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ABSTRACT

THE FATIGUE CRACK GROWTH BEHAVIQUR OF TUNGSTEN
CARBIDE-COBALT ALLOYS

For many engineering materials fatigue crack growth
plays a dominant role in determining component life. 1In
general terms this can be considered to be true for many
applications of tungsten carbide-cobalt hardmetal alloys,
which are used almost universally in variable loading

e il

situations. By implication, therefore, there 1is a
substantial design requirement for quantitative fatigue
data and a need for a greater understanding of the nature
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and mechanisms of fatigue c¢rack propagation in these

alloys.

However, the determination of fatigue crack growth
data in ostensibly brittle materials has always presented

problems due to their particular sensitivity to
catastrophic failure, It is almost essential in such

S N

L
)
.

4" |
-"
17
]

B

W

B8 41

{

)

'

[}

i

Fl

¥

i

studies to utilise a constant stress intensity specimen

geometry, and the recently developed double torsion test
has been wused very successfully throughout the test
programme described in this thesis. Crack growth has

BRI i —

been monitored throughout using a dye penetrant technique

with an optical travelling microscope system. ‘
Fatigue data have been obtained in the form of crack

growth rate versus stress intensity range {da/dN vs Kjg)

graphs, for six different alloys of varying grain size

and cobalt content. The effects of testing variables !

such as mean gtress intensity, stress intensity amplitude

and frequency have been explored. Subcritical crack

growth under monotonic loading has also been determined
in two alloys in order to provide a comparison to the
corresponding crack growth behaviour under fatigue
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loading. Further, some preliminarvy investigations have
been made inte the effect of ce¢levated temperature on
fatigue crack growth.

The results show that fatique crack growth obeys a
so-called, Paris 'law' of the form da/dN = C/AKp)M, but
propagation rates increase as th: mean stress intensity
inzreases. The value of the exponent 'm' varies in tine
range 20 to 10, decreasing as the cobalt content and
grain size (i.e.  the aean free path) inerease. Static
crack growth Jdoes not osccour below a stress intensity of
0,9Kye, with the exponent 'n' in da/dt = A(Xp)P, having
values in the rvange 125% to 200, ‘There is no significant
influence of f{roguency on L orack advance per cycle,
but there is some indicaticon that fatigue .rack growth
rates incroase with temperature, although further work is
required to substantiate this effect.

It has boen unegiaivocally proven that true cyelic
crack growth me~hanisms operate in hardmetal alloys at
room  temperature despite the fact  that., fracto-
graphically, fatique and fast fracture are indis-
tinguishable,

A modnl is proposed which attempts to explain this
apparent  anomaly through consideration of the local

fracturne events abt, and ahnad of, an extonding crack tip.
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1

INTRODUCTTION

FATIGUE CRACK GROWTH AND FRACTURE MECHANICS

Fatigue crack propagation remains a major cause for
failure in engineering components. This is despite a
considerable improvement in the understanding of fatigue
mechanisms and the development of fracture mechanics
methods for the quantitative assessment of failure.

For mwany materials fracture toughness values are
either commonly available or can be readily determined by
standard laboratory procedures. Corresponding fatigue
crack propagation data, however, are, relatively
speaking, much less available and this is particularly
the case for nominally 'brittle' materials, for which
conventional specimen geometries are totally
inappropriate.

Tungsten carbide-cobalt hardmetal alloys typify this
situation., There is a wealth of information available on
fracture toughness but only limited work has been
directed at measuring fatigue crack growth behaviour and
identifying the mechanisms of cyclic crack propagation.

The majority of hardmetal alloy components consist of
the tungsten carbide-cobalt combination but other carbide
and binder systems are not uncommon. Almost all are
commonly subject to fatigue loading. (Table l.1).
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Table 1.1

TYPICAL APPLICATIONS OF

WC-CO COMPONENTS

Compaosition Gram 1 Apphcation z Tymcal apphcatons
nyoes { strycture | categurnas {
+ H ‘"
WG CO; { Abrasion ; Shock ‘
97-9a >d'hine "nxtreme jnone ['w:m-m.:wmg dies shot-blist
! i {nuzzles, plug gauges. mashing
; ; *‘,par's’ |
. H i S ,
95.97 J-5 . hne or ‘kvaw fvery fdrawnm and compacting ti §,
;medum ‘savers f low Emm hine parls, lathe cenfres,
; f ! jhushes. thiead guides, pen batls
92:05 Sraifme 1 | |
94-95 5»6;mﬂd|um Jsavere  low fnawmy and glaus drdls, scnbers
{ i : “t yre studs. rolls, woodworking
L i i ‘r nuters, maching parts, mechanical
90-92 B-mi!me ; i §S aals
. SRR S ¢ . . S ]
90-94 610 modwum madium  medm ;('J:qu,n'ﬂ hes, rolls, scrapers
; ; ! fwork rest blades. mandrels.
; ; lormmg biades
v - $ ; 4 -
92-95 8. B coarsn "moderate | madmm Htvast and guude ro!ls plarm ons
'to “to ‘and uther woudworking cutters,
1
8690 10 14ihne or ‘madwim  isevers  grinding mill components
v }
‘medun ' i 3Dunrhmu and blanking tes
' i ' !
87.92 8-13 coarse ‘muderate 'sevate - heading and tornung dies,
i : ! il’mwls vtushars hammers
70-856  15-30 medwmor } ;
enarsg i {

For many applications the criterion for alloy
composition selection may not include fatigue Llife.
Hardness, wear resistance, toughness, elevated tempera-
ture deformation, yield strength may all supersede the
resistance to fatigue. However, the fact that failures
arising from subcritical crack growth do occur in these
materials (Figures 1.l and 1.2) is a clear indication
that fatigue needs to be more seriously investigated and
should be integrated into the application and alloy
selection process.

The most rational approach to the problem of dealing
with fatigue is the determination of cyclic crack growth
rate as a function of operating stresses and prevailing
flaw sizes, i.e. the stress intensity range. The data
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obtained not only c¢haracsreise  the alloys tested but
enable a Ffracture mechanios ovaluation of a component's
expected service performance,

The basis for failure prediction is the ability to
calculate the stress intensity (Kp) or, in the case of
cyclic loading, the stress intensity range (AKyp) acting
at a crack tip. The 'worst case' philosophy associated
with fracture mechanics assumes that cracks of some
nature will exist in all components, these are either
inadvertently designed-in or result from flaws and
defects produced in the material during fabrication or
service. The stress intensity equations combi =2 the
strass in the component and the crack length:

Ky = @(6app)(ﬁia)§ static loading
AKp = 9lAS40) (TTadd fatigae loading
K1 = stress intensity (mede I, or tensile

crack opening)
AKp = stress intensity range

ft

monotonic stress
cyclic stress

P

O
i
=
T

fi

constant of proportionality, depends on

S~
i

geometry of component
a = crack length

Under static loads, when the stress intensity at a
crack tip reaches a critical wvalue, the fracture
toughness of the material, Xy, catastrophic failure
occurs. This can happen when either the applied stress
or the crack length (or both) increase.

o




Faticue crack growth has been defined by the well

es:ablished Paris 'law':

where:

da = C(AKp)M
dN
= number of cycles
= growth rate exponent
C = consgtant

Since &Ky increases continuously as the crack propa-

gatns

the equation has to be integrated to estimate

anticipated life (Ng):

Nf

where:
Ng
aj

aco

Nf[ dga ;
fan = 1 | da
o/ ¢ oay (AKpM
A
1 ! da

-y

C agl {G(Asapp) (Tra)tm

e

1  Jagt-m/2) - ai(l-—m/z)]
CPm I 2 (400 )M (Lm/2)

number of cycles to failure
initial c¢rack length
critical crack length
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The investigation of fatigue in any material system
represents a vast area for research in which numerous
variables: frequency, wave form, environments, tempera-
ture, alloying and mean loading can be explored.

The objective of this research programme has been to
develop a viable and reproducible technigue for measuring
fatigue crack growth in tungsten carbide-cobalt alloys,
and to quantify some of the many microstructural and
operational factors which influence its magnitude,
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ANVIL FAILURES

The nature of failures reported for the high pressure
anvils used in the manufacture of synthetic diamonds
indicates that fatigue is a likely mechanism: the life of
a unit is variable and unpredictable,

Unfortunately, the service conditions are largely
unknown, The extent of hydraulic load transfer to the
anvil is obscured by the pressure-absorbing friction
created between the various components in the system. The
diamonds are synthesised at high temperature but the
temperature in the anvils can only be roughly appro-
ximated. Thus, it 1s estimated that the synthesis cap-
sule is subjected to a pressure of 6000 MPa and
temperature of 1500°C, so that the anvil stress would
therefore be in the range 3000 - 6000 MPal depending on
the cross sectional area, at temperatures of about
500°cC.

Due to the industrial secrecy chat surrounds diamond
manufacture it is not known whether each cycle an anvil
unit experiences is precisely the same; both pressure and
temperature conditions may be changed. 1In spite of this
the range of performance indicates that defects in the
material must exist, that initially they are subcritical
and the anvil performs satisfactorily, but that the
defect subsequently grows, presumably by fatique,
eventually reaching a critical size which precipitates
failure., (Table 1.2).

Blumenthall has calculated the stresses in anvils and
shown that tensile circumferential stresses occur close
to the surface about half way down the nose cone of the
anvils, Evidence from fractured anvils indicates that
these regions of tensile stress cause or contribute to
the final faillure of the component.

Fatigyue crack growth data, together with stress
analysis and non-~destructive testing cf anvils, and in
fact all components used under cyclic loading, should




[N

enable a more rational approach to alloy selection,
wh.ch at present ig based almost entirely on trial and
error methods.

Table 1.2

SUMMARY OF TYPICAL  ANVIL LIFEZ2

LTFE
CYCLES DESCRIPTION OF FAILURE
Failure by nose c¢hips reducing nose area.
30 Vertical fracture, with beach markings,
followed by horizontal fast fracture.
83 Horizontal fracture at the level of the
shouldo»r.
325 "Cake slice' fracture in nose cone, Figure 1.1
taken from horizontal crack at shoulder level.
635 Vertical fracture with 'beach markings', Figure
1.2,
685 Not known.
7134 Vartical fracture with 'beach markings'.

(A desaription of thz use of anvils in diamond synthesis,
stress analysis and typical failures can be found in
Blumenthal's thesis.l).
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Smonth flat fracture surface typical of
fatiguw:.

Figure

1.2

Typical beach markings from fractured anvil.
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The following literature survey is divided
into two chapters. The first is a brief review
of tungsten carbide-cobalt hardmetal and the
second an assessment of the cexperimental tech-
niques availabl: for studying crack growtii in
brittle materials. The double torsion geo~
metry, selected for this investigation, is
discussed in detail as it is still a little~-
known technigque.

The object of this survey is to provide
readers and  future workers in  this area of
rasearch with the information nceecssary for a
thorough understanding of the tungsten carbide-~
cobalt  alloy system and  the double torgion

technigque used in the test programme.
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) 2 MATERIAL DESCRIPTTION

! 2.1 INTRODUCTION

Tungsten carbide-cobalt hardmetal 1is a composite
manufacturad using powder metallurgical and sintering
procedures, The two constituents, having vastly
different properties, contribute to one of the most
technically successful combinations currently in use in
i composite materials. A wide variety of alloy grades can
be obtained by varying the proportions of hard, brittle

tungsten carbide grains and soft, ductile cobalt-rich
i 3 binder. In order to obtain an understanding of the bulk

material the properties of the two phases, their
interaction and established mechanical behaviour are g

briefly reviewad. Exnexr3 has  recently published a

Ly o
KR

comprehensive papoer on cemented carbides which should be
consulted for further details on most of the topics

mentionaed here,
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2.2 SUMMARY OF THE MANUFACTURING PROCESS
(i) Tungsten:
] Raw materials used for obtaining tungsten are
: the ores wolframite Fe/MnWOy4 and scheelite
‘ faW0y4. ‘Thesa are chemically processed to pro-
duce tungsten  Lrioxide, W03, tungsten hy-
dratic acid, HpWO4 and blue tungsten, Wq011,
and then vie hydrogen reduction to tungsten
aetat powder,
ti Jobalt:
f sobalt. metal  is  extracted  from the ore
| cleatrolytically and is purchased as impure
‘ "catuodoe metall, The metal is dissolved in
~> cengernbrated acid and the impurities

ceoceinitated out.  Cobalt oxides, Coz04, CoO
oo rroduaced from the cobalt carbonate which

wet oalseo been proecipitated out, these ara

aydrogen reduced to Co metal powder.

1 tungsten carbide

Tuangsten metal powder and carbon black are

bhiended  togather in sloichiometric propor-
Eions (1 to 1 atomic %, equivalent to 6,12

wt% carbon) pressed into blocks and heated to t

1400 ~ 15009C in a non-oxidising, Hp atmos=-

phera. After carburising the blocks are

erushed, the WC crystals are then size f
1

graded,
(iv) Tungsten carbide-cobalt

The two powders are nilled together for
several houws and, after drying waxed.
The waxed powder can then be pressa2d to the
required component shape and will have
sufficient strength for handling but not
machining. The component is then put through
dewaxing (~400°C) and pre-sintering (~804°C)
Lurnaces, Machining operations are carried




out on the presintered article allowing for
approximately 20% shrinkage during final
sintering, depending on the alloy grade.

Final sintering takes place at 1400 -~ 15000c;
the cobalt Luses and forms a molten eutectic
alloy which wets the carbide grains and binds
the whole togoether.,
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PROPERTIES OF THE INDIVIDUAL CONSTITUENTS

Several of the current theories concerning the
processes of deformation and fracture in WC-Co hardmetal
under stress rolate to the properties of the individual
constituents. Wor example,4”7 the f.c.c to h.c.p trans-
formation of cobalt, the slip systems in WC, the yield
stress  of  the binder and dislecation densities and
movement are fragquently quoted.

It will be seen from the following tables (Tables
2.1, 2.2) that the properties of th2 two phases are
vastly different. The binder has small amounts of
alloyed tungsten and carbon and will therefore have
slightly different properties to p..2 cobalt, Despite
the anisotropy of both the tungsten carbide ard coba.t
the bulk composite 1s considered isotropic since both the
constituents are randomly orientated.
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Cobalt in WC-Co alloys:

The dimensions of cobalt grains in WC-Co alloys
cannot be determined by wmetallographic techniques.l8
X~ray diffraction, howaver, shows that lattice
orientation is constant over distances as large as 50 -
100 pm 4 while other authors!9-23 have reported cobalt
grain sizoe to be in the order of lmm. Clearly the
effective grain size of the binder is much larger than
that of the carbide.

At high temperaturos (>417°9C) cobalt is f.c.o, but at
417°C it undergoes a transformation such that at room
temperature the structure is h.c.p.?4 In sintered alloys

P—
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containing WC, however, the cobalt has a cubic lattice.
This has been attributed to the thin f£ilm mechanical
constraints imposed on the dislocation movement necessary
for the transition.25/2€6 1t is more probable that the
cubic modification is stabilised by dissolved tungsten
t and carbon.27 Heavy deformation rasults in stacking

Faults and partial transformation.28,29
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4 INTER-RELATIONSHIP BETWEEN TUNGSTEN, CARBON AND
COBALT

The propertics of sintered WC-Co alloys are known to
be critically dependent upon their final composition and
structure.30 It is therefore useful to review brieEly the

inter-relationship betweon tungsten, carbon and cobalt.

.1 Tungsten-carbon Phase Diagram

The important feature of the tungsten-carbon phase
diagram is the veory small range of homogeneity of WC,
(Figure 2.1). The <¢arbon content corresponds to the
theoratical value of the stoichiometric composition,3
(50 at % or 6,13 wky C),

CARBON, wt%

W \ 2 4 6 B
4.0 T T T l T

Liquin

LiQuin+C
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A000

o
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~ {500}
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T

(o) | SO RS RO DA
W0 20 30 40 50 60

CARBON, ot%

Figure 2.1 Tungsten carbon phase diagram3
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Tungsten Carbide-cobalt Phase Relationships

Cobalt, tungsten and carbon form a complicated
ternary phase diagram. lsothermal sections at 1400°C,
determined by three investigators,31-33 are all different
particularly in the tungsten-rich corner. The nost
recent investigations34-36 do not agree with any of these
rasults,

Certair principles ars:, however, common to all tha
proposad sections (Figure 2.2). For a W/C ratio of 1,
the phases: WC, liquid and B are stable (f being the
Co-vich binder); at lowszr carbon contents a ternary
phase, eta (7)) occurs. Bta is a complex carbide with a
variable composition of tha typ? Wa-4Co24xC, O € x €2,
most commonly indicated to be WiCosc. 37

At higher carbon contents than the stoichiometric
valunr, primary carbon precipitates and remains in
equilibrium with WG and A phases.3

In genaral, both free carbon and the ternary compound
eta (N ) are highly undesirable and are detrimental to
the mechanical properties. The carbon content therefore
has to be maintained within very narrvow limits.37
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Figure 2.2 Isothermal section at 12609C of cobalt rich

part of W-C-Co ternary phase diagram,
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Alloying of the Binder by Tungsten and Carbon

An extremely important parametex controlling
mechanical properties is the composition of the cobalt-
rich A phase. For WC-Co alloys it has been shown that
the tungsten content in the binder is between 2 and 20%
and the corresponding carbon content between 0,04 and
0,12%, with a lower tungsten content being associated
with a higher carbon content.3,38

Interaestingly, cobalt alloys have been prepared with
compositions corresponding to the binder phase in WC-Co
hardmetal, obviously without the carbide grains. The
alloys show yield strengths between 250 and 850 MPa with
ultimate tensile strengths in the range 400 to
1300 Mpa.39 These dramatic changes in the properties of
the binder phase with varying alloy content can
profoundly affect tha properties of huardmetal alloys.
Control of the carbon content is obviously of great
importance in obtaining the required properties from
tungsten carbide-cobalt alloys.

Alloying of Binder by other Elements:

Certain elements (Cr, Al, Mo, Sn)4U,4l have been
added to the cobalt binder, typically producing increases
in hardness but reducing the transverse rupture strength
(TPRS) at room temperature. At elevated temperatures the
TRS 1is increased by the addition of small amounts of
molybdenum, chromium, aluminum or chromium bromide but is
reduced by larger additions. 4l
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WETTING OF TUNGSTEN CARBIDE GRAINS BY BINDER

Solid-state  and ligquid phase sintering, the
formation of the microstructure and the mechanical
properties of hardmetal alloys, all depend critically on
the energy of the carbide phase to binder metal inter-
face. They also depend oa the grain boundary energy of
the carbide.3

The nost obvious ¢ffect of the interfacial energy is
its influence on the wetting behaviour of the liquid
binder on the solid carbide. Exner3 has »rovided details
of the considerable volume of work that has gone into
attempts to understand the atomistic nature of wetting
but there is currently no consistent theoretical approach
to the watting behaviour of carbides. 1t is concluded
that a strong chemical bond exists at the interface
betweren carbides and the iron group metals, a bonding
which is especially favourable in the case of tungsten
carhide and cobalt. This results 1in a very low
interfacial enerqgy for this combination,42 nearly perfect
wetting and qgood adhesion in the solid state. Tt has
bren assumed, as a result of this near perfect wetting,
that a thin cobalt layer exists between all tungsten
carbide crystals in WC-Co alloys. It is now generally
accepted, 43 however, that grain boundaries between
carbide crystals (presumably enriched with cobalt) also
Bxist.

o

gt =




| .

2.6 RESIDUAL STRESSES

The pronounced difference in the thermal expansion
coefficients of the cobalt and tungsten carbide results
in considerable stresses developing in the mocrostructure
¥ during cooling from the sintering ¢t mperature. The

thermal contraction of cobkalt is approximately three
times that of tungsten carbide. Experimental investi-
gations and theoretical analyses have been used to
calculate the sign and magnitude of these
stresses, 44,45-53

Barly work46,47 measured tensile stresses in the
carbide phase of low cobalt alloys. 1t has subsequently
been determined that thermal stresses in the carbide are
compressive for all alloy compositions, and that the

' early results wore in error. The stresses in the binder

are therefore tensile.

i i

As the alloy is cooled thers 1is a temperature
above which no thermal stresses are developed since the
cobalt binder is too soft to carry load and residual

B st S
ruaneuer veari

stresses disappear by local creep deformation. This
temparature (T4) has been well established to be about
B00PC. (Figure 2.3).

] Theoretical considerations predict an approximately
. ) linecar increase of the compressive stress in WC with

increasing cobalt content44:53 of the form G = 13Xco

s

(where: & = residual compressive stress, MPa, in the
carbide, Xes = wtt cobalt in the alloy). The corres-~

' ponding tensile stresses in  the binder have been
{ theoretically astimated to be in excess of 1000 MPa over
{

I the entire range of compogitions decreasing only slightly
,i ’ as cobalt content increases. (Figure 2.4.) (It is

interesting to compare this value with the yield and !
tensile strengths of cobalt alloyed with tungsten in the
# ) range 2 to 20% and carbon 0,04 to 0,12%, i.e.
' Sy = 250 to 850 MPa, Spypg = 400 to 1300 MPa.39)

There 1is controversy as Lo whether Gthese residual
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stresses influence mechanical properties. Some authors
consider them negligible,40,44,55,56 yhereas others57,58
take the opposite view and lay great emphasis on the
effect. Kreimerl8 has discussed the various arguments at
length and concludes that the relative proportions of the
carbide and binder and not thermal stresses control the
fracture process.

FEither way, since it 1s nol possible to prepare
alloys without these wicrostructural stresses, it would
seem reasonable to assume that they could play a role in
the mechanisms of fracture but that the fundamental
properties and proportions of the two constituents in
hardmetals are of more primary significance in attempting
to understand their behaviour.

Residnal stresses can also be artifically introduced
into the surfe » of the material by mechanical grindin.
hut these are not consideved important here because WC-Co
hardmatal components are not normally ground.
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2.7

2.7.1

MICROSTRUCTURAL VARIABLES

Numerous parameters have been devised in an attemph
to quantify the microstructure and composition of
hardmetal alloys. In general these concentrate on thre
size of the carbide grains, the thickness of cobalt
layers and the degree to which a continuous skeleton of
carbide exists.

Cobalt Binder Phase

The c¢obalt binder phase exists as a continuous
network of varying (' ‘rkness. The true mean free path
(also called the tru =« sn linear intercept) has begun to
replace the nomital mean free path, 39 which assumes a
binder layer ¥ -tween all carbide grains, tc describe the
binder layer ickness. The true mean free path takes
into account enly the visible regions of cobalt57,60
(i.2.: cobalt free WC-WC Dboundaries exist in the
microstructure) and is  inversely proportional to the
specific surface of the bindec phase (carbide/binder
interface per unit volume of binder). It is thus a most
important parameter for characterising the binder phase.

Both the true and nominal mean frec path are still
widnaly used.

Nominal mean free path =
(vol fraction cobalt)(mean WC grain size)
(1L - vol fraction cobalt)

MNnom * foa d

(1 - Ego)
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True mean free path =
(vol fraction cobalt) (mean WC grain size)
(1 - vol fraction cobalt)(l - contiguity)

>\true = fro d
(1-feo) (1-C)

(Contiguity describes the degree to which carbide-~carbide
interfaces exist, see Section 2.7.3.)

(Thaese eguations have Dbeen rigorously derived by
Pickens. 6l

Tungsten Carbide Grains

The size and distribution of the carbide grains is
obviously of primary importance but cannot be determined
prior to sintering because of grain growth during the
sintering process, The varying shape of the carbide
makes 1t Aifficult to apply conventional procedures for
establishing tha true spatial size distribution from
polished secticna. 62

Contiguity

One of the important aspects of the microstructure of
camented carbides is the degree to which a continuous
skaleton of carbide phase exists. The degree of skeletcn
formation can be quantitatively defined by the ratio of
the carbide-carbide grain-boundary area to the total
surface arca of the carbide grains and is termed
'contiguity'.60,63,64

The contiguity decreases with increasing volume
percentage of binder. The amount of binder phase at.

which the carbide phase becomes discontinuous is a matter

sy
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of some controversy.63 In early work®3 it was assumed
that the tungsten-carbide skeleton breaks down at a
binder~phase as low as 10 vols. In Exner's3 opinion
continuous carbide~carbide boundaries exist throughout
the range of most commercial hardmetal alloy
compositions, to well above 30 vol$% =zobalt.

At ccnstant sintering conditions, contiguity is
independent of carbide grain size.3 This implies that
cemented carbides of constant composition show
geometrical similarity in their microstructure and one
parameter (mean carbide grain size or mean free path of
cobalt) is sufficient to describe the microstructure
guantitatively.

The volume fraction of cobalt has been shown®6 to
have a unique relationship to the contiguity, but results
reported in the literature have considerable scatter.
The value of contiguity is required to calculate the true
mean free path and must either be (tediously) determined
by quantitative microscopy or estimated using the work of
other investigators.®1,66-70 1indau67 has reported that
the relationship c¢an be approximated by a circular
segment. Most other results with the notable exception
of Chermant and Osterstock's®® wvery high contiguity
values (daeduced from Table 1 and Figure 14 of reference
68) fall below this curve.

Lee and Gurland's graph55 in particular appears to be
representative of the data determined by others, and has
been used in this thesis to estimate contiguity values
for the alloys tested, (Figure 2.5).
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2.7.4 Porosity and Defects
Although modern cemented carbide production
techniques are directed toward eliminating flaws in
sintered components, pores, cracks and inclusions are
ir usually present to some extent in the microstructure.
The causes and effects of porosity have been discussed in
detail elsewhere,7l-74 fThere is 1lit_.le doubt that
strength 1is related intimately to these fliws, as
predicted by fracture mechanics considerations.
Isostati¢ hot pressing (HIP) processes are used to
reduce porosity.71:75-7% Tha flaws cannot be eliminated
! completely but the effective strength and gquality of
ground surfaces is considerably improved.
P
. 2.7.5 Summary

For wvarying binder phase content and sintering
conditions the parameters which describe the
microstructure are not independent. The following
aquation holds.537 (Xpoms as previously quoted, is also
commonly used.)

j\true = fon d
(l-£cg) (1-C)

Atrue = mean free path of binder
d = mean linear size of carbide grains
| C = contiguity
¢ feco = volume fraction of the binder

It is gencrally accepted that both the phases

are themselves continuous in the microstructure.
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2.8 MECHANICAL PROPERTIES OF WC-Co ALLOYS

2.8.1 Introduction

Tnere is a vast amount of information available on
the mechanical properties of c¢emented carbides, particu-
larly the tungsten carbide-cobalt system. An outline of
these proverties is ncocessarily limited to those which
characterise the material and which have relevance to a
fracture mechanics approach to the strength, toughness
and fFatigue 1life of hardmetal alloy components.
Kraeimer's book 'Strength of Haid Alloys'l8 contains a

§ comprehensive  summary and discussion of many of the
mechanical properties, and should be consulted for
additional information.

. The mean free path of the binder, is the most
important variable irn producing ¢ mented carbides with

different mechanical properties. As described previously

(5ection 2.7.1), the mean (ree path is a function of
both the parcentage cobalt and the carbide grain size. H
It will be seen therefore that the effect of these two
variables on m2chanical properties can essentially be *
summarized by the elfect of the mean free path.

Numernus models have been proposed to explain the
mechanical behaviour of hardmetil alloys. Many of these

have been described by Kreimer,l8 The principles on é
which the most reasonable are based are that:

(1) the cobalt exists as a continuous network;

(ii) the tungsten carbide forms a  contiguous

skeleton of hard particles in contact with ecach
other (the contiguity decreasing as c«obalt 1
content increases, Section 2.7.3).

(iii) the cobalt behaves as a constrained thin £ilm,
in which the yield strength decreases as the
constraint is reduced (i.e. as thickness
increases);
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(iv) plastic deformation of the carbide grains, and

hence the entire skeleton, is possible.

In most technical applications of WC-Co alloys the
range of cobalt content used is approximately 5 to 25 wt?
(8 to 32 voly).4l [nvestigations in the literature
rarely therefore use  alloys with cobalt. contents
exceading 30 wtd.

2.8.2 Hardness

Hardness can be measuared ecasily and acecurately, and
although it is not an outstanding indicator of an alloy's
mechanical properties it remains an extremely useful and
widely used test in  the hardmetal alloy industry.

Hardness docreases as  cobalt content57.80,81  and
grain size59 increase, and consequently decreases as mean
Free nrath57.59,82 g increased. (Figure 2.6 (a)(b)(g)).
This is fully oxpected since as the proportion of
ralatively ductile binder phase is increased the material
will, a3 a whole, plastically deform more casily. On a
mors microstructural scale as the mean free path
increases the triaxial constraint and hence the local
yield stress of the binder is reduced.

The decrease  in hardness with  temperature>6,83
(Figures 2.6 (d)) can also be explained by the reduced
vinld stross of the binder at elevated temperatures.

TSPt g -
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2.8.3 Uniaxial Compressive Strength

Although it is generally recognised that fracture, by
physical separation, can only occur in the presence of
: tensile stresses, compressive loading is used to test a
: wide variety of materials. Ultimate failure in
compression is due to local tensile and shear stresses in
the material.

Compressive strength decreases as cobalt content84-86
grain size86, and hence mean free path of the binder,®
increase (Figure 2.7(a)(b)(e)). The ultimate compressive
strength and compressive yield strength both show a
B | maximum at approximately Swt% cobalt.84-85 surprisingly,
'& this maximum has not been reported to occur when com-
pressive strengths are plotted as a function of carbide

grain size or mean free path.
There are two main factors which contribute to the

decrease in comprassive strength with increasing cobalt

contaent and grain size. As the mean free path increases:

(1) the triaxial constraint and hence yield stress
of the binder is reduced

(ii) the contiguity o©of the continuous carbide
skeleton, which is largely responsible for &

carrying compressive load, is reduced.

At a low mean free path the applied stress 1is
transferred through the microstructure primarily by the
contiguons carbide grains, limited relaxation of local
stress coneentrations by dislocation movement and flow of

the  highly constrained binder 18  pogsible and this
results in a bigh strength low ductility stress-strain |

curve.® as the mean free path increases the contiguity

I3 3

is reduced and the applied stress is increasingly carried
by the binder. The degree of constraint in the binder
and henca Fflow stress is, however, also reduced so that

strenyth decreases and since local stress relaxation by
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binder flow is easier ductility increases. Compressive
fracture has been ascribed by Doi et al.® to the
cumulative generation of microcracks by intergranular
shear rupture at WC~WC and WC-Co boundaries.

The reduction in strength at cobalt contents below
the peak strength value is grobably the result of there
being insufficient binder to compensate adequately for
the local contact stresses generated in the carbide
skeleton resulting in low strength, low ductility
fracture.

The decrease in compressive strength with temperature
(Figure 2.7(d))86 ig explained by the increased ductility
of the binder at elevated temperatures.
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Transverse Rupture and Tensile Strength

The simple three or four-point bend test for
evaluating fracture strength has been widely used in both
research and as a control test in industry. It remains
one of the most popular tests due to its simplicity and
the ease of specimen manafacture, and although it does
not measure any intrinsic material property, fraclure
strengths are dependent on the toughness and tensile
properties of thse material.

Pure tensile tests on the other hand can be
exparimentally difficult to perform on high strength, low
ductility watarials. Doi et al.® for example, have
brazed strain-gauged WC-Co rods of diameter 4mm into
tubular steel adaptars in order to determine stress-—
strain behaviour in tension.

Since transverse rupture and tensile strengths are
a2ssentially tensile property dependent it is apprapriate
ko discuss failure mechanisms in cone section.

In all reported results the transverse rupture and
tansile strengths increase as factors which increase the
mean  froe  path (1.0, cobalt contentl8,59 and grain
siz0%9) iacrease, reaching a maximum at a mean free path
of  approximatoly 0,4 pm,6/59 Thereafter  further
increases in the binder layer thickness (m.f.p) lead to a
decreasa  in  strength (Figure 2.8 (al)(b)(ec)). The
explanation for this behaviour is based on the principles
oatlined in the introduction to the section (Section
2.8.1).,

In the ascending portion of the <curve, as the mean
frie path of the cvobalt rich binder increascs, the degree
of plastic constraint decreases. As plastic deformation
an. flow by disloucation mwmotion become <asier, loc:l
stress  concentrations are relieved and tensile crack
initiation is impeded, the 1 ghness of the binder is
incraased and crack propagat o is energetically less
favourable i.e. the incre sing  material tracture

.
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toughness (described in Section 2.8.5) leads to
increasing transverse rupture and tensile strength.

In the descending portion of the curve a dispersion
hardening model is appropriate. The fracture mechanism
is :ssentially one of ductile failure of the binder.
Plastic constraint 1s considerably reduced and the
effoctive flow strength of the binder decreases55-57,89
and although the toughness continues to increase the
maximum strangths attained are decreoased. In addition,
for a given cobalt content the increasing mean free path
is associated wita increasing grain size and the strength
of individual tungsten carbide particles is reported to
decreasells90,91 with increasing size. Therefore the
cumulative effect of large fractured grains regions of
decohesion by ductile tearing or WC-WC and WC-Co
debonding can cause formation of relatively large flaws
and hence contribute to reduced strength despite the
increased toughness of the binder.96

Consideration of the two extreme cases or the WC par-
ticles having no binder and hence almost i.o strength and
purs cobalt metal with an ultimate tensile strength of
703 MPa,l8 (alloyed with W and ¢, Sygpg 400-1300 MPa3?d)
illustrate the cffect. As the me .n free path increasas,
the toughness is increased and intially ultimate strength
is also increased, however, beyond the maximum the
straength decreases as the hard metal tends to a low
strength, high ductility behaviour.

At a rean free path of approximately 0,4 pm,6:59 the
effects of the triaxial stress congstraint on the binder
and its ability to flow and cause local stress relaxation
are optimised and maximum transverse rutpure and tensile
strength is obtained.

The variation in transverse rupture strength with
temperature88 (Wigure 2.8(d)) is also explained by the
model described. Initially as the binder becomes more
ductile with increasing temperature, toughness and hernce
strength are slightly increased. However, beyond the
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maximum the effect of increasing binder ductility with
temperature is equivalent to the increasing ductility

with mean free path.
As previously discussed the correct carbon content is

necessary to prevent tha formation of free carbon or
I brittle eta phase in the microstructure. The presence of
elither of these phases in the hardmetal alloy causes a
reduction in the transverse rupture  and tensile

strength.8:30,92-94 (pigure 2.8(e)).
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Fracture Toughness

There have been numer:rus studies investigating the
fracture toughness of hardmetal alloys. Many of these
have resulted in propnsals f{or fracture wechanisms and
models of varying complexity which attempt to correlate
fracture toughness witi microstructural parameters.

In gereral these relate, either directly or
indirectly to the influence of the mean free path of the
binder, as it is recognised that the energy expended in
the flow and fracture of the ductile binder is the single
most dominant factor in determining fracture
toughness,61,95-99

It has recently been proposed that the volume of
deformed binder per unit area of fracture surface has a
significant influence on the fracture surface energy and
hence the fracture toughness;%9 it being generally
accepted that the transgranular fracture of carbide
grains is a low energy fracture process.

This effect has been reported by Chermant and
Osterstock?7 (and mentioned by Pickens®l) who showed that
the toughnegs of alloys with a large grain size 1s less
than. that of those with a small grain size for the same
mean free path, large grains besing more susceptible to
transgranular fracture.

It is now possible, wusing Auger spectroscopy to
measure the relative proportions of binder and fractured
carbide grains on a fracture surface.9% Viswanadham et
al.?9 however concede that mean free path of the binder
is the dominant parameter controlling toughness; despite
the fact that increasing grain size (for a particular
cobalt content) causes a greater proportion of cleaved
carbide and hence reduction in gurface energy, the
simultaneous increase in mean free path leads to a het
increase in fracture toughness.

A selection of the published results where mean free
path is reported, or where there are sufficient data for
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it to be calculated, is sumuarised in Table 2.3,
Figures 2.9 - 2.12 and Appendix 1. Unfortunately, in
many papers the mean free path is not reported and, if it
is, there is often no indication of how it has been
determined. In those cases where the values of nominal
and true mean free path can be calculated the equations
previously quoted are used, (Section 2.7.1). Where
welght percentage binder is listed the volume fraction
has buen determined wusing density values for the
individual constituents. Contiguity values (described in
Section 2.6.3) regquired to calculate true mean free path
hava been obtained using Lee and Gurland'sé6 graph
relating contiguity to volume fraction of binder, except
where values quoted are in close agreement with Lee and
Gurland.61,98,99

chermant Deschanvres and OsterstocklOl have attempted
to measure the fracture toughness of the tungsten carbide
crystals, 1i.e. pure WC, by wvreparing three-point bend
specimens (4 x B x 40 mm) with no cobalt binder. They
report. however  that  the c¢rack propagation was pre-
dominantly intergranular and conclude that the carbide
crystals are stronger than the crystal boundaries. The
value of 7,5 MNm 3/2 obtained is therefore more likely to
bs a measure of che toughness of a WC-WC interface with
no binder than the fracture toughness of crystalline
tungsten carbide,

Pickens®l has summarised and assessed most of the
research work on fracture toughness of hardmetal up to
1977. Subsaquent investigations have done little more
than add to the volume of results and iuncrease the number
of different mndels proposed.




SUMMARY OF SELECTED FRACTURE TOUGHNESS INVESTIGATIONS
PRE-CRACKING
AUTHOR SPECIMEN DIMENSIONS (mm] TECHNIQUE REMARKS N |

Chermant &

Contiguity valuers reported are extremrly high

Osterstock 3-point bend 48 x 8 x 4 Diamond saw and compared to other authors (Fig 2.5), therefore
(197697 spark erosion Jfrue mean free path is doubtful.
Ingelstrom & 3-palnt bend 40 x 5 x 5 Knonp diamond
Nordberg 4-point bena 60 x 6 x € indertation Ki¢ found to decrease linearly with hardness.
(1974100 Compact tension | W=20 B=1,7-3,7 Wedge impact load » , . , _ i

Lindau has determined mean free path using:
Lindau Compact tension | W=20 B~1,7-3,7 Wedge impart load »= {vol fraction binder)(length of line)
(19775958 {numbor of binder layers)

—_—— - . e This_formulation has been superceded,

Lueth quotes meran free path vlaurs but no formula
Lueth Double canti~ 75 % 12,5 x 3 Wednge loaded to show how ™ has been deotermined., Pickens6l by
(1974)96 lever beam direct measurement of grain size showed that

Nakamura &

PR— -

nominal sizes quoted by Lueth were incnrrect.

Electron discharqe

Gurland I-point bend 20 x 3,9 % 3
{1980)98

Pickens 1-polnt bend 24,5 x 6,3 x 1,18
(1977)81 e JARX 374 1/8%)
Viswanadham,

Sun, Drake &
Peck (1981)99

Short rod
geometry . .

diamoter = 12,7

height. = 18,8 ]

Blectron discharge

machining (EDM)

Not. required

[ B — S -

A }$'~'n ke h“/Aﬁ

machining (£bM)

All mlierostructural variables reported.
 Rre found to decrease linparly with hardness.

All micrnstructural variables roported,
K found to decrease linearly with hardness.,

All mircrostructural variables reported,
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Poisson's Ration and Young's Modulus

Poisson's ratio and Young's modulus are relevant to
some of the fracture mechanics eguations and quantitative

values are therefore required.B

0,30 T ‘

@]

0,25 |- . .

2 M

w20 | o ° .

b

2 1 1

ao’ls i 5 i

e 10 20 30

Pigqure 2.13

Cobalt content wtZX

(Figures 2.13,2.14)
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= 1,5-2,0 um
ad = 2,4-2,6 pm
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umd

Variation of Poissgson's ratio with cobalt

contentﬁ

N
I
E62,5 i _$13 0d = 1,5-2,0 pn  Deflection of beam
b in bending
2 ad = 0,7-1,2 pm '
a 539 md = 1,5-2,0 um| Compression of
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Figqure 2.14 Variation in Young's modulus with cobalt
content.8
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Summary

The effect of cobalt content, tungsten carbide grain
size, mean free path, temperature and carbon content on
selected mechanical properties have been reviewed. The
influence of these parameters are gchematically

represented in Table 2.4.

Table 2.4

SUHEMATIC  BRPENSINPAZION OF  VARIATICN IN | MECHANICAL | PROPERTIES WITH
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2.9 SLOW CRACK GROWTH UNDER STATIC LOAD

Slow c¢rack growth under monotonic loading in
engineering applications (at ambient temperatures) is
usually associated with environmental effects causing
1§ : time dependent crack advance, for example by stress
corrosion cracking.

T Static crack growth rate can in general be
characterised by an equation of the form:

da = A(Kp)P
dt
where:
A da/dt = crack growth rate w.r.t time
\ A = constant

Ky = applied stress intensity (mode I or i
tensile crack opening)

n = exponent i

(This type of crack growth is sometimes, misleadingly,
called ‘'static fatigue'; however the load is purely
static with no cyclic component),

Studies into static crack growth effects {in WC-Co

alloys have been extremely limited., Braiden et al,102
attempted to use the double torsion specimen to obtain
crack velocity measurements but were unable to prevent

'8 : fast fracture. They resorted to adopting a statistical
| approach using the strength and probability of failure in
, three-point bend tests. The specimens were held at
i subcritical lcads for a given time, to achieve slow crack

growth of existing flaws in the material, then loaded to ‘
failure., An extremely involved statistical analysis wasg
used for data reduction. The existence ol subcritical

crack growth in air at room temperature was confirmed and
a value for 'n' of 200 was calculated for a WC~6Co alloy.
% . The author's state however that the accuracy is doubtful

T : e . .j%v . N \hhaﬁrhx‘\ e ‘m-ﬂLJ




51

due to the small sample size. At elevated temperatures,
in an inert atmosphere, the following results, also using
a small sample size, were obtained.102

WC~6Co at 950°C Nne 7
WC—-16Co at 8500C ng 6

Osterstockl03 has recently determined crack velo-
cities using load relaxation measurements on  double
cantilever beam specimens for six different alloy grades.
The results show that slow crack growth occurs in a very
narrow range of stress intensity: 0,9 Kic—-Kyc; below
0,9 XKip there is no crack advance. This obviously leads
to very high 'n' values in the range 150 —»200. It was
also found that the value of the exponent 'n' is not
greatly affected by microstructure,

It is presumzd that these tests were performed in a
laboratory ambient air environment, although the relevant
detalls were not reported.
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Figure 2,15 Static crack growth rakes in WC=-Co alloysl04
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FATIGUE

Traditional techniques for quantifying the fatigue
properties of materials have employed, almost ex-~
clusively, the 8§-H curve under different loading modes.
Though these are still widely used, particularly for
engineering design, fracture mechanics is rapidly gaining
acceptance as a more rational approach to the problem of
fatigue failure, Fatigue data, plotted in the form of
crack growth rate per czycle (da/dN) versus stress
intensity  range (AKT), characterise the fatigue
properties of materials and can in general be represented
by an equation of the form:

da = C(AKp)DM
aN

where:
da/dN = crack growth per cycle
C = constant
HKp = applied stress intensity range (mode I
or tensile crack opening)
m = exponent

Experiments and analyses for tungsten carbide cobalt
alloys have naturally followed this treund. Several early
investigators of the fatigue process in these materials
have obtained S-N curvesl04~108 put very recently
da/dN vs &Ky results have also been reported,l09-112

S~N_Data
The measurement of the number of cycles to failure at

different stress levels requires relatively simple
testing procedures.
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,f 2.10.1.1 Rotating Beam in Bending (R = =-1)

Miyake et al.l04 used the rotating beam test to
show that as the cobalt content increases the fatigue
lLife increases (Figure 2,16)

N
- ] g
U5} -
nor oo )
o
B 'E o5
a .
E o0 100 1000 ~
)
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7]
! 25 =]
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7,y O 1 | ) | [ q
) o= 10> ot (of lo® 107 [0 :
. NUMBER OF CYCLES TOQ FAILURE (N)
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& T ! l £
P f
E 'Vs '001~ /"* 0G0 & Li
) .
(%) 3 = n ‘7
g % 90} . 900 :
573 i L | L] !
. <1 c 12 20
T Co CONTENT wt¥%

Figure 2.16 Effect of cobalt content on fatigue 1life
using rotating beam test.l04

Using the rotating beam the offect of surface finish
has been investigated. Davies and Barhanal05 report
that the quality of the surface finish does effect the
life but there is considerable scatter in the results.
v - (Figure 2.17).
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Figure 2.17 Effect of surface finish on fatigue
life.105

Three-Point Bend Tests (R = 0,1)

Kreimer et al.,107 in agreement with Miyake et
al.,104 have shown that as the cobalt content increases
the fatigue life increases, however their curves show a
fatigue limit, 1i.e. there is a stress below which
failure will never occur. (Figure 2,18)
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fFigure 2.18 Bffect of cobalt content on fatigue lifo
using 3-point bend test.l107
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Kreimer et al,l06 wusing three-point bend tests
confirm that surface finish influences Ffatigue 1life
(Pigure 2.19).

g (1) Chemicomechanical ginishing and
97 boron carbide lapping

) e |
. 57 (2) Chemicomechanical finishing
& 2; (3) Anodic machining |
& /// 47 (4Y Electrospark machining -
- % 15
~
>
I { /] Z ! )

1 2 3 4

Figure 2.19 Effect of surface finish on fatigue life,106

Compression Tests (R € 0,05)

Here the results of Johansson et al.l08 geem to be - !
contradictory to other investigations, since the fatigque 5 !
strength is reported to decrease with increasing cobalt o !

content. (Figure 2.20),108 :
o b f
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(1) 10 volZ Co, d = 1 pm (1) g = 1 um
(2) 18 volZ Co, d = 1 pm (2) d = 2 ym
(3) 13 volZ Co, d ~ 4 ym (3) d = 4 pm

(4) 24 volX Co, d = 4 pm

Pigure 2.20 Effsct of cobalt content on fatigue life in
compression,.108
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Elevated Temperature Fatigue

Kreimerl07 has conducted elevated temperature tests
on three-point bend specimens in an inert atmosphere
(argon or helilium). The fatigue limit (R = 0,1) for two
alloys (4 wt% Co and 8 wt% Co, grain size not indicated)
was determined at different temperatures.

R o
8 T ] T T 'g
50
A 40 Z
]
glzo 1200
@« oo
£
5 g0 goo
':3

&0
2
b 4° hat
g ! 1 ! i

473 €73 873 loT3
TEMPERATURE °K

(1) 8wtX Co
(2) 4wtZ Co

Figure 2.21 Effect of temperature on fatigue life,107

da/dN vs Ky Data

Tests to obtain fatigue crack growth rate data in
brittle materials are preferably performed on constant
stress intensity specimen configurations. Thus, of the
four investigations reported to date, twol09,110 employ
the double torsion specimen, The four~point bend test
has been usedlll and there is also work presently being
carried out using the short rod geometry.ll2

Evans and Linzerl09 were apparently the first to
obtain fatique crack growth rates in hardmetal alloys.
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Tneir experiments were aimed primarily at evaluating a
fatigue testing machine and not at investigating the
properties of WC-Co. The scatter in the results is
congiderable, (Figure 2.22) but a true fatigue mechanism,
evidenced by frequency effects on the crack growth rate
w.r.t time (Section 2.9.3) was reported.

Alloy: WC-6Co, grain gize not stated
Test : Double torsion specimen, dimensions not
stated
da/dN : measured by load relaxation
Fregaency : 10 - 350 Hz
Loading : Kyay constant
m values ¢ (L) 12,44
(2) 10,6

-3
8MMn&

A MNm

(1) Kiay
T (@) Kigy

i

i

) 1 i | ]
0 | 72 3 4 6

STRESS INTENSITY RANGE AKy MNm ™

Figure 2,22 PFatique crack growth rates measured by load
ralaxation in WC-6Co, 109

A programme to measure systematically crack growth
rates in WC-Co alloys, set up by Almoud and Roebuck,lll

unfortunately produced only a single result before being
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shelved for economic reasons.}l3 (Figure 2.23).

Alloy : WC-1lCo, coarse grained (= 3-4um)
Test : three-point bend specimen, dimensions
38 x 7,2 x 2,4 mn
da/dN : measure crack length by potential drop
method
Frequency : 20 Hz
Loading : R = 0,14 - 0,2
m value : 10

0>

r/cycle
5

da/ay

&
| | ]
io % Z0 25

-3
STRESS INTENSITY RANGE AKy MNm ‘>

Figure 2.23 Fatigue crack growth rate in WwCc-11Co, 111l

Recently, results of crack growth rates on a range of
alloy compositions have been 1reported by Lueth,110
Unfortunately there is no indication of load range ratio
(R value) or or mean stress intensity. Lueth states that
the data f£it an equation of the form da/dN = C(AKy)M (as
would be expected) but straight lines appear on a graph
which is plotted semi-logarithmically, i.e. K1 not on a
log scale (Figure 2.24).
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Alloy : WC-Co various Co contents, grain size not
stated
Test : Double torsion specimen 76 x 43 x 3,2 mm
(grooved)
da/dN : measure crack length directly with
microscope
Frequency : 2 - 20 Hz
Loading : R values, Kyay not stated
m values ¢ (1) 22,85 (3) 18,44
(2) 19,36 (4) 12,42

10,00 —
.
- L
&«
o 1,00
5
4
£
(&)
[}
el
'
"
:"J
o
B
0,0
(1) 6wt% Co
(2) 1lwtZ Co
(3) 16wt% Co
(4) 25wtZ Co
0,00 | VORI AU NV NUNNE WO P B 4
9 10 il |2 13 x 10

STRESS INTENSITY RANGE AK, psifinch

Figure 2.24 Fatigue crack growth vates measured using
the DT geometry for a range of alloys.ll0
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viswanadham}l2 using the short rod technique has
carried out %2sts on alloys with fracture toughness
values of approximately 17 MNm~ 372, The results have
been normalised as log da/dN vs log O&K/Kyg, thus
combining data from different samples. (Figure 2.25).

Alloy : WC-Co (detalils not suplied) Kyg =~ 17 MNm“3/2,
HV & 1060 Kg mm~2

Test : Short rod specimen. Diancter ~ 12,7 mm
haight ~ 18,8 mm

da/dN : measure crack length using compliance
calibration

Frequency : 5 Hz
Loading ¢ 7= 0,1

m: ~18
T T R
/
A
1,)"G - ""‘ —
v“f

-?-(j ) //,C("
oo L —
Nl OK/K e da/dN(jum/cycle)
i Famz 2,0
5;: -8 / 0,7 0125
5 10 0,6 0,025 7]

1077 1 i l | 1 l

0,5 0,6 0,7 0,8 0,9 1,0

NORMAL[SED STRESS INTENS*®TY RANGE AK/KIC

Figure 2.25 Normalised fatigue crack growth rate in
WC~Co having Kyea 17 MNm~3/2,

Limited studies have been made on the effect of R
value up to R = 0,6 : as R increases crack growlh rate

increases. 112
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2.10.3 Frequency Effects

A range of frequencies have been used in fatigue
investigations but no systematic study has yet been made
of the effect of Ffrequency changes on crack growth rote

per cycle.

Evans and Linzerl0? have discussed frequency but no
quantitative results are reported. Th2 experimental
tachnigue they used was to monitor the rate of change in
displacement of the Lload points with time, ygy, under
fatigue loading. Tf it is found that yay is the same at
] all frequencies then the mechanism of crack growth is
quasi-static. If there are significant effects of fre-
quency on Yyay then a true cyelic fatigue mechanism

A operates. Their results showed that the rate of change

in compliance with time had a strong freqguency depen-
dence., Crack growth by fatigue 1is therefore a truly

cyclic mechanism. Unfortunately they do not report any

gquantitative data nor do they discuss whether the crack ﬁ
growth is due only to cyclic mechanisms or whether there !
is also a static growth contribution. ;
' Viswanadhamll4 has examined, in a limited way, the 7
ef fect of Erequency - changing the frequency from 0,5 to
1 5 Hz decreased crack growth rates by a factor of 2 to 3. ,

| 2.10.4 Fractography and the Mechanism of Fatique t

Only some of the investigatcers have made an attempt
to elucidate mechanisms of fatigue crack propagation. 1In
essence  mechanistic discussions have been based on
experimental results and fractographic observations.
Some controvarsy exists, however, as to whether there are
' any specific differences hetween fatigue and fast
N franture surfaces.

Scanning election microscopy of surfaces from
%[ ' rotating  beam  testsl05  showed  [racture to  be
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predominantly in the cobalt binder phase with
characteristic ductile dimples. Luethll0 gupports this
view and states that fatigue fracture surfaces are
identical to those produced by a continuously propagating
crack. Based on Lthis fractographic evidence he concludes
that fatigue is not an active failure mechanism,
e completely igaoring the da/dN vs AKpdata.

In contrast to this Almond and Roebucklll have

renorted that the binder-phase regiong fail with little

plastic deformation by a fracture mocde that is probably

partly cleavage and is characterised by surface markings
that are crystallographic in nature. Their explanation
for this more brittle failure of the binder in fatigue is
the considerable work hardening of the cobalt resulting
from the cyclic streasses at the crack tip.

vViswanadhamll4 has indicated that there 1is no
significant change iIn the fracture topography of
catastrophic and fatigue fracture except in a very
limited namber of cases observed in WC-6Co and WC~8Co |
alloys with grain size - lpm. He feels that these !
Vi differences arc observed only uander very restricted
conditions which he has not yet been able to identify.
The transition from fatigue to catastrosphic failure can,
however, often be distinguished visually, the effect it
1 is feltll? being due to deviations in the location of the
crack plane.

Miyake nt al.l04 using X-ray diffraction wmeasure-

£ I

ments, have shown that the binder transforms C€rom the
f.e.e to h.c.p structure during fatigue, with the
proportion of h.c.p. increasing with the number of
fatigue cycles.

Evans and Linzerl09 did not carry out any fracto-
graphy but by analysing the effects of C[regquency on
growkth rates concluded that t(rue c¢yclic mechanisms
operate in hardmetal alloys.

FEvansl?l5 has subsequently proposed a model for
m ' Fatique in caramic-metal systems, with specific

i . § \'\ : \\ i
E o F) - " ¥ Y " h AJ’ i . v’: . S -




I

63

application to WC-Co. The metal binder phase has a
substantially higher toughness than the brittle carbide
particles and even in fast fracture metal ligaments are
expected to remain behind the primary crack £frent,
Ductile failure of these ligaments as the crack opening
displacement exceeds the strain for fracture produces the
dirples and filaments observed on fast fFracture

surfaces. 116,117

zA;:iggii }i}{llyrwn»,ﬁ
n 'dw _‘_ D ’

The formation and fracture of these ligaments provide
the primary source of toughness, a view reinforced by the
dependence  of  toughness on mean free path. Evans et
al.l18 have shown that toughness depends on the yield
streugth and dispersion of the binder phase to an extent
given by the relation: (derived by Evans, Heuer and
Porterkl8),

3

i

Ke

+

Ko + Qy T L
(1L + da/m¥2\ 2

where:
Ko = fracture toughness of composite
fracture toughness of c¢eramic constituent

=
[T o
it i

sueparation betwesn ligaments

jw)
il

ligament diameter
ligament zone size

o
it

Values for d and D cannot be related directly to the
microstructural paramaters of WC-Co alloys because an
idealised composite of cylindrical ductile particles in a

brittle matrix is assumed.
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In a fatigue situation the unbroken ligaments most
remote from the crack tip are subject to extreme plastic
strain and can be expected to exhibit necking.ll3 Wwhen
the applied load is reduced and crack surface separation
decreases, failure of the remote ligaments by plastic
buckling is likely to occur. The effective, total,
remaining ligament zone area and hence the force
resisting crack opening is reduced, fcr unit width, by an
amount AL,

Upon reapplication of tensile load the stress
intensity at the ¢rack tip becomes:

K = Ko = __Gy (TTL - &L
(L + d/p)2 2 }

wherea:
K. = applied stress intensity

If K excoeeds the intrinsic toughness of the ceramic

constituent, Ky, the crack extends until:

applied stress} - (Eorca resisting crack\ = Kgq
intensity ; opening /
Fatigue is therefore observed.

In terms of this model, the number of ligaments that
fail by buckling during unloading will depends on the
degree of crack of crack closure i.e. the minimum stress
intensity of the load cycle (Kipin)-. The subsequent
crack advance during the leoading half cycle then depends
on the maximum applied stress intensity, Kipax-

It i¢ therafore ovident bthat the crack growth per
cyele  da/dN is  a function of the absolute cycle
paramaters  Kipax and Krpmin a8 well as  the stress
intensity range AKg.
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2.10.5 Summary

The published data on fatigue crack growth rates are

4 summar ised in Figure 2.26.
8 . The various conflicting opinions on the nature of

fatigue crack growth are tabulated to show the degree of
controversy that exists. (Table 2.5).
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REVIEW OF THE DOUBLE TORSION

TEST METHOD

INTRODUCTION

A wide variety of specimen types can be used to
obtain fracture mechanics information. The majority,
however, have been developed and are ideally suited to
relatively ductile materials and while most are
satisfactory for determining fracture toughness values in
brittle materials, slow c¢rack growth measurements
present 'a more complex problem. These materials can be
very load sensitive and the stress intensity has to be
carefully controlled to prevent fast fracture. For this
reason the ‘'constant K' Ggeometries are preferred.
Evansll® has summarised the optimam applications of
various test methods for brittle ceramics (Table 3.1).
All four geometries suitable for crack growth rate
studies have the 'constant K' characteristic, which in
addition to the simplified stress intensity control also
permit measurements to be made over a relatively large
crack propagation length within a single specimen.

In particular the double torsion test technique,
first proposed by Outwater and Jerry in 1966,120 has
gained popularity and been used extensively by various
authors to measure fracture toughness and to obtain slow
crack growth data in brittle materials subjected to both
monotonic and fatigue loading. The major advantages are
that the specimen geometry is relatively simply and easy
to manufacture, (Figure 3.1),119,121 +the analysis is
supposedly straightforward and experiments are easily
performed.t22 There are also unfortunately a number of
unresolved questions concerning the technique.
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Pletka et al.l23 have stated that:

(i) "certain precautions and special techniques
are reqguired to conduct the experiments
properly,"

and (ii)  "cer:ain specimen and experimental
conditions lead to data whose validity is
(sic) questionable."”

In addition there has been no standardisation of test
procedure and as a result a wide variety of methods and
geometries have been employed. 2 review of the many
publications on the subject has therefore been made in
order to systematically document all aspects of this
useful test method.

—
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THEORETICAL ANALYSIS

Description of Test

The double torsion specimen consists essentially of a
thin flat rectangular plate with a starter notch cut into
one end (Figure 3.l1). The co-linear point loads applied
at the notched end effectively cause opposing torsional
moments on each side of the plate resulting in crack
propagation down the centre line of the specimen.

If, however, the torsional moments are not exactly
equal, for example due to misalignment, the crack will
deviate from the centre line. Some authorsl25-129 have
used crooves in the top and/or bottom surfaces to
stabilise central cracking. The effeci of these grooves
{s discussed in Section 3.3.4.

The remote end of the specimen (as opposed to the
loaded end) 1is simply supported, the only load being
the weight of the test piece,

—
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Renr te end

Crack

v ’
‘ / Side beam
:“ #f' Noteh
i v/2
3
1)
% Loaded ond
# 4 * b . y
.. 20-25 Tension suriace :
i s xm-‘»ﬁff-hbq";:r NP B e e ‘(
‘ Notch ¢
[P b o e L) SRR e \.“‘; :; [, ,. FO P S p— v
| Gompression surface i
;P L ”L”,_ﬁ.““*m_h.Jhlgh dy = thickness of material
; . . in plane ol ecrack : ;
dw ‘

[‘ - 7 ;] [d‘ If no grooves dy = d F

}

W 1

Figure 3.1 Diagram showing the basic geometry dimensions
and terminology used in the double torsion
test.




3.2.2

Derivation of the Stress Intensity at the Crack Tip

73

The
intensity
independeut
‘*constant K'

in the stress
discussed in Section 3.3.5.

The

alastic torsion beams of

Figure 3.2.

(Saction 3.4.3)
For

rigid.

deflections,
specimen thickness, the following equation applies:124

&

where:
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Figure 3.2

following derivation
in the double torsion

of the

geometry.

specimean can be considered

Hj

that the stress

specimen is

shows
nominally

crack length, 1.e.: a so-called

There is, however, some variation

intensity due to end effects. These are

as two rectangular

length, a, loa”ed as shown in

The analysis assumes a vertical crack front ﬂ )

peyond which the specimen is perfectly ' |

a beam in torsion subjected to small

v, and where width 1is much greater than

x - 6Ta
Wp  Wd3G
torsior: i strain

torsic: .1 monent
shear modulus
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elastic compliance
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Derivation of the Stress Intensity at the Crack Tip

The following derivation shows that the stress
intensity in the double torsion specimen is nominally
independent of the c¢rack length, i.e.,: a so-called
"constant K' geometry. There is, however, some variation
in the stress intensity due to end effects. These are
discussed in Section 3.3.5.

The specimen can be considered as two rectangular
elastic torsion beams of lengyth, a, loaded as shown in
Figure 3.2. The analysis assumes a vertical crack front
(Section 3.4.3) bayond which the specimen is perfectly
rigid. For a beam in torsion subjected to small
deflections, vy, and where width is much greater than
specimen thickness, the following eguation applies:124

B =y = 6Ta_
Wn  wd3dc

wherns:
6 = torsional strain
T = torsional moment
G = gshear modulus
a = crack length
C = elastic compliance

. - o ,/
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The elastic compliance is defined as the deflection,
y, divided by the applied load, P. It is a function of
the shear modulus of the material, G, and the dimensions
of the assumed bheam in torsion. Particularly, as the
length of the beam increases, for a given applied moment
and cross-sectional area the compliance will increase,l24

Hence:
C =y = 3Wp2a
P Wd3g
where:

Wm = load moment arm

= specimen width
specimen thickness
= ghear modulus

]

vy =
il

crack length

It is not a pre-requisite for the measurement of
fracture mechanics parameters to have available a stress
intensity calibration for the specimen. The relation
between stress intensity, Ky, (or strain energy release
rate CII) crack length and load «can be obtained

empirically:

where:
U = strain energy of specimen = area under
load/deflection curve = Py/2
A = area of crack

P

U = py/2
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It has already been shown that:

C=y
P
so that:
S 1= =d 923)
da\ 2

at constant load:

dc = dc x da = L [dc (da/dn =dy,
da  da dA  dyl\da Section 3.3.6)
therefore:
<5I = -p2 99)
2dy, \da
Deflections beyond the crack tip are assumed to be
nejligible.
C = 3Wya
wd3c

Therefore the slope of the compliance curve = dC/da

da Wwd3c

B can be calculated or determined empirically (Section
3.4.3)
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Fuller8® in a more rigorous analysis includes a thickness

correction factor, 7v(t).

W
. T st
t = 2d
d 28
W
Y/(t) = é :
where: 1T
§€=1 - 0,6302t + 1,20et
Hence:
Etl‘ = Bp2
2dy
2w..2 ? %
2wd 2d..a . |
2WA2d,G \s: 7
By substituting the following formulae, %
Ky = (Eq )4 plane stress %
& !
Ky = ( B )* plane strain 4 |
L-v? |
G= __E___ )
2(1 +v) k v
w ¥
B = Young's modulus of ‘
elasticity
|
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The stress intensity equation is obtained:

it

Kt

3P 2W22E(L +v) | %
2WA3dy (1 - v 2)Eg

Ky = PWp 3 I
Wad3dy(l - v g

NOTE: If a specimen without grooves is used the thickness
in the plane of the crack, dy, is equal to 4.

In general the stress intensity formula is used as it
stands but it is possible to use a value for B obtained

experimentally.

{ BB ] %
t ]

Ky =P | _
A2(‘]‘”(1 "V“) J

Alternativelyl27  the fracture tovghness Kye of the
material can be determined by other techniqueé (e.q.
SENB, CTS), and the load regquired for fracture of the
double torsion specimen measured. Hence the constant of
proportionality is determined empirically.

|
|
|
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MECHANICS MEASUREMENTS

Mode of Fracture

The theoretical analysis

crack opening, where in generalised fracture procasses
three modes are in fact possible.
classified as follows, (sce also Figure 3.3):

T
IT
ITL

il

pure shear

]

it

Modes I[1 and LII are relatively uncommon and the
fracture toughness of a material almost always refers to ‘
mode I. Values of Kppe and Kpppe are relatively large : ;

compared to Kig for most

failure will usually be by mode
normal to measure Kic as the fracture criterion.

The slightly wnusual loading technique
the double torsion test requires that mode I fracture be
validated. Fullerl30 has stated that this can be the
'ideal' double
configuration and

only mode of crack propagation

torsion specimen since the

assumes a

tensile opening (most common)

anti-plane sliding (torsion conditions)

matorials in service,

it is

employed in

I, tensile

have been

therefore

specimen geometry are symetrical about the crack plane.

Evansl3l has acknowledged

that the

nature of the

loading applied and the resultant apparent direction of ;
crack propogation, x, suggest that fracture occurs due to

the shear stresses, [ , i.c.

(Figure 3.3).
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Made I HMode LI Mode III

Figure 3.3 Sketch showing different modes of fracture.

This would be the case if the crack front were
parallel to the 2z direction propagating in the x
direction, however the crack profile 1s closer to the x
diraction, except possibly at the tension surface. This
indicates that the tensile stresses, O , due to the
applied bending moment are contributing to the crack
growth so that Lracture is by mode 1T or mixed mode IL/IILI.
Considerations of the critical strain energy releasc
rates SIC and GI[IC using glass (a material which has
Qrrre>> Gig) show that Fracture for brittle materials is
exclusively mode 1,131

The four point loading applies egual torques to the
side beams.l30 Tt has been shown by Fullerl30 that, if
allowable the two separate bheams would inter-penetrate
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each other (Figure 3.4). Contact stresses would be
generakted by this action but are ignored for analysis;
this 1is probably a good approximation for thin beams.
(No indication is given of the thickness to width ratio,
which is normally regarded as Gthin.) These contact
stresses may be significant Lor thicker specimens
increasing the ceffective stress intensity acting at the
crack tip by causing additional, mode I, opening of the
crack. Tt has been suggested by Fullerl30 that these
strosses could explain why values of Kpe for poly-
crystalline alumina were under-estimated using specimens
with thinness ratio t = 2d/W =~ 1/4, but were in good
agr=zement with  other methods of measurement for
t =~ 1/6. A groove in the compression face reduces
inter-action effocts, but as discussed in Section 3.3.3,
the stress concentrations due to grooves are unknown and
therefore undesirable,
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Figure 3.4

Specimen Geomel:xry and Dimensions

No specific rationalisation of the dimensions of the
double torsion specimen has been located in the liter-
ature. The majority of workers have used similar sized
specimens (Table 3.2) either in the range 300 x 75 % 6 or
80 x 25 x 3, millimetres. Pletka ot al.l23 gstate that
"the specimen 1s a thin plate which usually has the
dimensions of a microscope slide", it is quite c¢lear
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however that substantially larger sizes are used.
It is a requirement of the analysisl24 that the width
be 'much greater' than the specimen thickness.
Recommendations on the dimension ratios have,
however, been proposed by Pletka et al.l23 and Evans, 129

these are:

Length | Width Thickness Web thickness Ref
> 2W W (1L/12)W 1/2(thickness) | 123
3w W (L/8 - 1/10)W 2/3(thickness) | 129

These are based primarily on the good agreement of
rasults or.ained using the double torsion specimens of
thess qgeometries with other (e.g. D.C.B.124,132)
techniques. There appears to be no mathematical basis
for choosing these ratios.

Trantinal 2L has carried out a finite element analysis
nf the double torsion specimens, using dimension ratios
20 ¢ W :(1l/10)wW, his results and comments (Section 3.3.4)
are therefore valid fur mest specimens listed in Table
3.2.
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' Table 3.2
TYPICAL DOUBLE__TORSION SPECIMEN _GEOMETRILS
REFERENCE PHICKNESS WIPTH LENGTH
NUMBER | DATE MATBRIAL Linm ) {min] (run}
i
148 1969 ] Glags 3,18 75 | 300
149 1970 | Steel 4340 3,18 76,2 | 229
124 1973 | 8tenl 4130 3,17 76,2 200
126 19473 Parspex (PMMA) 12,7 76,2 457
126 19723 Seda lime glass 6,3% 76,2 609 N
126 1973 Glasy ceramic 6,35 76,2 305
132 1973 faluminium alloy 7,6 70,86 204
P15 1974 {Aluniniam alloy 2124 | 6,35 - 13,2 71,1 203
P4y 1974 | coment pastes | 19 76 228
{150 | 1976 | coment mortar 6 57 105
I 411 1179 | Persper (PMMA) ] 80 ?
| ﬁ
E 1582 1973 Ceramic 3 25 75
{143 | 1974 |Vitreous carbon 3 25 ? ,
; 128 1976 [ wWe-co 3 30 90 - “H
; 122 12840 Zirconia 2 23 80 ;
{ 151 1980 | ceramiv 2 20 50
! ‘
]
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Thickness

The thickness of standard fracture toughness
specimens 1is usually dictated by the fracture toughness
(Kre) and yield strength (Oy) of tne material. The
usual requirement to ensure plane strain conditions is
that:

thickness > 2,5(Kyc |2
Sy

If the material being tested 1s brittle this
condition is us : 'y satisfied as the size of tne plastic
zone at the ¢r " tip is negligible. However questions
remain concerniag the range of dimensions for wvalid data,
particu”s. 1y in the case of Dbrittie polycrystalline
material. where microstructural interactions with the
crack might be influenced by the specimen thickness and
the state of stress.:30 The condition must therefore be
imposed that the rhickness of the section is sufficient
to be microstructurally representative,ll® that is:
dy >> dimensions of microstructural parameters e.g.
grain size.

Outwater et al. 125 have used the double torsion
method to determine the fracture toughness of a wrought
aluminum alloy. The specimen thickness was approximately
half that recommended by the formula above, no shear lips
were ohserved on the fracturz surface and the Kye values
were in good agreement with those obtained by more con-
ventional (CT8) methods. Murphy et al.l33 have tested
cast aluminium using double torsion specimen thicknesses
as low as 0,25 the value recommended For plane strain.

It must he assumed therefore that plane strain
conditions hold at least at the leading edge of the
crazk, even if the double torsien specimen is as little
as half as thick as the recommended value.
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Grooves

Grooves have frequently been cut (or cast) into the
surfaces of the double torsion specimen to ensure that
the fracture propagates down the centre line, where the
stress intensity can be calculated. However "the centre
slot causes certain intellectual discomfori because its
effects, other than guiding the c¢rack are not well
understood."134

Almost every conceivable combination of grooves has

been used in th=2 past, for example:

(i) grooves in both surfaces, equal depthsl25 and
unequal depthsl26
(ii) grooves in the tension surface onlyl27,128
(iii) groove in the compression surface only:23,129
(iv) no grooves at alll24,134

As with the overall dimensions there appears to be no
mathematical or analytical base for selecting a
particular groove geometry. There are several uncertain-
ties relating to the effect of grooves, and a test piece
with no centre grooves would be ideal.

Murray and Perrottl28 report that central cracking is
not stabilised by a reduction in section thickness but
rather requires the stress concentration effect of a
sharp groove. On the other hand Pletka et al.123 re-
commend that narrow grooves should be uvoided and that if
wide grooves are usedl35 the crack is turned in the
stress field of the specimen before it reaches the side
of the groove. This eliminates the chance of the crack
interacting with the side of the groove during propa~
gation.

There are two principal reasons why the crack may
deviate from the centre line. Misalignment of the
specimen in the loading sgystem results in unequal
torsions and therefore uncertain crack £ront stress
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intensity, it is quickly manifest as a deviation from the
centre line.l34 However, careful machining and specimen
alignment minimises the problem.123 It has also been
shown that microstructural discontinuities such as grain
boundaries or second phase particles promote interaction
of the crack with the side of the groove; this causes
discontinuous c¢racking which has bheen attributed to the

crack wandering into the wall of the groove.l33/136 7pe
groove geometry may also introduce additional stress
concentrations, 30 for wexample the existence of sharp
corners can, because of the stress concentration effect,
attract the crack to the side, of the groove and it can
then easily move into the full thickness side beam of the

specimen (Figure 3.5).
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Figure 3.5

- Li-Shing and Pabstl22 report that groove width and g

‘ groove (tip) geometry influence the crack velocity

behaviour; this contrasts the work of Pletka et al,l23

who found only a slight variation. Pabst and Weickl37 g

i ' have shown by testing various groove geomebtries that the t
' scatter of results in static crack growth rate tests is ﬂ

substantially dJdecreased by using specimens without a

y groove, A rectangular groove, with two 90° corners :

ﬁ : causes so much scatter as to render the results almost .

usaless, It is quite possible, therefore, that a groove ,

in the tension surface alters the stress intensity at the

crack tip. (Figure 3.6)
To avoid the uncertainty surrounding the effect of
ﬁ] ‘ grooves it is possible to use specimens without
them.124,134  nhis requires well finished surfaces, an
extremely well balanced loading device, a perfectly
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i dimensioned specimen, a homogenous material along the
b crack extensionl?4 and careful alignment.l34 oOtherwise
i f it is very likely that the crack will deviate from the v
i "1 »y;._“
¥ midplane.
1
e 1,0 mm el 1,5 mm _ W= 24 mm
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Figure 3.6 i |
3.3.5 Variation of Stress Intensity with Crack Length ;

The "strength-of-materials" analysis of the double
torsion specimen (Section 3.2.2) has indicated that it is
a so called 'constant K' test i.e. the stress intensity
at the carck tip is independent of the crack length.
McKinney and Smithl26 Ffirst reported a departure E£rom
this situation due to end effents approximately one plate
width from either end,

Experimental measurements of the fracture toughness
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of glass by Shetty and Virkarl38 and Pletka et al.l23
have shown that the 'constant K' regime does not include
the ends of the specimen. Pletka et al.l23 determined
fracture toughness for crack lengths, a, in the range
0,05L to 0,85L.

The experimental evidence 1is in excellent agreement
with the finite element analy:is of Trantinal2l who
predicted a valid range for a : 0,18L<a<0,78L, for a
specimen with dimension ratio, length/width = 3,

These results are illustrated in Figures 3.7 and 3.8
which show the Cfracture toughness values obtained by
experiment and the wvalid range predicted by finite
¢Lement analysis.

s

0,8

o 0‘\‘\‘ [} (8]
oaﬂ%rﬁgqmu.éuwéwwjoo
[»}
0,6~ et o et st e
0,18 a/L. 0,78
04 |om
Ll | . 1
0 0z o,4 06 a8 Lo
a/L

Fxperimental results of Pletka et a1.123

for crack length, a, in the range
0,051 to 0,85L., Validity limits predicted
by Trantinal23 also shown.

Figure 3.7 Ky measured in toluene on soda-lime-silicate
glass slides as a function of crack lengtl:.
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Figure 3.8 Relative stress intensity (finite element/
strength of materials) as a function of
crack length and ligament length.

Trantinal?2)} originally quoted the valid range of
crack length, a, in terms of the width, W, such that:

OISSW <Ca< L - OyGSW.

These limits are in close agreement with those set by
Shetty and Virkarl38 for two different specimen sizes:

0,5W < a < L - 1,0W 1 : 31,25 ¢ 75 mm
0,4w < a < L - 0,8W 1 : 50 : 75 mm

In Figure 3.8 the stress intensity computed by
finite element technique for a given applied load is
shown as a function of the value calculated by the
"strength-of-materials' approach. The implication of
this is that thoe actual stress intensity acting at the
start of the specimen is less than the value given by the
strength of materials calculakion. Hence loads higher
than those required at the centre and end of the specimen
will be needed to cause crack propagation in this region.
This will result in apparently higher toughness values
being calculated, as confirmed by Figure 3.7.
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If constant load techniques are used to measure
subecritical crack growth it 1is clear why catastrophic
fracture can be difficult to prevent. At a constant
applied load the actual stress intensity acting in-
creases, remains constant at the middle of the specimen
then increases again, as the crack extends.

These end coffects also alter the compliance cali-
bration curve so that it is not linear for short and long
crack lengthsg. 130

Crack Front Shape and Growth Rate Correction Factors

The analysis of the double torsion technigue assumes
a crack front perpendicular to the surfaces of the test
specimen but practical observation show that the shape

is curved extending further along the tension than the
compression faces (Figure 3.9)

7 SR s s S g’.r_w‘»- et nn L E S ,T‘_..*;.l
dy 1§ ! Cracked ww_,wﬂw”gy Uncracked
I L T L o
Line of load
application

Figure 3.9  sSchematic view of the curved crack front
profile for the double torsion specimen,

For the purpose of strain  energy release rate
analysis it is necessary to determine the rate of change
of crack surfacr area with increasing crack length. It
is assumed, therefore, that the shape of the ecrack front
remains unchanged over the length of the specimen as the
crack propagates,
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The increment in crack surface area, dA, that 1is
produced by crack extension, da, at constant load, P,

is:
(@2)p = (da)(dy)
day = dy
da/p

where:

d, = materizl thickness in plane of crack

Cyr

Figure 3.10

Williams and HEvansl24 state that this shape is
essentially independent of the crack length (except for
cracks approaching the eud of the specimen) for a given
stress intensity, but varies marginally with stress
intensity.

There are a number of problems associated with a
curved crack front. Virkar and Gordonl39 have noted that
the shape depends on the subcritical crack growth
characteristics for a given material and environment, and
that it i& not coincident with the shape obtained by
theoretical analysis assuming a constant K; along the
crack front.

Phe local direction of crack propagation must be
orthogonal to the crack front, it is clear therefore that
the velocity varies locally all along the front, (Figure
3.11)
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Figure 3.11 Crack advance in At
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The crack velocity is uniquely related to the stress
intensity, by V = A(Kp)D, or for fatigue da/dn = C(AKT)W,
where A, C, m and n are constants for a particular
material and environment. Therefore the stress intensity
must also vary along the crack front. It is concluded
that the shape of the crack front depends on the value of
the exponent, If the exponent varies with stress
intensity i.e. a non-linear log V - log K curve, as
typically found for stress corrosion cracking situations,
then the c¢rack front shape changes depending on the
applied stress intensity.l39 It is then not possible to
make accurate velocity  determinations by simply
introducing a crack front shape correction factor.

Trantinal2?l using his finite element analysis of the
double torsion specimen determined a unique crack Efront
shape providing a constant Ky along the crack front to a
depth of approximately half the thickness. He states
that reasons for differences in crack shapes for
different materials are not clear, it may be due to the
groove depth but does not appear to be determined by the
exponent (cf: Virkar and Gordonl39)., However, variations
in stress intensity are small, and since the exponent is
usually large (n,m > 10) for brittle materials, small
changes in the stress intensity can cause considerable
variation in velocity and hence shape.

A correction factor can be introduced which will give
a closer approximation to the velocity than that observed
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on the tension surface. Evansl3l has recommended the
neasured velocities be reduced by a factor ¢, where:

Fe___a

(Aa2 + d,2)}

However this 1is not really valid because the stress
intensity is also decreasing,l2l
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Figure 3.12

Trantinal2l and Virkar and Gordonl39 concede that
furthe2r study of different materials and geometries,
detailed avaluation of the c¢rack £ront profiles and
better averaging procedures are required to take into
account more fully the effects of the curvature
of the crack front.

It is assumed at this point that (a) the stress
intensity in the double torsion specimen is given by the
simple analytical solution (Section 3.2.2) and (b) the
measured crack growth rate (da/dt or da/dN) is corrected
by the sgine of the angle of incidence, X , of the crack
front. with the specimen surface. (Figure 3.12)
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EXPERIMENTAL TECHNIQUES

Precracking

In order to obtain wvalid fracture mechanics measure-
ments it is necessary to sktart with an atomically sharp
crack, this is wusually recommanded for all specimen
geometries although some controversy exists. The
requirement Ffor an atomically sharp crack 1is especially
evident in Efracture toughness determinations, values
obtained from blunt cracks are invariably too
nigh.123,128 pletka et al.l23 have recommended two
methods for precracking the double torsion specimen.
These are: (i) a constant displacement rate and (i) a
fixed displacement, of the load points. Both methods
employ a tapered starter notch (Figure 3.13) and
initiation and propagation are detected by a rapid
decrease in load.
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Figure 3.13 Sketch of load required for fracture using

tapered starter noteh,

Method (ii), whereby the displacement is occasionally
inereased but is then fixed and held ak that value, 1is
preferred because it requires a lower wmaximum load for
initiation. More time 18 allowed for the slow crack

growth mechanismg to Form a crack and therefore a smaller

pra sy
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precrack is obtained. This is especially important for
materials in which the precracking load can exceed the
load for fracture of the complete gpecimen.

The stress intensity, Ky, in a double torsicn speci-
men is a Ffunction of the load applied divided by the
square root of the thickness scen by the crack,
Ky o¢ P(dw)"%. (If a specimen without grooves is used
dy = 4). The effect of tapering the starter notch,
initially very small 4y, 1is therefore to enable a crack
to initiate by subceritical slow crack growth mechanisms
at a suitable stress intensity but using loads well below
the load required to cause fast fracture in the full
thickness (Figure 3.13).

The stress Intensity wvariations with c¢rack length
investigated by Pletka et al.l23 and Trantinal2l show
that the loads required for a given stress intensity are
higher at the start of the cracking than in the middle
.agion (Section 3.3.%). This eoffect may counteract the
benefits of the tapered notch and if load relaxation
after initiation is insufficient total fracture of the
specimen may occur.

In any event it is necessary to rely on subcritical
slow crack growth mechanisms to intitiate a starter
crack, which is then detected by a change in com~
pliance.l24 For ceramic materials and for wmetals under
environmental stress corrosion attack it is sufficient to
use a static load, However, f[or metals in normal
circumstances it is necessary to use c¢yclic fatigue
either under controlled load or controlled displacement
conditions, 124 as before crack extension is detected by a
change in compliance, or by direct observation using dye
penctrant techniques. (Section 3.4.2).

ex
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Direct Measurement of Crack Length (Position of crack

tip)

Mo-t of the test methods (detailed in Section 3.4.4)
are such that the c¢rack monitoring is not usually
continuous, and measurements need only be taken before
and/or after a test. For example the displacement
controlled load relaxation technigue requires a before o
after measurement of the c¢rack length in both the
statiel24 and fatiguel40 modes, fatigue crack growth,
under constan. load cycling however, ragquires measurement
before and after a certain number of cycles have elapsed.

One of the primary advantages of the double tors.on
test 1s that crack length cau be determined from the
compliancr: of the specimen, cnce the compliance -~ crack
length correlation has been obtained (Section 3.4.3).
This means bthat the crack length can be measured without
direct observation.126,127,129

Cespite this extremely vseful feature of the double
torsion tast, other techniques of measurement ha <« been
used, bhecause the accuracy when using compliance may be
insufficient for precise crack length d=termination.
These have included such exotic ideas as silver grid
lines nvaporated on to the specimen surface in the line
of the fracture,:26 as the crack propagates the resis-
tance of the grid lines changes. The most successful
how~ar all rely on the ability to cbserve optically the
position of the c¢rack tip. In transpavent materials
(glass, perspex) this is no problem,l41,142 put in opaque
materials a method is regquired which will reveal the
position of the crack tip. Por this purpose the use of
dye penetrant sgeems to be most appropriate. Evans et
al.140 uging a constant stress intensity under both
fatigue and static loading mzasured the crack length
increment, Aa, in a predetermined time, At, using
fluorescent dye penctrants. DPletka et al.l?3 have also
recommended the use of dye penetrants, but comment that
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checks need to be made to ascertain whether the dye
actually penetrates to the crack tip. This can be done
by turning the sgpecimen over and loading to fracture.
! ‘ The crack profile and position of the original crack will
be seen clearly, and the extent to which the dye has

F penetrated will also be visible.

A method which has been used with success by tn=2
author, for fatigue studies, but which is not reporced in
the literature, is the placement of a dye penetrant in
the c¢rack during testing. With the combination of
capillary action and the opening and closing of the crack
the liquid is drawn to the crack tip and on unloading

. cycles is squeezed out thus c¢learly showing its position,
which is easily measured using a travelling microscope.

There is one problem however with the dye penetrant

. liguid capillary method. The substance used to reveal

| the crack may cause an environmental effect on the crack

growth rates although specifications require that dye

penetrants are totally non-corrosive.(Section 4.5.1). : \

3.4.3. The Use of Compliance to Measure Crack Length

The compliance, C, of a test specimen has previously
been defined as the displacement of the load points, vy,
divided by the load applied at those goints, P. (Section
3.2.2). The double torsion specimen is idealised as two

rectangular beams fixed at one end with torsional moments ‘
applied. It is assumed that:

| (i) the 1load poiut displacement is due only to
1 | purely elastic rotation of the side beams
resulting from the applied torque i.e. the
local stresses and deflectisns, due to the
noint loads, are neglected.l30

]

(ii) the uncracked section of the plate is perfectly

rigid i.e. no bending or torsiona! deflection
beyond the crack tip.
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(iii) the crack front is vertical and extends through
the thickness of the plate (experimental
observation shows that in practice the crack is
curved extending further along the tension
surface) (Figure 3.14).

(iv) the crack length, a, is measured in the tension

surface.

a a
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Assumed Actual

Figure 3.14

It is easily shown that the rotation of a beam fixed
at one end, to which a torgque is applied is a function
of the length of the beam, the cross sectional dimensions
and the elastic shear modulus. It follows, therefore, by
the assumptions (i) to (iv) that the i1otation of the side
beams and hence load point displacement in the double
torsion specimen is a linear function of the crack
length, a,124,126,130,135,143.144 4pn3 is given by:

¢ =y = 3Wy2a = Ba
P wd3g
where:
B = 3Wp?
W 3a
and:
Wn = moment arm of applied load
W = gpecimen width (side beam width = W/2)
d = specimen thickness

G = clastic shear modulus

)
#

crack length
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Clearly the uncracked length of the specimen must
deflect under the applied torque. However, 1f this
length is 'long' it will have constant compliance, Cq, as
is observed experimentally.l30 (No indication is given
in the literature of the percentage of the specimen that
must be uncracked.) This gives the very |useful
relationship:

C =y = (Be + Co)
P

where:
C = compliance
vy = displacement
P = load
B = constant

Co = constant
a = crack length

The values of B and Cg depend on the elastic moduli
of the test material and the dimensions of the specimen
and test device.l3l B can be calculated or determined
experimentally by measuring the compliance at various
crack lengths, The compliance of the side beams is
usually much larger than the constant Cg (Ba >> Cg)
therefore Lhe stress intensity calculation which assumed
Co = 0 is not affected within the range of validity
(Section 3.3.5) and crack velocity data is only slightly
influenced,130

It is possible to use the compliance, C = Ba + Cq, to
measure crack length indirectly once a calibration graph
has been obtained. Figure 3.15 contains examples from
the literature. Unfortunately the precision of
measurement by this method is poor.
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The deflection of the side arms, due to load, is
measured using linear variable differential transducers
(LUDT). It is not stated explicitlyl09,145 yhere this
deflection should be measured but the implication is that
it should be at the load points.

The criticality of where the LVDTs were placed wav

investigated using the relationship:

C = Ba + Cy where B = 3Wm2
wd3G

differentiating w.r.t. crack length, a:

dg = 3Wp? = B

da wd 3¢

Therefore if the experimentally determined compliance
value of B is to be compared with the analytical valaue,
the deflection must be measured at Wy, i.e. at the load
points.

If the LVDTs are placed outside the position of the
load points i.e. WR(LVDT) > Wp{load points) then the
compliance graph will remain linear but the slope (dC/da)
will be greater than calculated value of B,

Applications of the Compliance Relationship to Determine
Crack Growth Rates Indirectly.

The compliance relationship of the double torsion
specimen, already described, is, apart from the constant
stress intensity characteristic, 1its most outstanding
Eecture, Tt can be exp loited in several ways to obtain
static and fatigue crack growth data without continuous
monitoring of crack length., Althoagh not all of these
have been attempted by the author all are detailed as it
is forescen that in future work, Cor example at elevated
temperatures, rem.ce sensing using these methods may be
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The deflection of the side arms, due to load, is
measured using linear variable differential transducers
(LVDT) . It is not stated mxplicitly109'145 where this
deflection should be measur.d but the implication is that
it should be at the load points.

The criticality of where the LVDTs were placed was
investigated using the relationship:

C = Ba + Cy where B = BWHZ
wd 3G

differentiating w.r.t. crack length, a:

dc = 3Wp? = B
da  wd3g

Therefore if the experimentally determined compliance
value ¢f B is to be compared with the analytical value,
the deflection must be measured at Wy, i.e. at the load
points.

Tf the LVDTs are placed outside the position of the
load points i.e. WR(LVDT) > Wp(load points) then the
compliance graph will remain linear but the slope (4C/da)
will be greater than calculated value of B.

Applications of the Compliance Relationship to Determine

Crack Growth Rates Indirectly.

The compliance relationship of the double torsion
specimen, alrecady described, ia, apart from the congtant
stress intensity characteristic, 1its most outstanding
feature. 1t can be exploited in several ways to obtain
static and fatigue crack growth data without continuous
monitoring of crack length., Although not all of these
have beon attempted by the author all are detailed as it
is foreseen that in future work, Ffor example at clevated

temperatures, remote sensing using these methods may be
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necessary.
The equation y = P.a + Cg) forms the basis for all

these methods.

Constant Displacement Methods

(i) Static siow crack qrowth:124

Differentiate w.r.t. time:

dy = (Ba + Cgo)dP + (BP)da
at dt at

Lf the displacement, y, of the low points is kept

constant then:

dy = 0, and

P(Ba + Cg) = Pi(Baj + Co) = Pg(Bag + Co)

.@.9 = ~(Ba + Cpn) gf_
dt BP dt

= :;E_i.(ai + .c_rg) ap
B /4t

= —pf(ai + gﬂ)gg
B /dt

for large aj, af these rediace lto:

da = -ajp; dp

H]

dt P2 gt
or da = -agPf dP
"t P2 gt
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Unfortunately no quantitative value or ratio for
'large' aj in terms of specimen dimensions is given.
However, the value of B can be determined and Cq obtained
from the compliance graph, Co/B can therefore be
calculated and compared to the crack length, aj or af.

These two equations are extremely powerful for
measuring static slow crack growth rates. The specimen

(previously precracked) is loaded rapidly under
displacement control (0,25 -~ 0,5 mm/min) to a load P,
which is slightly less than the critical load, Ppg. This
displacement is fixed and as the subcritical slow crack

growth preceeds the load decreases (Figure 3.16).

e e e e
© t e A
SO - X (A) Background
. \\\\7 (B) Vitreous carbon
- T
] S + background
e I S ¢ (C) Soda-lime glass
«l i
Sa + background
sl » hene S g2 ot o+ vl
w 90 [-{s] 150 1 24 AL .,
TIME, (5]

Figure 3,16

Values of dp/dt can
at various loads, thus the crack velocity, V = da/dt,

and stress intensity,

P,

K1,

a wide range of VvV and Ky.

acquisition and

and simplify the problem,123
Background

load relaxation

reduction

acling

systems

mus b

can be

Typival load relaxation graph.l43

he taken off a strip chart plot
calculated over
Alternatively automated data

increase the accuracy

also be taken into

account, there are two techniques of doing this:

~
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The backgrouﬁd relaxation 1is measured at
1/2 - 3/4 Pyc with no specimen in the test rig,
this relaxation is subtracted from the total
relaxation.

The background relaxation is minimised. The
load fixture is preloaded using a dummy
specimen to approximately twice the anticipated
peak load, Pyc, and held until relaxation
ceases. The actual specimen is then placed in
the rig and loaded incrementally, to about 90%
of the Joad reguired for subcritical growth,
until no relaxation is noted.l23

[ii) Fatigue crack growth:

Differentiate w.r.t., cycles, N:

dy = ‘Ba + Co)dP + (BP)da
daN dN dN

the mean and cyclic displacement amplitude are kept
constant, dy/dN = 0, so that:

da = -ajPj dP
AN P2 4N

whare for one cycle AP,dP and P are defined as shown
in Figure 3.17 below.

PP

e

[,
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AP dP
Figure 3.17 ! d
Alternatively, obtain load values albt end of a cycle:
e+ e s ‘,,-m,\“ it i s 1
' Ay 1
SRR dP :
| R A R t
| N l‘\[ \‘-, ’
| PedP e p L \ ;
") ’ »\\ ﬁ:‘
AP g :
R ;
| “ ;
i N :
|

FPigure 3.18

From tha figure the mean load during the cycle is:

H

P 4 (P _+ dp) :
; |

[}

;

[P + (P ¢+ dP)12 = P2 + pdP + dP2 m P2 + PAP
2 4

da = -aiPjy ( ap )
P + dP
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? f‘ There is one problem associated with this technique,
the mean load and hence wmean stress intensity is
continuously decreasing. In a material where crack
growth is by pure fatigue this is acceptable,
da/dN = C(AKy)™M, However, 1if fatigue crack growth is
asgisted by static mechanisms and is mean stress
intensity dependent it is not useful to plot a curve

using data obtained by the load relaxation method.
(Evans and Fullerl46 and @vans, Russell and Richersonl40
have derived a sophisticated techunigque of comparing

gtatic and fatigue crack growkh rates te determine
whether true fatigue occurs or if the crack growth is
purely by static mechanisms operating over the cyelic

styess intensity range.)

«v4.4.2 Constant Displacement Rate:

{1) Static slow crack growth:

dy = (Ba + Cg)dP + (BP)da

dt dt dt
If dy/dt is constant, 1.e. constant displacement rate
is applied, it is found experimentally that the crack .
propagates at constant load, (Figure 3.19)127; :

b ap = 0
] dat
dy = (BP)da
dt dt
da = ay/dt |
dt BP

This technique requires a new specimen for each da/dt
value determined.

s,y T e N b
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Load //:M_M___\
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Displacement, Crack length, Time

Figure 3.190

(ii) Fatigue crack growth

In materials where fatigue crack growth 1is mean
stress intensity dependent it is possible that, with in-
creasing mean displacement, the mear load and hence crack
growth rate increases until da/dN matches dy/dN. The
crack then propagates at a constant mean load, dP/AN = 0,
and the following equation applies:

da = dy/an
aN BRP

However, if fatigue is only dependent on the cyclic
stress intensity, AKyp, it 1is not possible to set a
predetermined cyclic and increasing mean displacement and
expect a load plateau to occur. If dy/dN is too Fast the
mean load continuously increases and if dy/dN too slow it
continuously decreases; at only one unique value is dy/awn
exactly compatible with da/dN.

This method has not been used in the reported litera-
ture but despite the experimental problems that are
apparent it is theoretically possible.
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Constant load methods

(i) Static slow crack growth

A method almost eguivalent to the constant
displacement rate is to apply a constant lcad to the
specimen and monitor the displacement continuocusly as a

function of time.ll19

da = dy/dt
dat BP

The value of B, as besfore, is calculated or obtained
from the compliance - crack length relationship.

(ii) Fatigue crack growth

Load control techniques are probably the most useful
for fatigue measurements as the mean and cyclic stress
intensity can be accurately predetermined and once set
are not affected by expansions and contractions due to
temperature changes during testing. The crack growth
rate must then be measured.

dy = (Ba + Co)dP + (BP)da
an an dn

Using a constant mean load gives

dr/dN = 0
go that
da = dy/dN (P = mean load)

48
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dy/dN can be meonitored (if necessary by measuring
dy/dt and converting dy/dN since the frequency <
cycling 1is known). Direct measurement of crack

length, a, is eliminated.

The stress intensity range AKjy does not come into
the formula but dors not vary, hence crack velocity -
stress intensity range graph can be determined.

Evans and Linzerl09,145 have described a very impor-
tant aspect of this mode of measurement. By performing
experiments at widely differing frequencies with the same
AKXt and it i1s possible to identify whether true cyclic
crack growth mechanisms occur. Lf it is found that the
average displacement rate dy/dt is the same at all
frequencies then the cyclic and quasi~static mechanisms
must be identical, whereas if dy/dt is significantly
affected by frequency a true cyclic fatigue process must
exist, (Figure 3.20). (Alternatively measure da/dN if
varies with freguency -» quasi-static, 1if not--~true
fatigue.) The experiments should be performed over a
range of AKt and Kyayr, to examine the generality of the
obsarvations. Experiments c¢an be performed in nne

spacimen.

v

Displacement
Displacement ¥

e et PR N, b - s ki et i £ o S . e 5 e ks 83 e
Time Time
(a) quasi-static growth (b) fatigue growth

Figure 3.20
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dy/dN can be monitored (if necessary by measuring
dy/dt and converting dy/dN since the frequency of
cycling is known). Direct measurement of crack

length, a, is eliminated.

The stress intensity range AKp does not come into
the formula but does not vary, hence crack velocity -
stress intensity range graph can be determined.

Evans and Linzerl09,145 have described a very impor-

tant aspect of this mode of measurement. By performing
experiments at widely differing frequencies with the same
AK1 and it is possible tec identitfy whether true cyclic
crack growth mechanisms occur. 1f it is found that the
average displacement rate dy/dt is the same at all
N frequencies then the cyclic and quasi-static mechanisms
must be identical, whereas 1if dy/dt is significantly
affected by frequency a true cyclic fatigue process must
exist, (Figure 3.20). (Alternatively measure da/dN if : |

meprs

varies with frequency - gquasi-gtatic, if not--= true
fatigue.) The experiments should be performed over a
range of AKy and Kigy, to examine the generality of the

1

obsurvations. Experiments c¢an be performed in one

spacimen,
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Measurements of crack growth rate under fatigue
loading can be obtained by selecting a predetermined A&Kg
and Kray ltor a set number of cycles, N. Direct methods
(Secztion 3.4.2) wr compliance (Section 3.4.3) are then
used to measura tha crack length and hence increase in
length, Aa. Crack growth —ate, da/dN, is then equal to
ANa/N.

Displacement Rate and Constant Displacement Combination.

(i) Static slow crack growth rate.

Wiederhornlt47 has described a combination of the
constant displacement rate and constant displacement
techniques which totally eliminates the necessity of
m2asuring crack length. Unfortunately, due to the
problems associated with using the constant displacement
rate with Ffatiqgue loading previously described, this is
only suitable for s*atic slow crack yrowth rate.

dy = (Ba + Co)dP + (BP)da
dt dt dt

A constant displacement rate is used, when dy/dt
matches da/dt a load plateau, Pj, occurs and
dp/dt = 0. (Section 3.4.4.2),

da = dy/dt
dt BP

and

(gg) = dy/dt
1

dt. BPy

N
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If the displacement is then Ffixed while the load is
at the plateau value, dy/dt = 0, the load will start
decreasing as the crack propagates, so that:

da = -(Ba + Cq) dP
dt BP dt

and

'gg) = -(Baj + Co)[dP
(dt i BP{ dat | 3

At the instant  of constant load, when the
displacement is fixed constant two conditions apply:

da = dy/dt
dt BP

and y = (Baj +CplPj = (Ba + Cp)P

dy = (Baj + Cg) gx:)
dt dt J 3

(Ba + Co) = Pj(dy/dt)
P(dp/dt)

Pi{dy/dt) (dp/dt)
dt BP2(dp/dt);

o
Iy
H

Pi2(da/dt) { (AP/dt)
at P2(dp/dt)

Qs
juid
B
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SUMMARY

The double torsion test has been shown to be
eminently suitable for fracture mechanics measurements in
brittle materials. The stress intensity in the specimen
is nominally independent of the c¢rack 1length, i.e.

‘constant K' geometry where:

Ki = PWg| 3 ] b
LWA3dy, (1 - vog

Several assumptions have been made in obtaining the
equation abovea. Fullerl30 has rigorously assessed the
double torsion specimen and tabulated fthe assumptions
mad: and the consequences if these were to be invalid.
These have all been discussed in the previous sections
and are summarised 'n Table 3.3.

The extremely valuable compliance - crack length
relationship of the double torsion geometry,
C = y/P = (Ba + Cu), has been used to derive the follwing
equations for indirect measurement of crack growth rates.

(i) S8low crack grow' h rate under static load.

da = —aij(gg) Constant displacement,

dt p2 \dt measure load relaxation,
dp/dt

da = ~agpf(gg) As above

at P2 \dt

da = dy/dt Constant displacement rate,

dt BP measure load plateau, P

da = dy/dt Constant load, measure

at Bp displacement rate, dy/dt

F e S I

LA e w
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?
da = Pi2(da/dt)(dp/dt)
dt P2(dp/dt) ;
Constant displacement rate, followed by
constant displacement, measure load plateau, P,
and load relaxation, dpr/dt.
{ii) Fatigque crack growth rate under cyelic load ‘
da = —aij(gg) Constant displacement,
an P2 {dN measure load relaxation,
dpr/an
da = -ajPy ( ap ) As above
A dt p P o+ dp
da = dy/dN Constant mean and cyclic
an BP load, measure increasing
displacement rate, dy/dN

Alternatively crack growth rates can be measured !

i
{
i
)

f
¥
I
¥
;

directly using optical monitoring of the position of the
crack tip.

- L
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EXPERIMENTATL DETAILS

INTRODUCTION

The selection of the double torsion technigue in
preference to other avajlable fracture mechanics test
configurations has already been fully discussed and
appropriately justified in the literature survey,
(Chapter 3). Tais present section describes, together
with some of rie less successful attempts, the methods
used to obtain fatigue and static crack propagation data.

MATERIAL PROPERTIES

Hardmetal alloys, over a range of compositions and
grain sizes, were supplied by Boart International.

The alloy designations with their respective
microstructural parameters and hardness values are listed
in Table 4.1. The mean linear intercept particle size, d,
has baen measured directly from the micrographs (Appendix
2). It is assumed that conkiguity is a function of the
volume fraction of cobalt, as discussed in Section 2,7.3.
The volume fraction was calcualted using the density of
the two components and assuming the nominal weight
fraction to he correct. The equations quoted in Section
2.7.1 were used to cecleulate both the nominal and true
mean free path, The nominal mean free path assumes each
carbide grain is surrounded by a binder layer. The true
mean free path however recognises that cobalt {ree WC-WC
boundaries exist in the microstructure and the equation
includes a contiguity factcr to account for this, both
valuas have been tabulated,

Free carbon was present in the 510, G6, Gl0 (only
small awmounts), G15 and 258 grades, i.e. only the 86 did
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not contain free carbon. Only one sample of each alloy
was polished and etched for microstructural measurements,
and although the S10 grade appeared not teo contain free
carbon a micrograph of the fatigue fracture path in
another specimen of this grade proved that some samples
did in fact contain Eree carbon. Without tediously
checking every sample it was not possible to estimate the
quality of alloy produced for testing. However, some of
the scatter in the results may well be attributed to poor
microstructural control during manufacture.

Some of the samples supplied were not tested due to
the presence of large defects and obvious microstructural
variations evident on the asurface, {(Appendix 3). The
quality of production of these samples puts some doubt on
the microstructural homogeneity of the rest of the

specimens,

—— .-




r /" /
\: —
[}
T "b [
Table 4.1
DETAILS  OF  ALLOYS  TESTED
T . T e e I
Alloy: Cobalt Cobalt vul, el ‘ W 0 Qembigaity Nominagl True Hardpogss ;
Boart grade conkent fraction gqrain uize ] Mmerasred moarn free maan free (g i
designation whe frn neminal | luml olopath [pm}l | path [pm] [kg mm~<] i
56 6 0,101 finn 1,0 0,50 0,093 0,186 1541 i
51 10 0,164 fine 1.1 0,36 0,216 N,338 1337 Q
Gb 6 0,101 CO L as? 2,9 0,50 0,327 0,654 1377
GL0 10 0,164 suArae 3,1 0,36 0,608 0,950 1215 !
i
G155 15 0,227 Leorae 1,5 0,25 1,080 1,453 1043 '
258 25 G,370 GO 3,2 n,13 1,882 2,163 198 ‘
. e SUUR | |
Nominal mean free path: Mpom - feg d
(1“?‘('0)
True mean free path ¢ Mppye = fop 4
{1-foo) (1= ‘Jﬁ
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4.3 DOUBLE TORSION SPECIMEN

4.3.1 Geometry

A wide variety of double torsion shapes and sizes
have been used in the past (Section 3.3.2). The specimen
geometry used in the early stages of this investigation
had dimensions 204 x 76,5 x 15,5 mm and contained

trapezoidal grooves top and bottom, (Figure 4.1). The
grooves caused 2 stress concentration effect and the
crack very quickly moved into the sharp corner, and
invariably continued to deviate from the centre line, g
(Figure 4.2). It was extremely difficult to observe the
position of the crack tip, especially when it was moving
N . up the wall of the groove. In addition, as the crack
enters increasingly thicker material the stress inten-
sity, for a set load, decreases. The effect of grooves }
on the stress intensity calculation has not been deter- !

mined in any of the literature reviewed. The errors in
stress intensity evaluation and crack length measurement
imply a questionable validity for the fatigue crack
propagation data from these early specimens. Somewhat
surprisingly, however, the results obtained were not
substantially different to those obtained from later
specimens.

An extensive test programme using perspex, an

1. ‘ approximately elastic-brittle and relatively cheap

material, showed that, provided alignment was correct,
caentre line cracking could be achieved in double torsion '
}M specimens without the use of grooves. This 1s obviously
ﬁ a most. desirable situation as the unknown effect of "
stress concentration and the problem of varying thick-
ness, 1f the crack does deviate are at once eliminated.
Recommendations by Pletka et al.l23 and Bvansl?9 are
that the specimen thickness should be in the range 1/12 -
1/8 of the width, considerably thinner than the original

size testwd,

-— e
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3
|
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The final geometry selected had no grooves and
external dimensions, 200 x 75 x 6 mm. However, these
dimensions varied by approximately 5 -~ 10% depending on
the alloy composition, shrinkage and quality control in
production. (This meant that every specimen had to be
measured in order to calculate accurately the stress
intensity.) Using an alignment procedure, described
later, (Section 4.4.2), it was possible to achieve almost

perfect centre line fractare, (Figure 4.3).

Figure 4.1 DNimensions of original test specimens

LS A uve U
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4.3.2 Notch Preparatrion

The double torsion specimen has a tapered starter

notch €rom which the fatigue crack is initiated. The
sole purpose Ffor this shape is that the crack can be
g initiated at applied loads well below those required for

propagation in he £full thickness of the plate. The
stress intensity is inversely proportional to the square
root of the thickness, KI°<(dW)“%, so tnat as the crack
enters increasingly thick material the stress intensity

decreases, and uncontrolled fracture is therefore
prevented. (Figure 4.4).

The notch was cut into the hardmetal plates using
spark erosion (also called electron discharge machining,
EDM) with a continuously moving electrode, on an Ekomix

. DC 310 machine, (courtesy of the de Beers Research
Laboratories). The double torsion plate was set up in a
jig to give a taper of approximately 20© - 259, Sgpark
erosion did not give a very sharp notch and an Isomet

11 ~ 1180 Low Speed Saw with a diamond wafering blade
thickness 0,34 mm (Buehler Ltd No 11-4244) was used to ﬁ
complete the notching to a smaller radius. It was

important to ensure that the notch was exactly central in
J( ' the specimen. (Engineers blue or a marker pen and a
scribe are recommended).

It was evident that in some cases spark erosion
actually cracked the material ahead of the notch tip.
Normally the crack had to be started by fatigue loading
and an audible  'ping' could be heard as the crack ;
initiated. On some occasions however a crack could be |
detected using dye rpenetrant (Section 4.5) Dbefore .
‘ sufficient loading for initiakion had been applied. It

was likely that a damaged diamond blade used on some
specimens also pre-cracked the material.

o
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4,3.3 Crack Front Shape

The crack front shape 1is important in terms of
correction factors to the measured crack growth rates,
although there is still some controversy on this subject.
(Section 3.3.6).

It has been assumed that the stress intensity
calculated using the equation derived in Section 3.2.2
holds at the tensile (top) surface of the specimen. The
crack growth rate can then be corrected by the sine of
the angle of incidence of the crack front with that
surface. The sine of the angle at any other point on the
crack front corrects the growth rate at that point but
‘ for a stress intensity that is decreasing through the
AN thickness.

Figures 4.5, 4.6 show that the angle of incidence was
very c¢lose to 909 and therefore, fortunately, no

correction factor is required.

i!
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Figure 4.5

Figure 4.6

Crack front shape, in alloy 25E, successive
positions revealed by zones of different

R ratio fatigue loading.

Crack front shape, in alloy 810, successive
positions revealed by heat tinting.
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4.4 PROCEDURE FOR OBTAINING CENTRE LINE FRACTURE

4.4.1 Loading System

The testcs were carried out on a 50 kN capacity ESH
Universal servo-hydraulic testing machine. (Figure 4.7).
A loading rig has been designed and built which

permits casy aligoment of the specimen, (Figures 4.8,4.9)
(See also Appendix 4 for working drawings).

Two support 'pedestals' were fixed to a base plate
which attached to the ESH machine. A platform which can
be adjusted for alignment was bolted to each support
pedestal. Pigure 4.10 illustrates schematically the
. different parts of the loading rig.

Fatigue crack growth data was obtained using cyclic
sinusoidal loading at & base fraguency of 5 Hz,

-
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ALIGNMENT

It is generally accepted that alignment of the
specimen and loading device are essential for obtaining
centre line cracking. An impertectly dimensioned sample
or imbalanced load system will cause the crack to deviate
from the midplane.123,124,134 No reports are available,
however, of allowable tolerances, degree of perfection or
adjustments necessary to correct the problem,

Most of the samples supplied were slightly warped,
almost inevitable in a sintered product with the
dimensions specified, so it was vital to have a system to
ensure fracture sufficiently close to the centre line for
valid stress intensity values.

Through a comprehensive test pregramme firstly on
perspaex and then on hardmetal, it was found that fatigue
crack directionality could be controlled, in the early
stages of growth, by adjusting the position of the
specimen with respect to the load points.

The procedure for proner alignment was therefore as
follows, (refer to Figure 4.10):

{i) The base plate was set up so that it was
roughly in position below the wupper load
points. The tunygsten carbide load 'buttons'
should then locate in holes drilled into the
load platform. At this stage the primary
objective was to ensure that the upper and
lower louad points were co-linear, (there was
sufficient slack i+ the base plate bolt holes
50 this was normally not a problem). The base
plate was then fixed in position.

(il) Lateral movemont (perpendicular to the centre
line of the specimen) of the lower load
platform has been designed into the system, so
that centrality of the lower load points could
be adjusted without affecting their co-linear
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setting. These lower load points had to be
located exactly central with respect to the
upper whose nosition is fixed through the
clevice, load c¢ell, and actuator. Once again
the locating holes were used. The cap—head
holding bolts were loosened using Allen keys
cut off Lo fit in the bolts with the upper load
points in the locating holes. With the machine
in ‘'stroke control' a cyclic displacement at
approximately 5 Hz was applied and the mean
position and cyclic amplitude adjusted so that
a small (compressive) load of approximately
0,5 kN was reached, at tne maximum displace-
ment, when the base of the load legs conticted
the surface of the load platform. The 1load
platform could then be positioned so that the
upper load points scated cleanly in  the loca-
ting holes,without 'wobble' in the load train,
Wobble c¢ould be observed by lateral displace-
ment of the cleviee and uneven displacement of
the baswes of the steel load legs, with respect
Lo the load platform surface, as the carbide
buttons 1located in their respective holes.
When the alignment was estimated to be correct
a small statie JImad, was applied with the
machine still in stroke control and the caphead
bolts tightened, with the load maintained,
until the platform was firmly fixed.

The remote platform was then aligned with the
load platform. The flanges on the platforme
and a straight edge were sufficient to carrvy
out this simple Einal step.

The specimen was then positioned using vernier
calipers  and the locating screws in  the
flanges. ALl that had to be done was to shift
the specimen until the gap between it and the
flange was identical on bhoth gides.
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(v) The remote end of the specimen could be held in
position, to prevent it 'walking', by lightly
clamping it with the locating screws. Fatigue
crack growth rates were not affected by doing
this.

Precracking

In the ecarly stages of fatigue cracking, particularly
where the crack was still in the tapored notch region, it
was possible to control the direction of propagation, by
small adjustments in the alignment of the specimen.

A travelling mio.oscope with the vertical cross hair
set exactly parallel to the centre line of the specimen
was used to monitor the directionality of Lhe fracture.
(The horizontal cross hair was accurately set against an
enaineer's square held on the long edge of the specimen).

A fatigque load was applied {using load control) and
the mean 1eved and amplitude gradually increased until a
crack was o sarved. 1t it did not initiate straight
(w.r.t t:- wvertical cross hair) the specimen could be
moved using the Llocating screws (Figure 4.8) to adjust
the direction of propagation. This could bhe done while
the fatigue loed was being applied i1if the minimum load
was small, (approximately 0,2 kN).

It was found that by continuous observation and
adjustment the required centrality could be obtained.

As represented diagramatically in Figure 4.11, if
the erack deviated to the left of the centre (left for an
nbsaerver looking in the direction of propagation) a shift
of the notched end of the specimen to the right produced
a direction chango to the right.

I't was apparent however that once the crack had
axtended a certain amount it could no longer be in-
fluenced by alignment and if straight would remain
straight but if Off 1line would continue in that
direction,
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If original set up causes crack to
initiate off-line, the loaded end
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In this example the specimen is
moved to the right and the crack
bends right.

It may be necessary to make several

. adjustments as illustrated in the
photograph, 4 chanqges in direction
i : can bn scen, I

s 2

] Figure 4.11 Procedure used to obtain central fracture

by alignment adjustments.
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4.5 CRACK LENGTH MEASUREMENT

T T

4.5.1 General Background

%p The accurate measurement of the position of the crack

:r tip was vital for determining crack growth data, parti-

cularly as the ability to measure small increments in

crack length saved time amd material, It being more

efficient and economic to measure 0,10 mm in 5000 cycles
than 1,0 mm in 50000 cycles, for the same precision.

i There were essentially only two options available for

measuring co¢rack length: either by direct observation

BN using an optical microscope or by the indirect compliance

method.

It was recognised that some form of direct obser-

: vation would be necessary, even if the compliance method

| was finally selected, as a compliance =~ c¢rack length

calibration would be required. an optical microscope was

therefore used ecarly on in the programme. It was found
Ehat it was impossible to detect the exact position of
the crack tip without using a dye penetrant technique.
Subsequent efforts to measure crack length using
compliance were unsuccessful, primarily because the
technique was too insensitive to detect the small changes
in crack length necessary for measuring crack growth
rates in the 10-8 m/cycle range in a reasonable time.
Methods have been described in Chapter 3 whereby
crack growth rates can be determined indirectly by
monitoring, for example, load relaxation (Section

3.4.4.1) or, the rate of change in compliance, evidenced
by the increasing displacement as  the crack grows
(Baction 3.4.4.3). Efforts to use bthese techniques, as
deseribed in Section 4.5%.2 and 4.5.3)were also completely
unsuccessful,

For these rcasons the dye penetrant technique, Dby
which the position of the crack tip could be measured to
0,01 mm precision was salected early in the
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investigation. The dye used was 'Magnaflux Spotcheck,
Penetrant SKL~HF', it is essentially sulphur and halogen
free the dyes and solvents being based primarily on large
aliphatic and aromatic hydrocarbons. The exact details
are not available from the manufacturers but it meets the
following specifications:

(i) ASME Section 5, Article 6 Paragraph Té30
(ii) Navships 250-1500
(iii) BS DTD 929

These specifications require that the penetrant does
not cause any stress corrosion or fatique corrosion
effects.

The position of the crack tip was easily identified
by smearing a thin layer of dye on the surface of the
specimen and then applying a fatigue load. As the crack
opens and closes under the cyclic load the dye could be
seen 'pulsing'. It was not possible to see the crack
under static load.

At the end of a test, whether monotonic or fatigue
loading, the cyclic amplitude and mean level were reduced
so that the crack did not grow while the position of the
tip was being determined, Usually it took about 200
cycles to position the cross hairs exactly on the tip.

Fatique Crack Growth Rate Measurement

Before fatigue growth rates could be measured the
crack had to be grown beyond the influence of the tapered
notch. The experiments showed that once the crack tip
was ~18 mm from the notch the growth rate stabilised and
da/dN measurements could be taken. During preliminary
studies, growth rate data were obtained by taking several
readings at the same load range, plotting crack length,
a, versus number of cycles, N, and determining the
gradient, da/dN. This method is tedious and time
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consuming so in later tests a load range was selecied and
the cycle counter set for a suitable number of cycles,
depending on the growth rate. The increment in crack
length was then measured when the pre-selected number of
cycles had been completed thus eliminating the need for
continuous monitoring.

The method of plotting crack length vs number of
cycles, a vs N, however, proved extremely useful for
investigating the effects of frequency and temperature
changes on growth rate. The influence on growth rate
being revealed by a change in the slope of the a vs N
graph at the point of 'change over' to different
conditions, freguency or temperature. An attempt was
made to obtain fatigue data using the increasing
compliance of the specimen as the crack grows. Under
load control, an appropriate amplitude and mean level
were selected, linear variable differential transducers
(LVDT's) were used to measure the increasing deflection
of the specimen (at the load points) as the crack grows.
The LVDT's used were sensitive to 0,5 pm (5 x 10~7m).

A chart recorder was used to monitor dy/dN but the
increase in deflection was so small that it was im-
possible to obtain reasonable results, Calculations made
using the best reascnable da/dN values from the plot gave
results approximately 2 orders of magnitude different
from the growth rates determined by direct observation,
(Appendix 5). The primary reason for this discrepancy is
thought to be the very high stiffness of WC-Co hardmetal
alloy. The compliance values of between 2 x 108 and
50 x 10~8 mN~1 (Appendix 5) are approximately 102 smaller
than those reported by other researchers for different
materials, (Section 3.4.3), and consequently the
increase in deflection with crack length was negligible,

A typical result is shown in Figure 4.12: despite a
crack growth rate of 5,22 x 10-7 m/cycle and an increment
in the crack length of 2,61 mm there was no measurable

increase in the mean displacement.
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4.5.3 Static Crack Growth Data

.rack growth rates under static monotonic 1loading
were measured for two grades of hardmetal alloy.

Nsterstockt03 has performed this type of work using the

T . double cantilever beam techniqgue. His results show that
static crack growth only operates at stress intensities
close ko the fracture toughness, i.e. Kp > 0,9 Kic.

I't was therofore necessary to use a test procedure
that would prevent accidental catastrophic fast fracture
of the speciien.

As described in Section 4.5.1 the exact position of

o the crack tip could only be detected using a fatigue load
\ 5 in combination with the dye penetrant. A small cyclic
t load amplitude (0,3 ~ 0,5 kN) was therefore superimposed
A on the mean load which was ygradually increased until a
growth rate of between 1077 and 10-6 m/cycle was

obsnerved, The cyclic component was then taken out and
the mean static load used to obtain the static crack
growth rate. After a certain length of time, not cycles,
the position of the tip was determined by decreasing the

mean load to below fatigue crack propagation levels and
applying a cyclic amplitude of 0,5 - 1 kN.

Load relaxation, under displacement control, which
. has been reported to be very successful by various
| S authors103,154 ywag attempted but failed to produce any
‘ meaningful results, even  though a computer and chart
recorder  were  used  to monitor the decreasing load.

the fact that crack growth stops as soon as the load has
dropped below - 0,9Kye. The background relaxation of
the load system also contributes to the load decreasing:
values were therefore unreliable and data limited. This
method was abhandoned because of the danger in breaking

u (Appoendix 5). Lnad relaxation was very limited due to

and wasting specimens.
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DOUBLE TORSION AND FRACTURE 1IN A SCANNING ELECTRON

MICROSCOPE

The constant stress intensity characteristic of the
double vorsion configuration has been exploited to study
fracture, in situ, in a scanning electron microscope.

The technique was developed by Taitl55,156 for
studying the fracture of cement mortar, it has been
successfully adapted fur testing WC-Co hardmetal.

The restricted space in the scanning electron micro-
gscope and size limitations previously designed into the
loading rig dictated that small specimens, with dimen-~
siong 30 x 11 x 0,7 mm had to be used for this investiga-
tion. These specimens were grooved in the compression
surface, primarily to reduce the loads required for sta-
tic fracture, and notched using an Isomet 11-1180 Low
Speed Saw with a 0,34 mm diamond wafering blade (Figure
4.13)., It was apparent, incidentally, that in this case
the fracture was directionally stabilised by the groove.
The tension surface was polished, etched and gold coated.
The etchant used a 1 to 1 mixture of K3Fe(CN)g 10 wt% in
water, and K(OH), also 10 wt% in water.

The loading rig, (Figure 4,14), has been modified
from a Cambridge Instruments three-point bend test
device, The locad was applied to the spercimen in the
evacuated chamber via conventional screw threads and link
rods from external controls.

Obviously by using this method the load application
was displacement controlled, and as the crack propagated
the load decreased (load relaxation), and crack arrest
occurred before complete failure of the sample.

The technique was used to

(i) observe the surface morphology of the fracture
path;

(i1) study the effects, if any, of unloading and
reloading;

(iii) investigate whether ligaments of cobalt binder

spanned the crack behind the crack tip.
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(b) Typical cross saction showing very low angle taper

used in these specimens

Figure 4.13  Details of specimens used in scanning

electron microscopo
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ELEVATED TEMPERATURE INVESTIGATION

The first objectives of this project were to
establish a characterisation of the fatigue behaviour of
selected hardmetal alloy ¢-ndes at room temperature.
This was obviocusly the necessary base for obtaining
an understanding of the mechanisms that lead to fatigue
crack propagation and failure in this material.

However, many hardmetal alloy components are used in
service at elevated temperatures and data are therefore
required to determine the influence of temperature on
fatigue crack growth and hence life.

" -~ a gimple heating element surrounding the double
torsl * specimen some preliminary observations were made
on the effoct of thermal cycling and elevated temperature
‘atigque.

The heating unit consisted of two coil elements
housed in ceramic insulators designed for this type of
application (supplied by Heating Elements (Pty) Ltd.,
Johannesburg, Sa), These were built into a stainless
steel (AISI 316) box, (Figure 4.15), which fitted over
the specimen and heated it approximately evenly from top
and bottom. (A mild steel box originally supplied
deteriorated rapidly in service due to oxidation at the
elevated temperatures.) The gspecimen obviously acted as
a heat sink and temperature decreased from a miximum at
the centre of the element. The temperature distribution
was determined wusing several thermocouples, K type
chromel-~alumel, which sghowed that over approximately
20 nm it was reasonably constant, (Figure 4.16),

The temperature was regulated using an on/cff
controller and was monitored using a digital thermometer
and chart recorder, (Figure 4.17).

In a typical test the fatigue crack growth rate at
room temperature was first measured in the normal way
using the dye penetrant and travelling microscope cross
hairs. The two thermocouples, connected to the
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controller and thermometer, were then placed on the
observed position of the crack tip. The heating element
i was then moved so that the crack tip was in the centre,
o and therefore in the region where temperature was a
maximum and constant over a reasonable distance. It wasg
then switched on and allowed to reach the required
[ temperature. When it had stebilised fatigue loading was

applied. After the selected number of cycles had been
completed the element was switched off and the specimen
cooled with a small fan. The new position of the crack
tip was determined in the normal way once room tempera-
ture (or < 700C) had been reached.

No attempt has been made to prevent oxidation or
achieve entirely uniform heating of the specimen., These
N are obvious refinements for a more sophisticated study,
but as a first approximation elevated temperature fatigue
in a laboratory air oxidising atmosphere is probkably
representative of the working environment for many

components,
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PREPARATION OF SEM SAMPLES

Fractographic studies are a necessary and integral
part of any investigation of this nature. The size of
the test specimen was however too large to fit into most
electron microscopes. This problem has not been reported
by other researchers possibly on account of the different
and smaller specimen geometries used, The required
fracture area had to be cut out using either the spark
erosion Ekomix unit (at de Beers Diamond Research
Laboratories) or a Discotom saw with metal bonded diamond
blade (at Boart Research Centre). Spark erosion was not
successful, since the damage to the fracture surface as a
result of sparking, thermal effects and the process
liguid totally obliterated the surface features.

The diamond saw was water cooled and although some
moderately successful fractography was carried out on
specimens cut without protection from the water the
majority suffered some surface degradation, It was
therefore obvious that some form of protection had to be
given to the fracture surface.

The following plastic coatings were tried but were
unsuccessful because either the water seeped between the
coating and tne surface or the coating could not be
perfectly cleaned off the surface.

Plastic Solvent Problem

Formvar Chloroform Tnsufficient adhesive strength

Lacomit Benzene Could not be perfectly removed

Lettraset Acetone Insufficient adhesive strength

101 coating and could not be perfectly
removed

Dulux laguer Acetone Could not be perfectly removed

o v
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PREPARATION OF SEM SAMPLES

Fractographic¢ studies are a necegsary and integral
part of any investigation of this nature. The size of
the test specimen was however too large to fit into most
electron microscopes. This problem has not been reported
by other researchers possibly on account of the different
and smaller specimen geometries used. The required
fracture area had to be cut out using either the spark
erosion Ekomix unit (at de Beers Diamond Research
Laboratories) or a Discotom saw with metal bonded diamond
blade (at Boart Research Centre). Spark erosion was not
successful, since the damage to the fracture surface as a
result of sparking, thermal effects and the process
liguid totally obliterated the surface features,

The diamond saw was water cooled and although some
moderately successful fractography was carried out on
specimens cut without protection from the water the
majority suffered some surface degradation. It was
therefore obvious that some form of protection had to be
given to the fracture surface,.

The following plastic coatings were tried but were
unsuccessful because either the water seeped between the
coating and the surface or the coating could not be
perfectly cleaned off the surface.

Plastic Solvent Problem

Formvar Chloroform Insufficient adhesive strength

Lacomit Benzene Could not be perfectly removed

Lettraset Acetone Insufficient adhesive strength

101 coating and could not be perfectly
removed

Dulux laquer Acetone Could not be perfectly removed
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Bventually a waterproof felt pen ink (Maruzen Wonder

Marker, made in Japan) which could be ultrasonically

acetone was found to be virtually ideal,

removed with
the surface which

placing a thin tenacious layer on
provided complete protection Erom water attack and left

no deposit after cleaning.
The specimens were given a gold coating of ~ 20 nm to

raduce charging distortion in the SEM.

Tt is impossible to distinguish between fatigue and
at high magnifications, although these

fast Fracture
(Fignre

different regions can sometimes be seen visually.
4.5). In order to establish which fracture mode was
an electric pencil was used to demar-
surface the zones of fatigue at

W

and the fast fracture. (Figure

under observation
cate on the fracture
various load levels,
4.18).

Pigure 4.18 Blectric pencil mark on [racture surface
used to demavcate zones of different

fatigue levels and Tast fracture.

a—c
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RESULTS

CRACK GROWTH UNDER STATIC LOADING

Static lLoad Crack Growth Rate

Static crack growth measurements have been made on
two alloys, S10 and Gl0. The work confirms the results
reported by Osterstock,l03 crack growth starts at
approximately 0,9 Kic and 'n' values are in the range
125 - 200 (where 'n' is described in the relation:
V = A(K1)P). The technique used is described in Section
4.5.3 and the results are summarised graphically. (Figure
5.1).

It is not clearly understood how static growth occurs
under monotonic loading as this type of crack propagation
is normally associated with time-dependent environmental
effects. The crack growth rate tests of Osterstockl03
and those carried out in the present investigation were
performed in laboratory air which may constitute a
sufficient environment to cause static crack growth by
environmental attack at stress intensities close to Krc.
(In this investigation dye penetrant is also present in
the crack.)
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RESULTS

CRACK GROWTH UNDER STATIC YLOADING

Static Load Crack Growth Rate

Static crack growth measurements have been made on
two alloys, S10 and Gl0. The work confirms the results
reported by Osterstock,103 crack growth starts at
approximately 0,9 Kyc and 'n' values are in the range
125 - 200 (where 'n' is described in the relation:
Vv = A(K1)P). rhe technique used is described in Section
4,5.3 and the results are summarised graphically. (Figure
5.1).

It is not clearly understood how static growth occurs
under monotonic lcading as this type of crack propagation
is normally asscciated with time-dependent environmental
effects. The crack growth rate tests of Osterstockl03
and those carried out in the present investigation were
performed in laboratory air which may constitute a
sufficient environment to cause static crack growth by
environmental attack at stress intensities close to Kic.
(In this investigation dye penetrant is also present in
the crack.)
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Fracture Observationsg in SEM

The objectives of the fracture studies carried out in
the scanning electron microucope (Secticn 4.6) were:

(1) to establish whether static slow crack growth
would occur in an inert (vacuum) environment,
and

(ii) to observe mechenisms of static crack growth
in tungsten carbide~cobalt alloys.

Figure 5.2 shows the crack path as manifest on +*he
polished and etched surface. Figure 5.3 shows the ex-
tension of the crack before and after application of
load. True slow crack growth, for example as reported by
Taitl®5 in cement mortar, using the same experimental
technique, ‘s not observed. Once the load has been
applied the crack moves almost instantaneously to its
naxt position at which point the stress intensity
decreases to a value below that required for growth and
the crack arrests.

The fractographic observations made indicate that the
path of the crack is similar to that in fatigue fracture
(Section 5.2.6) i.e. primarily intergranular but with
transgranular fracture occurring, particularly in the
large carbide grains. Surfece observations unfortunately
suffer from the ‘“inverted iceberg" problsm so that
apparently large grains may in Ffact only ke very thin
wafers:

[} )
~
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Load-unload~-reload tests ware poerformasl  on twe
specimens in order Lo assess wheblizr  or not ductiie
failure of the binder could be observed in situ. ‘The
results, as shown in Figures 5.4, 5.% however, are not
particularly conclusive. There is no indication of
binder ligaments spanning the crack although somn plaghic
deformation of the binder, as a result of closing af bie
crack, can be secn by comparing IFigures 4L.40a) and |
and also Figures 5.5 (a) and (), sites of possil!
deformation are indicated with arrews. Lt is also shown
that even with no load aprlied the crack does not ol
cempletely (Figures 5.4{(b) and 5.5(b)}.

The fine grained low cobalt (6 wt%) Jrade used *.r
this work was not ideal for two reasons:

(1) it was necessary to use magnifications clous.
to -he limit of resolution of the microscop.-
to observe effects, and

(ii) the mean free path and hence dactility of the
binder is small in a fine grained low cobalt
alloy.

A coarse grained, 10-15 wt% cobalt alloy would be more
suitable.

In conclusion it should be noted that this technigue
has considerable potential and, with an alloy in which
mechanisms can he observed at lower magnifications and
higher resolution, could prove to be useful for deter-
mining fracture processes in this material.
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Figure 5,2 General view of fracture.
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