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Double torsion fracture testing of 
high-density polyethylene 

B. J. EGAN, O. DELATYCKI  
Department of Industrial Science, University of Melbourne, Parkville, Victoria 3052, Australia 

The fracture of polyethylene has been studied extensively using conventional testing 
geometries such as three-point bending (TPB) and single-edge notch tension (SENT). These 
geometries are of limited utility for studying crack growth, because the crack speed is 
constantly changing and the crack front is in the centre of the specimen. Double torsion (DT) 
is a fracture geometry that suffers neither of these disadvantages, yet has only received limited 
attention in the literature. Its use has been limited to highly brittle materials such as glass, 
ceramics, thermosetting plastics and PMMA. In contrast to these materials, high-density 
polyethylene (HDPE) is an inherently ductile polymer. Before the advantages of DT can be 
exploited for testing HDPE, it is first necessary to demonstrate the validity of DT fracture 
measurements performed on such a ductile material. In this paper it is shown that at moderate 
rates of loading and at temperatures below 0 ~ valid double torsion fracture results can be 
obtained for an ethylene 1-butene copolymer. A novel technique for specimen preparation and 
a simple method for accurately monitoring crack growth are also described. 

1. Introduct ion  
The fracture of polyethylene has been studied exten- 
sively. These studies have been performed using 
conventional fracture geometries such as three-point 
bending (TPB) [1-7] and single-edge notch tension 
(SENT) [3, 8-12]. Although these geometries are 
widely used, their utility for studying crack growth is 
limited. In TPB and SENT specimens the crack is 
longest at the centre of the specimen. This makes it 
difficult to monitor the crack tip in opaque materials. 
Further, the crack path is short and the crack growth 
is continually accelerating. For these reasons there 
have been few published studies on crack growth in 
high-density polyethylene. 

The double torsion geometry, introduced by Out- 
water and Gerry [13] in the mid 1960s, is a relatively 
unexploited fracture configuration that is well suited 
to the study of crack growth (Fig. 1). In double torsion 
tests the crack propagates at a constant speed over 
long distances. Also, the crack tip is located at the 
surface of the specimen. This is particularly advant- 
ageous, because it allows optical or electrical measure- 
ment of the propagation of the crack. 

The double torsion geometry has mostly been used 
to study the fracture of glass [14-17], brittle metals 
[18-21] and ceramics [22-25]. Its application to 
polymers has been limited to thermosets [26-29] and 
highly brittle thermoplastics such as PMMA [20, 
30-33]. In contrast to these materials, high-density 
polyethylene (HDPE) is an inherently ductile polymer. 
The application of double torsion fracture testing to 
such a ductile material has not been documented in 
the literature. Before the advantages of double torsion 
fracture testing can be exploited with HDPE, it is first 

necessary to establish whether or not valid fracture 
results can be obtained. This paper describes the 
conditions under which valid fracture measurements 
can be obtained for high-density polyethylene tested 
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Figure 1 Schematic diagram of the double torsion fracture geo- 
metry: (a) perspective view, (b) end view. 
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in double torsion. A novel technique for specimen 
preparation and a simple method for accurately moni- 
toring crack growth are also described. 

2. E x p e r i m e n t a l  p r o c e d u r e  
2.1. Material 
A high-density ethylene 1-butene copolymer was used 
to evaluate the validity of testing polyethylene in 
double torsion. This grade of polyethylene is used, 
typically, to manufacture water-distribution pipes. 
Characterization of the resin showed it to contain 1.3 
ethyl branches per 1000 main chain carbons, to have 
a density of 0.957 g cm-3, and molecular weights of 
Mw = 130 000 and M'n = 10 300. 

2.2. S p e c i m e n  p repa ra t i on  
Fracture specimens of H D P E  are conventionally pre- 
pared from compression-moulded plaques. This is a 
slow and tedious process. In this work a novel tech- 
nique was developed for preparation of double torsion 
fracture specimens. This utilized a 2�89 in extruder, and 
allowed test pieces to be moulded continuously. The 
experimental arrangement is illustrated schematically 
in Fig. 2. A specially manufactured die with a circular 
orifice 40 mm in diameter was fitted to the extruder. 
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Connected to the die was a 90 ~ elbow. This was 
shaped to transform the melt from a circular to a 
rectangular section. Lengths of rectangular aluminium 
tubing were clamped to the end of the elbow. When a 
section of tubing was filled, the melt was cut and a new 
length of tube clamped to the elbow. The filled tubes 
were immediately placed in an oven to be annealed at 
110 ~ for 1 h, after which the oven was switched off 
and allowed to cool to room temperature. Owing to 
shrinkage, the rectangular billets were easily removed 
from the tubing. These billets were entirely free of 
voids. 

Double torsion test pieces were machined from the 
extruded billets. The width of double torsion speci- 
mens should be at least twelve times the thickness, and 
the length to width ratio should be greater than two 
[34]. The extruded billets were 130 mm wide. To 
conform with the recommended ratios, samples 
measuring 130 mm wide x 280 mm long x 11 mm thick 
were prepared. In double torsion fracture tests it is also 
necessary to cut a groove along the centre of the 
specimen to prevent the growing crack from 
wandering [21, 35 37]. A 1 mm deep 60 ~ chevron 
notch was machined. 

2.3. Specimen isotropy 
To minimize orientation in the polyethylene billets, a 
backing plate and screen pack were not used in the 
extruder. Wide-angle X-ray analysis was performed to 
check that the flow process did not produce residual 
orientation. Anisotropy is indicated by a change in 
peak intensity as the sample is rotated in the X-ray 
beam [38, 39]. 

Wide-angle X-ray diffraction (WAXD) spectra were 
recorded using a Philips PW1050 diffractometer with 
monochromatic Co(Fe) radiation. WAXD specimens 
were machined from an extruded billet both perpendi- 
cular and parallel to the direction of flow. The corres- 
ponding diffraction patterns are shown in Fig. 3. For  
the purpose of clarity these spectra have been offset 
in the vertical axis. The relative peak intensities 
are identical for both orientations. This shows that 
the method of manufacture described above is a reli- 
able means of rapidly producing isotropic fracture 
specimens. 
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Figure 2 Schematic illustration of the equipment used to mould 
void-free rectangular billets of HDPE: (a) side view, (b) front view. 

2.4. Fracture mechanics 
Double torsion fracture was pioneered using extreme- 
ly brittle materials, for which the deflection at the 
point of loading is small. In these circumstances the 
critical stress intensity factor in double torsion is given 
by [34] 

K ~  = P W  m W d a d , (  1 _ v)~ (1) 

where v is the Poisson's ratio of the test material, and 
is a function of the specimen width and thickness. This 
equation assumes that the test material behaves in a 
linear elastic manner. As yet, non-linear fracture 
mechanics has not been developed for the double 
torsion geometry. 
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Figure 3 WAXD spectra of moulded section taken (- . . )  perpendicular and ( - - - )  parallel to the flow direction. The spectra have been off-set 
for the purpose of clarity. 
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Figure 4 Diagram showing the variation in load moment arm at 
large deflections. 

A significant amount of deformation occurs at the 
point of loading in tough polymeric materials. When 
large deflections occur it is necessary to apply a 
correction to the fracture toughness calculated by 
Equation 1. Such a correction was developed by Hine 
et  al. [353, and further improved by Leevers [40]. For 
double torsion specimens undergoing large deflec- 
tions, the corrected critical stress intensity factor is 
given by 

where K*o is the stress intensity factor calculated from 
Equation 1, r is the radius of the loading spheres, and 0 
is defined as shown in Fig. 4. This correction has been 
applied to all the results presented in this paper. 

2.5. Fracture t e s t ing  
A double torsion loading rig was built for use in an 
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Instron model 1026 tensile testing machine. The load 
was applied through four 10 mm diameter steel ball 
bearings. These were positioned to give load point 
spacings of Wm = 47.5 mm and W, = 15 mm (refer 
Fig. 1). The loading fixture also incorporated an arm 
extending along the centre axis of the specimen. This 
supported the sample before a load was applied, and 
also facilitated accurate alignment of the sample. Spe- 
cimens were fractured with the groove on the tensile 
surface. A crosshead speed of 5 mm min-1 was used 
for all tests. 

Prior to testing, a through cut was inserted a short 
distance along the apex of the groove. A load was then 
applied to the specimen at a slow rate of loading until 
crack propagation commenced. This produced a 
sharp pre-crack. 

The tensile testing machine was fitted with a ther- 
mally insulated cabinet. The temperature of the speci- 
men could be controlled using a combination of liquid 
nitrogen for cooling, and electric coils for heating. 

3. Results and discussion 
3.1. Crack initiation 
A typical load-time graph for H D P E  tested at 0 ~ 
and a crosshead speed of 5 mm min-  1 is shown in Fig. 
5. Because double torsion is a constant K I geometry, 
the load remains constant for a significant time. Crack 
extension was observed prior to the load reaching a 
plateau. To calculate the fracture toughness it is neces- 
sary to know the load at crack initiation. This can be 
determined by monitoring when the crack front begins 
to extend. 

The most convenient means of monitoring crack 
growth is to measure the resistance of a series of 
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Figure 5 A typical load versus deflection trace recorded at 0~C 
using a crosshead speed of 5 mm min- 

Aluminium ligaments were vapour deposited on to 
the surface of the H D P E  fracture samples. Sharp 
ligament edges were formed by the use of a mask 
which penetrated to the base of the groove. The 
individual ligaments were spaced 5 mm apart  and 
were joined in parallel using a resistive silver paint. 
The novel connection pattern shown in Fig. 6 was 
used so that the ligament about to be broken formed 
the path of lowest electrical resistance. This ensures a 
detectable jump in the resistance time trace. 

A Datataker  DT100L data logger was used to 
record simultaneously resistance and load as a function 

conductive lines placed across the crack path [35, 41, 
42]. These are successively torn apart  as the crack 
propagates. An increase in resistance of the total grid 
occurs every time a ligament is broken. The edge of 
each line defines an exact geometric location, and so 
each step in the resistance-time curve can be related to 
a precise length of the crack. 
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Figure 6 Schematic diagram of the grid pattern used to monitor 
crack growth in HDPE double torsion specimens. 
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Figure 7 Typical load-time and resistance time data recorded for 
HDPE tested in double torsion at 0 ~ using a crosshead speed of 
5 mm rain - ~. 
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Figure 8 Illustration of the procedure used to calculate the crack 
initiation time. 
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of time. Typical results for a sample tested at 0~ 
and 5 m m m i n - 1  are presented in Fig. 7. The first 
point on a graph of crack length versus time is estab- 
lished by measuring the distance from the end of 
specimen to the first grid line broken. Each sub- 
sequent jump in resistance corresponds to a 5 mm 
increment in crack growth. Extrapolation of the data 
for crack length versus time to the initial crack length, 
a o, allows the initiation load to be determined (Fig. 8). 
This load is used to calculate the fracture toughness, 
K~. For  the H D P E  tested, a constant speed was not 
attained until after the crack had grown a short 
distance. To minimize the error that this crack acceler- 
ation introduced into the extrapolation procedure, 
only the first two jumps in resistance were used to 
determine the time and load at crack initiation. 
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Figure 10 Critical stress intensity factor plotted as a function of 
crack length at 18 ~ The crosshead speed was 5 mm min-1.  

3.2. Test ing the va l id i ty  of the results 
3.2. 1. Constant stress intensity region 
Double torsion fracture analysis assumes linear elastic 
behaviour. For a perfectly linear elastic material, the 
relationship between K~c and crack length would ap- 
pear as shown in Fig. 9 [34]. If the curve does not 
contain a horizontal section, which indicates a con- 
stant value of K~c over the corresponding region of 
crack growth, the results are not valid. This feature 
was used as a first step in determining the validity of 
fracture results for H D P E  tested in double torsion. 

Stress intensity versus crack length relationships 
were measured at 18, 0 and - 20 ~ using a crosshead 
speed of 5 mm min -  1 (Figs 10 12). At 18 ~ there is no 
evidence of a constant K~c region. This indicates that 
at room temperature and moderate rates of loading 
the deviation from linear elastic behaviour is too great 
for valid results to be obtained. 

As the temperature is lowered the plastic zone 
becomes smaller, and so the material response ap- 
proximates more closely linear elastic behaviour. At 0 
and - 20 ~ a region of approximately constant K~r is 
observed. This suggests that the double torsion frac- 
ture results for H D P E  may be valid at these lower 
temperatures. 
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Figure 9 Diagram showing theoretical variation of KIe with crack 
length for a perfectly linear elastic double torsion fracture specimen 
(a is the length of the crack, L is the total length of the specimen). 
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Figure 11 Critical stress intensity factor plotted as a function of 
crack length at 0~ The crosshead speed was 5 m m m i n - 1  
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Figure 12 Critical stress intensity factor plotted as a function of 
crack length at - 20 ~ The crosshead speed was 5 mm min-1 .  

Trantina [43] has used finite element analysis to 
determine the limiting crack lengths between which a 
constant stress intensity should be observed. The ver- 
tical dashed lines in Figs 11 and 12 represent these 
limits for a linear elastic sample of similar relative 
dimensions to the specimens used in this work. At 



both 0 and - 20 ~ there is good agreement between 
Trantina's  limits and the observed region of constant 
K~c. This indicates that double torsion specimens of 
this grade of H D P E  approximate linear elastic behavi- 
our at 0 ~ and below. 

3.2.2. Th ree-po in t  b e n d  tests 
To check further the validity of the low-temperature 
double torsion results, the plateau values of K~o were 
compared to the fracture toughness measured in 
three-point bending. For  this geometry the multi- 
specimen J-integral technique is well established [1, 5, 
7, 44]. Specimens measuring 30 mm thick x 30 mm 
broad x 140 mm long were 60 ~ chevron notched to 
half the depth of the specimen. A sharp notch was 
inserted at the root of the machined groove using a 
razor blade. Testing was conducted at a crosshead 
speed of 5 mm rain-1, and the span to breadth ratio 
was 4. The J-integral data are shown in Fig. 13. At 
0~ the critical value was J~c = 2.0 k J m  -2, whilst 
at - 2 0 ~  a fracture toughness of 1 .6kJm -2 was 
obtained. 

The values of K~o obtained from the double torsion 
experiments are given in Table I. These were taken as 
an average over the region bounded by Trantina's 
limits. K~c is a stress-based fracture criterion, whereas 
Jlc is an energy-based criterion. In order to compare 
results using the two geometries, it is necessary to 
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Figure 13 J-integral data at (a) 0 ~ and (b) - 20 ~ 

T A B LE I Comparison of the fracture toughness values measured 
in double torsion with those measured in three-point bending 

T(~ KIr -3/2) E(MNm 2) G~o(kJm-2) jjo(kJm-2) 

0 2.16 4- 0.05 2180 4- 170 1.8 _ 0.2 2.0 +_ 0.1 
- 20 2.30 4- 0.09 2590 _+ 150 1.7 4- 0.2 1.6 4- 0.1 

convert K~o to an energy-based value such as G~o, the 
critical strain energy release rate. This is done using 
the equation [-45] 

K, o (1 - v 2) 
G~ - E (3) 

where E is Young's modulus and v is Poisson's ratio. 
The Young's modulus was determined in uniaxial 
tension. Values of v were determined from the ratio of 
the Young's and shear moduli, and found to equal 0.4 
at all test temperatures used. The converted fracture 
results are shown in Table I. Agreement between the 
double torsion data, G~c, and three-point bend data, 
J~o, is excellent at both 0 and - 20 ~ 

In order to ascertain the validity of the double 
torsion results it is necessary to be sure that the 
measured fracture parameters were thickness inde- 
pendent. This requires that the fracture measurements 
are made under plain strain conditions. In three-point 
bending this requires that all specimen dimensions 
exceed 25(Jlc/Oy) [46]. For the samples used in this 
work, critical TPB dimensions of 1.5 mm and 1.1 mm 
were calculated at 0 and - 20 ~ respectively. The 
thickness of the specimens tested (15 mm) is well in 
excess of these limits. The values of J~  presented 
above can therefore be accepted as plane strain frac- 
ture results. 

The ASTM thickness criterion for a plane-strain 
value of K~ is [-47] 

all dimensions > 2.5(K'~ 2 (4) 
\G'y/  

The proportionality constant of 2.5 is purely empirical 
[47, 483. It has been verified for various materials 
tested in a number of geometries, including H D P E  in 
three-point bending [-49]. However, the size require- 
ments for double torsion tests have not yet been 
established [50]. Outwater  et al. [-18] have obtained 
valid double torsion results on an aluminium alloy at 
one-half the ASTM recommended thickness. 

The stress intensities in Table I were measured on 
samples with a nominal thickness of 10mm at the 
groove. The ASTM minimum thickness for these tests 
is 10.8 and 8.3 mm at 0 and - 2 0 ~  respectively. 
Although this criterion was not satisfied at 0 ~ com- 
parison with the J-integral data shows that valid 
results were still obtained. It is evident from this result 
that the ASTM minimum thickness requirement is 
conservative for H D P E  in double torsion. It was not 
the purpose of this work to determine a more appro- 
priate constant of proportionality for the plane strain 
criterion in double torsion. However, it can be stated 
with confidence that when the ASTM condition is 
satisfied the double torsion measurements will be 
made under plane strain. 
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4. Conclusion 
This work has proved that valid fracture results can be 
obtained for high-density polyethylene at moderate 
loading rates using the double torsion geometry, pro- 
vided the tests are performed at sub-ambient temper- 
atures. For the grade of HDPE used in this work the 
maximum temperature at which valid fracture results 
were obtained was 0 ~ 

A simple method for electrical monitoring of the 
progress of the crack tip was described. This is parti- 
cularly important for a material such as HDPE, be- 
cause the crack initiates before the maximum load is 
applied. The ease of measuring crack speeds and the 
straightforward calculation of the fracture toughness 
makes double torsion tests well suited for measuring 
the relationship between the stress intensity factor and 
the speed of crack propagation. 

Having demonstrated that valid fracture results can 
be obtained for high-density polyethylene in double 
torsion, the advantages of this geometry for studying 
crack growth in HDPE can be exploited with confi- 
dence. This work has now been completed, and will be 
presented in future publications. 
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