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A B S T R A C T  

In the present work the J-integral approach has been adopted to evaluate the high- 
rate fracture resistance curve of toughened polypropylenes. High-rate J-testin9 has 
been performed according to the multispecimen technique, followin9 different 
procedures such as ASTM 813-81, ASTM E813-89 and ESIS P1-92. The results 
of the resistance to crack initiation, Jlc, obtained by means of these different 
standards, are compared and discussed. 

I N T R O D U C T I O N  

Since polymeric materials are increasingly used for load-bearing structural 
applications, a proper characterization of their fracture properties is 
needed. This is particularly important in the case of high-rate loadings 
which represent the most severe conditions to which a material can be 
subjected during its in-service life. 

Traditional measurements of impact strength, such as obtained by 
means of Izod or Charpy tests, provide only an overall evaluation of the 
fracture resistance and are dependent on specimen geometry and sizes. 
Better characterization is to be sought in terms of intrinsic material 
properties which can be achieved by applying the fracture mechanics 
approach. Linear elastic fracture mechanics (LEFM) testing has been 
successfully applied to many brittle polymeric materials 1'2 by using 
substantially the standard procedure recommended with specific reference 
to metallic materials. 3 
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LEFM testing poses certain restrictions on the specimen dimensions in 
order to ensure plane strain conditions. Unfortunately, these size re- 
quirements are difficult to meet with very ductile materials, such as many 
toughened plastics, especially because specimen thicknesses larger than 
those that can normally be manufactured would be required. For elasto- 
plastic fracture mechanics (EPFM) the plane strain conditions, and 
therefore also the size requirements, are less restrictive, so that smaller test 
pieces can be employed. 

One of the most widely accepted approaches of EPFM is the J-integral. 
Several methods for the determination of fracture resistance, Jlc, have 
been developed and standard procedures recommended with specific 
reference to metallic materials. 4-6 Though similar procedures have also 
been used by many investigators for polymeric materials, an official 
standard procedure for polymers is still lacking. 7 

In the present work, the J-integral approach is used to characterize the 
high-rate fracture behaviour of two samples of toughened polypropylene, 
following the multispecimen technique according to the ASTM E813-81, 4 
ASTM E813-895 and ESIS P1-926 procedures. Previous works show the 
results of high-rate J-testing of toughened polymers obtained by using the 
ASTM E813-81 standard for data handling. 8-~° The aim of the present 
work is to compare, for the materials examined, the values of the high-rate 
initiation toughness in Mode I, J io  obtained according to the different 
methods mentioned above. 

M U L T I P L E  S P E C I M E N  JR C U R V E  M E T H O D  

The J-integral was originally defined for two-dimensional problems as a 
path-independent line integral that characterizes the stress and strain field 
singularities at the crack tip for non-linear elastic or elasto-plastic ma- 
terials. 11 It can also be expressed in terms of energy as: 

1 dU 
J ~ - - - - *  

B da 

where U is the input energy of the loaded body, that is the area under the 
load-loadline displacement curve, B is the body thickness and a is the 
crack length. 

To take into account the crack growth, the concept of resistance curve 
has been developed under some hypotheses, x2 where J is plotted against 
crack extension as shown schematically in Fig. 1. This concept is not 
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Fig. l. Schematic J-integral-crack extension, Aa, diagram (JR curve). 

rigorously valid, but it provides a way to evaluate the energy needed to 
make the crack advance. The first part of the curve, associated with the 
blunting of the crack tip due to the formation of the plastically deformed 
zone around the crack tip itself, is frequently represented by a blunting 
line having the equation J=2Aa~y,  ~yy being the yield stress of the 
material. After the initiation point, J increases, indicating that the resis- 
tance to crack propagation is higher than the resistance to crack initi- 
ation. 

According to the multiple specimen method to determine the JR curve, 
originally proposed by Landes and Bagley, ~3 identical notched spec- 
imens are loaded to different levels of the load-point displacement to 
obtain different extents of crack growth, and successively fully unloaded. 
Afterwards, the specimens are broken for direct measurements on the 
fracture surfaces of the crack extension, Aa, which occurred during 
loading. For each specimen the J value is evaluated by measuring the 
area U under the load-loadline displacement curve and using the equa- 
tion 

qU 
J =  

B ( W - a )  

where q is an appropriate factor for the specimen geometry adopted, and B 
and W - a  are the specimen thickness and ligament, respectively. Then the 
JR curve is obtained by plotting the J values as a function of the 
corresponding Aa values. 

Different data handling procedures and validity requirements are pre- 
scribed by different standards, in order to ensure that the value obtained of 
J~c characterizes intrinsically the fracture resistance of the material. 

The main differences among the three different standards considered in 
this work for J~c determination are briefly reviewed in the Appendix. 
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E X P E R I M E N T A L  

Two samples of polypropylene (PP) modified with ethylene-propylene 
rubber (EPR), at 16 and 26 vol.% rubber content, respectively, were kindly 
supplied by Himont Italy SpA (Ferrara(I)) in the form of injection- 
moulded bars of 60x 12.7 x 3-5 mm dimensions. SE(B) specimens were 
obtained, introducing by a fly cutter an edge-notch with a depth to width 
ratio a/W=0"5 and a notch tip radius of about 15/~m. 

High-rate J-testing was performed at room temperature and at an 
impact speed of 1"8 m/s by an instrumented pendulum from Ceast SpA 
(Turin (I)), which enables the force versus time curve to be recorded during 
the test. 

The multispecimen technique to determine the JR curve requires the 
practical ability to stop the tests at different extents of displacement. With 
this aim a rigid steel plate was fixed to the frame of the instrument, close to 
the anvils of the specimen, able to be moved back and forth very precisely 
by means of a screw. So, by suitable adjustment of the position of this 
plate, it was possible to stop the hammer of the pendulum at different 
displacements of the specimens. With respect to other experimental 
procedures, 8'14'1s this device offers the advantage of avoiding direct 
strokes of the tup against the stopper, which could damage the transducers 
placed inside the tup itself. 

For each J-test, the crack advancement which occurred during loading 
has been measured, after successive cryogenic fracture at high speed, on 
the fracture surface of the specimen by means of an optical microscope. 

The values of the high-rate yield stress for the materials examined, 
necessary to draw the blunting line on the plot of the Ja curve (see 
Appendix), were obtained by extrapolating the yield stress data measured 
at low rates between 10-2 and 10 3 mm/min in tensile tests performed by 
an Instron machine. 

R E S U L T S  A N D  D I S C U S S I O N  

A typical load versus time diagram obtained during an impact test 
performed to total break on a SE(B) specimen of the PP sample with 26 
vol.% EPR added is shown in Fig. 2. The broad maximum observed, due 
to the ductile behaviour of the material, seems to indicate the non- 
applicability of the LEFM approach. This has been confirmed by calculat- 
ing the ratio between the maximum load Pmax and the load pQ,16 Pmax/ 
PQ, where PQ corresponds here to the intersection between the load- 
loadline displacement curve and the secant line through the origin with a 
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Fig. 2. Load versus time curve in a test at an  impact  speed of 1.8 m/s for a toughened 
polypropylene sample at 26 vol.% rubber  content.  

slope 5% lower than that of the tangent line with results larger than 1.1. 
This implies that the test is to be considered invalid for the application of 
the LEFM approach. 16 

In relation to the application of the J-testing procedures considered, the 
necessity to stop the tests at different displacements of the specimens gives 
rise to load versus time diagrams like those shown in Figs 3(a) and (b), 
which have been obtained for the same material from tests stopped at 2"1 
and 4-1 mm of displacement, respectively. The time to the arrest of the 
striker is clearly detected by the onset of wide-amplitude oscillations due 
to the vibrations induced in the transducers inside the tup when the striker 
is stopped. 

From a series of tests similar to those reported in Fig. 3, the J values 
have been determined at different extents of crack growth for both the 
toughened PP samples examined. These values are reported in Figs 4-6 as 
a function of the crack advancement Aa. In these three figures the JR curve 
for each material has been drawn by interpolating the experimental points 
following the three different procedures of ASTM E813-81, 4 ASTM 
E813-895 and ESIS P1-92, 6 respectively. It emerges that for the sample 
with higher rubber content the JR curve is steeper and has higher values 
than the JR curve relative to the other sample, independently from the 
method adopted. Further, all the different procedures applied seem to give 
JR curves that fit the experimental data quite well, at least in the range 
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Fig. 3. Load versus time curves obtained for a toughened polypropylene sample with 
26 vol.% rubber content, during impact tests stopped at (a) 2.1mm; (b) 4.1mm of 

displacement. 

of Aa recommended. In spite of this, the Jic values evaluated according to 
the different methods can differ significantly, as shown in Table 1. 

In the case of the application of the procedure ESIS P1-92, the initiation 
fracture resistance, J~c, has been determined both at the intersection of the 
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JR curve  with  the offset line paral lel  to the b lun t ing  line at  0"2 m m  of  c rack  
g r o w t h ,  JO-2/BL, and  direct ly  at 0"2 m m  of  c rack  a d v a n c e m e n t ,  Jo.z.  Both  
values are r epo r t ed  in Tab l e  1. 
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Fig. 6. J-Resistance curves obtained according to ESIS P1-92 procedure for two toughened 
PP samples at different rubber contents. 

From the JR c u r v e s  obtained by the different methods the values of 
dJ/da, evaluated at J = J~c, have also been determined in order to charac- 
terize the resistance of the material to crack propagation, though this 
parameter is not an intrinsic material property, depending, as it does, 
on geometry. 9 However, having considered specimens with the same 
geometry and sizes, we can claim that the values of dJ/da, evaluated at 
J = Jlc for the different JR curves, are comparable. The values of this 
parameter obtained from the different JR curves of Figs 4-6 are also 
shown in Table 1. 

Different considerations must be given to each of the two materials 
tested. For the sample at low rubber content all the J~c values and the 
values of dJ/da at J =  J~c, evaluated according to the different protocols, 
are found to be in good agreement except those obtained by applying the 
ASTM E813-81 method. In fact, such a method provides values of both Jic 
and dJ/da at J = J i c  that are underestimated with respect to those 
obtained following the other procedures. 

For the tougher sample, at higher rubber content, the J~c values 
show some disagreement in relation to the procedure adopted. Specific- 
ally, the ASTM E813-81 standard provides a J~c value which is 
about twice as low as those provided by the other standards considered. 
This result agrees with that found for toughened nylon at low-rate 
testing. 17 
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The very good agreement between the Jlc value obtained by the ASTM 
E813-89 procedure and the value JiC=J0.z/BL evaluated according to the 
ESIS P1-92 recommendat ion  must  be mentioned.  The same holds for the 
parameter  dJ/da (at J = J~c). 

Further,  it appears that  the two methods  of evaluating J~c according to 
ESIS P1-92, that  is Jo.2/BL and Jo.2, provide different values. It emerges 
that  for the material at the higher rubber content  Jo.2 is lower than JO.2/~L, 
whereas the values of dJ/da at  J=Jo.2/BL and at J = J o . 2  are quite similar 
for both the materials tested. 

The analysis of the results points out the consistence of the ASTM 
E813-89 and ESIS P1-92 procedures for determining the high-rate fracture 
resistance of toughened polypropylene. 
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A P P E N D I X  

A brief description of the methods for data handling to determine the 
value of J~c according to the different standards is reported below. 

ASTM E813-81 

To establish the validity of the experimental data according to this 
standard, it is necessary to plot on the J -Aa  diagram the blunting line 
J =  2Aatry, and two exclusion lines parallel to the blunting line with an 
offset of 0.15 and 1.5 mm, respectively, as shown in Fig. A.la. All data 

Blunting line 1.5 mm exclusion 
"~ / 0.15 mm exclusion line ~ line 

r 
Jlc / regression hne 

/ 
/ 
] 

ha [mini 

Fig. A.la,  Definition of region of valid data according to ASTM E813-81. 
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should be placed inside the area enclosed by the two parallel offset 
lines. Data  outside these limits are not qualified for use in R curve 
development.  At least four data points must  remain inside this area 
and at least one remaining data point  should be required near the 
blunting line, otherwise further experimental data are necessary. All 
data points between the exclusion lines must  verify the following require- 
ments: 

B, ( W -  a) > 15J/try (A.1) 

The best-fit linear regression line through the qualified J - A a  points 
represents the JR curve.  The intersection of this linear regression line with 
the blunting line marks JQ. 

Jo represents Jic, if the following requirements are satisfied: 

thickness B > 25J/6y (A.2) 

initial l igament ( W -  a) > 25J/try (A.3) 

slope of the regression line dJ/da < Oy (A.4) 

ASTM E813-89 

Also in this version of the ASTM E813 standard the J -Aa  points used for 
the determinat ion of the JR curve must  lie between two exclusion lines, 
each drawn parallel to the blunting line, with an offset of 0.15 and 1.5 mm, 
respectively. It is also required that at least one point  should be placed in 
zone A and at least one point  in zone B, as shown in Fig. A.lb. The 

7 Blun[ing line 1.5 mm exclusion 

/ 0.15 mm exclusion ~ , ~ ' ~  K line 
//~ line ' " "  B 

Po. er 
JI regresslon curve 

ha [ms] 

Fig. A.lb. Definition of region of valid data according to ASTM E813-89. 
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acceptable data  are then fitted by a power law regression curve of the 
form: 

J = C I(Aa) c~ 

The intersection of this power law regression curve with a line parallel 
to the blunting line at an offset of 0.2 m m  defines Jo.  Again, this value is 
assumed as the initiation toughness,  J~c, if requirements (A.1)-(A.4), listed 
above, are satisfied. 

ESIS P1-92 

In this procedure  the exclusion lines, parallel to the blunting line on the 
J -Aa  diagram, should be drawn with an offset of 0.1 m m  and Aamax, 

I/I/ 
(a) 

J o 2  

02  mm 0.4 mm " - -  A a  [ - ,m] 

(b) 

Fig. A.2. Determination of (a) JO-2/BL, (b) J0-2 according to ESIS P1-92 procedure. 
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respectively, being Aamax = 0"l(W-a). The area between the two exclusion 
lines is divided into four zones equally spaced along the Aa-axis. At least 
one data point should lie in each zone. The best-fit curve through the data 
points, which lie inside this area, is determined using an equation of the 
form 

J = C1 (Aa + C3) C2 

This standard allows the determination of two parameters for estima- 
ting J close to the onset of crack initiation on the JR curve: Jo2/aL which 
measures the fracture resistance at 0.2ram crack growth beyond crack 
initiation and Jo.2 which measures the fracture resistance at 0 .2mm of 
total crack growth including crack tip blunting. 

(i) The parameter J0.2/BL is defined by the intersection of the best-fit 
curve with a line parallel to the blunting line with an offset of 
0.2 mm, as shown in Fig. A.2(a). If 

J0.2/BL < Jmax 

(ii) 

being Jmax =min{(W--a)ay/25 and Bo-y/25}, J0.2/BL is assumed as 
the J~c value. 
The parameter Jo2 is defined by the intersection of the best-fit 
curve with a line corresponding to a constant total crack growth of 
0.2 mm, as shown in Fig. A.2(b). If 

Jo.2 < Jmax 

where Jmax is defined above, Jo.2. is assumed as the J~c value. 


