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The effect of specimen geometry, specimen size and the specimen orientation on the essential 
work of fracture for polycarbonate is investigated. Two different test geometries, namely the 
single-edge notched tension and double-edge notched tension specimens, are used to 
evaluate the essential work of fracture for crack propagation. It is shown that the specific 
essential work of fracture for crack propagation, we, is independent of the test piece 
geometries and the size of the test piece. It seems that for a given sheet thickness, w e is a 
fundamental material property being independent of the specimen geometry and size. The 
value of we does change with the orientation of the initial notch with respect to the melt flow 
direction. The straight-line relationships between the total specific work of fracture, El, and 
ligament length, L, breaks down when the ligament length to specimen thickness ratio is less 
than about three, because the fracture data fall in the plane stress-plane strain transition 
region. A plane strain specific essential work of fracture, w~e, was obtained by extrapolating 
the best regression line of the data to a zero ligament. For the initial notch in the melt flow 
direction, values for w e and w~e were approximately 28 and 3 kJ m -2, respectively. The 
specific essential work of initiation, w i, was about 4.3 kJ m -2. JR curves (J-Aa curves) were 
also obtained and it is shown that the intercept and the slope of the JR curve, i.e. Jo and 
dJ/da, are related to w e and the slope of the wf versus ligament plot. 

3. I n t r o d u c t i o n  
The theory of linear elastic fracture mechanics 
(LEFM) deals with fractures occurring at nominal 
stresses that are well below the uniaxial yield stress of 
the material. Under this condition, plastic flow at the 
tip of the crack is intimately associated with the 
fracture process which is brittle in nature. A single 
fracture parameter such as the critical stress intensity 
factor, K~, or the critical strain energy release rate, G~, 
is sufficient to characterize this fracture at its critical 
condition. However, because fracture processes are 
controlled by the crack tip stresses and strains, and the 
states of triaxial stresses near the crack tip are influ- 
enced greatly by the specimen size, the fracture para- 
meter, Kc, is expected to vary with the size of the 
specimen used. The material parameter is therefore 
best characterized when plane-strain conditions exist. 
To achieve this state of stress the specimen size must 
exceed some multiple of the plastic zone size at the tip 
of the crack. This limitation on the specimen size 
forms the basis of the minimum test-piece size require- 
ments of the ASTM E-399 standard for valid deter- 
mination of K~ (KIr which is given by [1] 

a,B, W -  a >~ 2.5 (K~ ~ 2 (1) 
\(3"y J 

where B and W are the specimen thickness and width, 
respectively, and (~y is the uniaxial yield stress of the 
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material. Such limiting size requirement for the use of 
LEFM in determining K c in relatively brittle materials 
presents no practical difficulties and determination of 
K c can be carried out on reasonably sized specimens 
(e.g. [2, 33). However, the restriction of the small-scale 
yielding places a severe limitation on the application 
of LEFM in characterizing the fracture toughness in 
ductile materials, where the plastic zone sizes are not 
small with respect to the dimensions of the specimen 
and therefore the crack tip stress field can no longer be 
characterized by a Kc value. 

For  ductile materials, two approaches have been 
used in order to characterize the fracture behaviour. 
The most widely used parameter for characterizing 
fracture in ductile materials is that proposed by Rice 
1-43 and is called J-integral, which is a path independ- 
ent line integral expressed in terms of energy as 

1 dU 
J - B da (2) 

where U is the potential energy of the loaded body. 
The critical value of the J-integral is called Jc. For  
fracture to be characterized by J~, a specimen must 
meet a certain size constraint in order to generate a 
plane-strain constraint along the crack front. To 
achieve this stress state, all specimen dimensions must 
exceed some multiple of Jc/fyy. According to ASTM 
1-5, 6], the plane-strain value of J~ (i.e. J~r may be 
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determined whenever 

B, W - - a ,  W~> 25 ( J ~ )  (3) 

It has been demonstrated by several investigators 
[7-12] that polymers can be characterized by the 
J-integral approach. 

Another approach used to characterize the fracture 
behaviour of ductile materials is called the Essential 
Work which was originally proposed by Broberg [13]. 
In this method, the total work of fracture is considered 
to be made of two components: one associated with 
plastic work and considered to be non-essential and 
the other associated with initiation of instability and 
regarded as essential work of fracture. The later may 
be regarded as a material property characterizing 
fracture under plane-stress conditions. Following the 
Broberg idea, it was proposed [14 17] that the total 
specific work of fracture or the work of fracture per 
unit ligament area may be written as 

wf = w e + 13Lwp (4) 

where wf is total specific work of fracture, we is the 
specific essential work of fracture, wp is the specific 
plastic work of fracture, L is the ligament length and 13 
is a shape factor which describes the size of the plastic 
zone. According to the above equation, a straight-line 
relationship exists between the specific work of frac- 
ture and the ligament length and we can be obtained 
when L is extrapolated to zero. It has been demon- 
strated by Mai and Cottrell [15] that plane-stress 
ductile fracture in polymers can be characterized by 
the fracture parameter, we. 

This paper reports the results of an experimental 
investigation on the essential work of fracture for 
injection-moulded polycarbonate sheets of nominal 
thickness 1.7 mm with initial notches normal, parallel 
and at 45 ~ to the direction of the flow of material. The 
effect of specimen geometry, specimen size, notch ori- 
entation and the notch sharpness on the specific essen- 
tial work of fracture were also investigated. A com- 
parison is also made with the J-integral technique. 

mounted on a laboratory attachment so that penetra- 
tion could be controlled carefully. The fresh edge of a 
razor was then pushed through the material slowly to 
a depth of about 1 ram, The notch length measure- 
ment was done using a travelling microscope. 

The majority of the tests were carried out using 
single-edge notched tension specimens (SENT), but 
double-edge notched tension (DENT) tests were also 
performed (see Fig. 2) to investigate whether the res- 
ults were geometry dependent. Utilization of speci- 
mens of differing overall dimensions was also made, to 
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2 :  E x p e r i m e n t a l  p r o c e d u r e  
Polycarbonate, trade name LEXAN 943, was used in 
the present studies. The polycarbonate samples were 
in the form of 1.7 mm thick injection-moulded plaques 
of nominal dimensions 90 mm by 90 ram. Specimens 
were cut from each plaque either perpendicular, para- 
llel or at 45 ~ to the direction of the melt flow as shown 
in Fig. 1. The measured value of the Young's modulus 
was about 2 GPa  and the yield stress was about 
60 MPa (these values were measured at 23 ~ and at a 
constant crosshead rate of 1 mm min-1). The mono- 
tonic tensile tests did not show any differences be- 
tween either the yield stresses or the elastic moduli of 
samples that are perpendicular, parallel or at 45 ~ to 
the direction of flow of material. 

For fracture studies, the initial notches were pre- 
pared by first forming saw cut slots which were then 
sharpened with a razor blade. The razor blade was 
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Figure 1 Specimen orientations A-C with respect to the melt flow 
direction. A, crack is in the melt flow direction. B, crack is at 90 ~ to 
the melt flow direction. C, crack is at 45 ~ to the melt flow direction. 
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Figure 2 Specimen configurations for determination of specific 
essential fracture work. 

investigate any significant size effects on the measured 
values. 

All the specimens were fractured at room temper- 
ature on an Instron testing machine at a constant 
crosshead rate of 1 mm min- i .  A load-displacement 
trace for each specimen was recorded. Tests were 
performed with initial crack lengths varying from 
0.1 0.8 of the sample width, W, and the ligament was 
marked in 2 mm intervals. As the crack passed each 
marker, the load-displacement record was blipped so 
that, finally, a series of load-displacement diagrams 
with crack length marks on them was obtained. Typi- 
cal load-displacement diagrams for various ligament 
sizes are shown in Fig. 3 and clearly under the testing 
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Figure 3 Load-displacement curves for fractures in SENT poly- 
carbonate specimens with varying ligament lengths. Open circles 
mark every 2 mm crack growth (the first open circle is for the first 
2 mm growth). Crack growth is in direction of the melt flow. L (ram): 
(a) 7.030, (b) 10.93, (c) 13.35, (d) 17.02, (e) 19.73, (f) 22.22. 

conditions employed here this grade of polycarbonate 
did not fail in a brittle manner. All of the specimens 
exhibited ductile failure with gross yielding and nec- 
king so that no K~ criterion could be considered. The 
presence of the plane stress deformation was apparent 
by the contraction of the specimen surfaces. Slow 
crack growth was observed in all the specimens and 
the onset of slow crack growth (crack initiation) al- 
ways occurred after crack-tip blunting as shown in 
Fig. 4, but in all cases prior to reaching the maximum 
load, thus indicating cracking at the notch tip prior to 

Figure 4 Single-edge notch specimen tearing under load. 
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gross ligament yielding. Slow crack growth continued 
beyond the maximum load by ductile tearing under 
plane stress conditions as the load dropped towards 
zero. When the maximum load was plotted against 
ligament length the results behaved linearly for liga- 
ment lengths greater than about 20ram (i.e. 
a / W  < 0.2) as shown in Fig. 5. However, for ligament 
lengths smaller than 20 mm the line did not pass 
through the origin indicating no true geometric sim- 
ilarity and therefore confirms the visual observation 
that the crack initiation occurs before the maximum 
load is reached. 

3. The essential work  of f racture 
and the exper imental  results 

It has been suggested by Broberg [13] that the non- 
elastic region at the tip of a crack may be divided into 
an end region, where the fracture process takes place, 
and an outer region, where screening plastic deforma- 
tion is necessary to accommodate the large strains in 
the end region as shown in Fig. 6. Following Broberg's 

2000 

ideas it should be possible to characterize ductile 
fracture by partitioning the work of fracture into two 
parts work that goes into the end region and the 
work that goes into the outer region. The end region 
work initiates the crack and is termed the essential 
work of fracture, We, and the outer region work which 
is responsible for plastic deformation is termed Wp. 
The total fracture work is therefore written as 

Wf = W e + Wp (5) 

The essential work of fracture is proportional to the 
ligament length, L. The non-essential work in the rest 
of the plastic region is proportional to L 2, i.e. we may 
write 

Wf = L B w  e + L2B[~Wp (6) 

where we is the specific essential work of fracture, 
defined as essential work in the specimen with a unit 
thickness, B, and unit ligament length, L, and Wp is the 
non-essential work, defined as the plastic work in a 
specimen with unit thickness, B, and unit ligament 
length, L. 13 is a shape factor depending on the geo- 
metry of the plastic zone. Therefore, the total specific 
fracture work, wf, according to Equation 6 may be 
defined as 
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Figure 5 Maximum load in the SENT specimens with dimensions 
W = 25 mm and Z = 58 ram. The crack orientation for A ([]) is 
perpendicular to the melt flow direction, for B (@) is in the melt flow 
direction and for C (A) is at 45 ~ to the melt flow direction. The line 
drawn is the best fit through the data with equation P~x = 18.57 
+ 56.14 L (r = 0.983). 
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Figure 6 Crack tip deformation zone in a ductile material. 

Wf - -  L B  - w~ + ~wpL (7) 

The above equation suggests that plotting the specific 
work of fracture, wf, as a function of ligament length, 
L, should yield a straight line. The intercept of the line 
will give the specific essential work of fracture, we, and 
the slope of the line gives a measure of ]3Wp which is 
non-essential specific work term as shown in Fig. 7. 

For  Equation 7 to yield a straight-line relationship 
between w~ and L, the specimen size must be chosen 
such that w~, wp and 13 are all independent of the 
ligament length. To achieve this specimen size must be 
such that the state of pure plane-stress always exists in 
the specimen, because only under pure plane-stress 
state We, Wp and 13 are all constants. 

To generate a state of pure plane-stress, the liga- 
ment length must be greater than specimen thickness 
and because of this, fracture experiments are carried 
out on specimens with ligament lengths greater than 
three to five times the specimen thickness [15]. For  
samples with ligament lengths smaller than 3B-5B  

f 
L=3B 

L 

Figure 7 Schematic plot of total specific fracture work versus liga- 
ment length showing plane stress and plane strain regions. 
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there is a fracture transition from plane-stress to 
plane-strain (i.e. plane-stress/plane-strain) and when 
ligament length approaches zero, a fully plane-strain 
fracture is obtained. 

In the mixed-mode stress state because of the in- 
creasing plastic flow constraint with decreasing liga- 
ment length, wf decreases as shown schematically in 
Fig. 7. A linear relationship between wf and L does not 
necessarily occur. It is possible to determine the plane- 
strain specific essential work of fracture, w~e, by either 
a linear extrapolation of the mixed-mode data to zero 
ligament length or by fitting a parabolic-shaped curve 
to the experimental data or using the more elaborate 
scheme as proposed by Saleemi and Narin [18]. 

Another factor to be considered is that the size of 
the plastic zone must not be disturbed by the edge 
effects, which often arise if the ligament length is not 
small compared to the total sample width, W. To 
prevent edge effects it is recommended [14] to keep 
the ligament length smaller than one-third of the 
sample width (i.e. L < W/3) particularly when double- 
edge notched tension specimens are used. 

3.1. Experimental results on the injection- 
moulded polycarbonate plaques 

3. 1. I. Effect of specimen orientation 
on the plane-stress essential 
work of fracture 

From the areas under load-displacement diagrams, 
the specific work of fracture, wf, was calculated and 
plotted against the ligament length, L. Results ob- 
tained for SENT specimens with nominal dimensions 
W = 25 mm and Z = 58 mm, and with initial notches 
parallel, perpendicular and at 45 ~ to the melt-flow 
direction are shown in Figs 8-10, respectively. It is 
obvious from the figures that the data for specimens 
with ligament lengths greater than about 5 mm are 
well described by Equation 7. From the results pre- 
sented in Figs 8 10 several observations can be made. 

Firstly, as shown in Fig. 8, for a given notch orienta- 
tion (e.g. parallel to the melt flow direction) the dis- 
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Figure 8 The total specific work of fracture, wf, for SENT specimens 
as a function of ligament length L for cracks growing parallel to the 
flow direction. Specimens are cut at positions (�9 A, (A) B, (D) C 
within the plaques as shown in the figure. The line is a best fit 
through all the plane-stress data or the data for L/> 3B (i.e. 
L/> 5 mm). 
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Figure 9 The total specific work of fracture, wf, for SENT specimens 
as a function of ligament length, L, for cracks growing in the 
direction perpendicular to the melt flow direction. The line drawn is 
the best fit through the plane-stress data or the data for L >~ 3B). W 
= 25 ram, B = 1.7mm and Z = 58mm. wf = 35.28 + 3.01 L. 
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Figure 10 The total specific work of fracture, wf, for SENT speci- 
mens as a function of ligament length, L. Crack growth is at 45 ~ to 
the melt flow direction. The line drawn is the best fit through the 
plane-stress data or the data for L/> 3B. W = 25 ram, Z = 58 mm 
and B = 1_7 ram. wf = 32.03 + 4.09 L. 

tance from which specimens are cut from the plaque 
relative to the gate have no significant effect on the 
essential work of fracture, we, or the specific non- 
essential work term fracture, 13Wp. All the data lie on a 
straight line which can be back-extrapolated to give 
the plane stress essential work of fracture of about 
27.25 kJ m - 2  Table I gives values for We and ~Wp for 
the three-specimen position as analysed separately 
and clearly there is no significant difference between 
the values. 

Secondly, as we change the orientation of the initial 
notch with respect to the melt flow direction, the value 
of the specific essential work of fracture, %,  and also 
the value of the specific non-essential work term 
changes. As shown in Table II the value of w e is higher 
for a crack propagating perpendicular to the melt flow 
direction than when it is propagating parallel to the 
flow direction. However, because the monotonic ten- 
sile tests did not show any differences between either 
the yield stresses or the elastic moduli of samples that 
are cut at different angles to the direction of flow of 
material, the orientation dependence of wo and the [3% 
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T A B L E  I Fracture data for SENT specimens with cracks parallel to the melt flow direction 

Position a Specific essential work Slope, L3w v 
of fracture, we (kJm -3) 
(kJ m 2) 

Correlation coefficient, 
r 

A 30.54 3.27 0.945 
B 25.63 3.51 0.994 
C 24.71 3.54 0.942 

Overall data  27.25 3.46 0.948 

"A, B and C are as shown in Fig. 6. 

T A B L E  II Fracture data for SENT specimens with cracks parallel, perpendicular and at 45 ~ to the melt flow direction 

Orientation Specific essential work Slope, !3wv Correlation coefficient, 
(deg) of fracture, w e (kJm 3) r 

(kJm 2) 

0 27.25 3.46 0.948 
45 32.02 4.09 0.970 
90 35.28 3.01 0.954 

term may be an indication that the resistance to crack 
propagation in polcarbonate is an anisotropic pro- 
perty of the material. Furthermore, the orientation 
dependence of the specific non-essential work term [3Wp 
(slope of the line) indicates that the size and the shape 
of the plastic zone is affected by the change in the 
notch orientation with respect to the melt flow direc- 
tion. 

Finally, when we values were plotted against the 
notch orientation, | a linear behaviour was observed 
as shown in Fig. 11. Further study is currently in 
progress to see if this linear behaviour truly exists. 

3. 1.2. Effect of the specimen geometry 
and size on the plane-stress essential 
work of fracture 

To investigate any significant specimen size and speci- 
men geometry effects on the specific essential work of 
fracture and the non-essential work term, tests were 
carried out on SENT and DENT specimens of various 
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Figure 11 The specific essential work of fracture, we, for 1.7 mm 
thick SENT specimens as a function of crack orientation, W 
= 25 ram, Z = 58 mm. The melt flow direction is taken as 0 ~ 
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overall dimensions with the initial notch in the direc- 
tion of the flow of the material. The results obtained 
are shown in Figs 12-16. From these figures the 
following observations could be made. 

Firstly, as shown in Figs 12-14 the fracture data for 
the DENT specimens also give a good linear relation- 
ships between wf and L, and the value of the specific 
essential work of fracture, We, appears to be independ- 
ent of the specimen size and the geometry of the test 
piece. It is interesting to note that for SENT specimens 
with W = 50 mm, the specific essential work of frac- 
ture becomes independent of the ligament length (Figs 
13 and 15) for reasons which are not quite clear. 
Furthermore, as shown in Fig. 16, altering the gauge 
length of the sample makes no significant effect on the 
measured w e. Based on these observations, we believe 
that the specific essential work, We, is the material 
property for a given specimen thickness and for poly- 
carbonate this value is approximately 28 kJ m-2. 
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Figure 12 The specific work of fracture for ( I )  SENT and (O) 
D E N T  specimens as a function of the lig/tment length for specimen 
width of 35 mm, B = 1.7 mm and Z = 58 mm, and with notches 
parallel to the melt flow direction. The line drawn is the best fit with 
the equation wf = 29.87 + 4.44 L (r - 0.942). 
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Figure 13 The specific work of fracture for (11) SENT and (G) 
DENT specimens as a function of the ligament length for the 
specimen width of 50 ram, B = 1.7 m m  and Z = 58 mm, and with 
notches parallel to the melt flow direction. 

Figure 16 The specific work of fracture for SENT specimens as a 
function of the ligament length for several gauge length to specimen 
width ratios (Z/W). B - 1.7 ram, W - 25 ram. Notches are parallel 
to the melt flow direction. Z/W: (11) 0.72, ( x )  1.12, ( + ) 1.52, (�89 
1.92, (A) 2.32, (�9 2.72. wf = 28.97 + 3.8l L. 
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Figure 14 The specific work of fracture for D E N T  specimens as a 
function of the ligament length for specimen widths of (�9 50 ram, 
and ( 0 )  35 mm, B = 1.7 ram, Z - 58 ram, with notches in the melt 
flow direction. For W = 50 ram: wf = 28.26 + 3.76 L (r = 0.963). 
For W = 35 ram: wf = 26.26 + 4.88 L (r = 0.958). 
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Figure 15 The specific work of fracture for SENT specimens as a 
function of the ligament length for specimen widths ( I )  50 mm, (�9 
35 mm and (A) 25 ram, B = 1.7 m m  and Z = 58 mm. Notches are 
parallel to the melt flow direction. 

higher than the value of 5.7 MPa m 1/2 obtained by 
Parvin and Williams using K-testing [19]. It must be 
noted that they used thicker samples (B = 3 ram) and 
therefore some differences in the K values may be 
expected. 

Secondly, according to our results the specific non- 
essential work term, 13%, could vary with the size and 
the geometry of the test piece. Hence, the specific non- 
essential work term cannot be regarded as a material 
property. The term 13Wp depends on the shape of the 
outer plastic zone and, if general yielding precedes 
fracture initiation, as it does for polycarbonate, we 
expect that the shape of the outer plastic zone will be 
dependent on the size and the geometry of the test 
piece. For SENT specimens, the term 13Wp appears to 
increase as we increase the sample width, W, as shown 
in Fig. 15, whereas for D EN T specimens, wider speci- 
mens, gave a smaller ~wp term (Fig. 14). No significant 
change in the value of We or the value of 13Wp was noted 
as the gauge length, Z of the test piece was changed 
(Fig. 16). Thus we may conclude that the specimen 
gauge length has no significant effect on the size of the 
plastic zone. 

Finally, a series of tests was also performed on 
SENT specimens to investigate the effect of the sharp- 
ness of the initial notch on the measured values of we 
and f3Wp. Specimens were consequently machine 
notched using 1 mm tip radius cutter. The result 
obtained is shown in Fig. 17 and clearly, whereas the 
value of w e is not affected by the sharpness of the 
initial notch, the value of f3Wp is significantly affected. 

From the data presented so far, it is clear that the 
plane-stress fracture in polycarbonate is well charac- 
terized by the essential work fracture parameter w e. 

Converting this specific essential work of fracture to 
equivalent stress intensity factor, K~, by using the 
plane stress relationship K 2 =  E w  e and the Young's 
modulus value of 2 GPa  we obtain a stress intensity 
factor of approximately 7.48 M P a m  1/2. This value is 

3. 1.3. Plane-strain specific essential 
work of  fracture, Wle, and the 
specific work of fracture 
initiation, 

To determine the plane-strain specific work of frac- 
ture, Wle, a large number of specimens was tested with 
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the ligament length, L, being smaller than 3B 
( =  5 mm). Results obtained from these tests are 
shown in Fig. 18. From the data it appears that wf 
values in the mixed-mode stress state vary more or less 
linearly with the ligament length, L. To determine w~, 
the best linear regression line was fitted through the 
data points and was extrapolated back to a zero 
ligament length. This extrapolation gave W~e 
= 3 k Jm  -2. Converting this value to equivalent 

stress intensity factor we obtain a plane-strain fracture 
toughness value of 2.45 MPa m ~/2 in good agreement 
with the value of 2.24 MPa m t/2 reported by Parvin 
and Williams [19]. Using the ASTM minimum speci- 
men thickness requirement for plane-strain fracture 
toughness evaluation 

B m i  n = 2.5 \~-y / (8) 

and taking Kr = 2.45 M P a m  ~/2 and (~y = 60 MPa, 
we obtain Bmi . = 4.2 mm. Clearly, the specimen thick- 
ness used in the present study is considerably smaller 
than Bm~n. It would be necessary to make thicker 
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Figure 17 The specific work of fracture for SENT specimens as a 
function of the ligament length for two different notch tip radii and 
with notches parallel to the melt flow direction; W = 25 m m  and Z 
= 58 mm. Equations of the best regression lines are: for razor notch 

wf = 25.63 + 3.51 L (r = 0.994); for cutter wf = 24.36 + 5.87 L 
(r = 0.912). 

polycarbonate samples in order to satisfy Equation 8 
and thus to evaluate valid Ko values. 

For  W ~e=3 k Jm  -2 to be regarded as the true 
plane-strain specific essential work of fracture we may 
use the ASTM E-813 standard minimum thickness 
requirement for J~c testing, i.e. 

Replacing J~o with w~e we obtain Bmi n = 1.25 mm, 
which is stflaller than the thickness of 1.7 mm used in 
the current study. Therefore, we conclude that the 
measured value of 3 kJ m-2  is indeed the true plane 
strain essential work of fracture for polycarbonate. 

The specific work of fracture initiation, w i 
( = W i / L B ) ,  is also shown in Fig. 18 as a function of 
ligament length. As may be seen, w i is practically 
independent of ligament size and has a value of 
4.3 kJ m -  2. This is somewhat smaller than the value of 
6.13 kJm -2 determined by Singh and Parihar using 
the J-integral [12]. 

The measured wi value ( = 4.3 kJ m -2) is lower than 
the fracture propagation value of 28.0 kJ m 2. This is 
because the initiation of fracture takes place at a 
smaller crack tip opening displacement than that for a 
fully propagating fracture. There is also more scatter 
in the measured values of w~ because of inaccuracies 
in determining the crack initiation point on the 
load~tisplacement diagram. In the current study, the 
moment when slow cracking begins was assessed visu- 
ally and hence the measured values were unnecessarily 
influenced by human error. 

The measured wl value, on the other hand, is some- 
what higher than the plane strain value, W~e 
= 3 k Jm  -2. This is partly due to the inaccuracies 

mentioned above, and partly because the thickness for 
w~ is very close to the plane-strain condition given by 
Equation 9. Thus the measured w~ value of 3 kJm -2 
may not be the true plane strain value even though we 
expect it to be very close. 

Converting w~ to equivalent stress intensity factor 
we obtain the critical stress intensity factor of 
2.93 MPa m 1/z for fracture initiation. 
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Figure 18 Plane-strain specific work of fracture, wj,, and the specific 
work of fracture for initiation, wi, as a function of the ligament 
length. (11) Plane-stress/plane strain, (�9 initiation, w], 
= 3 . 0 k J m  -z, w i = 4 .30kJm -2. 

4. The J-integral and the 
experimental results 

The J-integral offers potentials for application to frac- 
ture problems where the stresses are close to or above 
yield. The J-integral can be interpreted as an energy 
release rate and in the linear elastic case J = G. 

There are several approaches to J analysis but the 
two methods employed here are the direct experi- 
mental method of Landes and Begley [20] and the 
multi specimen R-curve method [5, 6]. 

4.1. Landes and Begley approach 
The method is based on the definition of J as 

J - B ~ (10) 

where U is the potential energy (area under the 
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load-displacement curve). This method requires 
graphical assessment of dU/da.  

Using the load-displacement curves shown in Fig. 
3, curves were drawn for fixed crack length by inter- 
polation between crack length positions marked on 
the load-displacement diagrams as described by Hod- 
gkinson and Williams [21]. These were graphically 
integrated up to different displacements and several of 
these lines are shown in Fig. 19. As shown in the figure, 
for a given displacement, energy absorbed by a speci- 
men decreases as the crack length increases because 
smaller loads are required. 

For a fully yielded SENT specimen the total energy, 
U, is [8, 21] 

U = B ( W -  a ) M o y u  (11) 

where M is the plastic constraint factor. Combining 
Equations 10 and 11 

J - B ~-a ---- Moyu (12) 

Thus, for a fully yielded specimen, J should be linear 
in U and independent of crack length, a, with a slope 
of MO'y. As expected, the J versus displacement, U, 
curves for polycarbonate are straight in the fully 
yielded region as shown in Fig. 20. The initial curva- 
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Figure 19 Energy for SENT specimens as a function of crack length 
at constant displacement. J is given by the slope. Notches are 
parallel to the melt flow direction. Specimen dimensions are W 
= 25 mm, B = 1.7 mm and Z = 58 mm. U~mm): (�9 3.2, ( I )  2.8, (D) 
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Figure 20 J as a function of displacement determined from Fig. 19. 

ture in Fig. 20 is due to the linear elastic behaviour, 
where J is proportional  to U 2 [8, 21]. 

Returning to Fig. 3, we are now able to deduce J for 
every point on the curves and Fig. 21 shows J versus 
crack extension, Aa, curves for the various initial crack 
lengths and for cracks growing parallel to the melt 
flow direction. Clearly, there is no unique JR curve 
even though scatter in the data is not much. To 
determine the critical value of the J-integral, Jr the 
best approximate line was drawn through the data 
points and extrapolated back to Aa = 0. The intercept 
on the ordinate obtained by extrapolation of a 
straight line gives an approximate value of 25 kJ m -  2 
for J~. The critical value of displacement correspond- 
ing to this critical value of the J-integral is 1.45 ram. 
This critical value of J is much smaller than the value 
of 55 kJ m -z  reported by Singh and Parihar [12] and 
the value of 49.1 kJ m - 2  reported by Ferguson et al. 

[22], We must point out that the Jc value reported by 
Singh and Parihar corresponds to a crack growth of 
about  3 mm and is therefore expected to be higher 
than the true Jr value. 

A similar J - A a  curve was constructed for cracks 
growing perpendicular and at 45 ~ to the melt flow 
direction, results obtained are shown in Figs 22 
and 23. 

By taking the JR curves as linear we may write 

d J  
J = Jc + da Aa (13) 

Mat [15] used the geometric similarity argument be- 
tween J and We to show that for SENT specimens 

Wf 1 dJ  
Wf - -  L B  - g~ + 2 d~ (14) 

that is 

and we = Jc 

dJ  
2~Wp - da (15a) 

The comparison of estimates of dJ/da obtained from 
the work of fracture, 213wv, and the J-integral for 
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Figure 21 J versus crack extension, Aa, for various initial ligament 
lengths. Notches were in the melt flow direction. Lengths (mm): ( I )  
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Figure 23 J versus crack extension, Aa, for various initial ligament 
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SENT specimens is given in Table III. Clearly, the 
agreement between Jc and we is very good and that 
between dJ/da and 213W p is quite reasonable. The good 
agreement between these values confirms the equival- 
ence of the two fracture parameters we and Jc. 

4.2. M u l t i - s p e c i m e n  R - c u r v e  
This method is based on the definition of J as 

J = Je  -{- J p  (16) 

where Je and Jp are the elastic and plastic components 
of the total J value given, respectively, as 

qe Ue 
Je - tl7a) 

B ( W -  a) 

and 

_ rip Up (17b) 
JP B ( W -  a) 

where U e and Up are elastic and plastic energy com- 
ponents, respectively, of the total energy, Ua- as shown 
in Fig. 24. qe and qp are their corresponding elastic 
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T A B L E  I I I  Fracture data for SENT specimens 

Orientation % 2(13wp) Jr dJ/da 
(deg) (kJ m - 2) (kJ m - 3) (kJ m -  z) (kJ m 3) 

0 27.25 6.92 24.78 5.98 
45 32.02 8.12 30.18 5.61 
90 35.28 6.02 34.00 6.63 

o ,  

120 

100 

V 

Figure 24 Schematic load versus load point displacement curve 
showing partitioning of elastic and plastic work. 

and plastic work factors. The expression for the total J 
may, therefore, be written as 

1 
J - B ( W -  a) (rleUe + rlpUp) (18) 

The elastic work factor, rh, can be evaluated for a 
given specimen geometry from the compliance or from 
the LEFM shape factor, Y(a/W), and the plastic work 
factor, qp, from the limit load analysis. For  the SENT 
specimen geometry we have [-9] 

(W - a) }/Z a 
Tie = 

YZada + (ZW/2) 

] ] p  = 

where 

W -  a 

W ~ { ( W -  a)/[W(o~ - a /W)]  + 1} -1 
(19) 

= [1 - 2a/W + 2(a/W)Z] 1/z 

Y = 1.99 - 0.41(a/W) + 18.7(a/W) 2 

- 38.48(a/W) 3 + 53.84(a/W) 4 

Z is the gauge length, a the crack length, and W the 
specimen width. To study the ductile fracture behavi- 
our of polycarbonate via Jc by the multi-specimen 
R-curve method, identical SENT specimens with di- 
mensions Z = 58 mm, W--  25 mm were notched to 
a/W = 0.52, in the melt flow direction. These speci- 
mens were loaded at a constant crosshead speed of 
1 mm min-1 to various displacement values produc- 
ing different amounts of crack extension, Aa, and then 
unloaded. After unloading, each specimen was broken 
open after immersion in liquid nitrogen so that the 
crack extension could be measured. The value of J for 
each specimen was determined from the area under its 
load versus loadline displacement curve. By substitu- 
ting specimen dimensions in Equations 18 and 19 we 



obtain q~ = qp = 2.38 and therefore Equation 18 re- 
duces to 

2.38 2.38 UT 
J -- B ( W -  a)(Ur + Up) - B ( W -  a) (20) 

Thus according to Equation 20 we do not need to 
separate the elastic and plastic components of the 
total absorbed energy (total area under the 
load-displacement diagram). 

In order to determine J~ and to construct an accur- 
ate crack growth resistance curve (J-Aa curve) several 
data qualifying schemes are prescribed. These include 
ASTM E813-81 [5] ASTM E813-87 [6], and the EGF 
[23] standards. 

Fig. 25 shows the data for polycarbonate analysed 
according to ASTM E813-81. In this scheme the J-Aa 
points for the resistance curve must lie between two 
offset lines each drawn parallel to the blunting line, J 
= 2Aa Oy. The minimum offset is 0.6% of the liga- 

ment length and the maximum being 6% of the liga- 
ment length. The resistance curve is then defined by 
the best linear regression line through the data points 
within these two exclusion lines as shown in Fig. 25. 
The intersection of the resistance curve with the blun- 
ting line gives the J~ value and according to Fig. 25 the 
value for polycarbonate is 36.5 kJ m-2.  

The ASTM E813-87 version defines the J-Aa points 
for the resistance curve as those data points lying 
between two offset lines each drawn parallel to the 
blunting line at 0.15 and 1.5 mm of crack extension as 
shown in Fig. 26. The acceptable data are then curve 
fitted by a power law regression line of the form 

ln J  = lnC + nlnAa (17) 

i.e. J = C(Aa) ". The intersection of this power law 
regression line with a line parallel to the blunting line 
at an offset of 0 .2mm gives the value of Jr and 
according to Fig. 26 the value is 61.2 kJm -1. Clearly, 
both versions of the ASTM standard give J~ values 
which are much higher than the value of 24.78 kJ m 2 
obtained by the Landes and Begley procedure. How- 
ever, when the EGF  [23] procedure was used, we 
obtained a J~ value of 24.0 kJm -2 which is in ex- 
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Figure 25 J versus Aa curve for SENT specimens obtained using 
the multiple specimen R-curve method. Analysis is according to 
ASTM E318-81 giving a J~ value of 36.5 kJ m -2. The regression line 
equation is J = 17.95 + 60.81Aa (r = 0.971). 

cellent agreement with the Landes and Begley value. 
The EGF test procedure also uses the power law 
regression line but defines Jc as the value of J corres- 
ponding to 0.2 mm crack extension as shown in Fig. 
27. The summary of the multiple specimen R-curve 
results is given in Table 4. It must be noted that none 
of the Jc values in Table IV satisfy the ASTM min- 
imum specimen thickness requirement for plane-strain 
fracture, as defined by Equation 9. 

5. Conclusions 
It is shown that the plane-stress specific work of 
fracture, %,  can be used to characterize the ductile 
fracture behaviour of polycarbonate. 
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Figure 26 J versus Aa curve for SENT specimens obtained using 
the multiple specimen R-curve method. Analysis is according to 
ASTM E318-87 giving a Jo value of 61.2 k J m  -2. 
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Figure 27 J versus Aa curve for SENT specimens obtained using 
the multiple specimen R-curve method. Analysis is according to 
EGF giving a Jc value of 24.0 k Jm -1. 

T A B L E  IV Multi-specimen test results 

Method Jr Resistance curve (Aa)~ 
(kJ m -  2) (mm) 

ASTM E813-81 36.50 J = 17.95 + 60.81Aa 0.305 
ASTM E813-87 61.20 J = 79.05(Aa) ~ 0.710 
EGF 24.00 J = 79.05 (An) ~ 0.200 

"(Aa L is the crack extension corresponding to Jc. 
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T A B L E  V Fracture data for polycarbonate (specimen thickness 1.7 mm) 

Specific essential work Stress intensity factor Jc 
(kJ m - 2) (MPa m 1/2) (kJ m - 2) 

Plane-stress 28.00 7.48 24.78 
Plane-strain 3.00 2.45 - 
Initiation 4.30 2.95 - 

By plotting the total specific work of fracture, wf, 
against ligament length, a straight line behaviour was 
noted when ligament length was greater than about 
three times the specimen thickness (i.e. 5 mm). When 
ligament length was less than this value, plane-stress/ 
plane-strain fracture was obtained. 

From the results presented in this paper the follow- 
ing conclusions may be drawn. 

1. we is independent of specimen width, W, speci- 
men length, Z, and the sharpness of the initial 
notch. 

2. we is independent of the specimen geometry. 
SENT and DENT specimens gave the same we value 
of about 28 kJ m- 2. 

3. we is affected by the change in the notch orienta- 
tion with respect to melt flow direction. The highest w c 
value was found for specimens with the initial notch 
perpendicular to melt flow direction and lowest value 
was obtained for specimen with the initial notch para- 
llel to the melt flow direction. 

4. The specific non-essential work of fracture term, 
[3Wp, was found to be dependent on the specimen 
width, specimen geometry, sharpness of the initial 
notch and the specimen orientation. No significant 
change in ~wp value was found when the specimen 
length was changed. 

5. wc can be identified with the value of the critical 
Jc integral. The agreement between w e ( = 28 kJ m-2) 
and Jr ( = 24.78 kJm -2) was found to be good when 
the Landes and Begley test method was employed. 
However, when multi-specimen R-curve method was 
used only the EGF treatment of the data gave a Jr 
value ( =  24.00 kJ m -2) which was comparable with 
w~ (28 kJ m- 2). 

A summary of the fracture data can be found in 
Table V. 
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