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5.2 FATIGUE

N

Extensive fatigue testing of the tungsten
carbide-cobalt alloys has produced da/dN vs AKy
curves for a wide range of load conditions. The
effects of: mean stress intensity (Kypy), stress
intensity amplitude ( AKp), R ratio (Krmin/XImax)
frequency, temperature, carbide grain size (d),
and cobalt content have been investigated. Most
of the results obtained can be adequately sum-
marised graphically.

FPatique Crack Growth Rates for R Ratio < 0,1

In many applications of WC-Co alloy compcnents (drill
bits, dies, anvils, rolls, ete.) the load is either on or
of £ i.e. an R ratio (Ppin/Pmax’) ©f zero. In the Ffirst
series of tests a low R ratio was selected so that crack
growth ef:rects observed would be consistent with those
expected under <conditions commonly encountered @ in
practice.

When using the double torsion tes: it is undesirable
to have impacting of the load points which may cause the
specimen to shift out of alignment. A constant minimum
load of 0,1 kN was therefore maintained while the maximum
was varied to obtain the stress intensity range required,
givirg an R ratio less than 0,1, (actual values
0,03 - 0,08),

The 'constant K' characteristic of the double torsion
geometry enabled numerous results bto be obtained from one
specimen.

The crack yrowth rates for the range of alloys
investigated are summarised in Figure 5.6. (The
individual graphs and data points are given in Appendix
6). In order to avoid confusion and crowding of the
graph the results for alloy G6 are not included, however
the curve Ffits between the 10 and G100 data as would be
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expected.
Tt is immediately obvious that as the cobalt content

and carbide grain size increase, the corresponding
fatigue resistance increases. Hence, for a particular
stress intensity range, (R < 0,1), the crack growth rate
decreases as the mean free path increases. (Figures
5.7 -5.9), In addition it is clear that the value of the
exponent 'm' decreases as the mean free path increascs,

(Figure 5.10).
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5.2.2

Fatique at Constant Mean Stress Intensity

Fatigue testing at an R valug less than 0,1 may
represent industrial applications most accurately but it
Jdoes not provide useful mechanistic information. In
order to maintain a constant R value both the stress
intensity range and the mean stress intensity are
increased, the individual influences of AKy; and Kyay are
not isolated.

In an attempt to determine the mechanisms of fatigue
crack growth in WC-Co alloys tests have been carried out
on three alloys, 810, G6 and Gl0 at a constant average
stress intensity with stress intensity range increasing
(Kray constant, AKy increasing). The load ranges used
are summarised schematically in Figures 5.11, 5.12.

Crack growth rates in the alloys tester increase as
the siress intensity range increases, and are mean stress
intensity dependent (Figures 5.13,5.14 and 5.15). Most
significant is the result that the exponent 'm' in the
Paris 'law' increases with increasing Kyay. The tests
carried out on the Gl0 alloy (2 specimens used) show that
below a certain mean stress intensity ‘m' remains
constant. This is supported by the results from the S10
and G6 alloys although less data were obtained for these
two alloys. (Figures 5.16 - 5.18),

It is probable that 'm' starts increasing when the
peak stress intensity (Krmax) is ceufficiently large to
enter the regime of sgtatic crack growth. (Figures
5.11,5.12). (Static crack growth tescs have not been
carried out on G6).
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Figure 5.16 Alloy 810, WC-10Co fine grained
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Fatigue at Constant Stress Intensity Range

In order to determine the effect of mean stress
intensity, independent of the stress intensity range,
alloys S10 and Gl0 were tested at a constant stress
intensity range, with the mean stress intensity
increasing (Figure 5.19). The results show that provided
Ktmax 1s below the static crack growth regime, the
fatigue c¢rack yrowth rate increases linearly (on a
log-loy plot) as Kyay 1increases (Figures 5.20,5.21).
This in itself shows that da/dN is not a simple function
of AKp but has a significant dependence on Kigy.

The influence of Ky on crack growth rate in fact
reflects the effect of the absolute values of Kypay and
Kimin and is not in itself a controlling mechanistic
parameter, (discussed in Chapter 6).

t would be quite feasible to plot graphs based only
on Krmaxy ©or Krmin:, but AKXy and Kray are the most
convenient parameters for defining the cyclic loading.

As the peak stress intensity Kipax reaches the static
crack growth regime (Section 5.1.1, Figure 5.1) the rate
of propagation increases dramatically, the gradients
tending towards the very high values obtained for static
growth., (Figures 5,22, 5.23).
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5.2.4 Constant R Values

As previously mentioned in Section 5.2.2 the ratio of
Kimin/Kimax I8 not very useful for interpreting
mechanismg of crack growth because at a constant R value
poth Ky and Kray increase. Engineering fatigue data is
nowever still widely quoted in terms of the R ratio., The
raason for this is that in a component containing a crack
subjected to a mean load with a superimposed cyclic load
noth the mean and cyclic stress intensity range increase

s¢ rhe crack grows.,

i ,
! ’ /
i re Ve
; N l -
EL R ratio remains constant

e |
ey LR
;WMM
P~ crack length

sraphs of constant R have been derived from the
monstant Kyge results using the equation:

AKT = 2(1L - R) Kyay

(1 + R)

Ar. R value is selected and using one of the Kyay
values plotted 4Ky calculated. (Figures 5.24-5,26):

Klav= Kiays=
e

4

b da
i dN

R R

1]
<
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Frequency Effects at R < 0,1

The effect of frequency on crack growth rate can
be used to indicate whether time dependent static crack
growth ccntributes to the fatigue propagation rate.

The technique employed to determine whether frequency
has an effect was the 'change-over' test, Fatigue crack
growth was monitored at a selected load range and
frequency, and without changing any other conditions the
frequency is increased or decreased by a factor of 10.
Alloys S10, G10, Gl5 and 25E were tested at 50 Hz, 5 Hz
and 0,5 Hz.

The results are somewhat confusing, since crack
growth per cycle was observed both to increase and
decrease as the frequency was reduced, (Figures 5.27 -~
5.31). The changes in da/dN are however small, always
less than 2x, which is well within the scatter expected
from successive tests at the same freguency. (Figures
5.32,5.33).

In the load ranges tested there is no significant
frequency effect on the crack growth rate (da/dN),
(Figure 5.34). However, increasing the frequency from 5
to 50 4z increases the crack growth rate w.r.t time
da/dt, by a factor of 10. (FPigure 5.35). This is strong
evidence for a fatigue mechanism that 1is not time
dependent.
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VARIATION IN da/dN WLITH FREQUENCY
Alloy G10, WC-10Co coarse grained
|00 -1 o -
o AKp = 7,73 Mim™ AKp = 7,96 MNm *
8O :5\ GZS&% Qe —
&
Q
-3
o
a
'L:
oy
10 = -
5 OWo 0O  QE0 © —
da ‘
N metre/cycle
, | | |
o™ ® jo77 0”@
Figure 5.3% Graph shows no significant chenge in crack growth rate
per evele as frequency increases,
VARTATTION IN da/dt WITH FREQUENCY
Alloy G610, WC-10Co roarse grained
100 {—
N
= - / / -3
>, AKy = 7,73 Mn "% " LKy = 7,96 MNm ™
50— & e 0®
: Vs /
o
[+¥]
4
<o
[0
Bl 0o o 0O O
3‘3 metre/second
t
\ | | I
T 0@ jo~ 5

Figure 5.35 Graph shows siguificant influence of frequency on

crack growth rate with respect to time.
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Faticue Fracture Path

It is extremely difficult to determine from fracture
surface studies whether the fracture is predominantly
intergranular or transgranular, The method of matching
surfaces developed by Luyckxlls is extremely tedious and
has not been used in this study, although it could well
be considered advantageous in any future work.

" alternative technigue was used to study the path
of the fatigue fracture. The r:gion of the crack tip is
first cut from the double torsion specimen. Approxi-
mately 0,5 mm is then ground off the surface which is
then polished and etched for optical and scanning
electron microscopy.

The micrographs (Figures 5.36 - 5.38) show that the
crack is primarily intergranular, propagating either
through the cobalt binder or at the WC-Co and WC-WC
boundaries. Transgranular fracture of the carbide grains
is however not uncommon. [f there is free carbon present
close to the line of propagation the crack deviates
through it, selecting the line of least resistance.
(Figure 5.36).

There is evidence to suggest that the binder spans
the crack behind the tip, but these apparent ligaments
(as arrowed in Figure 5.39) may only be asperities that
have bridged the crack surfaces when the displacement has
decreased due to load removal. (It should also be remem-
bered that debris and damage may be introduced to the
crack during grinding and polishing.)

The extremely tortuous nature of the crack shows that
local fracture comprises a combination of mode I and mode
IT opening,
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Figure 5.36 Alloy S 10 Optical 1000 X
da/dN = 5,0 x 10”7 m/cycle ‘
AK,= 7,64 MNm3/2 1
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Figure 5.37 Alloy € .J Optical 1000 X f
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| ' Figure 5.38 Alloy G 10 SEM 2200 X !
] da/dN = 3,67 x 1076 m/cycle
AK, = 4,49 MNm3/2 F
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R = 0,57 ;
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Figure 5.39 Fatigue fracture path at crack tip, alloy

G10, WC-l0Co coarse grained, loading details
as for Figure 5.38. Arrows indicate sites
where ligaments sesm to span the crack.
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Fatique at Elevated Temperature

Many cemented carbide components are subjected either
to fatigue loading at elevated temperatures or thermal
cycling, or indeed a combination of both. It is there-
fore desirable to determine the effect of temperature on
the rate of crack propagation. Some preliminary results
have therefore been obtained for alloys S$10 and Gl0 which
have been tested using the procedure detailed in Section
4,7, at an R ratio < 0,1,

Effect of Thermal Cycling

Befcore carrying out elevated temperature Efatigue
loading the effect of thermal cycling was checked. This
was particularly necessary because the method of moni-
toring high temperature fatigue crack growth involved
periodic thermal cycling. Crack growth was monitored in
two 810 alloy specimens at room temperature using'a AK1
of 7,18 MNm~3/2 and Kyay of 4,04 MNm~3/2, Once the rate
had stabilised the cyclic load was switched off and while
the mean stress intensity of 4,04 MNm~3/2 was maintained
{in load control) the specimen heated to 5009C for half
an hour. After cooling, the heating element was moved
and the position of the crack tip carefully located using
the microscope cross hairs.

In 10 tests carried out on two different specimens no
change in crack length due to heating and cooling only
could be detected.

In addition the crack growth rate hefore and after
a heating cycle was aessentially identical, (Figure 5.40),
This result confirms that no crack advance occurs during
the thermal cycling; if it did, there would an apparent
incruease in the growth rate in tle subsequent measure-
ment. It also shows that the combined effects of static
load (Kigtatic = 4,04 MNm~3/2 during heating) and tempera-
ture do not alter the subsequent crack growth rate.
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The vartiations in growth rate are typical of the
range observed in the material during standard fatigue
testing, (Section 5.2.5, Figures 5,32,5.33).

Elevated Temperature Fatigue Testing

The most effective method of checking for the effect
of temperature on cyclic crack propagation was to deter-
mine growth rate at ambient, then to heat the specimen to
the required elevated temperature and subject it to the
identical applied loading, i.e. a 'change-over' test.

(i) WC-10Co, fine grained (alloy §10)

A typical result for an 810 alloy shows that
there is a slight increase in growth rate at 2500C,
hut that the sam2 loading at 5009C results in a
growth rate more than 100 times greater than that
measuraed at ambient temperature. (Figure 5.41).

After cycling at 5009C there is ocrasionally a
no growth situation for a number of cycles. This may
be due to crack tip plasticity, created at 500°C,
which subsequently retards the propagation at ambient
tempaerature.,

Graphs of crack growtn rate vs stress intensity
range (da/dN vs AKp) were obtained at both 2500C and
5009C although more tasts were carried out at 5000C.
The secatter is considerable. (Figures 5.42, 5.43).

(ii) WC=10Co, coarse grained (alloy G10)

Th 10 wk% cobalt, coarsce grained alloy behaves
differently to the fine grained equivalent. Below a
certain stress intensity range there is no increase
in the growth rate duec to the elevated temperature.
However once above this AKyp level the increase is
considerable and on a par with that observed in alloy
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$10. Thus a negligible increase in da/dN is shown at
AK; = 8,47 MNm~3/2 put at a stress intensity range
only slightly greater, AKy = 8,97 MNm~?/2, a marked
increase in growth rate 1is apparent (FPigure 5.44,
5.45),

Tests at 250°C show no change in da/dN,

After the 500°C loading a region of retarded
growth normally occurs. When the data from tests at
5000C are plotted in the form of a da/dN vs AKg
graph, it appears that the elevated temperature only
influences the crack growth rate at a stress inten-
sity range greater than ~9 MNm~3/2, (Figure 5.46).
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5.3 FRACTURE TOUGHNESS
Fracture toughness measurements were made on the
alloys tested by loading the specimens to failure, under
stroke control, at a ramp rate of 0,05 mm/sec.
The toughness increases approximately linearly with
mean free path and decreases as hardness increases,
(Table 5.1, Figures 5.47 - 5,49).
The number of Kjyc results per alloy is small due to
the high cost of the specimens.
1 Table 5.1
' FRACTURE TOUGHNESS AND MICROSTRUCTURAL DETAILS
N OF ALLOYS TESTED n
Alloy d Nnom | Atrue HV 30 | K1¢ (mean) | No. of :
um um pm kg mn~2 | MNm=3/2 tests H
S6 1,040,093 0,186 1541 8,22 2 r
S10 1,110,216 | 0,338 1337 9,17 2 |
G6 2,910,327 {0,654 1377 10,03 2 1
G110 3,110,608 | 0,950 1215 11,32 3 s
Gl5 3,511,090 | 1,453 1043 13,26 1
25E 3,211,882 (2,163 798 15,68 2
1
1
a
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5.4 FRACTOGRAPHY

Scanning electron microscopy was carried out on all
the grades tested for three different fracture modes:

(i) Fatigue at R ratio < 0,02
(ii) Fatigue at R ratiox 0,6
(iii) Frast fracture

It was immediately apparent that careful preparation
of the sample and suitable protection of the fracture is
vital in order to ensure reasonable results. Figures ;
i 5.50 and 5.51 illustrate the hopeless situation when the

surfaces are degraded during cutting. It is clearly
N impossible to interpret poor quality fractographs; for
example, compare Figures 5.50 and 5.51 with 5.54. The
! ) definition in the coarse grained alloy fractographs is

e as

considerably better than in the fine grained, as would be
expected.

The fractographs show that there are no distinguish-
able differences between the fracture surface morpho-
logies of fatigue and catastrophic crack propagation, in
any of the alloys tested. (Figures 5.52 - 5.57).

Primarily intergranular fracture with the formation
of ductile dimples in the binder phase and transgranular

cracking of large carbide grains 1is characteristic of

both the fatigue and fast crack propagation.
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6 wt% cobalt fine grained

Figure 5.52 S6
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Figure 5.53 510 10 wt% cobalt fine grained 204
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! Figure 5.54 G6 6 _wk% cobalt coarse grained 205
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10 wt% cobalt coarse grained
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rigure 5.57 A58 25 wt% cobalt coarse grained 408 %
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6 DISCUSSION

6.1 INTRODUCTION

It  has been unequivocally  proven that crack
T propagation by cyclic fatigue occurs in  tungsten
carbide-cobalt hardmetal allaoys. There is however n»
immediately obvious explanation for this behaviour,

particularly as the fractnre morphologies of fatigue and
fast fracture are indistinguishable.
Both the static and fatigue crack growth rates
determined are slightly greater than results reported in
\ the literature for similar alloy compositions,103,109-111

i.e. crack propagation occurs at lower stress intensity
values. (Pigures 6.1, 6.2). The absolute differences
are, howeveaer, not great and the effects of cobalt content

and mean stress intensity are in complete agreement. The j
ohgervations and data summarised in the following !
sections can thereforz be assumed to be valid, and hence

form a sound basis for the subsequent discussion.
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CRACK GROWTH UNDER STATIC JOADING

Background

Static crack growth is by definition a time dependent
phenomenon, normally associated with environmentally
assisted fracture mechanisms, Thus, such subcritical
crack growth is normally associated with phenomena such
as stress corrosion cracking in metals and hydrogen ion
attack in glasses and ceramics,l47, 157

In conventional metal systems at temperatures low
compared to the melting point, static load stable crack
growth does not occur unless an environmental mechanism
operates. However crack propagation studies in vacuum
have shown that slow c«¢rack growth is possible in glass
aver. in the absence of a corrosive environment.157,158 1p
this rather exceptional case crack growth is a thermally
activated process in which atomic bonds are ruptured by
additional displacements caused by thermal fluctuations

at the crack tin.157

Static Crack Growth Rate

Two alloys, S10 and GLl0, were monotonically loaded in
air at room tempera*ure using dye penetrant to monitor
crack growth. The results, which confirm those reported
by Osterstock,l03 show that static crack growth does not
occur below a stress intensity of ~0,9Kyc and that the
exponent 'n' in the equation da/dt = A(Kp)D has a value
in the range 125 - 200.

There i3 no evidence Lo indicate whether this is an
environmental effactk or not. Tte laboratory air and/or
the dye pencliran’ may constitute a sufficiently
aggressive onvironment to cause suberitical cracking at
stress intensities close to the fracture toughness.

| jé
ikt - = - - " i i o’ N . "
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6.2.3 Observations in SEM

Tests were carried out in the high vacuum chamber of
f, a scanning electron microscope Lo establish whether
static crack growth could occur in an inert (vacuum)
+ environment. Fracture and crack arreskt are observed
(Section 5.12) but do not show unequivocally that stable
subcritical cracking is an environmentally-independent
phenomenon in WC-Co alloys. There are two reasons for

this: .

(i) In the test system used the load application is

N displacement controlled. Immediately crack
L propagation starts therefore, the applied stress
' intensity decreases by 'load relaxation'. Results

from the large scale tests (Section 5.1.1) show that
aven in the air environment once Ky < 0,9 Kyc crack
propagation ceases, therefore only a small reduction
in load is suftficient to cause crack arrest.

(ii) A specimen geometry with a low angle tapered notch
has been used so that the thickness of the web
increases continuously along the length. (Figure
4.13). The stress intensity is inversely
proportional to (web thickness)%, so that for a
given load, as the crack advances and 'sees' a
thicker section +the eoffective applied stress
intensity decreases and once below the critical

value the ecrack arrests,

It is quite possible therefore that the crack only
initiates when the fracture toughness, Kpo, 1s reached.
The reduction in stress intensity as the crack propagates

prevents catastrophic fracture of the spezimen an” causes
arrest after a small increase in crack lenygth,

Thus, the 8SEM test observations do not prove that
static crack growth occurs in WC-Co alloys abt stress

intensities below the Cracture toughness in an inert

environment, \
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FATIGUE CRACK PROPAGATION

Fatigue Mechanisms in Metals

It is not feasible here, nor indeed appropriate, to
describe or discuss the many mechanisms that have been
proposed to account for crack propagation in materials
subject tc cyclic loading.

There are however a few Ffundamental principles which
are necessary to outline for an understanding of the
mechanisms which may lead to [fatigue crack propagation in
tungsten carbide~cobalt alloys.

Fatigue grack growth rates can frequently be defined
by the well established relationship da/dN = C(AKp)M,
(also called the Parig 'law'). The exponent 'm' 1is
widely considered to be a primary indicator of the
mechanisms that contribute to crack growth.

Thus, values in the range 2 - 4 are common for
ductile materials where crack extension per cycle is
likely to wvary proportionally to the crack opening
displacement (COD) which in turn is a function of the
square of the applied stress intensity, AKp2.152 rhe
mechanism of growth is largely dependent on the nature of
the slip process which operates in the plastic region at
the crack tip, with crack growth primarily dominated by
the raversed cyclic stress intensity, AKy.

It is howaver pogsible for 'static modes' of fracture
such as brittle cleavage and microvoid coalescence to
contribute to the overall cyclic crack growth.160,161
These are offectively superimposed on the 'conventional'
fatigue, Theser monotonic modes of fracture are
different, and must not be confused with, static crack
growth due to effects such as stress corrosion or
hydrogen cracking. Materlals in which these modes of
fracture operate can often be identified by fatigue crack

growth rates which have:
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(i relatively high vaiues of the exponent 'm', and

)
(ii) a mean stress intensity dependence.

Static or monotonic modes of fracture during a
fatigue cycle depend only on th2 maximum stress level
reached at the crack kip. The apparent mean stress
intensity, Kray. depenuence in fact only reflects the
influence of the maximum stress intensity, Kipax. and 1is

not in itself a controlling parameter,l16l

If static fracture modes operate the additional con-
tribution to crack advance per cycle results in the high
'm' values. For example, in aluminium alloys as strength g
increases, toughness decreases and 'm' increases, 160 and
in high strength steels values of 'm' up to 10 have been
reported,162-164

The monotonic and cyclic mechanisms of fatigue are

dependent only on the maximum stress intensity and stress
intensity range of the 1lrad cycle. The crack growth . ]
rate, da/dN, is therefore independent of frequency. '
Crack growth rates that show a variation with frequency ‘
normally result from time dependent contributions to !
crack growth (Section 6.2) but in some materials may be /
due to strain rate effects.

Thus, if fatigue crack growth rates are unaffected by
variaiions in frequency, it is unlikely that environ-

mentally assisted [racture (which can also lead to static

b cin

crack growth) is ocourring.

Fatigue Crack Growth Rate Results in WC-Co Alloys

The results obtained which are relevant to the

discussion on fatigue mechanims in WC~Co alloys are i
briefly summarised below:

(i) Patigue crack growth rates in all alloys tested
incr. 3e with increasing stress intensity range
in accordance with a so-~called Paris 'law' of
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the form da/dN = C(AKy)™®, but are also a
function of the mean gstress intensity.
(Sections 5.2.1, 5.2.2).
4 (ii) Fatigue crack growth rates decrease as the mean
free path of the cobalt binder increasea.
i (Figures 5,7 - 5.9).
(iii) The values of the exponent 'm' are in the range
10 - 20, inereasing as the mean free path
decreases or mean stress intensity increases.
(Figures 5.10, 5.16 - 5.18).
y (iv) Fatigue crack growth rates increase drama-
j tically when the maximum stress intensity
. during the load cycle reaches the level at
which crack growth is obseved bto occur under
X ‘ static load. (Figures 5.22, 5.23).
. (v) There is no significant effect of frequency on
| S da/dN. (Figure 5.34).

(vi) Fractographs from fatigue ana Ffast fracture
surfaces are so similar they are indistinguish-
able. Microscopy of the fracture indicates
that it 1s predominantly intergranular, re-
maining primarily in Lhe cobalt binder:
however, cleavage within the carbide grains is i
also frequently observed., (Sections 5.2.6, g

5 5.4). -

13 (vii) Crack growth rates are increased at elevated

" (500°C) temperatures. (Figures 5.42, 5.43, 3 |
5.46) .,

These results and obscervations suggest that both |
cyclic and static modes of [racture contribute to the '
fatigue crack growth rate. In particular, the high value
of the exponent 'm' and the dependence on mean stress
intensity are indicative of a dual mechanism of fatigue.

Time dependent crack growth does not appear to
operate in fatigue, since da/dN is essentially indepen-
dent of Frequency. There is, however, evidence that when

e N

|
|
-
)
g/




Q 217

the peak stress intensity reaches the Level at which
crack propagation occurs under static load, the static
crack growth mechanism acts and there is a rapid increase

1 in growth rate, (Figures 5.22, 5.23). It is predicted
that da/dN would be influenced by freguency at these high
¥ peak stress intensity levels since the static crack

growth is time dependent, but variable frequency tests
have not baen carried out in this load range.

Thus far, the only results that have been used to
indicate whether Fatigue crack ygrowth is dependent on the
cycliec loading, and is not simply guasi-static crack
growth, are the frequency efects discusszed above.

N Pursuing this point, Evans, in two papers with other

authors, 140,146 hag described a mathematically sophisti-
cated but extremely useful method of deriving fatigque
propagation data from static crack growth results. The
analysis is based on the assumption that the mechanisms ’
of crack growth in fatigue and static loading are iden- : #
tical, i.e. the cyclic effects have no additional contri-

bution to the crack advance per cycle. The crack velo-~ ﬂ
city at each point during a load cycle is therefore equal

to the velocity as determined by static crack growth L
measurements, i.e. if the crack velocity at 7,5 MNm—3/2 :; “

4 is 10~7 m/sec under static load then during fatigue as
N the stress intensity passes through the value 7,5 MNm—3/2

th. velocity at that instant is also 10~7 m/sec. The net !
fatigue crack growth rate can therefore be predicted from “
j« ‘ static measurements by integration of the cyclic stress
intensities.

The mathematics shows that tone fatigue data, plotted
i with AKp/Kiay etonstant, should then have the same slope ¢
as the static growth curve, Data reductioa of the i

resulte obtained from alloy Gl0 (Figure 5.15, KXravy
constant, AKy varies) immediately shows that the slopes

and hence mechanisms for the Ffatigue and static crack
growth rates are different. (Figure »n.3).
This confirms the conclusion iwmplied by the fregquency
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i effects that fatigue crack growth is a truly cyclic

mechanism in :his material.
It is apparent that as the fracture toughness of the

alloys increases the resistance to fatigue crack growth
also increases. Thus by normalising AKy, for R ratio
< 0,1, with respect to the fracture toughness of the
alloys, the fatigue crack propagation rates fall within a
reasonably narrow range, (Figure 6.4). The results are :
in fair agreement with Viswanadham's data.ll4 1In
addition, as th» toughness (and mean free path, Figure i
5.10) increases the value of the exponent 'm', for R ; 1

ratio < 0,1, decrcases. (Figure 6.5).
It may therefore be possible to  approximate

fatigue c¢rack growth data in WC-Co hardmetal alloys
N . . -

simply by determining the Ffracture toughness, an 'm'
value can then be obtained from Figure 6.5 and crack

growth rate from Figure 6.4.
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the fatigue crack propagation rates fall within a
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' v reasonably narrow range, (Figure 6.4). Tne results are

in fair agreement with Viswanadham's data.ll4 1In
addition, as the toughness (and mean free path, Figure
5.10) increases the value of the exponent 'm', for R ‘ :
atio < 0,1, decreases. (Figure 6.5). ‘

't may  therefore be possible to approximate
g cabpgque wrack growth date in WC-Co  hardmetal alloys
A : simpty by determining  the fracture toughness, an 'm'
‘alue can  then be obtained from Figure 6.5 and crack

o

qrowth rate f[rom Figqure 6.4.
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'm' IN THE EQUATION da/dN = C(AKI)m AS
A FUNGTION OF THE FRACTURE TOUGHNESS,

FOR R RATIO<O0,1

s
I"lRAC'L‘URE 'ri,)ucum:ss IMNm “

2

Figure 6.5

(2 3 14




A SR it N R

222

FRACTURE TOUGHNESS

The fracture toughness values are all below those
determined by other investigators with respect to both
hardness, an easily measured mechanical property, and
mean free path, a rather inexact microstructural para-
meter, (Figures 6.6 - 6.8). There is no obvious expla-
nation for this but the primary reascon appears to be
assocliated with the excess carbon, in the material
tested, which is reported to be extremely detrimental to
mechanical strength.30,92-94  (gection 2.7.4, Figure
2.8(e)).

ot . .
LA e A G Lk

&

e S

A e



223

£°9 @an31g g*g 2anfTg
9'i + zl o'l g0 90 +'o 2o 7 +) Z' o'l 80 90 Yo 20
m ] N T _ _ O S ” r
wi CHIVE AN NVAR F0NL wil HIVd 3944 NVDx TYNIRON
B ] B (6" @an813 7IS) ]
(01°C 2an814 ¥AS) FLAIVIALIT HHI NI TYAIVEEALIT HHI NI QAL¥0ddd ASOHI
- Q31¥0dTd 3SOHL 0L QHEVANOD 40T I8V g - 0L UTAVAN0D A0T TIV QINIWYHLIE] —
SINTVA “HIVA FMEd NVIEK A8 30 SAYIVA “HIVA FFdd NVIK TVNIKON 40
NCILIONAL V SV SSENHIAOL FWAIOVEZ . v NOIIDKIA V SV SSENHDN0LI MENLIOVEA v |
3 2| .
—0]

1y

hY

4
=t Ct
: s -
[3 . AW mw
= . >4 m
2 , a @ v =
' X < o a e o e —
g ® A% bVl o =
= o v
= v ©%v 2 )
A ? Z 02 l
= _ _ -
- A =
= R .
[ m :
) w o] 3
™ . .
* v
T —G¢
Q‘l‘l
A X . h |

o *

o

Ak

PR




i 224
o ‘
i *g FRACTURE TQUGHNESS PLOTTED AS A FUNCTION OF
&
o VICKERS HARDNESS,VALUES ARE LOW COMPARED TO
0 61,98,100 =
25 E THOSE REPORTED ELSEWHERE® *°°?
: 100
<) (1) Ingelstrom and Nordberg )
& ) 61 ) HV load not quoted
E (2) Pickens
£ (3) Nakamura and Gurland98 (HV 15)
)
[}
20 - \ ~
‘ \\\
N N \
,v' o \
SR .
15t \ ™
o) .
\\
~
\
N2
10 \ —
N
(3) N
0] \g\
5 I
VICKERS HARDNESS kg mm
| I l | | | | | | |
00 900 1000 (06 (200 [300 [400 [500  [6OO 700




6.

225

MODEL. OF THE CRACK TIP

A model system, similar to that propoéed by Evans, 15
is envisaged as being the most appropriate, i.e. a
brittle low toughness carbide phase in a high ductility
high toughness binder.

The carbide grains impose a triaxial constraint on
the binder. The degree of consgtraint and hence the local
nmechanical behaviour Jdepends on  the hinder layer
thickness. In places where the constraint is high the
binder has high streagth and low ductility. As the
constraint decreases (binder layer thickness increases)
the vyield strength decreases and strain to failure
increases, (Figure 6.9)., Hence at the crack tip, as the
load is applied and crack displacement increcses, the
highly constrained binder will fail by ductile rupture
and microvoid coalescence (a static fracture mode) while
the 1less constrained will elongate and form ligaments
spanning the crack. In addition, the local orientation
of the binder film with respect to the crack plane will
influence 1ts behaviour. Plastic flow and elongaticn of
a binder layer perpendicular to the crack is easier than
for one in the plane of the crack. (Figure 6.10).

The tungsten carbide grains in the region of the
crack tip behave as microstructural fracture toughness
spacimens and if the prevailing stress intensity in the
immediate vicinity of a grain exceeds the fracture
toughness of tungsten carbide, fracture of the grain
occurs.

At any position, therafore, the crack front is likely
to be ill-defined, with intact cobalt ligaments spanning
the crack behind regions of decohesion by ductile rvupture
and fractured carbide particles. (Figure 6.10),

Under a monotonic load the binder ligaments spanning
the crack provide a restraint to the crack opening,
opposing the applied stresg intensity at the crack tip.
As long as the strain to rupture of these ligaments is
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greater than the local c¢rack displacement, they will
inhibit crack advance. The failure of these binder
ligaments is controlled by the strain a particular
ligament can tolerate and this in turn is a function
primarily of the degree of constraint imposed, i.e. the
hinder layer thickness.

As the binder layer thickness 1increases local
constraint is reduced, the ductility increases and the
binder spans the crack more easily. The average binder
thickness of an alloy, defined by the mean free path,
therefore controls the inherent  toughness of the

composite. (Figures 2.9, 2,10).
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Schematic view of crack front perpendicular to the plane of the crack
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Figure 6.10 Schematic representation of the crack front
in WC-Co alloys.
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MODEL FOR STATIC CRACK GROWTH

At stress intensities below the static crack growth
regime for the composite, but above the fracture
toughnesys of the tungsten carbide grains, the binder
provides sufficient restraint to crack opening to prevent
fracture. As Lkhe stress intensity increases the
displacements at the crack tip increase until the point
is reached where ligaments tear apart by strain
controllad local necking, and normally fast {fracture
would occur. The stress intensity is either below the
value at which the binder fails or is at the critical
value, Kic.

However, since subcritical crack growth is observed
te ovccur it is necessary to invoke some time dependent
mechanism for failure of the highly strained ligaments,
at stress intensities close to the fracture toughness.
There are only two possible mechanisms: creep, which is
vary unlikely at room temperature, and environmental
affects due to the laboratory air and/or dye penetrant.

As digscussed in Section 6.2 there is no confirmatory
evidence to indicate whether or not the mechanism is
environmental. Tests in vacuum or an inert atmosphere,
using a crack growth monitoring technique other than dye
penetrant, are needed to determine the extent of the

environmental influence.
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MODEL FOR FATIGUE CRACK GROWTH

In discussing fatigue the ill-defined crack front
previously described is  assumed, (Figure  6.10).
Consider, for example, a set of 4 idealised intact binder
ligaments at the crack tip, subjected tc alternating
stress.

The crack surface separation, at a given distance
behind the crack tip, is the same for each, identical
load cycle. The ligaments, particularly thuse furthest
from the crack tip are subject to extensive plastic
strain. (The residual stresses in the binder due to the
different thermal expansion coefficients have been
theoretically estimated to be above yield, Section 2.6).
Assume a typlcal stress-strain curve for the cobalt rich
binder; each ligament 1is at a particular point on the
curve, (Figqure 6.11),

Strain

e 0 8 B < e * .

Fracture strain

Figure 6.11

[2
N
) ﬁ_ L N TN

Start of necking .
e l N "7‘5""*-«'% *
A - e .

P O Uy S

e




230

tF rhe arack 4did not advance in sucecessive cycles
Ligament would elastically unload and reload to its

e

wach
identical point on the curve, same strain, ad infinitum.
since the results obtained show that fatigue

} However,
does ocour and the crack advances in succegsive cycles a

aeananisnm of cyclic damage must operate, altering the
“rate of the crack tip by the load-unload-reload event.

" Almond and Roebucklll have proposed a work hardening
in which the binder ligaments become in-

s

merhanism
I ayeasingly less ductile with each fatigue cycle. However
m “ne degree of work hardening is a strain controlled pro- 5

;ass, and it can only increase if the strain on the liga- s

ments  ingreases, l.e. if the c¢rack advances. The |
‘ mechanism does not offer an adequate explanation of how [
5\ the crack could advance, The status quo of individual Y
‘ . Ligaments ealastically unloading and reloading (Figure
ﬁ 5.11) is a closed-loop situation in which work hardening, J
per e, cannot cause crack ygrowth. 3
'z 1t is possible that stress cycling could cause the |
l matastable f.o.c. structure (12 slip systems) to undergo }
4 stress induced transformation to the room temperature (
, stable h.c.p. structure (3 slip systems). Since very g
1ﬂ littls is known about the parameters that control this - [
f transformation no precise mechanism c¢an be proposed. . I
Howaevar, if the percentage of binder transformed in-
‘ areages with the number of cycles as reported by Miyake
o et a1.104 khen it is possible that the ligaments become
b ‘ inereasingly less able to extend to the imposed strain at
f the "ecrack tip and after & certain number of cycles
f% Fracture. The crack can then advance and the next liga-~
ment which has been subjected to the same fatigue cycling .

now oxperiences greater strain causing failure in the

subsequent cycles.
Alternatively, 1f each ligament is considered as an

individual microstructural tensile spocimen, conventional
low aycle fatigue mechanisms can conceivably lead to

Tailure,
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Evansll® has proposed an extremely acceptabl.
mechanism for cyclic crack advance in WC-Co alloys due to
plastic buckling and consequent failure of the binder
ligamen*s during the unloading half cycle. As the number
of effective ligaments providing restraint is reduced, on
the loading half cycle the crack advances by static modes
such as cleavage of the carbide and microvoid coalescence
in the binder. On relo ding new ligaments are formed at
the c¢rack tip and the ligaments remote Efrom the tip
elongate; some remain intact and others, particularly
those that have severely buckled during previous
unloading cycles, fail by ductile tearing,.

The extent of c¢rack advance by static modes is

dependent on the maximum stress intensity, Kipayx, while
the buckling damage to the ligaments depends on the crack
closure, i.a. the minimum stress intensity, Kimin-

The effects of Kigpax and Kipins reflected by the
influence of both AKy and Kyapy on da/dN, are adeqguately
explained by this model.

The constant mean stress intensity tests, show a
lower limit of approximately 10 for the exponent 'm' in
the Paris rwelationship, although C values increase as
Kiav (and Kipmax) increases. This the mechanisms, which
govern the value of 'm', remain the same as Kgpgy
increases buk the actual growth rate at a given AKXy
increases as Kiapy (and Kipmax) increases. This means that
binder ligament failure is the controlling Ffatigue

mechanism and is  totally a function of AKXy but the
incremental crack advance is d pendent also on the static Y
fracture modes which are predominantly a function of ?
Kimax- None of these mechanisms is time dependent. ;

The increase in 'm' as Kipax approaches stress inten-
sities at which static growth occurs ig hardly sur-
prising. The quasi-static growth already discussed
obviously cenktribotes significantly to the crack advance
per cycle.

et
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ﬁ The decrease in 'm' as the mean free path increases i

| means that the incremental crack advance per cycle 1is
reduced. The binder ligaments are thicker and therefore
lass constrained and more ductile; less will £fail by
buckling on the unloading half cycle. On reloading,
therefore, there is a reduced length of crack advance by
static modes before the restraint imposed by the
ligaments is restored.

The increased crack growth rate at elevated
temperature is aLiso explained by this model. The
strength of the binder is reduced such that buckling and
necking failure occur at lower local stresses, while the
basic mechanism remains unchanged.

It is, of course, quite possible that more than one
mechanism contributes to the fatigue crack growth.
Failure of ligaments could be due to the combined effects
of buckling and subsequent necking, work hardening, the
f.c.c. to h.c.p. transformation and conventional low

cycle fatigue. . '

—_




6.8 ANVIL FAILURE

There are insufficient data available for an in depth
fracture mechanics analysis of anvil failures, However,
it is interesting to calculate the approximate fatigue
life using the data for alloy 810, which illustrate the
effect of different stresses, initial flaw size and
temperature.

Blumenthall has determined a maximum tensile stress
in anvils, approximately aalfway down the nose cone, of
700 MPa (101200 psi) for a synthesis pressure of 6300 MPa
(63 kbar).

Fatigue crack propagation normally initiates at some
internal or surface defect. Flaws are usually present
N . to some extent in the microstructure of WC-Co alloys in
| the form of non-metallic inclusions and porosity.71-74

The diameter of these flaws is typically in the range
20 - 100 pm,71+72,74 although larger pores do occur.?’4 :

Fatigue life (or number of cycles to failure, Ng) is
determined by integrating the equation da/dN = C(AKI)® as
outlined in Section 1.1 to ~btain:

Ng = 1 ac(1~-m/2) - aj(l-m/2)
CEMITM/ 2AS 555)M(1-m/2)

where:
Nf = number of cycles to failure

C = constant
geometric constant

&
[

e m = crack growth rate exponent
h A6 app = applied stress range
critical flaw size

o)
9]
i

initial flaw size

o
[N
i
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& The c¢ritical flaw size is calculated wusing the

equation Kipo = ¢cfapp(TTa)% where the geometric constant
o has the following values:

“'\{
(1) suvface flaw, ? = 1,12 { \L a

B

2a

(ii) internal defect, % = 1,0

For simplification, a value of 1,0 has been assumed for
all the calculations.

The constants 'm' and C an. the fracture toughness
are obtained from the crack growth rate results, (Figure
L _ 5.42). The fracture toughness of 7,62 MNm~3/2 for S10 at

500°C has not been experimentally determined but is
' inferred from the crack growth data.

Room temperature (RT) 5000C i
m 19,2 19,2 i
c 8,20 x 10725 5,69 x 10722 5
K1g 9,17 MNm~3/2 7,62 MNm~3/2 i

{ ) ‘ The critical crack length, ag, is calculated using
"’ the fracture toughness and the applied stress. A value
for the maximum tensile stress of 700 MPa is reported by

Blumenthall but calculations using a 20% greater stress
i.e. 840 MPa, are included to show how stress level - '
affects the life.

Critical crack length, acx
RT 5000C
700 MPa 54,6 ym 37,7 pm
840 MDa 37,9 pm 26,2 um
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Hence the fatigue life is calculated as follows:

At room temperature:

N - 1 et
8,20x10725(1)19, 219, 8(1-9,6)Ac 5,191 2

At 500°C:

Nf = l '{ac'—els—-ai—spsl
5,69x10722(1)19,2T9,6(1-9,6) AS 5p19/2] Eg

A range of typical pore sizes (diameter 20 - 100 pm)

has been used for the initial crack length, ‘

! (aj = 10 -~ 50 pm). ’ h
. The influence of stress level, flaw size and
temperature on expected life is clearly illustrated in

Table 6.1. Tt is immediately obvious that the initial P ﬁ

defect size, aj, 1is of primary importance in the life '

expectancy of a compon nt. An internal pore with a : 3

diameter of 40 pm (aj = 20 pm) gives an expected life of ﬂ

14600 cycles at room temperature and 700 MPa stress, but

doubling the initial defect size (aj = 40 pm) reduces the - ’
life to only 35 cycles. Increasing the operating tem— i

perature and stress also causes a considerable reduction ;
in the Llife, f {

Although these calculations may partly explain the
variable 1life obtained from anvils, (Table 1.2), the : J
existence of crack:s considerably larger than the critical : Y
defect size is not well understood, (Figures 1.1, 1.2).
The only fecasible oxplanation for this anomaly is that 4 s
the predominantly compressive stress field, and the steel
rings used to constrain the anvil, prevent catastrophic
failure. Hence, cracks can grow to sizes substantially
greater than those calculated in the fracture mechanics
approach. A more detailed analysis of the stress
condition in anvils and fracture mechanics data for the
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g actual grades used may provide a still better theoretical
i explanation for the observed operational 1life of
i these components.
Table 6.1
r
EFFECT OF STRESS, FLAW SIZE AND TEMPERATURE ON LIFE
Number of cycles to faijilure N
ai RT 500°C :
| _(pm) 700 MPa 840 MPa 700 MPa 840 MPa
10 5,66 x 106 | 1,71 x 103 8163 246 s
N , L g
15 | 1,73 x 105 | 5228 249 7 i i
. 20 1,46 x 104 | 438 21 5
| | 25 2140 63 3 :

30 | 444 12 %
35 | 116 2 i
20 | 35 | :
45 | 11 i,

93}
Q
w
a1

i
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CONCLUSTIONS AND RECOMMEN -

DATIONS FOR FUTURE WORK

CONCLUSIONS

Experimental Technique

The double torsion test has proved to be eminently
suitable for both static and fatigue crack growth rate
measurements in tungsten carbide-cobalt alloys, parti-
cularly as a method has been developed whereby the
direction of crack propagation can be controlled. The
use of a reliable procedure to obtain centre 1line
fracture in specimens without gronves means that the
unknown effect of these grooves on the stress intensity
calculation is eliminated.

Crack monitoring using dye penetrant and a travelling
microscope has permitted extremely sensitive crack length
measurement, to a precision of 0,01 mm. The absence of
frequency effects on da/dN suggests that the dye pene-
trant does not influence the crack growth rate. It is
therefore an accurate and valid measurement technique.

Static Crack Growth

Static crack growth under monotonic loading in the
laboratory air environment occurs only at stress inten-
sities close to the fracture toughness, Ky > 0,9Kyc. An
alloy's resistance to static crack growth is therefore
totally predictable from the fracture toughness. Asg the
mean free path of the c¢obalt binder increases the
toughness and stress intensity required for static crack
growth increase, These results are consistent with those
reported by Osterstock.103

i
N
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Crack propagation and arrest have been abserved in
high vacuum in a scanning electron microscope. This does
not however prove that stati~ stable crack growth can
occur in vacuum since the test procedure used causes the
stress intensity to decrease as the crack (which may only
initiate at Kyc) propagates.

Fatigue Crack Growth

Fatigue crack growth rates increase as the stress
intensity range increases and can be described by a power
law of the form da/dN = C(AKT)M, as reported in other
investigations,109-112

In the range of alloys tested, as the mean free path
of the binder increases (cobalt content and grain size
increase) the crack growth rate and the value of the
exponent 'm' decrease, in agreement with Lueth's
results, 110

Fatigue crack growth rates are dependent on the mean
stress intensity level, increasing as Kyazy increases, as
reported by Evans and Linzer.l09 However, provided the

maximum stress intensity reached is below t+  © vels at
which c¢racking occurs under static load, the -nt 'm!
has a constant value, In the case of all! - .  + (WC-10

wt% Co, coarse grained) this value is approximately 10.
Therefore as Kpay increases, the mechanisms (which
control  the value of ‘'m') remain the same and the
incrrased growth rate observed ig due to additional crack
advance by static modes resulting from the increase in
KImax. This shows that the cyclic crack propagation is a
function of the absolute values of the maximum and
minimum stress intensity in the load cycle.

The fatigue c¢rack growth rate increases dramatically
when the maximum stress intensity reached during the load
cycle is above the level at which c¢racking occurs under
static load.
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Fractography

Fractographs of fatigue and fast fracture are indis-
tinguishable. Ductile dimples and ligament formation in
the cobalt-rich binder and occasional transgranular
fracture of the tungsten carbide grains are features
characteristic of both Ffatigue and catastrophic crack

propagation,

Model for Fatigue Crack Propagation

Fatigue c¢rack propagation occurs by true cyclic
mechanisms but static modes of fractnre contribute to the
crack extension per cycle and this results in the
relatively high 'm' values obtained. A model is proposed
in which binder ligaments spanning the fracture surfaces
behind the c¢rack tip fail by plastic buckling dJdamage
during the unloading half cycle. The effects of work
hardening, the f.c.c. to h.c.p. transformation and
conventional low c¢ycle fatigue, or a combination of
these, may also lead to crack 4growth in the binder. On
the loading half c¢ycle the crack advances by static
modes, such as «eleavage of the carbide grains and
microveid coalescence in the binder, until the restraint
to crack opening and advance, imposed by the intact and
newly formed binder ligaments, is restored.

y .
~
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7.2 RECOMMENDATIONS FOR FUTURE WORK

There are several aspects of this investigation
that require further work for complete clarification
and, if the research programme 1is to continue,
particular areas which should be developed.

7.2.1 Double Torsion Test Geometry

The use of double torsion test specimens without
grooves, and the ability to ensure centre line fracture,
has eliminated most of the uncertainties of this test
technigne that remain unresolved. (Section 3,5, Table
3.3).

The method has outstanding potential as a standard

test for brittle materials. However, a three dimensional
finite element analysis 1s probably required, to provide

a sound theorstical basis for many of the aspects which ¥ H
are at present only experimentally Justified. In ; |
particular the effects of the following need to be ; ﬂ
determined analytically: ;

st 4
Pt

(1) specimen dimensions on the reglon of constant & q
stress intensity ; I

{(ii) alignment on the direction of crack propagation
(iii) grooves on the stress intensity calculation. f? ﬁ

7.2.2 Crack Length Measurement

The procedures used to measare crack length and hence ;
crack growth rate are laborioas and time consuming but ¢
are oextremely effective and accurate. The only

contentious aspect is the possible environmental effect
of the dye penetrant.

Indirect measurement of crack length is a desirable
and in an inert environment or at elevaked temperatures
an almost essential method of monitoring fatigue crack
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growth. The electrical potencial drop system has been
used by Almond and Roebucklll on wWC-11Co bend specimens
and compliance has been us2d successfully in other
ceramic materials,l127,143,144

Crmpliance measurements attempted in this
investigation were nobt very successful primarily due to
the Fact that small changes in crack length could not bhe
detected, (Section 4.5). It is possible that by using
LVDT's with higher sensitivity this technigque could
provide an indirect c¢rack monitoring system.

Inert Atmosphere and BElevated Temperature Tests

There is no evidence so far to prove whether or not
static crack growth in WC-~Co alloys is an environmentally
contreolled mechanism, This can only be resolved by
testing specimens in an inert or vacuum environment using
remote crack length measurement, (Section 7.2.2), under
load control. Load relaxation tests, in displacement
control are unlikely to be successful due to t*e cact
that the crack arrests after only a small decrease in
load. (Section 4.5.3),

The clevated temperature tests need considerable
refinement so that the whole specimen is at temperature
and in an inert atmosphere. Once again remote or
indirect crack growth monitoring is required.

Fracture Toughness

The fracture toughness values obtained were rather
lower than expected with respect to both the mean free
path and the hardness. Although the probable cause for
this is the excess free carbon in the material supplied
it would be useful to confirm the values by manufacturing
three-point bend, Kye, test specimens from the fractured
double torsio. specimens.
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rowt. The wlectrical potenbtial drop system has been
aaed by Almond and Roebucklll on we-11Co bend specimens
ant compliance has  been used successfully in other
ceramic materials, 127,143,144

Comp Liance measurements attempted in this
investigation were not very successful primarily due to
nhe Fact that small changes in crack length could not be
datected, (Section 4.85). It is possible that by using
T ' with  higher sensitivity this  technigue could

rrovide an indirect cvack monitoring system.

Inert Atmogphere and Elevated Temperature Tests

dhers s no evidence so bar to prove whether or not
tatice crack growth in WC-Co alloys is an environmentally
conbtrolled mechanism. This can only be resolved by
caaling specimens in an inert or vacuum environment using
samote grack length measurement, (Section 7.2.2), under
toad control. Load re.axation tests, in displacement
ontrel are unlikely to be successful due to the fact
tiat ke crack arrests after only a small decreagse in
oad, (BSection 4.5.3).

The: «levated temperature tests need considerable
rotinement. so that the whole specimein is at temperature
and iy an inert  atmosphere., Once again remote or
vadiesl arack grewth monitoring is required.

Fracture Toughness

Thaee Eracture  toughness values obtained were rather
iowen bhan expected with respect to both the mean free
bl and the hardness. Although the probable cause for
Fits im khe excess free carbon in the material supwlied
it wonld be useful to confirm the values by manufacturing
th wepaint bend, Xy, test spacimens from the fractured
Aot Loraion apecimens,

P
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In Situ SEM Studies of Fracture

The fine grained 6 wti% cobalt alloy mged por She
small scale double torsion fracture sbudies In  bhe
scanning clectron microscope showed that the hkechnigue
has considerable potential. However, if it iz to be wvoed
to investigate models for fracture, for ezxample
confirm whether or nolt binder ligaments exiet behind e
arack tip, a higher cobalt, larger grain size oil.r
should be used. The increased size of the micioo-
structural features (mean free path and grain sino:
should enable fracture processes to be identified reov.
easily at the available wmagnification and resolutin:,

Fractography

The 'matching pairs' fractographic technigue ased
Layckx:l6 is laborious but is extremely effective -
assessing the extent of transgranular and intergranuls:r
fracture. A 'landmark’® must be located on the opposiu:
fractures before matching areas can be photographed. =
landmark consists of an exceptionally large grain, are=z
of porosity or similar defect. Since these are not
abundant, considerable effort has to be made going fromw
one surface to the other scarching for a suitabiy
dominant feature., The method however could be ideal fox
quantifying and comparing the percentage of intergranula:
and transgranular fracture in different alloys on buoin,
fatigue and ecatastrophic orack propagation surfaces.

General

There is a considerabl: watrix ol babigue  antd
material parameters rhat coonld be investigated in tatare
work.
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Loading wave form: a comparison of the fatigue
crack growth rates obtained from triangular and
square wave cycling would confirm that,
provided Kipax 1S below the time dependent
static crack growth stress intensity level,
da/dN is dependent only on cyclic mechanisms
and the values of Kigmax and Kipmins and show
that if Kyimax is above this level only then do
time dependent mechanisms contribute to growth.
Elevated temperatureg: many components operate
at temperatures above ambient, Further tests
are required to characterise the influence of
temperature .. fatigue crack growth rate for a
range of alloys.

Fatigue threshold: fatigue crack growth rates
below 1072 m/cycle require long term testing
and have not been determined in this investi-
gation. It would be useful however to deter-
mine whether a fatigue threshold exists., If it
does . . : stress intensity range or stress level
fov iufinite life could be predicted.

Alloying of the binder and the use of other
hardmetal systems: there are numerous hard-
metal alloy combinations in addition to the
most common WC-Co system. It would be useful
to investigate whother any benefit o fatigue
resistance can be derived Ffrom alloy additions
to the cobalt binder, the use of TaC and TiC
grains or even completely different binders,
such as nickel,

The synergistic interaction of ail these

variables.
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APPENDIX 2

Information used to determine microstructural parameters

for the alloys tested.

The Appendix contains:

) Typical microstructures

(ii) Weight percentage to volume percentage
conversion

(iii) A graph of Vicker's hardness vs mean free path

to show how the values compare with those

reported in the literature.
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4
! . Figure A2.1 Alloy 86, WC-6Co fine grained x 1200
| .
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Figure A2,2 Alley S10, WC-10Co fine grained x 1200
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a
b Figure A2.3 Alloy G6, WC-6Co coarse grained x 1200 |
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Figure AZ.4 Alloy GLO, WC-10Co coatse grained X 1200
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. Figure A2.3 Alloy G15, WC-15Co coarse grained x 1200 [
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Figure A2.6 Alloy 25B, WC-25Cn coarse grained x 1200
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i

i WEIGHT PERCENTAGE TO VOLUME DERCENTAGE CONVERSTON

Density of WC = 15,7
Density of Co = 8,9

e e o 829 (Volume fraction Co)
15,7(Volume fraction WC) + 8,9(Volume fraction Co)
8,9{,
U ¥/ N
15,7(1 - lcu) * S’QfCo

Weight fraction Co =

wtiCo 5 10 19 20 25 30
volfCo 8,5 16,4 23,7 30,6 37,0 43,1

30 -

TAGE COBALT

o
Ut
et
{

|

- LH

VOLUME PERCEXN

| WEIGHT P ;:2 RCENTAGE | COBALT |
|
7” o 5 B BT 20 25

Figure A2,7
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mramples of specimens with large defects apparent on the

surface,




Figure A3.1 Alloy 25E

Figure A3.2 Alloy S10
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APPENDIX_4

Drawings for test rig load system
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APPIENDIX 5

Details of unsuccessful attempts to obtain crack growth

rate data by indirect monitoring.

(1) Static crack growth measurement by load
relaxation

(ii) Fatigue crack growth measurement by monitoring
deflactions of the load points as the crack

propagates
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Static crack gr -wth

Crack growth rate measurement by load relaxation
monitoring under displacement: control is given by the
following equation a~ defined in Section 3.4.4.1.

e - zuibsde)
adt P2 \dt

The load relaxation is monitored using both a chart
racorder (Figure A5.1), and a Commodore Pet computer

linked to the load output, see programme below.

Programme:

10 0 = 107*%256: BY = 3276.8
20 ADC = (0453

30 T = TI

35 OPEN 4,4

36 CMD 4

40 IF TIL < T GO TO 40

50 SYS(ADC): V = USR(3)/BY
60 SYS(ADC): U = USR(2)/BY
61 MEAN = (INT(LE3*LDL+V)*.5/2))/1E3
65 RT = (INT(LE6*(LDL-V)*,5/300))/1E6
70 PRINT"LOAD = "V;"DIGP = "U;"RATE = “RT; "kN/SEC"
"MEAN = “"MEAN; "kN"
80 T o= T+18000
82 LRI =V
90 GO TO 40
100 PRINT #4
110 CLOSE 4
READY

el OO
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Readings at 1 minute intervals extracted from print out.

TIME (mins) LOAD {(volts) AP (volts) AP (kN

0 4,02832

1 4,01855 9,77x10-3 4,885%x10"3

2 4,01367

3 4,00879

4 4,00391

5 3,99902

6 3,99902

7 3,99902

8 3,99414 2,44x10~2 1,221x10~2

9 3,99414 | |
10 3,98926 ﬁ
11 3,98926 ’
12 3,98926 E
13 3,98438 i
14 3,98438 |
15 3,98438 a,76x1.0~3 4,880x10~3 :
16 3,97461 ' “
17 3,97461

26 3,97461 ]
27 3,97461 ;
28 3,96973 1,4741072 7,325%x10~3

32 A 3,96973 \

Trtal AP = 4,02832~3,96973 = 0,05859 volts = 0,0293 kN in
30 minutoes.
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Calculation of da/dt;

da = :éiBi(QE)

de P2 \dt
aji = 120 mm
P;y = 2,614 kN

(1) 0 -~ 1 min

I

da = 120x10-3 2,014(4,855x10“3)
at (2,0117)2 60

= 4,83x1076 m/sec

Ky = 4,495(2,0117)
= 9,043 MNm—3/2

(2) 16 - 28 min

!

da = 120x10-3 2,014(7,33xla:§\
dt (1,9880)2 13x60

= 5,74x10"7 m/sec

Kt = 4,495(1,9885)
= 8,938 MNm~3/2

No account has Dbeen taken of the background elastic
relakxation of the load system, but since the data that is !
obtained is vory limited and, due to the very small load
ralaxation, unreliable, the method was abandoned early on
in the investiqation.

v
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Crack growkh rate measurement by testing under load

conbrol  {(fatigue load range constant) and monitoring

specimen deflection (which in  theory increases as the

raok advances).

AN BP {dN

a = ¢rack length

vy = apecimen deflection

4 = pumber of cycles

i+ =+ mear load

B = slopz of compliance curve (dC/da) = 3Wy,2/wWd3G

Wy o+ loading moment
W o specimen width
! = specimen thickness
S ahear modulus = B/2(L + v )
Lo oelastio (Young's) modulus
» Poigson's ratio

“aliulations

Alloy B0, Wi-l0Co Fine grained

L ST1 I & U (Figure 2.14, Section 2.8.6)
U, 1 (FPigure 2.13, Section 2.8.6)
G Wh0w Lo 225%10% Nm-2

2OLRD, 20)
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B = 3(28,5x10~3)2
75, 5%x10~3(6,72x10~3)3(225x109%)

4,73x10~7 N-1

i

1 A compliance - crac Tength calibration has been
obtained (Figure AS5.2) and gives a B (dC/dai value of

6,5x10-7 N-l which is in reasonable agreement with the
calculated value. These values should be compared !o
thogse reported by Williams and Evansl24 for 4130 steel
(dc/da
(dc/da

{i

1,59x10~5 N-1) and Nadeaui43 for vitreous carbon
2,34x10~5 N-1)., (Figure 3.15).

i

da=1 [ay
dn BP \dN/

to
It

4,73x10~7 n-1 !
1,1x103 N (load range used = 0,1 to 2,1 kN)
i dy/dN = 1x1073 mm in 1170 cycles (Figure A5.3)
8,55%x10~12 m/cycle

av)
ti

it

RUE WO e S T T -

da = 8,55x10~12
dn (4,73%10-7)(L,1x103)

i

1,64x10~8 m/cycle .

The actual value measured using dye penctrant is
7,30x10-6 m/cycle. This gives an error of over 102 in
the c¢rack growth rate determined by monitoring the
displacement, using LVDT's.
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COMPLTANCE =~ CRACK LENGTH
CALIBRATION FOR ALLOY 810
WC-10Co fine grained
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Figure A5.2
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Chart recorder scale = 0,5 mV/cms
LVDT scale = 0,5 mn/10 V

. -5 , .
.1 ems on chart = 2,5 x 10 7 nm deflection
of the specimen at the load points

D

L e S o

S PP P g o —-vﬂv—i

oo s M ey A e b S i e . S 5

= W70 wydes

A=Q

Chart recorder scale = 2 sec/mm
Frogquenvy = 5 Ha

I ems on chart = 100 cycles

A= 0,4 ems of vertical scale on the chart

oy
‘ )
Loy = 2,5 x 10 7(0,4)

r

= 1,0 % 1077 m

-

[— A o e i i e .

1

4urs

&
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Chart recorder scale = 0,5 mV/cms

LVDT scale = 0,5 nm/10 V

\

- by
. . 5 . .
S emg on chart = 2,5 x 10 7 mm deflection
of the specimen at the load poiuts

R - — e ‘

= 1170 cyclas

s e e L e i At e
Chart recorder scale = 2 sec/mm

Frequency = 5 Iz

1 ems on ochart = 100 cycles

O = N4 ems of vertical scale on the chart
-
. - o]
sy = 2,5 x 10 7(0,4%)
£

= 1,0 x 10 7 mm

1
N

T e
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APPENDIX_6

Details of da/dN_vs &KT graphs for the six alloys tested

at R _ratio < Og1.

G S
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5
FATIGUE CRACK GROWTH RATE
Alloy 86, WC-6Co fine grained
R = 0,05 - 0,08
‘ Frequency = 5 Uz
Temperature = ambient (~25°C)
m= 19,7
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Figure A6.1
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FATTGUE CRACK GROWTH RATE
Alloy 810, WC~LOCo fine grained
R = 0,05 ~ 0,08
Frequency = 5 Hz
Temperature = ambient (25°C)
m= 19,2
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figure A6,2
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FATIGUE CRACK GROWTH RATE
Alloy G6, WC-6Co coarse grained
R = (0,05 - 0,08
Frequency = 5 Hz
Temperature = ambient (~25°C)
m = L5,5
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Figure A6.3
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FATIGUE CRACK GROWTH RATE

Alloy Gl0, WC~10Co coarse grained
' R = 0,05 - 0,08

¥requency = 5 Hz

Temperature = ambient (~25°C)

m= 15,2 |

N =~ :
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Figure A6.4
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FATIGUE CRACK GROWTH RATE

Alloy G15, WC-15Co coarse grained
R = 0,05 - 0,08

Frequency = 5 Hz

Temperature = ambient (~25°C)

m= 14,2

Figure AG.5
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FATIGUE CRACK GROWTH RATE

Alloy 25E, WC-25Co coarse grained
R = 0,05 - 0,08

Frequency = 5 Hz

Temperature = ambient (~25C)

E}gyre AG. 6

m = 10,9
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