal form. If the discrepancies ‘yielded by the data are large,
.then thié would indicate the Weibull médel»was unsatisfactory.

To assess the significance of the discrepancies, a Monte Carlo
technique (Fraser, 1976) may be used. Artificial data sets of similar
size to the real data sets are constructed with pseudo-random numbers
using the failure model defined by Equations 4.5 and 4.12, and predefined
values of m,n,and B. The maximum likelihood method is applied and the
graphs displaying the standardised residuals plotted as for the real
data. It may be shown (Fraser, 1976) that the distribution of the
residuals does not depend on the values of m,n,B, so it is immaterial
what values are chosen for the simulation.

The graphs displaying the standardised residuals for the artificial
data sets are combined to form an envelope for comparison with the curves
for the real data sets. If the curves do not lie to any significant
extent, outside the envelope, then there is no justification for rejecting

the Weibull hypothesis.



4.5 Transfofzation of strengin cata

Comparison of results from tests in which specimens are fractured
using different types of time dependent loading can indicate the
presénce of a delayed fracture mechanism and may be used to cbtain
estirmates of parameters describing the behavicur (sees Section 2.35).

Sixzple transformation eguations relating data from constant stress,
and cecconstant stress rate tests, from which the stress corrosicn
parareter, n, may be assessed, have already been discussed (see Equations
2.8and 2.9). Other transformations have been developed for more corplex
types of loading. Davidge et al (1973) used the stepped loading test
(see Section 6.3) on alumina specimens, but treated the results as if
coming from a constant stress test. 1If a specimen had withstood more
than one constant level, only the highest was used; lower levels and
périods of increasing load were assumed to have insignificant effect
on the lifetime.

Braiden et al (1977) accommodated failure of WC-Co specimens on
periods of both constant stress and constant stress increase, Failures
during initial loading up to the first constant level were treated as
rate failures; Davidge's approach was adopted for failures during constant
load periods; and specimens which failed during a period of increasing
load after one or more constant stress pericds were assumed to have
suffered negligible slow crack growth during the short period of load
increase and were therefore assigned the full lifetime of the constant
load period.

Both Davidge et al and Braiden et al used transformations to reduce
loading rate data and stepped loading data to equivalent stresses, o~ 1SEC’
which if applied instantaneously, and held constant, would give each

specimen a lifetime of one second. To do this, they needed to guess a
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value of n. IZ the two sets cf o gts were not csincident, the

1sEC
transformations were repeated using a different value of n, A best
estimate of n was obtained when the two sets of G—lsEC were coincident.

The transformations chosen for the present siudy are, in sone
cases, rore fundarental in that they téke Into accocunt the comtlete
loaging history of each specirmen from the time of initial loading to
the point of fracture. This technique has been emplocyed by Evans and
Fuller (1974) to estimate failure times under cyclie loads. Assumptions
include the sole impoxrtance of region 1 on the KI‘V diggram; the non-
existence of any lower stress corrosion limit; and the absence of any
time~dependent failure mechanisms, other than stress corrosion.

The fundamental equation governing region 1 slow crack growth is
given by Equation 2.5 (see Section 2.5). The left-hand side of this
equation, governing crack growth from initial loading, when a = ai to
failure when a = ag , may be reduced if significant slow crack growth
is assumed (Evans, Johnson, 1975) so that

a

£
1 da ~ 2

an/2 AYn(n—z) ai(n+2)/2

where A and Y are constants and n is the stress corrosion parameter.
Since this is independent of parameters associated with loading,

or final conditions, the left-hand side of Equation 2.5 is approximately

constant for all types of loading. Thus, when a stress, o , which is

a function of time, t, is applied between times t = ti and t = tf s

o dt = constant @ ..... 4,23
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Ccnsider a cofstant siress, ¢  applied until Tfailure, after tire
s C , F4

tc' Then from Equation 4.23
o = o
<
t. = e}
i
= t
t{, c
% o n
and f o dt = o t . 4,24
t c c
i

Consider now, a constant stress rate, & , applied from an initial

stress, o, , at times, t = O until failure at a stress, q} at time
1 .

t=1t
r
Then o = o, + &t
t. = o]
i
t = t
f r
. o+l
t.F n (0‘: + @'t\s‘
and o dt = S ——

&(n+l)

By allowing o& = o and noting, then, that oy g’&'tf

tf n+l
o~
n £
o dt = —— e 600 4,25
t o (n+l1)
i

Using Equation 4.23, strength and lifetimes from one type of

loading (denoted by the suffix 1) may be compared with those from another

(denoted by suffix 2), such that
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Thus comparing tests at twe differen? constant stresses, from
gy s

Equation 4.24

Uél tcl = OEZ tc2
n
.
or to1 = %e2 ) 4.27
tc2 0;1

Comparing tests at two different comstant stress rates from Equation

4,25
n+l n+l
fa %L
oi (n+l) 0é(n+l)
??1 n+1l 61
or -5:'— = -5"—— PP 4.28
Fo 2

Comparing the lifetire, tr’ under a constant stress rate where the
fracture stress is o, , with the equivalent lifetime, tc’ that would be
seen if instead of a constant stress rate, the fracture stress, o} , 1is

applied instantaneously and held constant until fracture, then from

Eguations 4.24 and 4.25, with cé = o}
n o n+1
o t, = 5
& (n+l)
or, by noting that o = 6't§
t - tr 4.29
c

n+ 1
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8 ernd 4.29 form the basic transformaticns used

h

Equétions &,27, 4,
by Davidge et al (1973) anc Braiden et al (1977).
Now consider stepped loading which may be thought of as a constant

stress rate, & , initially from stress, ¢; , interrupted by pericds of

constant stress. Each pericd, p,, of which there are M in total
J
i.e.j =1,2,3....M), involves a constan® siress o'cj, held for a time
t..
J

Each period of loading, whether under constant stress rate, or
constant stress may be considered to induce a small amount of crack
growth.

Thus for the first period under a stress rate, from time t=0to
1°

time t = tI, the crack grows from a = a:.L to a = a

Then from Equation 2.5

& ty
1 da _ (d‘i+ o )" dt
AYn an/2
a, 0
i
n+l n+1
(o) (o’i)

& (n;l)

For the next pericd - at a constant stress c; - the crack grows

li

£ to i d t R
rom aI aII in time tI o tII Then

1 11gé ) 11 °E1n t
— -
AY /2
J .
aI I
n
= el FrrT tp)
n
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since (ﬁT_-ﬁr) = tl, the duration of the first period,
- el

Applying this technigue to all periods, and by noting that

|F‘

a a a
¢ i z
da - “da < ( I—da
Rkl = I —_— + % ‘ -_ Foooes s
n n/2 =5 2 ™2 T —3 a V2
AY a AY AY” }
a, a
i

n+1) M

1

a (o ) - (o) |

then 1 faa - f = v ) o "t
n n/2 & (n+1) p=1

where or is the final stress at fracture.
Thus, from Equation 4.23 and allowing loading to commence from zero

stress (i.e, G'i = 0

n+l M
' t} n (c%) n
o dt = m + § OEP tp ..... 4,30
t p=1

Equation 4.30 may be compared with the equivalent equations governing
constant stress and constant stress rate loading - Equationé 4.24 and
4,25 respectively.

The procedure used by Davidge et al (1973) and Braiden et al (1977)

of transforming all data to

oisEC’ the ceguivalont constant stress, which
when instantaneously applied would give each specimen a lifetime ofone
second, has also been adopted in the present study.

Using Equations 4.24, 4.25 and 4.30 and by noting from Equation 2,24

that
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then, the following transfcrmation eguations may be derived

for constant stress,
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for constant stress rate,
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4.6 Graphical representation of delayed fracture behaviour

When strength is dependent upon a nominal constant, variability due
to material flaws, and the degree of stress corxrrosive slow crack growth,
a relatively large number of parameters are required for its specification.
In such a case, the information is far better displayed graphically.
Davidge et al {1973) constructed an SPT diagram relating a constant
applied stress (S) to the cumulative failure (or survival) probability
(P) for a range of possible lifetimes (T).
The diagram shown schematically in Figure 4.1 comprises a series
of lines, each for a different lifetime, the slope of each being
governed by the Weibull modulus, m, and their separation by the stress

corrosion parameter,n.
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As well as providirg information for prediction of behaviour, it also
allows quick assessment of strength characteristics, For example, lines
for lifetimes increasing by orders of magnitude which lie close together
indicate little delzyed fracture, and iines with steep gradients indicate
little variabiiity in strerngth dve to material flaws.

The SPT diagrax is easily constructec using transformation equations
(see Section 4.5) when the median sirength, Weibull modulus and stress
corrosion parameter are all known, However it only applies to specimens
of the same material, shape and size as those tested to obtain the
parameters from which the SPT diagram was instructed. If the specimens
or the test conditions are different, corrections need to be introduced,
(Stanley et al, 1973; Braiden, 1975) or another diagram constructed
more suited to the conditions,

4.7 Summary

Techniques have been developed to allow comparison of data from
tests involving different types of loading to failure, and hence
obtain estimates of parameters describing the behaviour. The techniques
use theories of brittle fracture and stress corrosion within a statistical
framework based on the Weibull distribution, incorporated to take into
account the random variability of strength caused by its dependence
upon material flaws.

The parameters of brittle fracture and stress corrosion, once

behaviour graphically.
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S. CHARACTERISATICN OF MATERIALS

5.1 Introduction

WC-Co alloys ccntaining 6, 13 and 16% cobalt by weight, all having
a nominal mean WC grain size of lum, were chosen for bend strength and
double torsion tests.

To minimise any variations in strength due to small differerces in
the material (see Chapter 3) bend specimens were prepared using tool tips
from a single manufactured batch for each grade.

Although the dcouble torsion specimens could not be prepared from
the same material used for bend specimens, they were obtained from the
same manufacturer and were,in themselves, from a single manufactured batch
for each grade.

The manufacturer's specifications are given in Table 5.1. As a
check, and to provicde further information, some material properties were
measured in the laboratory. A summary of the results is given in Table

5.2 and details of tests are discussed briefly below.

5.2 Hardness

Hardness was measured on an Avery Hardness Testing machine fitted
with a Vickers diamond indentor.Prior to testing, the machine was checked
using a standard slab of known hardness.

Tests were performed using loads of 50kg and 100kg, and the Vickers
hardness vaiues obtained from standard tabies. At least ten indentations
were made on each type of specimen for each material, Indentations
were put into specimen faces polished using a 6p diamond paste, (see

Section 6.2.3).
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5.3 Crack resistance

The lengths of cracks emanating from the corners of pyramid -
indentations were measured during hardness tests. The crack
resistance was assessed grapghically according to Eguation 3.2.

A plot of inverse crack resistance, 1/W, against hardness shown
in Figure 5.1, shows that although values of 1/W are a little low,
they do follow the general trend found by Visw anadham and Venables
(1977). Occasionally the precise location of the crack tip was
difficult to see, and crack lengths possibly underestimated. As such,

this may explain the low values of 1/W,.

5.4 Coercive force

FPacilities were not available in the department to measure either
coercivity or coercive force, Instead, the manufacturer performed
the tests. Four bend specimens of each material were packaged
individually and left unidentified apart from a code number which had
no connection with the material composition, The manufacturer's results

showed quite distinctly the specimens of each material.

5.5 Microstructural investigation

Polished specimens were etched with a mixture of equal quantities
of sodium hydroxide and potassium ferricyanide, each in 20% solution.
The etched surfaces were viewed under a Vickers microscope,
photographed - $eé Plates 5.1 - 5.3 - and analysed to obtain estimates
of the mean free path in the cobalt phase, Aco’ and the mean WC grain

size, aWC (Murray, 1977).
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Straight lines were drawn, sore at right angles to each other,
on the photographs, and the grains intercepting each line were counted.
Hence, the average number of grains per unit length, NL’ was calculated.
A similar procedure where grains ware counted within squareg drawn on
the photographs, obtaired estimates of the average number of grains per
unitarea,NSuFive lin=s and five squares were analysed for each material
and specimen type, invelving at least 18 grains per line, and at least

200 grains per square.

The values of &WC and ACO were estimated using

- 4N,
_ L
\
and )‘ co = N—z—(-)—

where‘Vco is the volumetric cobalt content. (Fullman, 1953).



6 STRENGTH TESTS

6.1 Introduction

In this chapter, work to investigate the presence of delayed
fracture in WC~6% Co, WC-L3% Co and WC-16% Co loaded in laboratory
air at room temperature, is described. Strength tests are performed
using different types of lcading, with respect to tirme, prior to
fracture, The results are analysed, and parameters describing the
behaviour evaluated using the various techniques discussed in Chapter
4,

Tests are also performed in distilled water to assess the influence
of environment and hence the presence of environmentally-assisted stress
corrosion. Also included is a brief study of the effects of soaking
specimens in distilled water prior to loading to identify the presence
of corrosion which may vpe uvninfluenced by stress.

Finally details of the fracture process are discussed in terms of

observations through the microscope of the fractured specimens.

6.2 Experimental details

6.2.1. Measurement of strength

All strengths were measured in bending. This type of loading
was considered beneficial to the study of stress corrosion since continuuwrn
mechanics indicate the maximum tensile stresses to lie on the specimen
surface, where any chemical reaction between material and environment
must necessarily occur,

The three point bend configuration was chosen for its practical
simplicity and consequent potential high accuracy of loading. An
alternative - four point bending - although inducing high stresses over

a large proportion of the specimen (the strength thereby being controlled
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The continuum bend strength, c} , was calculated from the fracture
load, P, the specimen dimensions of width,b, and depth, d, and the three

point bend span, L, using the standard relationsaip

3 ru

2 ceoen
2 bd

6.2.2 Test rig
The rig designed to carry out three point bending is shown in
Plate 6.1,

Particular aspects of the design include accurate alignment of the
loading rods using non-load-bearing brass formers machined as one; a
device secured in the top Faw of the testing machine to ensure that
the centre loading rod remains in contact with the specimen across the
whole width; a horizontally mounted load cell and frame to measure,
and minimise any horizontal components of the load; a perspex container
for environmental tests in liquids; and trip gear to remove the load
immediately fracture occurs, thereby minimising any further damage to

the specimen.
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Load was applied using a Dartec M1000 servo-hydraulic testing machine.

6.2.3 Specimep pfeparation

Material fér specimens was obtained in the form of cutting
tool tips, commercially available. Initial specimen preparation was
performed by coﬁtrac?ors outside the department. Specifications
included each specimen to héve nominal dimensions of 20 x 5 x 2mm, An

additional conétraint was placed on the thickness such that variations
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between specimens of Tthe same material should not exceed 5 0,Clmm,
To minimise variability in surface finish, the contractors were
instructed to grind all specimens of each material together,

Upon return, the surfece texture, although consistent for all
specimens of one material, showed differernces between materials - see
Plate 6.2, Straight ridges were apparent on WC6% Co specimens and to
a lesser extent on WCl6% Co specimens, whereas the suxrfaces of WC13% Co
specimens had a roughness which was non-directional. The contractors
later revealed that some lapping, with a SiC paste had been necessary
to achieve the specified tolerances on specimens of the higher grade
materials.

Half the specimens of each material were diamond polished within
the department, leaving the other half with the ground finish., By so
doing, the effects of surface finish could be assessed.

Polishing was performed in two stages. Firstly a 23um diamond
paste was used to remove approximately 50um of material. Then
polishing continued with a 6pm paste until the majority of scratches
had been removed, as observed under a microscope at a magnification of
400,

This process gave specimens a mirror finish. Scanning electron
micrographs, shown in Plate 6.3, indicate that polishing preferentially
removed cobalt from the surface leaving WC grains standing slightly
proud.

Prior to testing, all specimens were cleaned in acetone which was

removed by evaporation using a hot air blower.

6.2.4 Loading and associated errors

Each test involves the identical testing of a number of specimens.
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Folleowing the appfoach of Fvans (1972), the stress, or change of stress
was maintained constant for each batch, and the loads required to
achieve this calculezted using individual specimen dimensions,

Erroxrs in the calculated fracture strength arise ffom variations
of dimensions over the specimen, the definition c¢f measuring equipment,
off-centre loading and thermal drift of the test machine servo-system.

Estimates of these errors, summarised in Table 6.1 give a maximum
estimated error in the fracture strength (using Eguation 6.1) of

approximately + 3%.

6.3 Time dependent loading tests

One of the most direct methods of observing delayed fracture is to
apply a constant stress which is maintained until the specimen fails,
However, because of the variability in strength of WC-Co materials,
the test is not particularly suitable; some specimens will fail after
a few seconds, whereas others, although stressed at the same level, npay
survive for days.

The range of test durations may be reduced using a constant stress
rate to failure, The use of this type of test, expected behaviour and
analysis of results have been discussed in detail in Chapter 4.

Another practical improvement on the constant stress test is the
stepped loading.test, used by Davidge et al (1973) and Braiden et al
(1977). A constant load is applied for a prescribed time, after which,
if the specimen has not failed,; the load is raised to a higher load
and held constant again. Increments are applied (using a constant

stress rate) until failure occurs.

6.4 Stress rate tests

6.4.1. Test details

Five stress rates were chosen for the tests ranging from 0.1
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MN/mzs irncreasing by an order oI magnitude each time up to 1000 MNﬁnzéo
The test duration governed the lowest rate, while the possibility of
errors due to testing machine response limited the upper rate.
Fracture times were typically 20,000 and 2 seconds at each extreme.
24 specimens of each grade of WC-Co were tested at each stress rate,

12 with a ground finish and 12 with a polished finish.

6.4.2 Analysis and discussion of results

The results are presented in Figures 6.1 - 6.6. Overall a trend
of increasing strength with stress rate is apparent, as predicted by
stress corrosion theory.

Closer inspection reveals considerable differences between, and within
batches. For example, strengths of WC6% Co specimens with a polished
finish, tested at 100 MN/mzs display a greater variability than strengths
obtained at other rates. Also, the strengths of WC13% Co specimens
with a rough finish, form very uneven distributions at all stress rates;
although the majority of reéults fall into a relatively small band, a few
are much lower,

Considering these differences of distribution, due most probably to
sampling, analytical methods involving the representation of a batch by
a mean, or median strength (see Section 4.3) were thought inappropriate,

Instead, the data were analysed using the maximum likeélihood technique

a soda-lime glass were also analysed.

To check that the failure model involved in the analysis was suitable
to represent the results from teéts on both soda-lime glass and WC-Co
materials, the Monte Carlq technique was employed (see Section 4,4.3).

The residuals from the real data sets when superimposed on the envelope
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of residuals from 36 artificial data sets of similar size - see Figures
6.7 - 6,13 - gave no justification for rejecting the model. Examples
of graphs for the artificial data sets are shown in Figure 6.14.

Results of the maximum likelihood analysis are summarised in
Table 6.2,

A similarity in estimates of the Weibull medulus,m, from WC-Co
and glass specimens indicate the distributions of strength to be much
the same, Thus the behaviour of WC-Co materials, like glass, is
relatively brittle and hence influenced by inherent flaws, Estimates
of m from WC-Co data increase with cobalt content; this agrees with
the work of Chermant et al (1977), |

A trend is also apparent with surface finish. Estimates of m are
higher from polished specimens than from ground specimens,; indicating
that a rougher surface induces a greater variability in strength.
However, the effect is small, and may be insignificant - the 95%
confidence intervals overlap to a considerable extent, particularly for
WC~6% Co and WC-13% Co.

Estimates of n for the WC-Co materials are higher than for soda-
lime glass, indicating stress corrosion, or at least, delayed fracture
to be much less evident. Even so, a significant stress rate effect
on the strength is indicated in all but one case - WC6% Co with polished
surfaces. The reason why this batch is diffevent remains unknown.

Variations of estimated n between different grades of WC-Co and
betweeﬁ different surface finishes are not straightforward. Considering
first polished specimens, n for WC-6% Co is much lower than the values
of n for WC-13% Co and WC-16% Co which are similar. From ground specimens,

n tends to decrease with increasing cobalt content, a trend which has been
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reported by Smaglenke and Loshak (1873).

Comparing all the results, and giving consideration to the large
confidence intervals, a maximum likelihood estimate of n&100 is apparent
in all but two cases; estimates from polished WC-6% Co and ground.WC-IG%
Co specimens are much lower.

Now the strength of WC-16% Co specimens appears to be surface
sensitive as indicated by the trend in estimated m. Perhaps surface
flaws introduced by grinding are sharper, or larger, and hence more
critical than both flaws in the bulk of the material and flaws introduced
by diamond polishing. 1If so then fracture is more likely to initiate from
the surface than from within the bulk in ground Speéimens° Hence any
stress corrosive influence should be more noticeable and a lower value
of n expected. This hypothesis, however, cannot explain the low value
of n obtained from polished WC-6% Co specimens. At present, no possible
mechanism has been found to explain this.

Nonetheless, all the above observations must be treated with caution.
The maximum likelihood technique obtains, solely, estimates of parameters
which best fit the data. If sample sizes are small, or the data not
perfectly modelled by the Weibull distribution, then errorsmay arise.

The extreme sensitivity of estimates of n to error is illustrated by the
wide 95% confidence intervals shown on Table 6.2. Thus although trends
have become apparent, little significance canvbe given to them at present.
They are discussed further in conjunction with the results from stepped

loading tests in Section 6.6.

6.5 Stepped loading tests

6.5.1 Test details

A constant stress rate of 10 MN/jf:;was used to raise the stress
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to ten precetermined constant levels,
The magnitude of stress for each level were obtained from a
Weibull diagram of the data from stress rate tests at 10 MN/mzs on
WC-16% Cc specimens with ground surfaces, correponding to cumulative
failure probabilities of 5, 10, 20, 30, 40, 50, 60, 70, 80, S0%.
Tests were performed using one of three maximum times for the
periods of constant stress = 50, 500 and 5000 seconds,
Only specimens of WC-16% Co were available for these tests being
part of the same manufactured batch from which the stress rate test specimens
were prepared, As with the rate tests, half the specimens were polished and the rest
1eftwitﬁ%roun@finish (see Section 6,2,3),Twelvespeéimenswitheachfinishwere

tested to failure using each of the three maximum constant stress periods.

€.5.2 Analysis and discussion of results

The results are presented in Figures 6.15 and 6.16, Also
included are the corresponding results from the 10 Mﬁ/mzs stress rate
tests - effectively stepped loading tests with a maximum constant
stress period of zero. Data from specimens failing during a period of
increasing stress are shown as lines whereas those failing during a
period of constant stress are shown as crosses.

In each test case, at least 50% of the specimens failed during a
constant stress period, indicating the presence of delayed fracture
mechanisms,

Mean strengths for each batch are shown on Figure 6.17a. Although
representation by mean values was not entirely suitable, particularly
since many of the original data were confined to particular valués
governea by the predefined constant stress levels, it was hoped that

any gross trends would become evident.
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A decrease in strength with increasing constant stress duration is
apparent for ground specimens, this being the expected behavicur predicted
by theories of stress corrosion, The trend is similar in polished
specimens apart from those tested using 5000 second constant stress
pericds, Here, the mean strength is much higher -~ similar to the mean
from the stress rate tests with no comstant stress periods.,

However, the mean strengths compared above are to some extent biased
by a number of data criginating from specimens which didnot reach the
first constant stress level, To overcome this, these data were removed
and the means recalculated, For purposes of comparison, stress rate
fracture strengths below the 5% failure probability stress - tﬁe first
constant stress level - were alsc removed. This Operation is considered
fair in that all batches were treated alike,

The adjusted means are shown in Figure 6.17b. A similar trend
is apparent for both surface finishes, although not that predicted by
stress corrosion theories. A decrease in mean strength (wi;h little
apparent influence of surface finish) accompanies an increase in
constant stress duration up to 500 seconds., The mean strength rises
again at durations of 5000 seconds although this is less apparent for
polished specimen results.

A number of possible causes of this phenomenon were investigated.
Firstly, the random distribution of material flaws may have induced the
effect and thus the trends observed are merely differences due to
ﬁ sampling, However, this seems unlikely (although not impossible),
since the effect appears in two sets of data analysed separately.

Secondly, the test itself was investigated. Whereas 50 and 500
second tests lasted a relatively short time (in the order of minutes )tests

invelving 5000 second constant stress durations lasted most of a working
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day, and tests on the whole spanned {wo weeks., One possible variadle
was the laboratory environment, but no correlation between strength and
relative humidity, or temperature (the variation of both being extremely
small) could be fourd, Even so, small changes in the zerc position
of the testing machine were detected. However, these produced an error
in the loading of less than 0.5% which is tco small to account for the
variation in mean strength.

Thirdly, a slow acting relaxation mechanism tending to inhibit
crack propogation, perhaps by blunting, may be active, the effect of
whichbecomes significant only over long periods of time, However, at

present, there is no evidence to support this.

6.6 Comparison of results from siress rate and stepped loading tests

Stress rate, and stepped loading data were compared using the o}SEC -
transformation analysis described in Section 4.5. Data from each type
of test were analysed together irrespective of stress rate, or constant
stress duration employed. However data from specimens with different
surface firishes were not combined.

Transformation was carried out using a range of possible n - values -
10, 30, 100, 1000, The distributions of o%SEC s0 obtained from stress
rate and stepped loading data from WC-16% Co specimens, are shown in
Figures 6.18 - 6.21. Individual points have not been plotted; instead
the points (60 in number from stress rate tests, and 36 from stepped
loading tests for each surface finish) have been joined by a continuous
line to preserve clarity. Curves from WC-6% Co and WC-13% Co stress
rate data are shown in Figures 6.22 - 6.25.

Contrary to the results of the maximum 1ikelihood analysis, no

significant difference in m is apparent between polished and ground

specimens; large differences in curve gradients (from which m is measured)
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occur only at high, and low cumulative faliure probabilities, where
confidence in the cdrve position is low. The gross deviation seen in
the ground WC-13% Co curves, for example, is caused by just a few data
from specimens contzining a large surface flaw on the fracture Zface,

For all three grades of WC-Co no sigrnificant difference in median
strengths is apparent between polished and ground specimens. Either the
diffe;ence in surface finish is not sufficient to induce a significant
change in strength, or the materials are not surface sensitive, the
strength possibly being controlled more by flaws throughout the volume.

The above mentioned observations are apparent for all values of n
used to calculate GRSEC°

The WC-16% Co curves from stress rate data are similar in shape to
curves from stepped loading data. Only the positions of the curves are
different, changing with the value of n used in the ORSEC - transformation.
With n = 10, the stepped loading curves appear to the right of the stress
rate curves, and when n = 1000, they appear to the left.

If delayed fracture mechanisms are the same in both types of
test, then the stress rate, and stepped loading curves should be
coincident when the correct value of n has been used to obtain OQSEC°
This occurs when n®45, although it is subject to error for reasons of
material flaw variability, and suitability of fracture model discussed
previously. Indeed, if the range of maximum likelihood estimatesof n
for WC-16% Co obtained from stress rate data - n = 45-110 - are used for
transformation, the stress rate, and stepped loading curves are still
"sufficiently close for the difference between them to be considered
insignificant,

To summarise; the following deductions have been made concerning

the behaviour of WC-6% Co, WC-13% Co, and WC-16% Co when loaded in
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laboratory aixr at room temperature,

The strength depends upcn the loading history prior to failure,
Although the effect is small, it is statistically significant, and
estimates of the stress corrosion parameter, n, which best describe
the behaviour lie between 20 and 120.

So far, no evidence has been found of any significant variation of
n with material composition, although an increase in cobalt content tends
to reduce the variability in strength indicated by an increase in m.

No significant influence of specimen surface finish, has been
dtected, upon the mean strength or its variability or upon delayed fracture,

Unusual distributions or levels of strength recorded in stress rate,
;nd stepped loading tests probably arose merely because of small samples
and the particular distributions of flaws in specimens within each
batch; another batch, or a larger batch might have produced quite
different results. This highlights the difficulties of assessing the
significance of delayed fracture effects when variations due to random
material flaws are of a similar order of magnitude. The tests have
demonstrated that for characterisation of behaviour, mathematical
analysis for parameter estimation must be accompanied by a graphical

method whereby the effects of extreme values and uauwsual distributions

can be assessed,

6.7 Environmental tests

The search for an environmental influence on delayed fracture
requires not only an investigation of any corrosive effects on the
strength.but also the separation of effects that are stress-enhanced
from those which occur independent of the stress in the material.

Distilled water was chosen as an alternative test environment
to laboratory air because it induces considerable stress corrosion

cracking in other materials (see Sections 2.2.2 and 2.4).
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6.8 Preliminary environmental tests

6.8.1 Test details

A stress rate of QMN/mzs was used to test to failure a batch
of WC13% Co specimens with ground faces.

To investigate envircmmental effects on the sirength, half the
specimens weré tested in laboratory air and the other half in distilled
water. To differentiate between stress-independent, and stress-—
enhanced corrosion, half the specimens to be tested.in each environment
were soaked in distilled water for approximately 150 hours before being
loaded. As such, the soak time was considerably longer than the time
under load (~ 20 minutes), so that any effects of stress-independent
corrosion during loading could be considered negligible.

If stress—-independent corrosion occurs, then all soaked specimens
irrespective of the test environment should show a degradation in
strength. Similarly if stress—enhanced corrosion is present, then
specimens loaded in distilled water should be weaker than those tested
in air, irrespective of whether they were presoaked or not. (This
assumes that water is, in general, a more corrosive environment than
laboratory air.)

These tests formed part of a preliminary series to develop techniques.
Conseduently, the specimens tested, were not from the same manufactured
batch as those used in the main stress rate tests. However, they were
from_a single manufactured batch from the same manufacturer. ’

All specimens to be tested in air after a presoak in distilled

water, were dried by evaporation using a hot air blower, prior to loading.

6.8.2 Analysis and discussion of results

After one day of soaking, small brown sSpots were Seen on

specimen faces, Further soaking increased the discolouration until



whole surfaces were covered to varicus degrees = see Plate 6.4, The thickest
deposits were found in the vicinity of the original brown spots where
microscopic inspection revealed the presence of a surface flaw,

A similar pherorencn had been noticed when distililed water was
placed on recently polished surfaces of WCl5% Co specimens, Small bhrown
deposits appeared after approximately one hour, Surface f£laws found at
these sites were estimated from furﬁhgr polishing to be beiween 10 and
20 pm deep.

In both cases, surface discolouration indicated corrosion to have
taken place during soaking, and the colours, in extreme cases rahging
from yellow, green and blue to brown, suggest that the deposits were
compounds of cobalt.

Why corrosion should occur preferentially in the vicinity of a
surface flaw is still unclear. Perhaps the confined space within a
flaw increases the activity of chemical reaction between the material
and a corrosive species in the environment.

Another possible explanation is that residual stresses were present
in the surface, and locally concentrated by a flaw, such that their
presence enhanced corrosion in that area - in other words, a stress
corrosive mechanism.

However, residual sfresses introduced dufing sintering and subsequently
modified by machining and surface preparation, tend to be compressive
(French, 1969; Jaensson, 1971) and hence unsuitable for stress corrosive
crack opening. It is possible, though, that the stress concentrating
effect of flaws may produce tensile components in the residual stress
field. Murray (1977) reports that although residual stresses in the WC
phase are both compressive on the surface and internally, in the cobalt,

they are compressive on the surface but tensile internally. It is
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possible, then that at the deepest point of the surface flaw, the stress
field may be suitable for stress emhanced corrosion,

The strengths of specimens both soaked and unsoaked are displayed in
Figure 6.26, A first inspection of the data reveals a rmuch wider
distribution of strengths from specimens which were soaked prior to testing.
In particular, a greater number of low strengths are evident.

Te investigate further the effects of soaking, results were groupsd
together as to whether specimens were soaked or unsoaked, but independent
of loading environment. Each set was ranked and plotted on a Weibull
diagram = see Figure 6.27a.

Little confidence may be placed in the slightly lower range of data
recorded from soaked specimens at the high failure probability/high
strength end of the curves. However, the difference between soaked and
unsoaked data becomes considerable at the lower end.

Microscopic inspection of the fractured pieces of soaked specimens
revealed in almost all those failing at a low stress, the presence of a
large heavilycorroded surface flaw along the line of fracture (see for
example Plate 6.4). Inspection of the fracture face indicated the
flaw to be the likely site of crack initiation (see Section 6.11.4).

Few large surface flaws in the vicinity of crack initiation were
observed in soaked specimens failing at higher strengths. A similar
inspection of unsoaked specimens revealed far fewer critical surface
flaws.

The low strengths recorded from soaked specimens could be due,
merely, to the presence of a large critical surface flaw, and by chance, the
soaked batch contained more specimens with such a flaw. However, the
correlation betweén low strength and the critical surface flaw being
heavily corroded,indicates that the flaw has been enlarged, or

sharpened by the chemical reaction. This action makes the flaw more likely



to become critical “han other flaws elsewhere in the material, and also tends
to reduce the failure strength. This may explain the greater
number of surface flaws being critical in soaked specimens than in
unsoaked specimens,

Soaked specimens in which fracture initiated away frcm heavily
corroded surface flaws tended to fail at much higher stresses -
similar in magnitude to the strengths of unscaked specimens, Thus
general corrosicn over the surface away from heavily corroded areas
does not appear to have any significant influence on the strength.

Regrouping, reranking and replotting the results according to
the loading environment but irrespective of whether speimens were
presoaked or not, produced the Weibull curves shown in Figure 6.27b.
The two curves are relatively similar apart from the mid failure
probability/mid strength region,

However little significance can be attached to the difference.
Grouping of results independent of soaking, or not, assumes there to be
no soak effect. But this appears not to be the case from the previous
grouping. Inspection of both curves revealed almost all soaked
specimen results to lie at the low strength ends. The curves,; therefore,
are biased by the predominant effect of soaking. A similar investigation
of the soak/no soak curves in'Figure 6.27a revealed the data from
specimens loaded in air and water to be fairly evenly distributed. Hence,
there is no evidence of any influence of loading environment and
therefore, of any stress-enhanced corrosion, I1f present, its effect
on the strength must have been extremely small - too small to distinguish
from the general variability in strength due to material flaws, and
certainly much smaller than the effect of long term soaking in the absence

of externally applied loads.
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To suxznarise, the preliminary envircnrental tests have indicated
corrosion to occur when WC-Co specimens are soaked in distilled water,
particularly around surface flaws. The strength is lower than expected
when failure initiates from a heayily corroded flaw, indicating the
flaw to have been enlarged, or sharpened. No evidence of environzentally

assisted stress corrosion has been found.

6.9 Main Environmental tests

6.9.1 Test details

In consideration of the preliminary test results, the main
environmental tests were designed to enmhance any environmentally
assisted stress corrosion present, whilst minimising corrosion effects
during soaking, (this is not simple, since magnification of any stress
enhanced corrosion requires a longer period of loading in the corrosive
environment, which also increases the degree of stress-independent
corrosion)., To minimise effects of sampling, all remaining WC16% Co
specimens (all with ground faces) of the material used\to provide
specimens for stress rate and stepped loading tests; were tested. To
increase the batch size still further, no specimens were subjected to
long éresoaks°

Hence, thirty specimens were loaded to failure using a stress rate
of lMN/mzs (half the rate used in preliminary tests), in laboratory air,
and another thirty similarly tested in distilled water

Since specimens tested in water effectively experienced a duration
of soaking equal to the loading time to failure (approximately 40 minutes),
specimens to be loaded in air were, therefore, presoaked for a similar
time, and dried prior to 1§ading (see Section 6.8.1 for details).

Since materials were the same, results from stress rate tests and

environmental tests could be directly compared.



6.9.2 Analysis and discussion of results

As expected, with so short an exposure to distilled water,
specimens showed no visible signs of corrosion,

The recorded strengths are displayed in Figure 6,28, Included
for comparison are the results from the equivalent 1MN/mzs stress rate
tests in air (in which no prescak of any sort was used), Since no
influence of surface finish was detected (see Section 6.6), data from
specimens with polished and ground faces have been combined to reduce
possible sampling errors,

One extremely low strength (1460 MN/mz) recorded during environmental
tests in air, originated from a specimen containing a large surface flaw
0.2 mm deep (see Plate 6.7). Because it is so different from the rest
it has been treated as an extreme value and, consequently, ignored in
the following discussion. It has, however, been included in the
accompanying diagrams for completeness.

Taking this into account, the range of strengths from both stress
rate and environmental tests in air are similar. The range from
environmental tests in water is slightly larger, extending further
particularly at the low strength end,

The data in each set were ranked and plotted on a Weibull diagram -
see Figure 6.29, As for previous diagrams, individual points have been
joined together to form a continuous line, so that clarity is improved.
Also included in Figure 6.29 are 5% and 95% confidence bands calculated
for the best straight line passing through data from the environmental
tests in air (thus there is a 90% probability that the true behaviour
lies within the area hounded by the confidence bands).

No significant difference is apparent between the curves from stress
rate tests and environmental tests in air. (The small portion of the

former lying outside the confidence bands can be ignored - no evidence
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has been found to suggest that this is caused by anything other than
effects of sampling. Also data from stress rate tests were fewer

in number than data from environmental tests and hence confidence bands
should be slightly further apart.) Thus, the short soak period in
environmental tests appears to have had a negligible effect on the
strength, This implies that any strength degradation seen in results
from environmental tests in water (where effective soak times were
similar), is unlikely to have been caused by corrosion independent of
the applied load.

The high failure probability/high strength portion of the curve
for enﬁironmental tests in water is similar to the other two curves.
However, the low strength end deviates to lower strengths for the same
failure probability. The shape is similar to the soaked specimen curve
in Figure 6.27a from preliminary environmental tests, although not so
pronounced. Even so, since the lower portion of the curve lies outside
the confidence bands for the environmental tests in air, a degree of
significance in the deviation is indicated.

The apparent link between low strength and fracture initiation
from heavily corroded flaws found in preliminary soak tests (see Section
6.8.2) prompted a similar microscopic inspection of fracture faces here.
However, specimens in which fracture appeared to initiate from large
surface flaws were not so numerous (18% instead of 26% of the total).
Further, there was no predominance of surface initiation in specimens
loaded in water; indeed slightly (although, not significantly) more
specimens of this type were found from tests in air. The inspection
also indicated approximately 50% of all specimens to have failed initially
from sub-surface flaws, and therefore, presumably uninfluenced by the

test environment (assuming WC-Co materials to be impervious to distilled



water); six of the ten weakest specimens loaded to failure in water
were of this type.

Thus, although a trend of reduced strength has been noticed tending
to indicate the existence of stress corrosion mechanisms, at present
there is no additional evidence to support this, Hence, little
significance can be attached to it. Further work is required to check

that the trend is not merely a coincidental effect of sampling.

6.10 A Comparison of the influence of environment on the strength
of WC-Co and alumina materials

Tests on WC-Co materials have shown that, at room temperature,
a change of test environment from laboratory air to distilled water
produces little, if any, effect on delayed fracture when specimens are
loaded to failure. Far more significant is the degradation in strength
found after long-term soaking with no externally applied loads,
This behaviour is quite different from that observed in environmental

®sts on alumina (Alzo Bend specimens, similar in size to the WC-Co

3)-
specimens, were loaded to failure using a range of stress rates, in
laboratory air and in Ringers Solution (commonly used to simulate body
fluid, and as such, considered relatively corrosive), both with and
without a presoak. Results, all obtained at room temperature, are

shown in Figure 6.30.

The degradation in strength with decreasing stress rate in Ringers
Solution may be represented by a value of the stress corrosion parameter,
nx40, This indicates that delayed fracture is likely to be less obvious
in an A12Q3/Ringers Solution system than in a glass/laboratory air system
but more obvious than in a WC-Co/laboratory air system (comparable

estimates of n are given in Table 6.2).

Alumina is approximately 15% weaker when tested in Ringers Solution
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instead of laboratory air, although fractured urder the same rate of
loading. The effect is stress corrosive since tests involving a presoak
of one hour (considerably longer than the time taken to load the specimen
to fracture) did not influence the strength significantly. Thus, any
effect of corrosion which is independent of applied stress, if present,
rust be extremely small. The dominant influence appears to be stress-
enhanced corrosion, The behaviour is opposite to that of WC-Co materials

tested in air, or water, where corrosion during soaking is predominant.

6.11 Inspection of fractured specimens

All fractured specimens were inspected by eye and under the
microscope. Both the region of initial fracture, and subsequent crack
propagation became evident by viewing each specimen from the side, the

tensile face and the fracture face,

6.11.1 The specimen side

Fracture rarely initiated exactly at mid-span. In a few
specimens, it occurred almost 2mm off centre on the tensile face.
The crack propagated initially at approximately 90° from the tensile
face. As it approached mid-thickness it turned towards mid-span,
everng ually travelling almost parallel to the tensile face (see Figure 6.31).
When the crack reached mid-span, the remaining unbroken ligament fractured,

again perpendicular to the tensile face.

6.,11.2 The tensile face

Cracking seen across the width of the tensile face followed a
distinctive pattern common to all specimens. The characteristics were

symmetrical ahcut a point, the position of which across the width appeared
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to be randcm. When the point lLay close to one edge, the patiern appeared
predominantly on one side only, betweén the point and the other edge.

The following description follows the crack path from the point of symmetry
to one edge (see Figure 6.31).

Initially the crack path frocm the point was virtually straight, lying
perpendicular to the edge. Then it deviated in a zig-zag fashion with
increasing amplitude. Eventually crack branching was seen at peak deviations.
Most branches were just a few micrometers long but some extended much
further, sometimes reaching the edge. Occasionally severe crack branching
produced a chip completely separated from the main fractured pieces.

Near the edge, both the major crack and crack branches tended to turn
inwards towards the original line of crack growth.

The fracture strength appeared to influence the extent of the cracking.
If it was low, the straight region of cracking from the point of symmetry
was long, with little deviation or crack branching. At high strengths,
the straight regions were hardly discernible, and crack branching severe,
producing a large delta of branches near the edge and as many as three
separate chips.

Crack branching was seen repeatedly to occur at approximately 300, an

angle given some - significance by Kalthoff (1971).

6.11.3. The fracture face

The fracture face also displayed characteristicé common to all
specimens (see Plate 6.5) with a point of symmetry coincident with the
point of symmetry observed on the tcnsile face,
Around the point was seen a smooth semi-elliptical region with the major
axis lying along, or parallel to the tensile face, It corresponded to the
region of straight cracking observed on the tensile face. Beyond the

smooth region, the surface undulated with increasing roughness as the distance



from the point of symmetry became greater.

.. thin strip of the fracture face adjacent to the compressive face
displayed a different texture comprising ridges running parallel to that
face. This region corresponded to the final ligament to be broken, as
described in Section 6.11.1.

Closer inspection of the smooth elliptical region often revealed a
flaw near its centre. This was particularly evident in WC 6% Co
Specimens, The flaw was almost always a pore, or hole,

Observing the smooth region under the microscope revealed feint
lines radiating outwards from the centre and away from the tensile face,
When the region contained a surface flaw, lines near the flaw radiated
away from its perimeter, Away from the flaw lines appeared to radiate
moxre from the tensile face, although still in a direction away from the
flaw - see Plates 6.6 and 6.7. A similar pattern was seen when the
flaw lay sub-surface. In the ligament between the tensile face and the
flaw, lines, although indistinct, appeared to radiate from the flaw,

diverging as they apuroached the tensile face - see Plates 6.8 and 6.9,
An example of a smooth region in which a large flaw could not be found
is shown in Plate 6.10,

In general, a low fracture strength was accompanied by the observation

in the smooth region of a large flaw, 1yiﬁg on, or near ihe tensile face.
' The smooth regioh was usually large. As strengths increased,‘flaws

became smaller, and less frequently seen. In addition the size of the

smooth region decreased; at high strengths it was almost impossible to

identify.

6.11.4 Relation of observations to strength test results

If a "weakest link" concept is applied to brittle fracture, then

a crack initiates at a point where the stress first reaches or exceeds the
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the level required to separate twyo adjacent atoms. Rapid propagation
follows, resulting in immediate catastrophic failure of the specimen.
Introducing also a continuum mechanics approach to the three point bend
specimen, a crack should initiate simultaneousl&.across the width at
mid-span on the tensile face, along the line of maximum tensile stress,
Propagation then follows uniformly in a direction perpendicular to the
tensile face, up through the thickness cf the specimen, towards the
compressive face.

This model must be modified on two accounts when applied to WC-Co
materials. Firstly, the model assumes the material. to be homogeneous,
WC-Co materials by their very nature are not; a prop agating crack may be
passing through a WC grain at one instant followed immediately by a period
spent in the cobalt matrix, In this respect, observations macde by
Gurland and Bardzil (1955) of grain cleavage just prior to fracture
probably indicate conditions of crack initiation having been met in
the WC grain, but subsequent propagation halted at the grain boundary by
the cobalt matrix which is far more crack resistént.

A second modification is necessary to take into account the effect
of flaws both on crack initiation and propagation, A flaw tends to

/
aftract concentrations of stress such that critical conditions for fracture
are likely to be reached there rather than in a region without a flaw,
' Consequently, if the critical flaw lies sub-surface, away from mid-span,
and somewhere across the width of the bend specimen, then propagationis
very different from that predicted by the modei. The crack, once
initiated, must travel downwards towards the tensile face, outwards across
the width, and inwards towards mid-span, as well as upwards through the
thickness towards the compressive face.

This concept of multidirectional cracking radiating outwards from a

point may be compared with the description of fracture and points of symmetry
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given in Sections 6.11.1 - 6.1L.3. The centre of symrnetry lies in the

smooth region seen in the fracture face, Following the crack growth backwards
towards its origin, it is not unreasonable to assume that the radiating lines
seen in the smooth region fcllow the direction of cracking. Further, when
the lines are seen to radiate frcm a large flaw, then the flaw is likely to

be the stress concentrator which first became critical, and hence,

initiated fracture (Almond, Roebuck, 1980),

A investigation of this type has a direct bearing on the bend strength
results, Firstly, fracture strengths observed in environmental tests
incorporating a long presoak in distilled water (see Section 6.8), were
lower than expected when a heavily corroded surface flaw was seen on the
fracture face, Observations of the fracture face, the patterns of
cracking, and particularly the position of the flaw at the centre, or
point of symmetry, indicated that it was the initiator of fracture.
Observations of presoaked specimens failing at higher stresses showed in
most cases, failure to initiate either from a subsurface, and therefore
uncorroded flaw, or from a region where a large flaw could not be found.

The "weakest link" concept appears to be applicable here. Assuming
faiijure to initiate at a point where critical conditions are first met,
or exceeded, the sharpening or enlarging effect of corrosion on a surface
flaw, tends to increase the stress concentration in that area, thereby,
both increasing the likelihood of failure initiation from that flaw, and
lowering the applied stress necessary to cause failure. If, however, the
critical conditions are reached elsewhere - say, at a large subsurface flaw -
then since the critical region is unaffected by corrosion (assuming the
material to be impervious) the stress concentration and hence fracture
strength remain unaltered. Thus, corrosion, although occurring in all
presoaked specimens may not always have a significant effect on their

strength.



A second observaticn ccncerns specimens tested using stepped loacding.
When Zfailure coccurs during a pericd of constant stress, the presence of a
delayed fracture mechanism is indicated. However, fracture faces of
some specimens which had failed in this manner, indicated failure to have
initiated from a sub-suriace fiaw, The direction of radiating lines on
the smcoth region, between the flaw and the tensile face (see Section 6.11.3)
indicate cracking to be from the formexr to the latter, and this is
supported by elastic theory (Roark, Young, 1975), Using as a model, a
bean in bending with a hole near the tensile face, the highest theoretical
stress occurs at the edge of the hole nearest the tensile face.

If this is the case, then the test environment is unlikely to have
had any influence on fracture; the relative imperviousness of WC-Co
materials prevents any corrosive species in the air from reaching a crack
propagating from a subsurface flaw, Once the crack reaches the tensile
face, where the corrosive species first comes into contact with the crack
tip, the critical crack length has probably been exceeded, and propagation
is rapid. Thus, delayed fracture in this case appears to be independent
of test environment with controlling mechanisms lying solely within the
behaviour of the material,

An alternative explanation might be that environmental corrosion on
the surface modified the stress field in the rest of the specimen,
including around the critical sub-surface flaw, However, this is unlikely,
given the negligible visible evidence of corrosion in stepped loading tests
in air, By comparison, the heavily corroded flaws seen in environmental
tests prodﬁced significant reductions in strength only when failure
initiated from them, and even then reductions were small,

Another alternative is that the "constant” load during which failure
occurred was not, in fact, constant. However test records showed no

trace of deviation or perturbation. It is conceivable that slight
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oscillations of the servo-system in the testing machine - usually much
too small to be seen -~ were the source, Eowever this would require the
constant applied stress to lie just fractionally below the fracture stress
of the specimen, Since aprroximately 40% of all specimens failing during
a period of constant stress contaired a critical sub surface flaw, it is
extremely unlikely the predetermined censtant stress levels should
repeatedly lie so close,

6.12 Summary of strength test results

Time dependent loading tests in laboratory air have shown that
delayed fracture occurs in WC-Co alloys containing 6, 13 and 16% cobalt
by weight. An increase in strength with stress rate to failure is
similar to that predicted by stress corrosion theories, No differences
in behaviour have been detected between specimens tested using either
constant stress rates or stepped loading.

Estimates from maximum likelihood, and transformation techniques,
of the stress corrosion parameter, n, which best describe the behaviour,
lie between 30 and 120, No significant influence of material composition
or specimen surface finish has been found.

The degree of delayed fracture in WC-Co materials in air is much less
than in others such as soda lime glass and alumina for which n has been
estimated to be approximately 19 and 40 respectively (see also Evans (1974)).

The influence of test environment on delayed fracture has yet to be
ascertained. Although a trend of decreasing strength was noticed when
specimens were loaded to failure in distilled water instead of laboratory
air, no supporting evidence has been found. If such an influence exists,
then it is extremely small, and certainly much smaller than the effects of
testing alumina in Ringers Solution instead of laboratory air.

Distilled water, however, had a significant effect on the strength
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when unloaded specimens were scaked in it, prior {o being tested.
Prclonged soaking caused severe corrosion particularly around surface
flaws, which were shown, in subsequent strength tests to have been
enlarged or sharpened by the action. The mechanisms are not known at
present, although possible factors influencing the degree of corrosion
include residual stresses in the specimen surface., By compariscn, the
strength of alumina was not significantly degraded when specimens were
soaked in Ringers Soluticn prior to testing; strength reduction was
predominantly stress corrosive requiring the presence of an applied load.

Observations of the fractured pieces of bend specimens have shown
fracture faces to display a common pattern of varying roughness which
appears symmetrical about a point, The frequent presence in that
location, of a large material flaw indicates that it is the critical
flaw governing failure. The symmetrical pattern, hence,follows the
progression of crack growth through the specimen,

The investigation led to the conclusion that unexpected low strengths
recorded in environmental tests including a long presocak in distilled
water, were caused by fracture initiating from heavily corroded flaws.
Also sub-surface initiation was sometimes observed in specimens failing
during a period of constant stress in §tepped loading tests, thereby
suggesting that delayed fracture in air was not necessarily environmentally

assisted.



7. CRACK PROPAGATICN TESTS

7,1 Intrceduction

A simple method of introducing precracks intc specimens is developed
for double torsion tests, chosen to investigate slow crack growth in
WC-Co materials at room temperature.

Measurements cf crack growth rates and corresponding stress intensity
factors are used to construct KI—V diagrams from which slow crack growth
behaviour is evaluated.

Details are also given of slow crack growth observed in WC-Co bend

specimens sozked in dilute nitric acid.

7.2 Choice of test configuration

Various test configurations have been developed to study crack
propagation. Most commonly employed are edge-cracked three, or four
point bend, compact tension, double cantilever beam, tapered double
cantilever beam, constant moment, and double torsion - see Figure 7.1,
(Pook, 1970; Braiden, 1976; Jayatilaka,l1979), The relative suitapility
of each depends upon the properties of the material to be investigated.
Of particular relevance in choosing a configuration for WC-Co materials,
is their poor machineability, and the difficulty of sintering large
specimens. Also, many configurations designed, primarily, to measure
fracture toughness are not suitable for the study of slow, sub-critical
crack growth.

Bend specimens with a large precrack initiated at mid-span are
relatively easy to prepare, but permit little slow crack growth because
the critical crack length is short. Also the specimen is wide in
relation to its depth, allowing non-uniform crack growth across the

width, which is difficult to both measure and represent mathematically.
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Tre ccmpact tension ccnlfiguration, likewise allows 1itile siow crack
growth, Additional problexs avise in applying the tension loads necessary
to open the crack, The use of jaws gripping the specimen, runs the risk of
it slipping and becoming misaligred (overtightening can induce bernding),
and holes drilled in the specizen to aliow insertion of loading rods, tend
to act as stress concentrators such that failure initiates frcm them
rather than from the precrack.

Both the straight and tapered types of double cantilever beam suffer
from similar loading problems, However they do sustain considerable slow
crack growth.

In all the configurations so far described, except the tapered double
cantilever beam, measurements of velocity and stress intensity factor used
to construct the KI—v'diagram, rust be obtained by continuously monitoring
the érack length. In some configurations, however, the stress intensity
factor is independent of crack length, and felies only upon specimen
dimensions, material properties and the applied load.

One such "constant K" specimen is the tapered cantilever beam
although in addition to loading problems already mentioned, the techniques
requires large specimens and accurate machining of the taper.

The constant moment configuration is also of the "constant K" type.
The rectangular plate specimen, although simple to manmfacture,and able
to contain considerable slow crack growth, must be loaded through two
roment arms, A method must be found of fixing the arms to the specimen
so that the joint is strong enough to withstand the high bending moments
required to irduce crack growth.

"Constant K " specimens of the double torsion type, again rectangular
plates and, thus, simple to manufacture, are far easier to load. A
four-point bend configuration is used to provide torsion in two arms.

Since loading is totally compressive, neither tension grips nor holes for
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loading rcds are reguired, The specimen can sustalin slow crack growth
along the whele length of the plate. Thus for reasons noted above,

the double torsion configuration was chosen for the present study.

Cne possible disadvantage is the relatively complex type of crack growth -

this is discussed in Section 7.3.

7.3 The double torsion test

The double torsion specimen, shown schematically in Figure 7.2
consists ef two arms with the crack acting as a common boundary. Torsion
is applied to each arm, but in opposite directions, The consequent
deflection of the arms tends to open the crack, propagating it along
the length of the specimen,

The configuration was originally devised by Outwater and Jerry (19266)
and developed first by Kies and Clark (1969) and later by Evans (1972).

It has been successfully employed for the study of slow crack growth

in many materials, including glass (Weidmann, Holloway,1974; Mai, Gurney,
1975), graphite (Freiman, Mecholsky,1978), silicon carbide (Evans,
Wiederhorn, 1974; Evans, Lange, 1975; McHenry Tressler, 1977), and in
epoxy resins (Phillips, Scott, 1974; Young, Beaumont, 1976.)

Torsion is applied to the specimen of depth, d, and width, W,
containing a crack of length a, using a four-point bend arrangement.

A total load, P, applied to the inner points, is split equally between
each arm, Each cuter point then takes the reaction load, P/2 irom the

specimen. The distance between inner and outer points, W, acts as

m?
the moment arm providing the trsion.

Treating each arm as a rectangular bar under pure torsion, the angle

of twist, ©, is given by

6 _ 6PaWy - (1+v) 7.1

- 3 © 0000000000060

E wd
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= 3 e ?
whers 3 and 9 are Young

s modulus and Poisscao’s ratios respectively Ifox
the material,

Assuming © to be small, so that the deflection, y, of each inner
loading point is obtained approximately from y = Sowm, and specifying
the specimen compliance, C, to be Tthe value of y for unit load (i.e.

C = y/P), then from Equation 7.1

6a(wm)2 (L + 9

E W d3

coscooanse 7.2

Often a groove is cut into the specimen to guide the crack (see
Figure 7.2). The thickness,dngof material through which the crack passes
is therefore less than the thickness of the rest of the specimens.

As the crack passes along the groove, it releases strain energy,
induced into the specimen by the load, The strain energy release rate

per unit thickness, G, for the specimen is given by

2
1 P dc
G = 2 3 . aa ceosoccssssoa 7.3
n

Combining Equations 7.2 and 7.3 toeliminate C gives

2
3(1+y) (P Wy)
EW dnd.'3

osocescocoscos 7.4

Under plane strain conditions, the stress intensity factor, K, is

related to G by

g2 GE e eccceeanas 7.5
(1-p2)

Thus by combining Equations 7.4 and 7.5

N
K = PW 3 | 2 e eieieeae 7.6
(1-y) W dpad
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K, therefore, depends only upcn specimen dimensions, material

preperties apd the applied load, Since K is not influenced by the
cragx length, the comfiguwration is 2z “constant K" {ype.

Some concern has been expressed by Evans (1973) as to the mode of
crack growth in the double torsion specimen, The general directiocn of
propagation along the length is perpendicular to Che direction ¢f lcading,
and hence would appear to be Mode ILI crack growth (see XKnott (1973)).
However, Evans proposed that at any instant the crack is in fact travelling
pe;pendicularly from the tensile face to the compressive face.

The characteristic curved crack front seen in double . torsion specimens
(shown in Figure 7.3) supports this view. At the greatestextent of
crack growth along the tensile face - point A in PFigure 7.3 - the crack
has just emerged from the tensile face, whereas a short distance back
(B), the crack has travelled further through the thickness. Thus a thin
width-wise section cut from the specimen passing through the crack front -
CC' on figqre 7.3 - is effectively a beam loaded in four-point bending,
with a mid-span crack travelling upwards through the thickness. In this
case crack growth is of type Mode I,

Since the difference between the extent of crack growth in the temsile
face and on the compressive face is generally much greater than the

specimen thickness (Evans, 1972), it is reasonable to assume that plane

Estimates of Gc’ the critical strain energy release rate, for socda
lime glass using the double torsion configuration are in good agreement
with GIC’ the critical strain energy release rate for Mode I cracking
measured using other configurations (Evans, 1973). Thus EQuation 7.6
may be rewritten in terms of the plane strain stress intensity factor

for Mode I cracking, K}, such that
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esocec00an 7.7

i}
N

X = P '»T ; 3 »
1 L G & d3J

However, Jayatilaka (1979) duestions whether sufficient evidence has

been amassed to support the argument,

7.4 Use of the double torsion test to measure slow crack growth

\

First studies of slow crack growth using the double torsion test
involved the estimation of propagation rates from optical measurements
of the crack front as it progress along a specimen subjectéd to a constant
load (Kies, Clark, 1969).

Evans (1972, 1974) improved the experimental technique by transferring
control from load to displacement of the inner loading points, and by
noting the following relationships.

A controlled displacement, y, induces a load P into the specimen
containing a crack of length, a. Evans showed experimentaily that the

specimen compliance, C, (= y/P) is linearly related to a such that

C = A a+A © 0008000005 708

where Al’ A2 are constants.

Thus

o~}
°
<«

v = P(A a2+ A) coecocooaa

If a constant displacement rate, &c, is applied to the specimen, then

from Equation 7.9

- g’l = 92 ga
y. = it (A1a+A2)+A1P SE ccee 7.10
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Assuming that Che specicen is "constant K” and that a stress corrosive
relationship exists between the stress intensity factor, KI’ and crack tip

velocity, v , ( = da/dt) of the form
(Equation 2.4)
where A is a constant, and n is the stress corrosion factor, then a

constant displacement rate should induce a constant crack tip velocity.

Further KI and P should remain constant such that Equation 7,10 reduces

da 1/7d
v = at = Alp dtl) cooo0cecace 7.11

Hence, estimates of both stress intensity factor and crack velocity,

to

do not require the measurement of crack length or rate of propagation,

By qalculating v and KI using Equations 7,11 and 7.7 respectively,
a single point may be plotted on the KI—v diagram, By performing tests
at a range of displacement rates, the KI- v curve can be constructed.

This technique, however does not make efficient use of the specimen;
only one point of the KI- v diagram is obtained from each period of
constant displacement rate, during which some considerable crack growth
may have occurred.

The efficiency is greatly improved if a constant displacement
technique is used instead. A constant displacement rate is applied
to raise tﬁe load t; some predetermined level, When reached the
displacement is held constant. Initially the crack velocity is high,
and the consequent increase in crack length raises the compliance of
the specimen, thereby reducing the load. As the specimen progressively

relaxes, the crack velocity decreases inducing a lower rate of unloading.
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Under a constant displacexent dy/dt = 0, and equation 7,10 reduces

to
da " ap. .
v = 3t - lP (Ala + Az). ( dté) cooccecacee 7..2

Letting Pf and af represent the load and crack length, respectively,

at the end of relaxation, then from Equation 7.9, since y is constant,

(Alaf + A2 )

£ (A2 + 4y
where P and a now represent load and crack length at some intermediate

point during relagation.

Combining Equations 7.12 and 7.13 to eliminate a

A ap
v = (B ap+ Ay Pe - eeenenn 7.14
e S o . n—— ° dt
A 5
1 P

Denoting the compliance at the end of relaxation by Cf and noting

from Equation 7.8 that Cf = Alaf+A2 then Equation 7.14 reduces to

I F ( 92) 7.15
A P2 dt

Again v may be calculated without the need to measure crack lengths

orpropagation rates. P, P, and dP/dt are easily measured from a load-

f
time record of the test: Cf is obtained by lowering the load under 2
constant displacement rate at the end of relaxation, and noting the
relationship between P and y (C = y/P, hence C = §/P); and Al is
calculated from a prior compliance calibration.

Hence, by analysing a number of points along a single relaxation

curve, a large portion of the KI'V diagram may be constructed.
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A final note must bz made concerning the direction of crack
propaga:tion° Equations 7.11 and 7.15 give the velocity of crack
propagation in a direction along the length of the specimen. However,
as shown in Section 7.3 the validity of the double torsion test requires
crack propagation to be ccnsidered perpendicular to this,

Let the crack front be represented approximately by a diagonal
straight line - see Figure 7.4 - jointing the crack tips seen on the
tensile face and the compressive face. If the difference in the extent
of cracking on each face is denoted by Aa, and dn is the thickness of
the specimen through which the crack passes, then the through-thickness

velocity vt, is related to the lengthwise velocity, VL’ by

1}
|5

Thus @ is the correction factor that must be applied to Equations

7.11 and 7.15 such that for a constant displacement rate

2i2

v = == i ccoescnsos 7.16
Al P

and for a constant displacement

v = 2 5P .(———dp) 7.17
— L1 at
o |
L

7.5 Experimental details

7.5.1 Test rig

The double torsion rig is shown in Plate 7.1.
Particular aspects of the design include the maximisation of

rig stiffness, so that deflections of a relatively stiff specimen could
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be easily seen; in ttis respect also, making all joints metal-to-metal
contact (%to increase stiffness, and avoid time-depencent eflects, adhesive
used at the joints was carefully placed so as not to lie in the path of
the lcad); and finally, allowing as much access as possible to the
specimen, whilst loaded for observation and measurement of crack growth.
Load was applied using an Instron 1195 testing machine which couid
provide both a comnstant displacement and constant rate of displacement
through the crosshead on the loading frame, Load was continuously recorded

through a load cell on a pen recorder.

7.5.2 Specimen preparation

Rectangular specimens were prepared from plates, 334" x 1" x $"
of WC-Co alloys containing 6,13 and 16% cobalt by weight.

Sintering of such large plates had introduced considerable distortion.
A few specimens were prepared from less distorted plates by diamond
polishing, but the operation was extremely time consuming and expensive
in polishing materials, The majority were prepared by contractors.

Specimens were requested to be nominally 80x25x2mm with opposite
faces and edges ground flat and parallel. However, when distortion was
severe, grinding was to continue until all surface undulations had been
removedob Next, a groove 1lmm wide with a depth equal to half the
specimen thickness, was to be cut lengthwise down the middle of one face,
Finally a through-thickness notch, lmm wide and Smm long was to be cut
into each end of the specimen in line with the groove.

After initial preparation, the ungrooved face of each specimen was
diamond polished to produce a mirror finish (see Section 6.2.3). Final
checks on the thickness - the most critical dimension -~ showed that,
although differences existed between specimens, variation over thé

surface of any one siecimen did not exceed + 0.Olmm, This was also



found to bhe true for The grcoved regilcn.
Further refinements were made as a result of preliminary tests and

these are described in Section 7.5.3,

7.5.3 Precracking tests and technigues

To introduce a precrack into a specimen, a crack must be initiated
and then subsequent propagation minimised. The problems encountered by
others in precracking WC-Co specimens have been discussed in Section 3.3,

In the present study, precracking was first attempted using an impact
loading technique, A wedge made from tool steel was placed in a notch
cut into the end of the specimen mounted vertically such that the other
end rested on a firm base, Compressive loads to halt propagation once
the crack had been initiated were applied to the specimen sides by placing
it in the jaws of a vice. The impact load was applied by hitting the
wedge with a fibre-headed mallet. The technique is shown schematically
in Figure 7.5a.

Tests were first performed on soda-lime glass microscope slides which
were -similar in size to the WC-Co specimens, Some degree of success
was achieved with precracks as short as 5mm in length being produced.
Approximately 50% of ungrooved WC6% Co specimens, similarly tested,
were éuccessfully precracked, However, precracks were appreciably
longer ( 20-40mm) than in glass specimens (higher loads required for
crack initiation were less easy to control), and some deviated to one
side.

A few tests on grooved specimens were all unsuccessful. Although
the groove stopped deviation, crack propagation could not be stopped
within the specimen, A possible explanation is that the groove tends
to induce bending moments in the specimen under the action of the

compressive side loads, which tend to open the crack on the opposite
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face, and hence aid its progress through the specimen (see Figure 7.5b).

Precracks could not be initiated in WC13% Co and WC16% Co specimens.
Instead the wedge chipped pieces of material from the side of the notch,
indicating that the notch was rot sharp ernough to induce crack initiation
at the tip.

The narrowness of a machined notch is limited by the thickness of
the cutting wheel. Hence to achieve finer notches, spark erosion was
used to sharpen existing machined notches. By using copper shim,
12Fm thick, notches approximately 0.2 mm wide and 1 mm deep were spark
eroded - see Plate 7.2, The operation was performed in paraffin to
dissipate the heat, and consequently all specimens were thoroughly
cleaned in acetone afterwards.,

With the sharpened notch, cracks were initiated in specimens of all
three grades of WC-Co although not all could be stopped from propagating
completely through.

In Section 3.3, the effect of spark erosion on crack propagation
tests has been discussed in terms of the damage it does to the material,
and some damage was found around the tips of sharpened notches in the
present study. = However, unlike Chermant et al (1974,1976) and others,
who used spark eroded notches as suvstitute precracks, here they were used
merely és stresévconcentrators to aid crack initiation, The tip of
each precrack once initiated lay some distance from the region of damaged
material.

Two.observations made after the introduction of spark eroded notches,
led to the discontinuation of the impact loading technique.

Firstly, successfully precracked specimens when placed in the double
torsion rig and loaded using a constant displacement rate, gave an audible

"elick" at the onset of crack growth, accompanied by a rapid drop in load,

o
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in scIe gasescrack growih was so rapid that Lhz specizen brcke inﬁo

two pieces and the load dropped tc zero, In cases where immeciate removal
of the load had retained the crack within the specimen, subsequent crack
grcowth under a reapplied load was far easier to control.

It appeared that some degree of crack re-initiation was required for
propagation to start from the precrack. Possibly the shape of the
precrack tip produced by one loading configuration - impact loading
through a wedge - was unsuitable for subsequent propagation under a
different loading configuration - in the double torsion test. Bence a
method of precracking using the double torsion configuration was required.

The second observation was made during the precracking of WC 16% Co
specimens, A precrack could be introduced with a single large impact
load, but also just as successfully, with a number of smaller impacts.

This indicated the possible presence of a slow crack growth mechanism,

Taking into account both observations a new test was devised whereby
a specimen with a notch sharpened by spark erosion was placed in the double
torsion rig and loaded using a cyclic displacement to induce fatigue
crack growth,

As the displacement amplitude was raised, the onset of crack growth
became evident when the amplitude of the recorded load cycles, showing
initially a corresponding increase, suddenly ceased to rise so quickly
and occésionally decreased. By immediately removing the load precracks
as short as 5mm were introduced, These were obviously too short for crack
growth tests since the tip still lay in the region damaged by spark erosion,
However, 5y reapplying a load, not necessarily cyclic, subsequent crack
propagation occurred without an "audible" click, and was found to be
extremely controllable sc that a precrack of suitable size was easily

attained.
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The technigue proved completely successful on the few specimens
precracked in this way., Subsequent tests showed that cyclic displacements
were not necessary and that a simrple constant displacerent rate was just
as effective, The modified technique proved repeatable and reliable for
all subseguent specimens,

Its success seems to be dependent upcn two factors, Firstly, the
smoothness with which a crack propagated from a spark eroded notch -
with no indication, in most cases, of any initiation being required -
indicates that a tiny precrack was already present, introduced during
spark erosion, Secondly, the controllability of subsequent crack

propagation indicated the presence of slow crack growth mechanisms.

7.5.4 Procedure to ensure the reliability of results

Evans (1972,1974) described the load-time curve expected
theoretically from a double torsion specimen loaded under a constant
displacement rate, as follows, After an initial rise, the load remains
constant as the crack propagates along the length of the specimen,

However Trantina (1977) from stress anaiysis of the test, and Shetty and
Virkar (1978) from experiments on soda-lime glass, have shown that a
constant load is unlikely to be observed when either the crack, or the
remaining unbroken ligament is short, In both cases, mixed mode cracking
takes place, and hence, the theories used by Evans become invalid.

Displacement rate tests wexre performed on precracked specimens of
soda-lime glass and Wec-Co materials, The load time record, shown schematically
in Figure 7.6, w;s similar for all, and followed the behaviour described
above,

After an initial rise in load (region A in Figure 7.6) during which

crack propagation was negligible, the load decreased (region B). Sometimes

the change occurred in a single drop, sometimes in a number of small
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Jumrps, and sometizes in a scooth curve. Why Jjuups shouid be present in
sore tests and mot in others is still unciear,

When no further drops in load were observed, the crack length was
found to be between 20 and 30mm for both glass and WC-Co specimens.

The region of jumps was follcowed by a period of constant load (region
C), which displays the behaviour predicted theoretically by Evans (1972,
1974),

When the crack came within 20mm of the end of the specimen, the load
began to fall again (region D), this time in a smooth curve. As the
crack approached the end of the specimen the rate of change of load increased
until final fracture.

It is essential therefore that the precrack tip lies in region C
before crack propagation tests begin, In the present study, this
requirement provided not only the conditions for valid theoretical analysis,
but also ensured that propagation occurred away from material damaged by

spark erosion around the notch,

7:5.5 The guiding groove

In the past, the need for a groove to guide crack growth down
the middle of the specimen has been considered essential. Indeed, its
presence has been assumed in the majority of relevaht diagrams and
theoretical formulae found in the literature, Without a groove, slight
inaccuracies in loading alignment, and small variations in specimen
thickness across the width cause the crack to deviate to one side.

However, a groove introduces new problems. Schematic diagrams
of the groove represent it as rectangular in cross-section with a flat
base,through the middle of which runs the crack, Practically, it is
difficult to machine a groove of this shape and, hence, any deviation

of the crack takes it into a region with a slightly greater thickness.
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Further, grcove cormers act as stress concentrators <fending to attract
crack growth towards them.

Pabst and Weich (1981) compared KI -v diagrams obtained from
alumina double torsion specimens both with and without a groove, The
grcoves, all precision machined, comprised some with a rectangular cross-
section and others with a more rounded cross-—section, The authors
found that specimens containing grooves of either cross-section gave
a far wider scatter of results than thos ungrooved.

Murray (1977) chose to replace a machined groove with a spark
eroded 'scratch” for fracture toughness measurements. However, spark
erosion can severely damage the material and possibly influence slow
crack growth,

A few ungrooved specimens of soda-lime glass and WC 6% Co were
tested at the beginning of the present study but crack growth, central
for a short distance, eventually deviated to one side in every case,

All other specimens contained grooves with slightly sloping walls,

a relatively flat base and rounded corners - see Figure 7.7, In almost
all WC 6% Co and WC 16% Co, the crack remained at the base of the groove.
In the remaining few of these materials, and in all the WC 13% Co
specimens, the crack deviated into the groove wall, This became
immediately apparent during the test from the load-time-.record. As soon
as the crack passed into a thicker part of the specimen, the load tended
to rise under displacement rate control, When this was seen, the test
was abandoned, The susceptibility of WC 13% Co specimens to this has

yet to be explained.

7.5.6 Observation of the crack

Observation of a crack in a WC-CO double torsion specimen is

difficult for a number of reasons: the crack opening displacement is small, -
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dye penetrants cannot be used because of their possible corrosive influence
on crack growth; when the specimen is grooved the crack is invariably
obscured on that side by the roughress of the base; - polishing inside
the groove is difficult; and on the compressive ungrooved side, the
crack rarely penetrates the surface (Murray, 197729- a thin ligament of
material remains unbroken,

However, if the ungrooved face is diamond polished to a mirror finish,
an impression of the crack is visible in the form of a "kink" - see Plate
7.3,

Measurements from ungrooved specimens, polished both sides, of the
"kink" length in relation to the crack length on the tensile face,
revealed a consistent difference of 3mm, The 'kink" length was therefore
considered a good representative of the extent of crack growth (and the
difference used to calculate the correction factor, #, in Equations 7.16
and 7.17).

Observation and measurement of the "kink" during a test were aided
by placing behind the specimen, a piece of card on which was drawn a grid
of straight parallel lines. When the reflection of a line in the
polished specimen surface, crossed the "kink" a discontinuity was observed -
see Plate 7.4, The extent of the kink was lightly marked at the edges
of the specimen, using a felt-tipped pen, allowing accurate measurement at
the end of the test. The ability to measure the length of the "kink" with
load appiied, gave much better estimates of the extent of crack growth.

When the load was removed, the crack closed and the "kink" appeared shorter,

7.5.7 Compliance measurements

The compliance of a double torsion specimen depends upon the

specimen dimensions, material properties, dimensions of the loading



configuration and the crack length - see Equation 7.2,

The dimensions of the loading configuration are constant since
the same rig was used for all specirens, and material properties assumed
constant for specimens of the same grade cf WC-Co,

Further, little variation in dimensions was found in specimens of
the same grade although significant differences in rean thickness were
recorded between specimens of different grades - 1.75, 1,60 and 1.07mm
for WC-6% Co, WC-13% Co and WC-18 Co respectively (representing the
relative distortion of original plates and subsequent degree of machining
in specimen preparation - see Section 7.5.2).

Hence a compliance calibration diagram was constructed using
measurements of compliance at various crack lengths, taken from all
specimens - see Figure 7.8,

The compliance was calculated using the testing machine crosshead
position as a measure of displacement. Consequently, it included a
contribution from the test rig. The compliance of the double torsion
rig alone is indicated in Figure 7.8 and was subtracted from compliance
measurements to obtain an estimate of the specimen compliance,

Assuning a relationship between specimen compliance, C, and crack

length, a, of the form

C = Ala + A2 cooo (Equation 7.8)
E e e e s e Lo rom agdImaobad 4o o T B omd 1 'r-l £ WM _ 20 M TR T DCT
L€ Conisvanv, A.l' was estimated to be 7,5 and 25 MN IOT wu—oplul, woeTidjp

Co and WC-16% Co respectively, and the constant, A2 was 0,06m/MN with

no apparent influence of material composition.

7.5.8 Estimation of errors

The characteristic shape of a KI-v diagram is of a curve spanning
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a range of crack velocities sesvera. owcers of zagnitude~ﬁide, but only a
short range of KIo Hence erxrrors in v ave likely to have much less effect
on the estimation of the stress corrosion parameter,n, than errors in KI”

Possible errcrs in KI arise from a lower limit to the sensitivity of
measuring equipment; variations of specimens dimensiocns along its length,
particularly the thickness; and drift of the testing machine control system.
Largest estimates of errors are summarised in Table 7.1 and compared with
smallest measured values of each parameter, Combining these according to
Equatién 7,7, a maximum possible error in KI is estimated to be ~4%,

One further parameter — Poisson's ratio, v - is required for the
calculation of KIo This could not be measured in the department. Instead
values found in the literature (Lardner,McGregor, 1951-2) were used - y = 0,21

for WC 6% Co and y = 0.24 for WC16% Co.

7,6 Preliminary tests on soda-lime glass specimens

To evaluate the double torsion rig, constant displacement tests were
first performed on soda-lime glass specimens prepared from the same batch
of microscope slides used to produce the bend specimensbfor comparative
strength tests (see Section 6.4.2).

The resulting KI-V diagram - see Figure 7.9 ~ shows clearly the three
regions of crack growth described by Wiederhorn (1967). The curves lie,
as expected, between the curves obtained by Evans (1972) from tests in
distilled water and tolueneand display a similar degree of scatter.

Estimates of the stress corrosion parameter,n, for region 1, lie in
the range 15-19, which is in good agreement with both the maximum likelihood
estimate of 19 obtained from the bend strength tests and published data

(Adams,McMillan,1977),

7.7 A note on "jumps' observed on load relaxation curves

Load relaxation curves obtained from constant displacement tests on
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soda-lime giass specimens, displayed a steadily decreasing rate of change
of load, shown schematically in Figure 7.10a, In corresponding curves
from WC-Co specimens, however, the decrease in load was interrupted by a
series of "jumps"” -~ see Figure 7.10Db. The pdsition of the "jumps" appeared
to be random along the relaxation curve,

When KI-V diagrams were constructed from the curves, the shape was of
a straight line of irncreasing crack velocity,v, with siress intensity factor

K interrupted with spikes which, as KI decreased, showed first a decrease

1’
in v followed by an increase, and then a final decrease back to the straight
line, - see Figure 7.1l1.

At present, the cause of this phenomenon is unknown. One possibility
is that the crack front oomes up against asmall area of material more resistant
to cracking. As crécking contimues around it, the unbroken ligament maintains
the stiffness of the specimen and, hence, the load supported under a constant
displacement, When the ligament finally breaks, the specimen suddenly
relaxes to a level governed by the extent of crack growth around the
obstacle, and the load drops.

However, no visual evidence of any obstacles could be found when the
fracture faces were inspected (see Section 7.10). Similarly no evidence
was found of crack arrest lines which had been observed accompanying jumps
in the load during tests on epoxy resins by Phillips and Scott (1974), and
Young and Beaumont (1976),

Despite the source remaining unknown, the random occurrences of the
"jumps" indicate them to be localised effects and not representative of
the general behaviour, Hence they were removed wherever possible during
the construction of‘the KI—v diagrams,

Occasionally a drop in velocity was nﬁticed at the end of the relaxation
curve, However, observations of other curves showed this to be due to a

"jump" rather than a threshold of slow crack growth.,
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7.8 VWC=Co doubLe torsion test resulis and discussion

The Kl—v diagrams obtained from constant displacement tests on WC 6% Co
and WC 16% Co are presented in Figures 7.12 and 7.13. (Similar tests on
WC 13% Co had to be apandoned because of crack deviation into the guiding
groove wall - see Section 7.5.5).

Curves wexre rejected if effects of a short crack, or short unbroken
ligament were detected (see Section 7.5.4). This was easily detected from
the KI—V diagram since curves from those regions displayed a lower gradient,

A number of relaxations were applied to each specimen, The curves in
Figures 7,12 and 7.13 are labelled both with the test number of the specimen
and the number of the relaxation. (Intermediate numbers which do not
appear, were attached to specimens in which the crack travelled into the
groove wall, or to relaxations in which load "jumps" were too numerous or
too large to permit analysis.)

-
The R -v curvegdboth WC-Co materials display a number of similar
characteristics within the range of KI and v studied.

Firstly, the levels of K. over which slow crack growth has been

I
recorded are much higher than for soda-lime glass (see Figure 7.9). The
materials are obviously more resistant to crack growth,

The ranges of KI lie close to the critical level for rapid propagation.
This may be seen by comparing the results with values of KIc obtained from
the literature - see Figure 7.14.

No evidence of a lower threshold, or limit to slow crack growth has
been found,

Finally, slow crack growth behaviour displayed on KI-v diagrams using
logarithmic axes, may be described by a straight line. There is no
evidence of more than one region, Measurements of n from the gradients

range from 60-130for WC 6% Co and 75-180 for WC 16% Co. At present,

the extent of each range disallows any conclusions as to a relationship
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between n and material composition, However the gemneral levels are ccnsiderably
higher than estimates of n (=15-19) for soda-lime glass, indicating slow
crack growth to be much less in evidence,

Inspection of the K_-v curves for each grade of WC-Cc reveals ccnsiderable

I
variability in KIo Variations between curves from the same specimen come
within expected error bands (see Section 7.5.8), arnd as such may be considered
insignificant, Variations between specimens, however, are much larger.

They may be caused by small differences in material and specimen preparation,
or by the presence of a guiding groove - see Section 7.,5.5.

A more precise estimate of n was not obtainable for a mwmber of reasons.
Firstly, the slopes of the KI-V lines are steep (corresponding to high values
of n); even a slight error in measurement, or judgement as to the best
line fitting the data causes a considerable change in the maghitude cof n
calculated from the slope. Secondly, each line spans a very small range of
KI; since KI is extremely sensitive to specimen dimensions, particularly
the thickness, the estimate is likely to be influenced by small undetected
variations along the path of the crack, Thirdly, the load relaxation
curves used to obtain the KI-v lines were "adjusted"” to remove irregular
"jumps" in the load; the estimate of n is influenced by the judgement used

in deciding where "jumps" begin and end, particularly when they are small,

or close together.

7.9 Inspection of double torsion specimen fracture faces

Inspection of the fracture faces by eye revealed a finish similar in
texture to that of the smooth region on the fracture faces of bend specimens
(see Section 6.10). The surfaces were virtually featureless, with a
notable absence of material flaws - see Plate 7.5.

Viewing the surfaces under the microscope at high magnification (x 900)
individual WC grains could be seen, The faces of some were shiny and

lightly scored indicating grain deavage. When two corresponding areas from
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each face were phoiographeld -~ see Piate 7,6 - differences between the two,
indicated considerable intergranular fracture. However, appareht.
matching grains with shiny surfaces did not necessarily indicate trans-
granular fracture; one side could have been the impression of a grain
left on the cobalt matriz if fracture occurred along a grain boundary.

The surfaces were also viewed through a scanning electron microscope.

However, at high magnification the two phases were not easily distinguishable.

7.10 Evidence of environmentally assisted slow crack growth in WC-Co materials

Double torsion specimens were not available in sufficient numbers to
allow an investigation of slow crack grqwth in environments other than
laboratory air. However, evidence of environmentally aésisted slow crack
growth was found when fractured pieces of bend specimens were soaked in
dilute nitric acid. Crack growth seen emanating from pyramid indentations
previously introduced into these specimens, led to a brief survey of the crack
resistance test as a possible methed of identifying and evaluating slow

crack growth.

7.10.1 Crack growth in dilute nitric acid

Four fractured pieces of WC-Co bend specimens Qith polished faces
were soaked in a 10% splution of nitric acid.

The first specimen - of WC 16% Co — contained pyramid indentations from
an earlier hardness test. After it had been soaked for a day, some
discolouration of the surfaces was noticed, particularly around the
indentations. Cracks at the four corners of the pyramid, also introduced
during the hardness test (see Section 3.4) appeared to have grown slightly.

After three days' soaking, discolouration was widespread; indentation

cracks were enlarged and crack growth was observed away from the indentations -

see Figure 7.15. The face which had been in tension during the bend test,
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(and which ¢id not contain indentaions), was cracked to a far‘gréater
extent than the coxpressive face, and in one place a cnip had come away.
At this stage, the acid solution had turned a pale maroon éolour,
indicating a reaction with the cobalt in the specimen, and contained a
sedirent of tiny particles of material which had broken away from the bulk,

A second specimen, this time of WC 13% Co, soaked in nitric acid,
displayed substantial cracking after one day. The pattern of cracking was
different from that seen in the first specimen, in that the cracks tended
to lie parallel to the specimen edges - see Figure 7.16, Further soaking
led to chips falling away from all edges to leave the specimen in the shape
of a lozenge (see Plate 7.7).

Another two specimens, one each of WC-13% and WC-16% Co, were soaked
and the crack patterns are shown in Figure 7.17, after two and five days.
Preferential cracking around edges in the WC-13% Co specimen is evident
once more {see Plate 7.8).,

Differences in crack patterns between the two grades of WC-Co
indicate either a fundamental difference in material response to acid
attack, or more probably, an influence of the specimen structure and
preparation. Specimens of the same grade of WC-Co were prepared together
(see Section 6.2,3) although different grades were prepared separately.
Thus, slight variations in, say, grinding or polishing, might have induced
different degrees of surface damage, or residual stresses, tending to
promote or inhibit crack growth.

Cracking in WC-13% Co specimens was observed to fellow not only the
specimen edges but also the fractured edge. This evidence coupled with
preferential cracking seen on the tensile face, indicates that the previous
strength test was an influencing factor. This supports the view that
controlling mechanisms are associated more with the condition of the

specimen than with the material alone,
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However, at present, the mechanisc

n

are UNXNOTM, Almrond et al

(1876), who observed spalling around hardness indentations when specimens
were exposed to hydrogen fluoride vapour, proposed that crack growth was
controlled by stress corrosive mechanisms whereby residual stresses
introduced during indenting, enhanced corrosion, Although this may explain
crack growth around irdentations in the present study, it does not explain
crack growth away from indentations. Microstructural and chemical
approaches to the investigation of material damage and reaction with

corrosive species are required to find out more about this behaviour.

7.10,.2 Environmental crack resistance tests

Evidence of surface cracking led to the development of the

crack resistance test to study slow crack growth in different environments.

Normally, cracks emanating from the corners of a pyramid indentation
are considered to be stationary after the initial application of the
indenting load, and their combined length a function of that load (see
Section 3.4). However, in a corrosive medium, it was hoped that slow
crack growth would occur and that the total craék length would be
influenced by not only the indenting load, but also the duration of its
application, and the test environment.

Hardness tests were performed on soda-lime glass microscope slides
and fractured halves of WC-Co double torsion specimens, in laboratory
air and distilled water, employing a range of loads and indenting
durations. Some specimens were soaked in water after indenting to

promote any stress corrosive crack growth enhanced by residual stresses.
Estimates of crack resistance, however, showed no significant

dependence on test environment, load duration or the inclusion of a period

of soaking after indenting. In hindsight, the maximum load duration (5
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minutes) was probably too short to prozmole a significant degree of siow

crack growth. Time was not available for further tests.

7.11 Supmary of crack propagaticn test resulis

Slow crack growth has been observed in WC-6% Co and WC-13% Co
materials in laboratory air, using the double torsion technigque. The
success of these tests was due, primarily, to the development of a new
technique for introducing pre-cracks into specimens, using a constant
displacement rate to induce crack growth from a machined notch sharpened
by spark erosion.

Crack growth behaviour, when displayed on a KI-v diagram using
logarithmic axes, may be characterised by a single straight limne, with
a series of spikes of rapidly decreasing and increasing crack tip velocity,
dispersed randomly along it. The spikes are assumed to be due to local
inhomogeneiE%s and, therefore, have been ignored during analysis of the
behaviour.

The value of the stress corrosion parameter,n, is estimated‘to lie
etween 60 and 180, No significant influence of material composition has
been detected.

The degree of slow crack growth in WC—-Co materials in air is much
less than in soda-lime glass, for which estimates of n from double torsion
tests lie between 15 and 19.

Soak tests on pieces of fractured bend specimens in a 10% solution
of nitric acid, have produced evidence of considerable slow crack growth,
the extent and location of which appears to be influenced by specimen

preparation and the previous strength test.
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Delayed fracture in siniered WC=Co materials has peen investigated
using two approaches - its influence on bend strength, and its dependence
upon slow subcritical crack growth,

Bend strength tests inveolving both constant rates of stress increase,
and s%epped loading, have displayed delayed fracture and the tire
dependent nature of strergth in VC-Co allcys containing 6, 13 and 16% Co
by weight, in laboratory air at room temperature, Characterising the
behaviour using the stress corrosion parameter,n, estimates lie between
30 and 120, If confidence bands associated with each estimate are also
included, the range of possible n is much larger, No evidence has been
found of a significant influence of material composition or specimen
surface finish,  nor has any variation in behaviour been detected
between specimens tested using different types of loading.

Double torsion tests have revealed slow crack growth in WC-6wt% Co
and WC-16wt% Co, in laboratory air at room temperature. The general
behaviour when displayed on a KI-v diagram with logarithmic axes, may
be represented by a single straight line. Estimates of n from the

gradient, lie between 60 and 180. No significant influence of material
composition has been detected., Further, no evidence has been fognd of
a limiting value of stress intensity factor below which slow crack growth
does not occur.

Both approaches have produced ranges of estimated n in the same order
of magnitude, and not very dififerent from the estimate of 200 by
Braiden et al (1977). Although estimates from double torsion tests
are slightly higher than those from bend strength tests (as found by
Davidge et al (1973) in similiar tests on alumina), the extent of each
range disallows any significance to be placed in the difference.

However, if a real difference exists, then it may be due to the fundamental



T
ways in whlch strength tests Jiffer <f£ron crack propagation tesis, as
discussed in Section 2.3.

Both approaches have alsco shown an apparent lack of influence of
material composition, If such an influence exists, then its effect must
be émallo

These results common to both approaches, suggest that in laboratory
air at room temperature, delayed fracture and the time dependent nature
of strength observed inbend tests, and slow subcritical crack growth seen
in double torsion tests are all controlled by similar failure mechanisms,

To investigate the influence of environment on delayed fracture,
bend strength tests were also performed in distilled water, incorporating
various presoaks. A trend of reduced strength was noticed in some
specimens, possibly indicating a stress corrosive reaction, However,
no evidence was found to support this., Indeed, inspection of the
fracture faces of some low-strength specimens indicated sub-surface fracture
initiation where environmental influence is unlikely.

Evidence suggesting that delayed fracture in WC-Co materials in
ambient conditions, does not require environmental assistance, came from
stepped loading tests. Inspection of the fracture faces of some specimens
which failed during a period of constant stress, thereby displaying
delayed fracture, indicated the critical flaw to lie sub-surface. Assuming
the materials to be impervious, slow crack growth apparently occurred
without the need for a corrosive species from the test environment to
be present at the crack tip.

However, both the effects of environment on strength and the source of
fracture need to be studied further. At present, there is insufficient
evidence for conclusions to be drawn, and thus, the influence of environment
on delayed fracture; mechanisms of slow crack growth; and hence, whether
stress corrosion occurs in WC-Co materials in ambient conditions, all

remain unknown,
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corrosive or not, have been observed and evaluated. The time dependent
nature of the streng:h of WC-Co materials in ambient conditions may be seen
by constructing an SPT diagram (see Secticn 4.6). Typical values of the
Welbull modulus, m=10, the stress corrosicn parareter, n = 100, and a
constant stress of 25C0 MN/mz applied to a specimen to give it a 50%
curalative propability of failure after ore second, were used to construct
the diagram shown in Figure 8.1.

The diagram illustrates that a decade increase in the lifetime requires
ﬁhe applied stress to be reduced by just 2%; equivalent reductions for soda-
lime glass and alumina are approximately 11% and 6% respectively. An
equivalent STP diagram for soda-lime glass in air is shown in Figure 8.2,
Delayed fracture in WC-Co alloys in ambient conditions, therefore, is
almost insignificant. Even for a lifetime increase of many decades, the
required reduction in applied stress is still far less than the variability
in strength due to material flaws, Safety factors introduced to reduce
the probability of failure will automatically lower the applied stress
to a level where delayed fracture effects may be ignored.

Far more significant is the slow degradation of unloaded specimens
when soaked in distilled water, or a 10% solution of nitric acid. In
distilled water, particularly severe corrosion occurred around surface
flaws tending to enlarge, or sharpen them. In nitric acid, corrosion
was accompanied by extensive slow crack growth across the surface, In
both cases, corrosion appeared to be controlled by structural aspects
of the specimen and material. Possible influencing factors include the
presence of a material flaw on the surface, and also surface damage and
residual stresses introduced during specimen é;paration,

The importance of this phenomenon lies in the way in which specimen

degradation - and, hence, reduction in strength and lifetime - occurs



over a periocl of tine, even when no exlernal Loads are applied; Hence,
relating this to components in service, tiz useful life ray nct cnly he
influenced by working loads and environments, but also by conditions of
storage.

Larger than all changes due to different types of loading, or test
envircnment, is the variability in strength caused by material flaws,
The random nature of the variation not only tends to cbhbscure effects due
to other factors but also introduces the need for a level of difference
to be achieved before each effect can be called significant. Thus, if
the effect is small, it may not be possible to prove its existence with
a given number of specimens, since the difference in strength does not
exceed the variability that might be expected due to material flaws.

This was Seen in the main environmental tests (see Section 6.92) where

an apparent trend of strength reduction occurred at the low cumulative
failure probability/low strength end of the Weibull line. Since
confidence in the line is low at either end, the trend, although noted,
could not be classed as significant without supporting evidence,

Variability in strength also limits the precisiop to which
parameters describing the behaviour can be calculated. Further, each
estimate must be accompanied by an indication of the confidence that
may be placed in it.

One method of reducing uncertainty is to increase the number of
specimens tested. However, to make any significant improvements, the
increase would have to be extremely large (Braiden, et al, 1977) which,
in the majority of cases, is impossible given limited time and finance,

An alternative might be to perform tests on hot isostaticallypressed
(HIP) WC~Co materials where variability in flaw sizes is reported to be
much smaller (Lardner,1974). However, conclusions drawn from HIP materials

may not necessarily apply to sintered materials,
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The alternative chosen for the presenl study was to maximise the
efficiency of data malysis. Hence the maximum 1ikelih§od analysis was
developed to analyse stress rate data from strength tests. By combining
strengths irrespective of the stress rate employed, the number of data
analysed together was increased by a factor of five, thereby consicerably
increasing the confidence in estimated parameters.

However, the technique merely provides estimates of parameters which
best fit the data. Since the recorded strengths come from random samples
of specimens, extreme values might be present, tending to distort the
analytical results, especially if sample sizes are small, A major
drawback of mathematical techniques is that such occurrences are not
immediately obvious,

The low-strength variation in soaked bend specimens from the preliminary
environmental tests, for example, would have been wrongly identified
by a mathematical technique, since the behaviour was unexpected. Instead
a graphical method of analysis using the Weibull diagram was more suitable.
Further, by using a transformation analysis in conjunction with the
Weibull diagram, a trend of decreasing Weibull modulus with increasing
surface roughness indicated by the maximum likelihood analysis, was shown
to be of little significance.

The use of a crack propagation technique such as the double torsion
test, avoids the variability due to material flaws by ensuring propagation
occurs in a controlled and measurable manner from a large artificially
induced crack. However,; the test involves a degree of practical difficulty.
In this respect, the development of a reliable and repeatable method of
precracking WC-Co plates has made the test far easier. Nonetheless,
improvements are still required, particularly regarding the method of
crack guiding, Grooves, used in the present study because cracks in

ungrooved specimens could not be stopped from deviating to one side, were



ot entirely satisiactory. In additicn to causing odcasionai abandenrent®
of the test when the crack travelled into the groove wall, they were
probably responsible for the wide scatter in KI-v lines obtained from
specirens of nominally the same material.

Other possible causes of scatter arve slight variations in material
composition or speciren preparation, This highlights another problem
with large crack techniques in that large specimens are required for
accurate crack growth measurement. However, the sintering of large WC-Co
plates is relatively difficult, often resulting in severe distortion.
Consequently, considerable machining is needed to produce a suitable
double torsion specimen, with the obvious likelihcod of introducing
surface damage and residual stresses,

Finally, a phenomenon peculiar to double torsion tests on WC-Co

L

materials is the observation of '"jumps" in load relaxation curves (none
were found in similar curves from soda-lime glass specimens). They
not only obscure a more general behaviour upon which they are superimposed,

but may also affect that behaviour and, hence, influence the estimation

of n. At present, neither their source, nor their influence is known.
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9. CINCLUSICNS

Aspects of the time dependent strength behaviour of sintered WC-Co

alloys containing‘6,13 and 16% cobalt by weight, have been studied,.

Bend strength tests, double torsion tests and soak tests have been used

to olkserve, and evaluate delayed fracture, slcw crack grcwth and corrosion,
at room temperature, in a variety of environments including laboratory air,
distilled water and dilute nitric acid.

Results of bend strength tests in air, indicate the presence of
delayed fracture mechanisms, in that the strength increases with the
rate of loading to fracture in stress rate tests, and that delayed
fracture has been observed directly during periods of constant stress
in stepped loading tests.

Double torsion tests in air have shown evidence of stable sub-critical
slow crack growth. When the behaviocur is displayed on a KI'V diagram
using logarithmic axes, it may be represented by a single straight line
lying close to the critical stress intensity factor. No lower threshold
for slow crack growth has been detected. Superimposed on the general
behaviour are randomly dispersed 'spikes' of rapidly increasing and
decreasing velocity, which are ascribed to local material inhomogeneities.

Using the stress corrosion parameter,n, to describe strength and crack
growth behaviour; estimates lie between n = 30-120 and n = 60-180 from bend
strength tests and double torsion tests respectively. ' The similarity
of both ranges suggests that failure mechanisms are the same in both
types of test.

No significant influence of material composition, or specimen surface
finish on n has been detected. Material composition has, however, been
shown to affect the Weibull modulus,m, and, hence, the variability in
strengths induced by random inherent flaws : m increases and the variability

decreases in alloys with higher cobalt contents.
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Compared with scda-lime glass in air, or alumina in Ringers
Solution, the grades of WC-Co studied display very little delayed
fracture., An increase in lifetime of one order of magnitude is
accempanied by a decrease in strength of approximately 2% - this is
far less “than the expecied varability in strength due to material flaws.

Strength tests in distilled water anc laboratory air have provided
ne evidence to suggest that delayed fracture is significantly influenced
by one environment more than the othexr and, hence, no evidence of
delayed fracture being significantly environmentally assisted. In
contrast, the strength and delayed fracture of alumina is influsnced
to a considerable extent when tests are performed in Ringers Solution
instead of laboratory air.

Corrosion of WC-Co materials has been observed when unloaded
specimens are scaked in both distilled water and in a 10% solution of
nitric acid. Corrosion in distilled water is particularly severe
around surface flaws, Subsequent bend tests have shown unexpectedly
low strengths to accompany failure initiated from heavily corroded
surface flaws, indicating the flaws to have been enlarged and/or
sharpened by the corrosive action. Soaking pieces of previously
fractured bend specimens in dilute nitric acid causes considerable slow
crack growth, the extent and location of which is apparently influenced

by specimen preparation and the previous strength test.

Corrosion independent of externally applied loads is far more
significant than stress enhanced corrosion in distilled water for the
WC-Co materials studied. This may be compared with alumina in Ringers
Solution where stress corrosion is dominant —.no evidence of stress -

independent corrosion has been found.



A sirple ﬁechnique‘has teen devélzpeﬂ‘fcr ﬁhe efficienf aﬁélyéis
of Celeayed fracture eifects in Jate cobtained from dbend sirsngth {ests
performed over a range of stress rates. The fracture mocdel, incorpcrating
theories of stress corrcsion and brittle fracture, with Weibuil statistics,
has an "extreme value" error distribution. Parameter estimration is
ccorplished using the methed of maximum likeliheod. Trhe techmigue
obtains the significance of any rate effect; estimates of the siress
corrosion parameter,n, and the Weibull modulus,m; confidence intervals
for these parameters; and an assessment of the validity of the model.
Another technique has been developed to compare strength data from
tests involving different types of loading to failurg. . Again using
theories of stress corrosion and brittle fracture, with Weibull statistics,
strength data are transformed to values that would be expected under a
common type of loading. The complete loading history is analysed from
the initial application of load to the point of fracture. This obtains
a graphical representation of the distributions of strength allowing the
immediate observation of any deviations from expected behaviour, and
extreme values which might distort the evaluation of parameters. It may
also be used to obtain estimates of the stress corrosion parameter,n,
A simple and reliable method of precracking WC-Co double torsion
specimens has been developed, A constant diSplacemént rate is applied
to propagate a precrack from a machined notch which has been sharpened by
spark erosion, The method permits easy control of the precrack length,
so that the crack tip can be precisely placed both outside the region of
material damaged by spark erosion and inside a region of the specimen

where stress corrosion theories are valid,



L0, TFUTURE WORK

Delayed fraciuvre, slow crack growth and corrosion need to be siudied
over a wider range of environments and at various temwperatures. By so
coing, lLaboratory tests can approach service conditions met by WC-Co
corponents.

The present study has involved cobservation and evaluation of the
effects of time dependent failure mechanismg, However, to investigate
the mechanisms directly, microstructural and chemical approaches are
needed to discover the corrosiwve chemical reactions and factors
controlling reaction rates.

Individual items arising from the present study, which are likely
to benefit from further work include an investigation of sub-surface
fracture initiation in bend specimens failing during a period of
constant stress; the development of a suitable method of guiding
cracks in double torsion specimens; an analysis of "jumps" seen in
load relaxation curves from double torsion tests on WC-Co materials;
an investigation of the role of flaws and cracks in confrolling corrosion
and the possible influence of residual stresses; and further development

of the crack resistance test to study slow crack growth.
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WC-6wt%Co

WC~-13wi%Ce

WC~16wt%Co

Nominal composition

by weight

Chemical anaiysis

Porosity (ASTM)

Hardness (HV)

Density (gm/cms)

Coercivity (KA/m)

Co
Ti
Fe

Bend Strength (KN/mmz)

TABLE 5.1:

6%Co  94%WC

5.70/5,85%
6.00/6,50%
< 0.05%
< 0,03%

A2,B1-,Cl-
1500-1600

14.8-15.0

13.5-15.9

1,54-1.85

13%Co 877WC

5.2/5.4%
12.5/13.5%
< 0,05%
< 0,02%

A2,B1-,Cl-

1175-1275

14.16-14.35
7.5 - 9.5

2.39-2.70

i

L6%Cc 84%Co

5.0/5.2%
15,5/16.5%
< 0.05%
< 0,20%

A2,B1-,Cl-
1050-1150
13.80-14,00
6.7 - 8.4

2.47-2.93

Characterisation of Materials - Manufacturer's specifications



BEND SPECIMENS

DOUBLE TORSION SPECIMENS

LWCG%CO WC13%Co WC16%Co WC6%Co WC13%Co WC16%Co
f »z
Mean free path in f |
ccehalt, A () 1 0,16 0.35 0.44 {_ 0.12 C.26 0.32
o ! ﬁ
f i
Mean WC grain ! f
size dwc,(u m) ! 1.4 1.3 1.3 ; 1.1 1.0 0.9
! il
| |
Mean hardness (Hv) 'i i
(8tad Dev,nisz%) 1700 1280 1150 1630 1280 1170
Mean crack resistance
W(kg/mm)
(Std,Dev?‘Q30%) 0.12 0.34 0.63 0.12 0.39 1.09
Coercive Force
Hc(0e) I 240 108 95 - - -

TABLE 5,2: Characterisation of materials - laboratory test results




Variable Typical Value largest estimated
. error
Load, P (N) 2000 15
T.hvree—p01nt bend 16 00005
span, L (mm)
Specimen width, 5 0.05
b (mm)
Specimen depth, o 0.01
d (mm)
TABLE 6.1. Largest estimated errors in variables

used to calculate the bend strength.



No, of Range of No, of ML 95% conf. ML 95% cont, Slgrlf;cance 2.

h i . i i i Nt PR X .
Material izzzzzens i;;§§3322E§§ gzgéggent g;t;mate ';2;e§val gz,;maie %g;eﬁval cf rale e;;eut
Soda-lime glass 68 4-260 7 19 14-28 8.6 7.2-10.2 5 x [.C78
WC-6wt%Co(1)* 60 0.1-1000 5 110 46-# 6.5 5.3-7.8 C,.2
WC-6wt%hCo (2)* 60 0,1-1000 5 34 24-56 6.8 5.6-8,1 7% 207°
WC-13wt%Co(1) 58 0.1-1000 5 93 50-620 9.1 7.3-11.2  0.223
WC=13wt%Co(2) 58 0.1-1000 5 120 59-1100 10,0 8.0-12.2  ©.028
WC-16wt%Co(1) 60 0.1-1000 5 45 34-70 8.8 7.2-10.6 2 x 200
WC-16wt%Co(2) 60 0.1-1000 5 110 64-330 12.4 9.9-15.0  €,2047

TABLE 6.2: Maximum likelihood estimates of m and n, related confidence intervals and the significance of
observed rate effect u51ng bend - strength data from stress rate tests in laboratory conditions on soda-lime
glass and WC-Co materials,

% Surface finish of specimens: (1) ground; (2) diamond polished,

7 No finite upper limit exists.

## P = probability of rate effect. belng at least as large as that observed when the null hypothesis is. true
(conventionally, P<0.05 is termed 51gn1f1cant")



Variable Typical Value Largest Estimated
Error

Load, P(N) 100 0.3
Specimen thickness,

d (mm) 1.0 0.015
Thickness in grooved
region, d, (mm) 0.5 0.015
Specimen width,

W (mm) 25 ) 0.06
Moment arm,

Wm (mm) 7.5 - 0.01

TABLE 7.1. Largest estimated errors in variables used to
calculate the stress intensity factor, Ky
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FIGURE 2.1: Typical form of the KI‘V diagram, showing the three
regions of slow crack growth behaviour lying between the lower

threshold Kig, and the critical level, Kjic. Ki - plane strain
stress intensity factor in the crack opening mode, I; Vv - crack

tip velocity.
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FIGURE 4.1: Typical form of the SPT diagram, Gb - constant applied

stress;

F - cumulative failure probability; t - lifetime,
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FIGURE 5.1: Inverse crack resistance (1/W) plotted against Vickers

three grades of WC-Co material studied.

hardness (HV) for the



i

1

11 1) !

0,1

N I (S W I 1 11

¢, (MNm2s-1)

10

100

L1 L Yo

i i1 | &Y

1] 1. | ]

1000

A A A

-

X

I\

)

1000

FIGURE 6.1:

1200

1400 1600 1800

on WC-6% Co specimens with ground faces.

2000

2200

2400
0¢ , ( MNm‘Z )

Strengths (0}) recorded from stress rate (& ) tests at ZOOC, in laboratory air,

2600



0,1 T IS T VIS N2 U W N |

1 i BTV | | | IS NS 0 VO W |

&, (MNm2s-1)

10 1 1L 1111 I T (|

100 1 ) 1 ] { i '
1000 ] Lty [ T RN

. . . n L . . _

1000 1200 1400 1600 1800 2000 2200 2400 2600

o, (MNm2)

FIGURE 6.2: As Figure 6.1 for WC ~ 6% Co specimens with polished faces.
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FIGURE 6.3: As Figure 6.1 for WC-13% Co specimens with ground faces.



! L u L1 L
0,1 N E— 1

¢, (MNm2s1)

|

! l

1

i

10 1 b\ I 0O IO O | [N j
H

H

i

100 ! {11 Lo !
i

|

1000 1 i1 | N I | T | t1d ! i

N o

1000 1200 1600 1600 1800 2000 2200 2600 2600 2600 3000

o, C(MN w2 )

FIGURE 6.4: As Figure 6.1 for WC-13% Co specimens with polished faces.
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FIGURE 6.6: As Figure 6.1 for WC-16% Co specimens with polished faces.
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FIGURE 6.8: As Figure 6.7 for WC-6% Co specimens with ground faces.



FIGURE 6.9: As Figure 6.7 for WC-6% Co specimens with polished faces,



FIGURE 6.10; As Figure 6.7 for WC-13% Co specimens with ground faces.



FIGURE 6.11: As Figure 6.7 for WC-13% Co specimens with polished faces.



FIGURE 6.12: As Figure 6.7 for WC-16% Co specimens with ground faces.



FIGURE 6.13: As Figure 6.7 for WC-16% Co specimens with polished faces.



FIGURE 6.14: As Figure 6.7 for examples of two artificial data sets,
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FIGURE 6.15: Strengths (G} ) recorded from stepped loading tests at 20 C in laboratory air, on
WC-16% Co specimens with ground faces. tﬁ - constant stress duration; F - listed values indicate
levels of cumulative failure probability, taken from stress rate tests, to determine constant

stress levels, Crosses below the line indic¢ate a failure during a period of constant stress.



Fol%) 5 10 20 30 405060 7080 90

O i ) | | i1 I | I | i1
|
2 |
:Q 50 1 | | % §Jﬂ 5 i
- X
o
500 ] 1 1 1 § g %
5000 ‘ , . § R g

1600 1800 2000 2200 2600 - 2600 2600 3000 3200

op , (MN w2 )

FIGURE 6.16: As Figure 6.15 for WC-16% Co specimens with polished faces,
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each constant stress duration (tp). (a), all results analysed; (b)),
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FIGURE 6.26: Strengths (G} ) recorded from stress rate tests at ZMN/mzs on WC-13% Co specimens at ZOOC, in
laboratory air (A), and distilled water (W), both with (S) and without (NS) a presoak of 150 hcurs in

distilled water - preliminary environmental test data.
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FIGURE 6.28; Strengths (oﬁ} ) recorded from stress rate tests at 1 MN/m s on WC-16% Co specimens at ZOOC,
in léboratory air with no presoak (NS/A), in laboratory air with a presoak in distilled water for 40 minutes

(SS/A), and in distilled water with no presoak (NS/W) - main environmental test data.
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FIGURE 6.31: External views of a fractured bend specimen drawn
diagrammatically. (a) tensile face; (b) side view. 0 indicates

the site of fracture initiation.
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FIGURE 7.1: Common large crack technique configurations. (a), edge

cracked three point bend; (b) edge cracked four point bend; (c) compact
tension; (d), double cantilever beam; (e), tapered double cantilever

beam; (£f), constant moment; (g), double torsion,
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FIGURE 7.3: Double torsion crack front, drawn diagrammatically to
show direction of cracking, (Symbols are described in the text.)

FIGURE 7.4: Double torsion crack growth model. al is the extent

of lengthwise cracking in unit time. (Other symbols are described

in the text.)
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FIGURE 7.6: Typical load~time recoxrd for crack growth through a

double torsion specimen loaded undera constant displacement rate.



FIGURE 7.7: Approximate shape, in cross-section of crack-guiding

grooves in double torsion specimens used in this study.
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FIGURE 7.9: KI
Also shown are the spread of results from tests in distilled water (A),
(both at 25°C) obtained by Evans (1972)

and results from tests in toluene
- stress intensity factor in crack opening mode (I); v - crack tip

KI
velocity.
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FIGURE 7.11: Typical form of KI-V'diagram for WC-Co materials, showing

the effect of "jumps" in load relaxation curves.
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See Figure 7,12 for details.
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FIGURE 7.15: Cracked surfaces of the first WC-16% Co specimen to be
soaked in a 10% solution of nitric acid. - after 3 days. F; fracture

- face; T, tensile face; C, compressive face. Shaded regiohs indicate

where chips have broken away.

/

FIGURE 7.16: Cracked surfaces of the first WC-13% Co specimen to be
soaked in a 10% solution of nitric acid - after 1 day. (See Figure

7.15 for details of symbols, )
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FIGURE 7.17: Cracked surfaces. of the second WC-13%~CO and WC-16% Co specimens to be socaked in.a 10%

solution of nitric acid - affer 2, and. 5 days (see Figuré 7.15 for details :0f symbols).
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- FIGURE 8.1: Typical SPT diagram for WC-Co materials in ambient

conditions. F - cumulative failure probability; Ob ~ constant

applied stress; t - lifetime.
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