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Fracture studies of polyethersulphone have been undertaken using the double torsion 
geometry, in particular to establish the effects of ageing and crack speed on fracture 
toughness. The stabil ity of crack growth was found in all cases to be very dependent on 
initial notching. If by suitable techniques, e.g. fatigue, a craze was formed at the notch 
root the subsequent crack growth was found to be stable, with a craze ahead of the 
growing crack. Under these condit ions only a slight dependence of fracture toughness on 
crack speed was observed, wi th no significant differences between material aged for 5 
years at room temperature and freshly moulded samples. The dimensions of the observed 
craze were found to be very similar to those of crazes observed in a parallel study using 
compact tension geometry and lead to comparable values for craze stress and crack 
opening displacement. In many instances unstable crack growth was observed, often 
described as "s t i ck -s l ip " .  This was often associated with the absence of a craze at the 
crack tip, perhaps due to a damage zone created during razor notching. The init iation 
load and load for crack arrest were determined and used to calculate init iation and arrest 
values for the fracture toughness as a function of the applied deformation rate. It was 
found that these values converged at high crosshead speeds to a value independent of 
ageing, although for the freshly moulded material the init iation values were significantly 
higher, and the arrest values lower. Electrically conducting grids were used to establish 
that crack speeds up to 400 m sec -1 occur during st ick-s l ip crack growth. A detailed 
discussion is presented of conditions required for stable and unstable crack growth in 
polyethersu Iphone. 

1. Introduction 
The work presented in this paper forms part of a 
comprehensive investigation of the fracture behav- 
iour of polyethersulphone. In a recent paper we 
described a combination of fracture toughness 
measurements using compact tension specimens 
with an optical examination of the craze and shear 
tips at the tip of the crack [1 ]. In the present paper 
a complementary study using the double torsion 
test is presented. The double torsion test has been 
extensively used to study the fracture behaviour of 
brittle polymers, especially epoxy resins [2-7]  
and modified epoxy resins [8-10] and poly- 
methylmethacrylate [11, 12]. In the studies 
described here, the fracture behaviour has been 
examined as a function of crack speed, on 
samples of polyethersulphone which have been 
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either freshly prepared or aged. As in our pre- 
vious studies [1], the optical interference pattern 
at the crack tip has been examined with a view 
to comparing the craze shape with that pre- 
dicted by the Dugdale Zone model so that 
parameters such as the crack opening displace- 

ment and craze stress can be determined 
[13-16].  

2. Experimental details 
2.1. Materials 
The fracture toughness tests were undertaken on 
two types of material, plaques which had been 
freshly prepared for the present investigation 
(material I), and plaques moulded five years pre- 
viously and aged under ambient conditions 
(material II). 
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men. 

2 .2 .  M e a s u r e m e n t s  o f  m o d u l u s  and  
yie ld  stress 

The modulus of  each type of  sample was deter- 
mined in four-point bend loading. The yield 
stresses were obtained from load-extension curves 
determined in tension on dumb-bell specimens. 
Both these tests were performed in an Instron 
tensile testing machine. 

2.3. The double torsion test 
The double torsion test was first investigated by 
Evans [17] with particular reference to deter- 
mining the variation in fracture toughness, Ke, 
with crack speed. In this respect the test has the 
advantage that the crack propagates at a constant 
value of  the stress intensity factor. 

The double torsion test which we have used is 
based on the procedures of  Kies and Clark [18], 
following a method devised by Outwater. The 
specimen is of  rectangular form with a notch at 
one end and a central V groove running along its 
lower face. The specimen is supported on two 
parallel rollers and loaded through two hemi- 
spheres positioned over the notch (Fig. 1). During 
loading the crack is guided by the centre groove 
as it propagates across the sample. 

Two sizes of  double torsion rig were con- 
structed, one with a moment arm of 7.5 mm and 
the other with a moment arm of 25 mm, using 
samples of  width 26.5 and 76.5 ram, respectively. 
The large rig was the maximum size possible for 
the size o f  plaques available (76.5 mm x 100 mm 
injection moulded by the Ministry of  Defence 
from polymer supplied by ICI Ltd), whereas the 
smaller rig gave a better length to width ratio. 

A groove was needed to guide the crack along 
the centre of  the sample during propagation. This 
was introduced with a shaping maching, and an 
angle of  60 ~ was used. To encourage the crack to 
travel along this path a razor blade was run along 
the bot tom of the groove before loading com- 
menced. Care was always taken to ensure that the 

sample was positioned centrally and parallel with 
respect to the supporting rollers. 

Another important consideration was the pro- 
duction of  the initial starting notch. In the first 
tests performed the notching was accomplished by 
pushing a razor blade into an initial saw cut along 
the centre groove. Other methods were tried, and 
these will be discussed in a later section. 

The double torsion rig was mounted on a com- 
pression load cell in an Instron tensile testing 
machine, the load being applied at a constant 
crosshead displacement rate. Various speeds were 
employed from 0.005 to 0 .5cmmin  -1. The 
samples were marked on the top surface at 2 mm 
intervals along the length of  the guiding groove so 
that if continuous propagation did occur the 
progress of  the crack could be marked on the 
load-displacement graph, which would later 
enable both a compliance calibration to be done 
and the crack speed to be determined. This method 
has obvious limitations for fast moving cracks. In 
this case the crack speed was measured by an elec- 
tronic method. The circuit employed is shown in 
Fig. 2. The switches shown represent conducting 
tracks printed on the specimen perpendicular to 
the centre groove and running across it, so that as 
the crack propagates and each one is broken a 
series o f  steps are seen in the voltage output. By 
feeding this output into a transient recorder it was 
possible to measure crack speeds up to 400 m sec -1. 
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Figure 2 Crack speed measurement by conducting grids. 

3797 



�9 E x p e r i m e n t a l  �9 E x p e r i m e n t a l  

- - -  T h e o r e t i c a l  - - -  T h e o r e t i c a l  

'z 
,~E 6 

o 
x 

v 

c 
._g 

E 5 
8 

e" / 
/ 

/ 

/ /  

0 / 

p /  
z 

/ 
/ 

z / � 9  

I I 
2 3 

/4r 
~z 9 
E 

o 
x 8 

v 

8 7 

E 
8 6 

/ 
,.11" 

J 
D "  

/ 
g 

/ 

/ 

/ 

/ 

4 -  

I I I I 
2 3 4 5 

{b) 
I I 

4 c r a c k  l e n g t h  6 7 c r a c k  l e n g t h  
(a) ( x l O - Z m )  ( x TO'Zm ) 

Figure 3 Comparison of the experimental and theoretical compliances for a moment arm of (a) 25 mm and (b) 7.5 mm. 

As already mentioned, the stress intensity factor 
for crack propagation is independent of  the crack 
length. It is given by 

e~L 2 
Ke z = (1) 

kl  Wtnt3(1 -- v)' 

where Pe is the fracture load of  propagating crack, 
L the moment arm, W the plate width, t the plate 
thickness, t n the thickness in the plane of  the 
crack, and p Poisson's ratio, assumed to be con- 
stant at a value of 0.39 [19]. 

Following Timoshenko and Goodier [20] a 
correction has to be applied for plates with values 
of  W/2t < 10 in order to model correctly their 
elastic compliance. In Equation 1 k~ is the cor- 
rection factor and is a function of  W/2t. Values for 
this factor have previously been tabulated by 
Young and Beaumont [10]. 

Initial tests showed that for constant crack 
growth the load rose slowly as the crack propa- 
gated across the sample, whereas Equation 1 indi- 
cates that the load should remain constant. This 
increase is due to the decrease in the moment arm 
as the crosshead descended, and depends on the 
size of  the supporting rollers, the size of the 
loading balls, the Wit ratio and the length of  the 
moment arm. In most cases, it is possible to have a 
large enough sample width such that this effect is 
negligible. However, our sample width was limited 
by the size of  plaques available. A theory has 
therefore been developed to model this effect 
which can be found in the Appendix. The result is 

that Equation 1 has to be modified such that 

P~6 
K 2 = kltnt3W(1 -- ~) 

[ ' ~ - ~ , + r + t ) ( s i n O + O c o s O q  (2) 
x 0 ' 

where 5 is the crosshead displacement, 0 the angle 
of  a twisted arm to the horizontal, and R,  r the 
radius of  supporting roller and loading ball, respec- 
tively. It can be seen that for either a large moment 
arm L, small radii R, r or small 0 (where 6 ~LO)  
this equation reduces to the normal representation 
given by Equation i. 

Typical values for the small double torsion rig 
at initial crack propagation show that the moment 
arm has decreased by 20% from its original value. 
Consequently, this effect is too large to be ignored 
and Equation 2 has been used for all calculations 
of  K e. 

3.  Resu l ts  
3.1. Va l i da t i on  of  the test method 
Initial studies were first carried out to establish 
the validity of  Equation 2. This was readily 
checked by comparing the experimental compli- 
ance, given by the measured displacement divided 
by the measured toad, with the theoretical com- 
pliance, given by Equation A4 taken from the 
Appendix. This was done for the two sizes of  
moment arm. Figs. 3a and b show the comparison 
of  the compliances for the two rigs and it can be 
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Figure 4 Stick-sl ip  failure for material I. 

seen that the correction term is much larger for 
the smaller moment arm, and hence the deviation 
of the compliance from a linear relation with crack 
length, a, also larger, but that it is accurately pre- 
dicted by the theoretical equation derived. 

3.2. Stick-slip fracture of recently 
moulded material (material I) 

Tests were carried out on samples of  newly 
moulded material which had been notched by 
pushing a razor blade into the end of  the initial 
saw cut. The fracture behaviour shown in Fig. 4 
is known as stick-slip fracture, and has been seen 
many times before by previous workers [2, 21, 
22]. At the start of  the test the load rises con- 
tinually until crack initation when the crack travels 
unstably for a short distance. This corresponds to 
a rapid fall in load, the values at the points of  
instability and arrest giving critical values of  K e 
denoted by KI and KA, respectively. The variation 
with crosshead speed, 8, of  K I and KA in con- 
tinuous loading is shown in Fig. 5, calculated from 
a knowledge of  the geometry and the values of  
and 0 at each initiation and arrest. The error bars 
reflect the scatter in the values at each crosshead 
displacement rate as well as the experimental 
uncertainties involved. Consequently, each point 
represents a series of  results for each particular 

crosshead speed. It can be seen that the values of  
K I and K A are approaching each other as the cross- 
head speed increases, converging to perhaps a 
single value for continuous crack growth at even 
higher speeds. A major question was whether the 
stick-slip fracture was a product of the notching 
technique, up to this point achieved by pushing a 
razor blade into the sample, or whether it was an 
inherent property of  the material. 

It was found that the large first peak could be 
removed by careful notching (i.e sawing the razor 
blade carefully into the sample) which reduced the 
possibility of  a region of  plastic deformation 
occurring in front of  the starter crack. On loading, 
any such region tends to inhibit initial propagation 
of  the crack and so excess stored energy builds up 
until fracture initiation occurs. This resuks in fast 
fracture in preference to slow propagation. A 
second method of  notching, which also removed 
the chance of  such a region being produced, was 
to drive a razor blade into the sample so that a 
small crack was propagated into the sample. A 
similar technique has been used successfully before 
to notch compact tension specimens [1]. The 
removal of  this region tended to ensure that the 
sample failed in a stable form. However, even if 
the crack initially propagated in a stable manner 
it often became unstable at some later stage 
(Fig. 6). Possible reasons for this behaviour will be 
discussed later. 

3.3. Fracture behaviour of aged material 
(material II) 

Tests were also carried out on samples machined 
from plaques of  the aged material. The type of 
failure, for samples again notched by pushing in a 
razor blade, was also stick-slip. It was noticeable, 
however, that K I was lower than for the freshly 
moulded material (I). Table I shows a comparison 
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Figure 5 K I and K A plot ted against 
crosshead displacement for material I. 
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Figure 6 Stable crack propagat ion for material  I. 

of the mechanical properties of the two materials, 
with the aged material (II) having a higher yield 
stress and tensile modulus. These are reasonable 
trends for a material which has aged naturally for 
5 years. The difference in the yield stresses shows 
that the freshly moulded material is more ductile 
and so on notching tends to form a large defor- 
mation zone. This accounts for the larger value 
o fK I seen in this material. 

The variation of K I and KA with crosshead 
displacement rate is shown in Fig. 7. The trend is 
similar to that seen for the freshly moulded 
material (I), with the loci of the values of K I and 
K a approaching each other as the crosshead speed 
is increased. 

Continuous crack propagation could be obtained 
in the aged material by introducing a starter crack 
free of the constraints which might have been pro- 
duced by the notching technique. In the aged 
material it was also found possible to fatigue a pre- 
crack into the sample by cyclic loading on the 
Instron tensile testing machine. This method was 
tried with the freshly moulded material but proved 
unsuccessful, probably due to the material defor- 
ming and not transferring the stress to the crack 
tip. The aged material was stiffer and less ductile, 
and consequently proved much easier to fatigue. 
The cycling range was chosen below the load 

T A B L E  I 

Yield stress (MN m -2) Modulus 
(~ = 10 -2 sec -~) (GPa) 

New material  89 2.53 
Old material  95 2.86 

required to propagate a crack continuously 
(Fig. 8), as at higher loads the amount of stored 
energy in the sample was enough to propagate the 
crack a considerable distance across the sample 
before it could be stopped. At the lower load level 
it was possible to control the precrack length. 
Typically, samples were fatigued for 700 cycles 
at 1 Hz between loads of 12 and 17kg. On sub- 
sequent loading of the fatigued sample the crack 
propagated continuously across the sample at a 
constant crack speed. It is also noticeable that the 
load increased slowly as the crack propagated (as 
predicted by the moment arm correction factor 
(Equation 2). A typical result obtained for a cross- 
head displacement rate of 0.01 cm min -1 was K c 
equal to 1.39MNm -3/2 for a crack speed of 
9.1 x 10-Smsec -1. The fracture was not always 
so idealized, with stick-slip failure sometimes 
occurring after a period of continuous propa- 
gation, a similar effect to that noted in the freshly 
moulded material. 

3.4. Continuous crack growth 
measurements 

A more detailed study of continuous crack growth 
was carried out with the freshly moulded material 
(I) and the results are summarized in Fig. 9. As the 
results were obtained from the two double torsion 
rigs and for various thicknesses of material the 
agreement is very good showing an almost constant 
value of K e of 1.4MNm -3/2 over the range of 
crack speeds covered. This compares with values 
for K c of 1.18 MNm -3/2 for slow craze growth [1] 
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Figure 7 The variation of  K I and K A 
plotted against crosshead displace- 
ment  for material  II. 
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Figure 8 Stable crack propagation for material II sub- 
sequent to load cycling in the range AB. 

and 2.32 MNm -3/2 for unstable crack propagation 
in impact testing [23]. It appears that although for 
the range of  crack speeds seen in these tests the 
value of  K e is relatively constant, there is an over- 
all rise with increasing crack speed. 

3.5. Detai led considerat ion of  factors 
inf luencing s tab i l i ty  o f  crack 
propagat ion 

So far it has been shown that the method of 
notching affects the fracture behaviour. However, 
it has also been noted that there are other factors 
which influence the stability of  crack propagation, 
and these will now be discussed. 

The first of  these is the presence, or otherwise, 
of  a craze at the crack tip. As had previously been 
shown [1 ] a crack propagates in polyethersulphone 
through a craze. The formation of  this craze and 
how it behaves on loading is, therefore, of  impor- 
tance with regard to the fracture behaviour. Exam- 
ination of  cracks in double torsion specimens in 
reflected light showed that there was a craze along 
the whole of  the crack front. Fig. 10 shows the 
existence of  this craze as a set of  interference 
fringes caused by the craze acting as a thin wedge. 
By plotting the positions of  the interference 
maxima it is then possible to ascertain the shape 
of  the craze. In previous studies, where compact 

tension specimens were used, the experimental 
shape was compared with that predicted by the 
Dugdale zone model [1, 13-16] .  This model 
describes the shape of  the craze at the crack tip, 
on the basis that this grows to remove the stress 
singularity which would otherwise exist. Assuming 
that the craze shape is in good agreement with the 
Dugdale model its dimensions can then be related 
directly to the fracture toughness, Ge, the craze 
stress, Oo, and the crack opening displacement, 6e. 

There was, however, one difficulty in obtaining 
a quantitative analysis of  the double torsion craze 
shapes. To determine the critical crack opening 
displacement the shape of  the craze, just before 
crack propagation occurs, is needed. For crack tips 
formed from compact tension specimens this is 
relatively easy as the portion containing the craze 
can be loaded in tension while being viewed in the 
microscope. However, it is not possible to repro- 
duce double torsion loading and still be able to 
view the craze under the microscope. The results 
were therefore calcualted using a value for the 
stress intensity factor, Ke, obtained from the con- 
stant crack growth experiments, and the dimen- 
sions of  the unloaded craze. 

The shape of  the craze fitted the Dugdale 
plastic zone model very well and so the Dugdale 
equations were then used to calculate the various 
fracture parameters. The results obtained are com, 
pared with previous results in Table II. It is seen 
that the agreement is very good, confirming that 
although the two tests relate to different geometries 
and loading conditions, the crazes produced in 
both tests are similar, indicative of  the fracture 
properties of  PES, and not a function of the type 
of test. It can be concluded that it is the craze 
shape over the whole crack front that is important 
and the shape seen at the crack tip is not very 
critical for this comparison. 
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Figure 10 Interference photograph showing a craze present 
propagating from left to right. 

It proved very difficult to produce a craze in 
the older material II, suggesting that the balance 
between crazing and yielding is affected by the 

ageing process. Hence the reluctance of the 

material II to propagate in a continuous manner 
unless a notch was fatigued in, and in contrast the 

readiness of material I to propagate even with a 

notch produced by a razor blade is related to the 
formation of the craze. 

So the state of the initial notch, in terms of the 

appearance, or otherwise, of a craze and the con- 
straints put on it, affects whether st ick-slip or 
continuous propagation occurs initially. The 

subsequent behaviour depends on other factors 

TABLE II 

Compact tension Double torsion 

Craze length 43.5 _+ 2 43 +_ 2 
R (urn) 

Craze stress 
112 _+ 14 134 + 13 a o (MN m -2) 

Crack opening 
displacement 4.2 +- 0.1 4.9 +- 0.9 
6 e (#m) 

Fracture toughness 0.47 + 0.025 0.66 -+ 0.05 
G e (kJ m -z) 

at the crack tip in a double torsion sample. The crack is 

such as the stability of cracking, the alignment of 
the specimen and possible crack blunting mech- 
anisms. There is, however, one other possibility 

which is linked to the craze. Consider Fig. 11 
which shows the various stages of double torsion 
crack growth. In stage I there is the initial notch, 
perhaps with a craze but also possibly constrained 
by plastic deformation due to notching, and so on 

loading unstable propagation may occur. In the 

second state the crack tends to propagate over the 
whole crack front (the evidence for this is the 
craze present over the whole crack face) but if 

the crack is not long enough to provide a sufficient 

L stage 1 
initial notch 

stage 2 

f irst stip 

stoge 3 
continuous 
cracking 

Figure 11 The stages of double torsion crack growth. 
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strain energy release rate then energy builds up 
until unstable fracture occurs. In the third and 
final stage a stable crack shape has been reached 
and a balance is achieved between stored energy 
and crack propagation. 

These two conditions, namely an unconstrained 
craze along the whole crack front and the stable 
crack shape shown as stage 3 in Fig. 11, are there- 
fore necessary for continuous propagation to take 
place. 

Finally, there are other factors which control 
the mode of  fracture. The first and most obvious 
is the alignment of  the sample with respect to the 
rollers. If this is not parallel the crack tends during 
initial propagation to leave the guiding groove, 
travelling into the bulk specimen, and then arrests. 
On continued deformation the load to reinitiate 
crack growth is greater than that normally required 
for stable propagation and so unstable growth 
occurs as the crack returns to the central groove. 
In all cases it was found that any crack which 
veered off  the centre groove produced unstable 
growth on loading again. 

The second factor is the presence of  some crack 
blunting mechanism which inhibits the initial 
propagation of  the craze; on initiation the energy 
stored is greater than that required for stable 
growth and so unstable propagation occurs. There 
has been a wealth of  literature discussing these 
crack blunting mechanisms. Young and Beaumont 
[3] have suggested that when a crack is loaded 
slowly some localized plastic deformation occurs 
at the crack tip and so causes blunting. This plastic 
deformation was thought to come from either 
craze branching [24] or shear yielding [25 ]. Similar 
ideas have also been postulated by Phillips e t  al. 

[7] and Gledhitl e t  aI. [2]. However, most of  these 
experiments were conducted on epoxy-based 
systems where there was no evidence for the 
presence of  a craze at the crack tip and so all the 
fracture properties were controlled by the behav- 
iour o f  the crack tip in the absence of  a craze. This 
is obviously a different situation to that in PES, 
where the craze is controlling the mode of  frac- 
ture. 

An alternative explanation considered by 
Williams and co-workers [11, 26] is the onset of  
thermal softening in the crack tip region. This is 
caused by a significant temperature rise due to a 
change from an isothermal process at low crack 
speeds to adiabatic at high crack speeds. The crack 
speeds encountered by Williams were of  the order 

of 0.1 to 1 msec -1 for a crack instability, so in 
order to assess the model it was necessary to 
attempt to estimate the crack speeds at instability. 

The crack speed was measured, as previously 
explained, by a series of  conducting grids across 
the sample. With this method it was possible to 
measure the crack speed and also to correlate it 
to the length of  s!i p and the initiation load (Table 
III). The crack speeds encountered were found to 
be two orders of  magnitude greater than those 
seen by Williams. It was noticeable that the crack 
speed was constant over the measuring range 
which means that any acceleration or deceleration 
of  the crack occurred in the spacing between each 
grid (which was 5 mm). This agrees with work 
by Takahashi [27] who, by using an ultrasonic 
method, found that the acceleration took place in 
a distance from the crack tip o f  around 0.5 mm 
and that at arrest the crack stopped instan- 
taneously. 

As can be seen from Table III the crack speed 
is proportional to the slip distance and also to the 
initiation load (and hence the amount of stored 
energy available on initiation). This also means 
that the s!i p distance is proportional to the amount 
of  energy available at initiation. This could explain 
why the values of  K I and K a approach each other 
as the crosshead speed increases. As the testing 
rate increases the effective yield stress increases 
due to viscoelastic effects. This causes the size o f  
the deformation zone around the crack tip to be 
smaller and hence the value of  K I to be smaller. 
This in turn means that the slip distance decreases 
and so the difference between K I and K a will also 
decrease. 

It is possible to advance two explanations for 
crack tip blunting at successive stages of  fracture, 
both of which are based on thermal blunting due 
to adiabatic heating at the crack tip. One poss- 
ibility is that the heating and crack blunting occurs 
as the crack is being loaded. The other possibility 
is that the heating and crack blunting occurs when 
the crack is travelling very fast. So far it has been 

TABLE III The variation of the crack speed with the 
length of the first slip 

Length of slip Crack speed Initiation load 
(cm) (m sec -1) 

2.3 168 
4.9 213 
5 272 increa sing 

10 400 
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impossible to ascertain which, if any, of these two 
mechanisms could cause crack tip blunting to 
occur. It may be more likely that it is the presence 
of a craze at the crack tip, and its initiation and 
propagation properties, which controls the mode 
of fracture. 

The third factor which may control the fracture 
is the stabiity of cracking. Gurney and Mai [28] 
have derived the conditions for stable crack propa- 
gation starting from the basic equation of energy 
balance for the creation of two surfaces. The dif- 
ference in work done on the system by external 
forces, dW, and the increase in the stored elastic 
energy, dU, is equal to the energy available for the 
formation of crack surfaces, i.e. 

GdA = dW--dU. 

For a stiff testing machine it can be shown that 
the condition for stability is given by 

1 {dR t >~ [d2C/dC~ d(dC 1 
-R1--~] \dA 2] dA] C~da ] 

where C is the compliance, R the specific work of 
fracture, and A the crack surface area. For the 
double torsion test it can be shown that this is 
equivalent to 

___1 dR > _ 2 a  + 

R dA 

if the compliance is given by c = xa + Co. For a 
constant Ge, therefore, this means that 

This will always be true but becomes less stable for 
larger crack lengths. This could explain an earlier 
observation that the mode of fracture sometimes 
becomes stick-slip after a long portion of con- 
tinuous growth (Fig. 6). 

4. Conclusions 
Two distinct modes of fracture have been found 
for PES tested in double torsion. One is unstable 
and is characterized by crack growthin  a series 
o f  jumps, the other stable characterized by con- 
tinuous crack growth at constant speed. By deter- 
mining the factors which controlled the mode of 
fracture and taking into account changes in 
moment arm of the rig it was possible to produce 
continuous crack growth over a range of crack 
speeds and a relatively constant value of K e = 
1.4MNm -3/2. This value of Ke, together with 
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measurements of the length of the craze which is 
observed at the crack tip for continuous crack 
growth gave a value for crack opening displace- 
ment and craze stress which agrees well with values 
previously determined from compact tension tests. 
In addition to the presence of a craze there were 
other factors controlling the fracture mode, 
notably the shape and size of the crack, the align- 
ment of the sample, crack blunting effects and the 
stability of the double torsion configuration. 

Appendix 
Consider the specimen after the crosshead has 
moved through a distance 6 as shown in Fig. A1. 
The effective moment has decreased from PL/2 to 

M P L "  = cos 0 (A1) 
2 

where L" and cos 0 are indicated in the figure. 
Since 

L' 
L" - t tan 0 (A2) 

cos 0 
and 

L' = L[1 - - (R  + r )  sin 0] (A3) 

it follows that 

P 
M = ~ [ L - - ( R + r + t )  sin0]. (A4) 

From elastic analysis 

M = (kl/2)Wt3G(O/a) (A5) 

and so it follows that 

klWt3EO/a 
P (a6)  

2[L - - (R  + r + t) sin 01(1 + v)" 

By definition the specimen compliance C =  alP 
and so 

C = 2 6 a [ L - - ( R + r + t )  sin0](1 + v )  
klWt3EO (A7) 

This can be rewritten as 

C = 6 a [ L - - x s i n 0 ]  
AO ' (A8) 

where x = R + r + t and A = klWt3E/2(1 + v). 
Because 5 and 0 are functions of a we have 

d-a = o,a a ~ + . ~ .  (A9) 

Experiment shows that to a good approximation 



_ _  

P 
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t 
\ 
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\ 

I tz 

I -  

]4 - i  

L" 

P 

l T 
I 

i / 

0 - C l ( a - a i )  
and (A10) 

6 - K l ( a - - a i )  

where  a i is the  initial crack length.  

Di f fe ren t ia t ion  o f  Equa t ion  A8 to  Equa t ion  A9, 

using the exper imenta l  results (Equa t ion  A10)  

shows tha t  

dC [L - - x  sin 0 |  8x cos 0 
- -  - [ ]5  (All) 
da AO A ' 

for the  usual s i tua t ion  wh.ere a >> a i. 

Using the  I r w i n - K i e s  relat ion 

Ke 2 _ p2  E dC (A12)  
2t  1 - - / )2  da ' 

it fo l lows tha t  

p28 
K e = 

tnkaWta(1 --/))  

x [L--(R+r+t)(sinO+OcosO)]o ' 

(A13)  

N.B. This equa t ion  reduces  to  Equa t i on  1 in 

the  limit o f  small 0. 

Figure A1 Double torsion test geometry. 
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