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Gc versus crack velocity in single groove 
double cantilever beam specimens 
of polycarbonate 
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The dependence of Gc on crack velocity in single-groove double cantilever beams (SG 
DCB) is negligible over the range of crack velocities from 0.2 to 1100 in. min -1 . The 
constancy of Gc appears to reflect a counterbalancing of the rise in yield stress by a 
decrease in crack opening displacement. The latter occurs through a decrease in the 
"gauge length" of material engulfed by yielding rather than by a decrease in the ultimate 
plastic strain in the crack tip plastic zone. The energy of shear lip formation at any crack 
velocity appears to be accurately estimated from Gc's for SG DCB specimens fractured at 
low velocity. 

1. Introduction 
In a previous paper [1] a fracture mechanics test 
specimen was described in which ductile crack 
propagation mimicked shear lip formation. The 
halves of plastic zone formed at the crack tip re- 
semble shear lips closely both in geometry and 
degree of plastic strain. The plastic strain in BPA 
polycarbonate shear lips was found to be 30% as 
contrasted to the 60% or so for the plastic zone at 
the tip of a through crack in uniaxial tensile speci- 
mens and the 100% or so ultimate plastic strain 
characteristic of standard tensile specimens. 

The test specimen is a double cantilever beam 
with a single side groove (SG DCB specimen) that 
serves to keep the crack propagation direction and 
the long axis of the specimen coincident. The 
absence of a groove on the opposite face allows 
shear deformation to occur in a plane normal to 
the direction of crack propagation. Cracks propa- 
gate smoothly with no stick-slip tendencies. As a 
consequence of these characteristics the crack 
velocity dependence of G e under conditions that 
mimic shear lip formation can be assessed. This 
paper reports such an assessment for crack veloci- 
ties from 0.2 to 1100in. min -1. 

2. Experimental 
All specimens were cut from as-extruded 1/8in. 
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thick Lexan| polycarbonate sheet ([r~] 2 0 . 6  
dlg-1). In this study the side grooves were made 
with a circular slitting saw that produced a groove 
having a nearly rectangular profile. Groove thick- 
ness was approximately 0.025 in. 

Initially a series of tests was conducted to de- 
termine the net section thickness dependence of 
G e for this groove profile at a single displacement 
rate. Each test employed a specimen with a con- 
stant groove depth. The specimens were 2 in. wide 
and 6in. long. Subsequently, a series of tests was 
conducted over a displacement rate range from 0.1 
to 500 in. min -1. In this series the groove depth of 
all specimens was 0.063 in. These specimens were 
2 in. wide and 10 in. long for the most part. 

The cracking tests at displacement rates up to 
10in. min -1 were conducted in an Instron Tester, 
the positions of the crack tip and the plastic zone 
tip being determined by eye with the aid of a scale 
marked on the specimen and recorded manually as 
the test proceeded. The tests at rates above 10in. 
min -1 were carried out in an MTS closed loop 
hydraulic tester capable of constant displacement 
rates up to 6000 in. min -1. Force and displacement 
data were stored in a Nicollet digital oscilloscope 
and subsequently plotted versus test time on an 
X Y  recorder. The specimen was photographed 
over the course of the test with a Hycam camera 

�9 1976 Chapman and Hall L td. Printed in Great Britain. 



APPLIED 
LOAD 

Figure 1 Section profiles of the SG DCB specimen used in 
the current study. Heavy line: subsequent to test. Light 
line: prior to test. Dotted lines: sum of these gives the 
plastic displacement At at the ungrooved surface, t = plas- 
tic zone length at surface. 

capable of  controlled speeds up to 6000 frames 
sec -1. In this camera an internal mechanism marks 
one frame every 0.01 sec, thus allowing film speeds 
to be determined a posteriori. Selected frames 
from each test were projected onto a flat screen 
for measurement of  crack lengths. From these 
lengths and the corresponding times crack veloci- 
ties were calculated. The plastic zones were not 
visible in these photos due to the lighting arrange- 
ment and camera position during the test; from 
the low speed studies it is known, however, that 
the zone tip lies 0.3 in. ahead of  the crack tip at 
the specimen surface and this was assumed to be 
true in the high speed tests as well. 

For each test a log- log  plot o f  6, the displace- 
ment, divided by f, the force, versus a, the length 
of  specimen from the loading pins to the tip of  
the plastic zone, was linear with a slope n = 2.59 
-- 0.1. The product ~ / a  was found to be indepen- 
dent of  a. Consequently, the strain energy release 
rate was calculated [1 ,2]  as 

Ge = nf6/2wa 

where w is the net section thickness through which 
the crack ran. 

Subsequent to testing, the specimen halves were 
sectioned on a plane normal to the groove length 
and a x 10 photo taken of  regions of  the section 
surfaces adjacent to the crack. A diagram of the 
sectioned halves butted together is shown in Fig. 1 
together with a superimposed diagram of the un- 
tested groove profile. The plastic zone thickness, t, 
at the ungrooved surface is determined as indi- 
cated. The corresponding plastic displacement, At, 
at the ungrooved surface is given by the difference 
between the original groove thickness and the 
length between the corresponding points on the 
groove faces o f  the broken halves (sum of  the 
dotted lines). Plastic strains at the specimen sur- 
face were calculated as ep = At/t. The plastic 
displacement zSg at the base of  the groove is equal-- 
to At less the distance between the crack faces 
where they join the base of  the groove. 

3. Results 
3.1. Thickness dependence of Gc and plas- 

tic zone geometry 
Values of  Gc taken at a displacement rate of  
0.1 in. min -1 are plotted versus net section thick- 
ness in Fig. 2. G e rises almost linearly with w as 
was the case for sharp Vgrooved specimens. In 
contrast to the latter, however, G e extrapolates to 
a finite value at zero thickness. At thicknesses 
above 0.05 in., however, the two groove profiles 
give more nearly the same value of  Ge. 

Surface plastic zone thickness t shows the same 
rate of  increase dt/dw as is the case in V grooved 
specimens. However, in the rectangular sawcut 
groove specimens, t extrapolates to a finite value 
(about 0.025 in.) at w = 0. Such behaviour is not  
surprising since the groove at its base has a similar 
thickness (i.e. the gauge length of  the material at 
the root of  the groove is more than 10 times as 
great in these specimens as in V grooved speci- 
mens). Thus, the differences in Go at low values of  
w arise from the differences in groove profiles. 

The dependence on thickness of  the plastic dis- 
placement, at the surface At and at the root of  the 
groove &g are shown in Fig. 3. Above w = 0.0375 
in. a given At is identical within experimental error 
to that obtained with a specimen having a 0.001 in. 
radius V groove of  the same w (dotted line). At 
w ~< 0.0375 in., At departs from results for the V 
grooved specimens due to the substantial, w-inde- 
pendent, plastic displacement at the root of  the 
groove. The plastic strain at the surface is thus 
independent of  groove geometry if the net section 

1221 



4 0 0 -  

300 - 

200 -- 

I00 

o / 
o 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

Y 
/ 

/ 
/ 

/ 

/ 

/ /  

o / 

J / /  
/ 

/ 
/ 

/ 

I I I 
0.025 0.050 0.075 

W (in.) 

Figure 2 Dependence of G e on net 
section thickness. Data: 0.025in. 
sawcut grooves. Dotted line: correla- 
tion line for 0.001in. radius V 
grooves [ 1 ]. 

Figure 3 Plastic displacements at surface 
At and at groove base ~g versus net 
section thickness w. Circles: At. Squares: 
Ag. Dotted line: At for V grooved speci- 
mens [ 1]. 

0.06 -- 

0.05 - -  
l i  

,.=, 
: l  0 . 0 4 -  
,r 

--~ 0 . 0 3 -  

0 . 0 2 -  

0,01 - -  

f 
0 4 

0 

f 
J 

/ 

" / ~ / 0  

/ 

/ ,-E~ ,_rj. . . . .  
�9 -~I-" ~ 171 

I i I I 
0.0 25 0.050 0.075 O. I O0 

W(in.) 

thickness is greater than 0.0375 in. Consequently,  
the crack velocity dependence of  Gc and ep ob- 
tained with rectangular groove specimens seems 
likely to be a good approximat ion to the crack 
velocity dependence of  Gc and ep for V grooved 
specimens and thus for shear lips. 

The plastic strain at the base of  the groove 
calculated from Ag and the groove thickness at its 
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base is 60 to 70% nominally.  This estimate exceeds 
the true strain somewhat because Ag contains con- 
tr ibutions from distortions outside of  the 0.025 in. 
nominal gauge section. The evidence for this 
comes from cross-sections that  have been cut, 
thinned down by standard metallographic direct- 
ionless wet grinding, and polished. Fig. 4 is a trans- 
mission micrograph of  such a section taken in 



Figure 4 Transmission micrograph in partially polarized 
light (~ = 0.54#m) of thinned cross-section normal to 
specimen long axis. Section taken at such a position that 
plastic zone is formed but crack has advanced only part 
way from groove corner to surface. 

partially polarized monochromatic light (X = 0.54 
/.tin). Distortion is evident in the regions beyond 

the corners of the groove. It seems likely, however, 

that accounting for this distortion would reduce 

the calculated value of groove base strain to 50 or 

60%. This value is higher still than the 30% charac- 

teristic of the surface due to the relatively low 
lateral constraints operating at the base prior to 

crack initiation. 

3.2. Dependence o f  Go and plast ic  zone 
geomet ry  on  crack v e l o c i t y  

With photos from each test in the series conducted 
over a range of displacement rates a plot was made 

500 

Figure 5 Average G e versus average 
crack velocity. Error bars indicate 
ranges of values for the specimen; these 
reflect position dependence of each 
variable. 
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Figure 6 Thickness t and displacement 
At of plastic zone at specimen surface 
versus crack velocity. 
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of crack position versus time. A smooth curve was 
drawn through these data. From tangents to this 
curve crack velocities were calculated. Values of 
Gc were also plotted against time and a smooth 
curve drawn. Smoothed G e values and velocity 
values were tabulated versus crack length. A 
dependence of Gc on crack length was seen; this 
varied in magnitude (10 to 20%) and sign from 
specimen to specimen. However, no dependence of 
G c on crack velocity was evident within experi- 
mental error (Fig. 5). 

In Fig. 6 plastic zone thickness t and plastic 
displacement At are plotted versus crack velocity. 
Both decrease by about 20%. Consequently, the 
surface strain ep is independent of velocity over 
the range tested. 

4. Discussion 
In models of ductile fracture response to stress is 
usually considered to be that of an ideal elasto- 
plastic. That is, the yield stress gy, the drawing 
stress ad and the breaking stress o b are assumed to 
be the same and Wp the plastic work contribution 
to G e is approximated as Oy �9 At where At is the 
average displacement in the section through which 
the crack runs and oy is the effective yield stress. 
Applying such a model to V grooved polycar- 
bonate specimens [1] At was assumed to equal 
one half the surface displacement and ay was 
assumed equal to the plane strain yield stress. 
With these values the plastic work calculated was 
about 60% of the experimental values of Ge. 

We believe, for two reasons, that better agree- 
ment (albeit partly fortuitous) between Wp and G e 

could be obtained, still in the framework of the 
elastoplastic model. First, micrographs of the V 
grooved specimens analogous to Fig. 4 reveal bire- 
fringent zones having somewhat greater cross- 
sectional areas than those originally assumed. (As 
in Fig. 4 the boundary between zone and unde- 
formed material is curved rather than linear as first 
assumed.) Thus, At is actually greater than At~2. 
Second, it is possible that the average effective 
yield stress involved in the formation of these 
plastic zones is greater than the plane strain yield 
stress; whether this is true or not depends of 
course on the levels of triaxial constraint operative 
h e r e -  a factor we cannot currently assess. Our 
conclusion is that OyAt could have accorded better 
with the experimental G e had At been more 
accurately assessed and had we known what the 

�9 103psi~ 6.89Nmm -2. 
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average level of triaxial constraint was. That this 
level of agreement would nevertheless be fortu- 
itous will become evident below where the actual 
stress-strain behaviour of polycarbonate is exam- 
ined. 

For the moment, the lack of dependence of G c 
on crack velocity (Fig. 5) can also be rationalized 
in terms of the elastoplas_tic model and the rate 
dependences of Oy and At. At low displacement 
rates the plane strain yield stress for BPA poly- 
carbonate is 10600psi* [3]. The uniaxial tensile 
yield stress increases 600 psi~decade of strain rate 
[4]. If we assume that the same rate of increase is 
applicable under the stress configurations existing 
between the root of the groove and the specimen 
surface we calculate an increase of 23% in the 
yield stress over the four decades of crack velocity 
range in the current work. Thus, the increase in 
ay just counterbalances the decrease in At over 
this velocity range so that Wp is independent of 
crack speed. 

Unfortunately, for the elastoplastic model the 
decrease of At with velocity reflects principally 
the change in t with velocity, the plastic strain 
being essentially velocity-independent. That is the 
yield zone engulfs less material (i.e. material 
further removed from the groove midplane)the 
greater the velocity. Insight into this behaviour can 
only be gained by resorting to the actual tensile 
stress-strain curve of polycarbonate and changes 
therein with temperature (Fig. 7) [5]. 

In the first part of  d r awing - tha t  which 
follows the load drop at yield - drawing occurs at 
nearly constant stress until the shoulders of the 
neck reach the end of the test section of the bar. 
During this part the plastic strain in the neck is a 
constant 70% roughly. In the second part of 
drawing the shoulders of the neck then propagate 
into the grip section of the specimen, the load now 
rising rapidly because of the increasing cross- 
section of material through which the neck pro- 
gresses. Note that yield stress times elongation to 
break gives a good approximation of total energy 
to failure in Fig. 7 only because of a counter- 
balancing of areas: the area "lost" because of the 
load drop following yield is compensated for by 
the "excess" area generated as the load rises finally 
toward the failure point. 

Above --50~ or so more than half the total 
energy to break is consumed as the neck propa- 
gates into the shoulders [6] During this process 



Figure 7 Engineering stress-strain curve for BPA polycarbonate, together with specimens representative of various 
stages of drawing [5]. 

the rising load results in a rising true stress and 
increasing plastic strain in the test section. The 
increase of  plastic strain in the test section over 
the course of part two is substantial. For example, 
at 25~ the ultimate plastic strain in the test 
section increases from 70 to about 100% [7]. The 
fracture, when it finally occurs, is plane strain (i.e. 
the fracture is planar the plane meeting the sur- 
faces of test section at right angles). As test tem- 
perature is lowered, the ultimate plastic strain 
in the test section and the length of grip section 
into which the neck has propagated both decrease 
[6]. Below --75~ or so propagation into the 
neck no longer occurs. Nevertheless, from 25 to 

- -75~ the total work to break is constant in 
polycarbonate tensile tests conducted at constant 
displacement rate* : The increase in drawing stress 
with decreasing temperature is counterbalanced by 
the decreases of neck penetration into the grip 
section and attendant straining of the test section. 

Thus, decreases in test temperature result in 
decreases of penetration of yielding into wider 
portions of the specimen. On the basis of the 
t ime-temperature superposition principal we ex- 
pect that an increase in test speed should tend to 
bring a similar decrease of penetration, although 
uniaxial tensile data to support this conclusion do 
not appear to be available. Nevertheless, we 

*Work to break obtained by integration of stress-strain curves (Fig. 7) of [6]. 
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suggest that the decrease in t for the SG DCB 

plastic zone occurs largely for this reason. 

Finally, although rather obvious, the conclusion 
is worth stating that the energies of forming shear 

lips of given sizes under high speed conditions can 

be closely estimated from the dependence of Gc 

on thickness in SG DCB specimens with sharp V 

grooves tested at low crack speeds. 
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