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Simple method of determining the fracture 
resistance for rapidly propagating cracks in 
polymers 

J. P. DEAR, J, G. W I L L I A M S  
Department of Mechanical Engineering, Imperial College, Exhibition Road, London SW7 2BX, 
UK 

A recently developed method has been used to obtain fracture toughness data for rapidly 
propagating cracks from small specimens of polymers. By varying the load on the specimen, 
the crack speed can be changed and this load crack speed relationship has been used in 
conjunction with a mass-spring model to obtain fracture toughness, t7, and the limiting crack 
speed in the specimen, C,. A relationship between R and Cu is suggested and shown to 
describe the data. 

1. I n t r o d u c t i o n  
As the variety of tough polymers and their appli- 
cations increase so there is a need for more precise and 
discriminating evaluation procedures. For polymers 
to be used in large, stressed, structures, important 
information is that relating to steady state crack 
propagation [1-SJ. This is the situation when the 
crack tip has distanced itself from the impact or other 
initiating forces and the only strain energy available to 
the crack is that stored in the material by a steady 
applied load. 

The following experimental information is needed 
to describe this behaviour: 

(i) the threshold loading condition in the specimen 
to just maintain a propagating crack; 

(ii) how crack velocity varies with respect to load on 
the specimens above the threshold; 

(iii) the limiting crack speed, C L, in the specimen; 
(iv) the fracture toughness, R, for a crack propaga- 

ting normal to the applied stress field generating 
fracture surfaces free of unwanted features such as 
partial arrest lines, side-lip tearing and plastic hinging. 

There is often a need to obtain these data from 
small specimens, such as during research and develop- 
ment, when investigating actual failures, and also for 
the monitoring of full-scale material production. A 
method has recently been developed to meet these 
goals known as the frozen tongue technique [9]. The 
aim of this study was to validate the frozen tongue 
technique by using it to evaluate three grades of 6 mm 
thick polyethylenes of widely differing toughness. 
Such materials are used as pipes in the gas and water 
industries where there is concern with rapid crack 
propagation. The experimental data were analysed 
using a mass-spring model [10] to arrive at the frac- 
ture toughness, R, and limiting crack speed, CL. 

2. Experimental procedure 
A rectangular-shaped specimen was used with a small 

tongue protruding from one side that extended the 
intended crack path [9] as shown in Fig. 1. Other 
shapes are possible to give a longer crack path, differ- 
ent strain conditions and to explore other variables. 
The protruding tongue of material was freeze-cooled 
so that a fast crack could be easily initiated and 
propagated into the pre-stressed main section of the 
specimen which was kept at room or some other 
evaluation temperature. 

Using an Instron testing machine, the specimen was 
loaded normal to the crack path and then allowed to 
stress relax, Meanwhile the protruding tongue was 
freeze-cooled, using liquid nitrogen, so that a crack 
could be easily started with a static three-point bend 
of only a few degrees (see Fig. 1), The initiated crack 
then propagated into the pre-loaded main rectangular 
section of the specimen. This procedure was repeated 
to obtain the crack load threshold, Po, and to deter- 
mine the increase of crack velocity with load. Unlike 
impact methods, the propagating crack is driven only 
by the release of strain energy stored in the specimen 
prior to crack initiation. High-speed photography 
proved very useful for measuring crack velocity and 
for observing any irregularities in the propagation of 
the crack. An image-converter (IMACON) camera 
was used with back-illumination by Monolite (50 J) 
flash units so that the specimen appeared as a dark 
shadow in the photographs and the crack as a bright 
streak of light. Crack velocity was also measured by 
the breaking of metallic paint strips at the beginning 
and end of the crack path and from two appropriately 
positioned on-specimen strain gauges. For routine 
tests, only one method of velocity measurement would 
be needed. 

A number of different vessels was made to hold the 
liquid nitrogen. These vessels had slots in one side for 
the tongue of the specimens to enter the vessel prior to 
it being filled with liquid nitrogen. The different types 
of nitrogen vessels provided for the specimens to be 
tested in the vertical or horizontal plane and for 
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Figure 1 Schematic diagram of frozen tongue geometry with three- 
point bend device shown. 

Figure 2 Strain distribution in the specimen. 
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different volumes of nitrogen to be held to suit differ- 
ent thicknesses of the specimen. The slots through 
which the specimen tongue entered the vessels were 
provided with a packing gland to make sealed joints 
where necessary. 

The temperature of the main section of the frozen 
tongue specimen could be varied to study this effect 
but for the experiments presented in this paper, the 
main section of the specimen was kept at room tem- 
perature (25 ~ It was verified that the freezing of the 
tongue only cooled the main section of the specimen 
for a distance of less than 10 mm along the crack path 
into the main section. This was assessed by fully 
inserting the tongue of a polymer specimen into liquid 
nitrogen for the maximum freeze-time used for the 
experiments and then monitoring the temperature 
with thermocouples placed along the crack path into 
the main section. In the fracture experiments only the 
end half of the tongue was immersed in liquid nitrogen 
so the cooling of the main section of the specimen was 
less than 10 ram. The disturbance of the stress dis- 
tribution in the main section of the specimen, caused 
by the presence of the tongue, was found to be con- 
fined also to a region 10 mm from the root of the 
tongue [9]. Fig. 2 shows the method devised to meas- 
ure this stress distortion by a grid of squares being 
printed on to a specimen and the distortion of the 
squares at the tongue root measured. In this figure, a 
viscoelastic material of modulus 10 MPa has been 
used to emphasize the distortion which was much less 
in evidence in the 800 MPa polyethylene material 
evaluated. 

The specimens were obtained from 6 mm thick 
sheet polyethylene. Side-grooving was not necessary 
to achieve specimen fracture using the frozen tongue 
technique but was used in this study to obtain crack 
paths consistently at right angles to the applied stress. 
The depth used for the side-grooves was 1 mm so that 
the plane stress shear lip effects would be minimized. 

3. T h e o r e t i c a l  m o d e l  
An attraction of the mass-spring model [10] is that it 
can be adapted to represent different experimental 
conditions. For the fracture of small specimens by 
impact, the dynamic behaviour of the specimen, prior 
to and after crack initiation, can be much affected by 
striker and support arrangements [4]. These and the 
effect of different boundary constraints for other types 
of test can be provided for in the model. 

Fig 3a shows the model in its basic form of a spring 
of stiffness, k~, representing the loading system as seen 
from the specimen fixtures. The mass, m, and spring of 
stiffness, k2, represent the effective dynamic properties 
of the specimen. The model can be modified in many 
ways to include damping and other features, but in its 
basic form it represents well the experimental condi- 
tions for fast crack propagation presented in this 
paper. The general equat ionof  motion of the model in 
its basic form is 

m(d2u/dt  2) q- k2u = k l ( u  1 - u) (l) 

where u is the motion of the equivalent specimen mass 
and u 1 is the motion of the fixture load point. Using 
the mass-spring model to analyse the standard single- 
edge notch geometry, as shown in Fig. 3b, in the terms 
R is the fracture toughness, a 0 is the initial crack 
length, a is the length of propagating crack, cy is the 
stress, p is the load, E is the modulus, p is the density, 
C = (E/p)  1/2, H is the height of specimen between 
grips, D is the width, B is the thickness, the model 
equation of motion can then be expressed as 

(R /Go) (ao /a )  = 1 - ( 1 / C L ) 2 d / d t [ a ( d a / d t ) ]  (2) 

where the initial energy release rate is 

G O = (cy21rao)/E 

and the limiting crack velocity is given by 

C L = C(3/4~c)l/2[(D/H)l/2 + ( k l / B E ) ( H / D )  1/2] 

(3) 
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Figure 3 Dynamic mass-spring model: (a) configuration, (b) single- 
edge notch geometry. 
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Figure 4 Load-time trace for a frozen tongue specimen (crosshead 
speed 5 mm rain 1). 
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Solving Equa t ion  2 for the frozen tongue  exper iments  

when a o = 0, (da/dt) o = O, p = oBO and (da/dt)  is 

t aken  at  D/2, gives 

( l / p )  2 = (~ /4ERB2D){1  - [ (da /d t )2 /CZ]}  (4) 

which can be r ea r ranged  pu t t ing  

R = (~zp~)/(4EB2D) (5) 

where Po is the threshold  load  for crack p r o p a g a t i o n  
to give 

(da/dt)2 = C2[1 _ (p2/p2)] (6) 

In the fol lowing results, Equa t ions  5 and 6 are used to 
de te rmine  CL and  R from the exper imenta l ly  deter-  

mined  values of Po and (da/dt)  at D/2. 

4. Results  
Fig. 4 shows a load  t ime trace, using an Ins t ron  
(model-1186) load-cel l  for a 6 m m  frozen tongue  speci- 
men of med ium-dens i ty  polyethylene.  F o r  all these 
6 m m  frozen tongue  specimens,  a cons tan t  load ing  
rate  of 5 m m  m i n -  1 was used and  the same degree of 
stress re laxa t ion  a l lowed after the c rosshead  had  been 
s topped.  This  was before a crack was in i t ia ted  th rough  
the centre of the specimen as guided  by  the 1 m m  side- 
grooves  n o r m a l  to the appl ied  stress. The mater ia ls  
eva lua ted  were opaque ,  but  in Fig. 5 a t rans lucent  
specimen was used to show, by h igh-speed pho to -  
graphy,  a crack being launched  in the frozen tongue  
and  then p r o p a g a t i n g  th rough  the ma in  sect ion of the 
specimen pass ing near  to the two s t ra in  gauge moni -  
tors. This was achieved by back  l ighting of the speci- 
men so that  the s t ra in  gauges showed up as da rk  

Figure 5 High-speed photographic sequence taken with 4 and second IMACON image converter camera at a framing rate of 10 p.p.s. The first 
conducting strips are labelled S 1 and $2, respectively. One is located on the left-hand side of the main section of the specimen and the other on 
the right-hand side. Likewise, the two strain gauges are located at G 1 and G 2, respectively. 
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shadows, as did the two painted conducting strips, one 
at the beginning and the other at the end of the crack 
path. The crack appears as a bright streak of light 
passing through the specimen from left to right. On- 
specimen instrumentation provided for several con- 
firmatory measurements of crack velocity f rom the 
times between strain gauge sensors and conducting 
strips. Fig. 6 shows the recorded outputs from the 
strain gauges and the severing of the conducting strips. 
As can be seen in Fig. 7, an important  advantage of 
the frozen tongue technique is that the crack surfaces 
produced are free of unwanted partial arrest lines and 
other features that can complicate the calculation of 
fracture parameters. 

Fig. 8 shows the crack velocity versus stress relaxed 
load for 6 mm medium-density polyethylene speci- 
mens fractured by the frozen tongue method. The 
objective was to find the population characteristic and 
manufacturing variability for this medium-density 
polyethylene so the specimens used were samples 
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Figure 6 Instrumentation of a frozen tongue specimen. Upper two 
traces are outputs from first and second conducting strips ($1 and 
$2, respectively). Lower two traces are outputs from first and second 
strain gauges (G1 and G2, respectively). 

taken from different production batches, which ex- 
plains some of the scatter of results. To verify that the 
crack would not propagate below the Po value ob- 
tained from this study, several attempts were made to 
propagate a crack just below Po and this was not 
possible. The next step was to superimpose upon the 
plotted empirical data a crack velocity versus stress 
relaxed load curve derived from the mass-spring 
model (Equation 6) and this is the continuous curve 
shown in Fig. 8. Fitting of the mass-spring derived 
curve to the empirical data in a way that provided for 
a linear regression to be used is shown in Fig. 9. From 
the intercept of the regression line with the vertical axis, 
a value of limiting crack velocity, C L = 580 m s  -~, 
was obtained and from its intercept with the horizon- 
tal axis a load threshold of Po = 3.5 kN. The 90% 
confidence limits about the regression line are shown 
as dotted lines. Fig. 10 compares the linear regression 
for medium-density polyethylene obtained, as ex- 
plained above, with similar regressions for different 
polyethylene materials known to be of lower and 
higher fracture toughness. In this way a family of 
curves can be built up to compare the fast-fracture 
resistance of a variety of materials. 

Using the mass-spring model, the toughness, R, for 
the frozen tongue specimen can be determined from 
Equation 5, R = (~p~)/(4EBBnD) which is assumed 
to be independent of crack velocity where B is the 
overall thickness of the specimen and Bn is the crack 
thickness after side-grooving. A frequently used value 
of E is that determined by speed of sound measure- 
ments and for an excitation frequency of 2 MHz the 
value of E, for the medium-density polyethylene sam- 
ples evaluated, was found to be 1.9 GPa. This gave 
an R-value of 2 . 5 k J m  -2 for this medium-density 
polyethylene material. Using the relationship for 
stress intensity factor, K = (ER) ~/2, this gives K 
= 2 . 2 M P a m  1/2. Table I summarizes the fracture 

parameters for this and other grades of polyethylene 
used. It is interesting to observe that whilst E changes 
very little for each grade of material, there is a signific- 
ant change of the C L value. This supports other studies 
[11] that suggest that CL relates to the local E-value 
about the crack tip which differs from the bulk E value 
of the material. Thus an appropriate relationship to 

Figure 7 Optical photograph of fracture surface from frozen tongue specimen showing the transition (see arrow) from frozen tongue to the 
smoother main section of the specimen. 
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Figure 8 Crack velocity versus stress relaxed load for frozen tongue 
medium-density polyethylene specimens with Equation 6 fitted to 
data. 
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Figure 9 Linear regression of Equation 6 to experimental data with 
90% confidence limits in dotted lines. 
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Figure 10 Comparison of linear regression for medium-density 
polyethylene (see Fig. 9) with similar regressions for different poly- 
ethylene materials of ( E,  � 9  lower and ( �9 ) higher toughness. 

T A B L E  I Fracture parameters for polyethylene 

Po CL E R K( = (ER) 1/2) 
(kN) (ms -1 ) (GPa) (kJm 2) (MPa ml/2) 

3.2 630 2.2 1.8 2.0 
3.5 580 1.9 2.5 2.2 
5.5 380 2.3 5.1 3.4 

use is CI, oc (Oy/e) 1/2 where O-y is the yield stress and 
is the strain local to the crack tip. The toughness, 

R oc s the energy dissipated at the crack tip, so 
that C L oc (1 /R)  1/2. Fig. 11 shows a plot of log CL 
against log R for different grades of polyethylene in- 
cluding those listed above which gives a slope of 
- 1 / 2  confirming the above relationship. The C L 
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Figure 11 Plot of log C L versus log R for different grades of 
polyethylene. 

values will, of course, be geometry dependent but the 
values used here are all for the same geometry. There 
is scope to explore this form of relationship further. 

5. Discussion 
It is convenient to be able to make measurements of 
fracture parameters from small specimens of material. 
It is particularly helpful when these data also relate 
well to the results of full-scale testing of pipes and 
other products. Charpy tests are valuable in this 
respect but additional data are often required, such as 
the threshold load to just sustain a propagating crack, 
and other information as listed in the measurement 
aims of this paper. The frozen tongue method provides 
these additional data and in several other ways is 
complementary to Charpy impact methods of fracture 
testing. Both are easy to perform and only require a 
modest expenditure on test equipment and material. 
Also, the time to do the experiments is short. It is thus 
possible to make frequent evaluations to follow trends 
in the changing fracture characteristics of materials 
through their development, manufacture and after 
being formed into end-products. Also, many small 
material samples can be taken from products that fail 
in service and so provide for a more detailed exam- 
ination of the causes of the failure. 

Some evaluation points to note are as follows. 
1. These evaluations were at 25~ which is the 

working temperature for many products. However, for 
a fuller evaluation, then the fracture resistance of the 
materials at other temperatures may be needed. 

2. The evaluations reported on in this paper for 
6 mm specimens were near to plane-strain conditions 
as deep side-grooves were used. Clearly, there is scope 
for exploring more fully thickness and surface effects 
using the tongue specimen geometry. 

3. The main section of the specimens can have 
different dimensions and shapes other than the rectan- 
gular one used for these experiments. Bonded joints 
and other features, as used in products, can be incor- 
porated in the main section of the frozen tongue 
specimens. 

2 6 3  



6. Conclusions 
It is thought the methods used in this paper provide a 
useful way of obtaining fracture data from small speci- 
mens of tough polymers. The advantages are that the 
method is easy to execute using equipment readily 
available in most fracture laboratories. Future aims 
are to evaluate a wide range of polymeric materials 
using the experimental and modelling concepts pre- 
sented in this paper. This is to include a study of the 
effect of bonded joints and other features placed in the 
crack path. Another interest is to host the model and 
experimental data processing on modest-sized per- 
sonal computers such as are increasingly being used to 
control experimental and factory test equipment. 
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