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Abstract. The first step in "engineering" a plastic should be to establish an understanding of the 
applicable "end-use" conditions. "End-use" refers to the performance of the finished product or 
component and not to the basic resin pellet. In particular, among the destructive mechanical 
characterizations of plastic products, the response of the component to impact conditions is just one of 
the several considerations for the product application engineer and the ability to determine material 
behaviour under impact loading is essential for the design and manufacture of many products. The 
present paper wants to present a new software programme which further qualifies instrumented impact 
tests on plastics. This software programme can be considered as a first tool for the evaluation of data 
that can be used for design application. It is based upon a testing procedure for the characterization of 
impact properties of plastics at moderately high loading conditions (impact speed of 1 m/sec) 
developed by ESIS ("European Structural Integrity Society") TC4 (Technical Committee 4 "Polymers, 
Adhesives and Composites"). It allows the determination, according to Linear Elastics Fracture 
Mechanics theory, of the material toughness in terms of the critica! stress intensity factor Kl< and 
energy release rate Gc at fracture initiation. 

l. INTRODUCTION 

As far as the high loading rate characterization of 
polymers is concemed, different ways of investigation 
can be described. They have been developed to 
obtain data for design application. These analysis 
play a very important role and several procedures 
have been studied: from qualitative procedures of 
analysis to investigations based upon the most 
advanced development offracture mechanics. 

Despite of each specific kind of investigation, 1t 1s 
necessary to perform impact tests and to elaborate the 
results in different ways. Pendulum is certainly the 
world's commonest instrument for impact testing. 
With Ceast pendulums (Fig. 1 ), for example, it is 
possible to perform different tests (Charpy, Izod and 
Tensile Impact), both instrumented and non
instrumented, in a wide range of temperatures. 
According to Ceast idea of Impact Machine, it is 
defined as "a machine able to treat a specimen with 
enough energy rate in order to reach breakage". 
Therefore, in order to perform instrumented impact 
tests with an energy rate higher than that obtainable 
using the pendulum, to break the specimen or a finish 
product, a drop weight instrument (Fig. 2) needs to be 
used. Ceast drop weight instruments allow to perform, 
in addition to instrumented biaxial impacts, the same 
tests performable with the pendulums. 

Among the severa( qualitative analysis developed to 
achieve data for design application, one of the most 
impmtant investigations worth mentioning is that onc 
which foresees the selection of laboratory small 

specimens which are able to reflect the "end-use" 
conditions. Different structural real components are 
subject to impacts. In the automotive industry for 
example, many parts of a car are made in polymeric 
material and sorne of them are subject to impacts 
during the working life of the car, for example the 
bumpers, the rims covering, the back door and so on. 
While designing a structural part, the question is, if 
the geometry of the component has already been 
defined (by the designer, or the mechanical 
engineering department), which is the material to be 
used in order to face in the best way impact events? 
The capacity to support impulsive load even with 
high value (i.e. the resilience evaluated by traditional 
Charpy and Izod tests) that may be shown by plastic 
materials, depends on severa( parameters. They are: 
the test method used during the investigation, thc 
temperature, the testing speed, the specimen geometry 
and dimensions used, the notch if present on the 
specimen. Since the resilience is not an intrinsic 
property of material, in order to obtain for severa( 
polymeric materials impact data that can be compared 
with each other, the impact tests must be performed 
according to standards (ISO 179, ISO 180, .... ). 

Severa( qualitative procedures able to provide design 
information, based upon the elaboration of impact test 
data, ha ve been however carried out [ 1]. One of them 
is based on the fact that instrumented impact 
technology provides a convenient method for impact 
response evaluation. According to this procedure. the 
impact data evaluated on the specimens, are referred 
to those evaluated on the component, by a simple 
proportionality constant K. According to this 
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procedure, the data measured by the tests perfonned 
on specimens of the material under study are 
compared to those evaluated perforrning the impact 
tests on the real component. The infonnation obtained 
by the failure testing of component and specimens 
provides the constant K. Therefore the acceptable 
perfonnance of the specimen, for the "end-use" 
condition evaluated by perforrning impact test on the 
real component, can be estimated. 

The procedure described above is very interesting but 
practica!, based upon tests on real components. The 
procedure based upon the most advanced 
development of fracture mechanics is, instead, the 
most scientific one which provides the evaluation of 
the critica! values of the two quantities which 
characterize the fracture toughness of a material: K

1
c 

(stress intensity factor) and Gc (energy release rate) 

[4]. These two quantities are intrinsic properties of 
materials and, if correctly evaluated, pro vide the most 
meaningful data to be used in the design of real 
component. 

The procedure to be followed for the evaluation of 
fracture toughness of materials at moderately high 
loading rate has been developed by ESIS [2, 3]. This 
procedure is becoming a standard ISO for impact 
speed up to 1 m/sec. 

The software WLEFMHR was developed by Ceast in 
order to allow further analysis on instrumented impact 
results and qualifY much more the impact 
measurements perfonned. This software in fact 
provides for R&D departments of industries and 
institutes an important too! for an advanced analysis. 
Ceast, which is an active member of ESIS TC4, has 
used the testing procedure for the evaluation of 
fracture toughness of plastics as a guidance for the 
development ofthis specific application. 

Fig. 3 shows, schematically the use of K~c: using the 
ESIS testing procedure it is possible to evaluate, by 
means of a laboratory activity, Kic (or G) and then, 

knowing the geometry of the component, the stress 
type (due to an impulsive load given in a specific 
point) and the constraints of the component, it is 
possible to evaluate (using also a Finite Elements 
Analysis) the maximum impulsive force F max which 

can be supported by the real component. 

This analysis based upon K1c can be considered 

nowadays the most advanced analysis conceming 
fracture properties of plastics and it is very useful in 
the prediction of the "end-use" conditions of a real 
component. 
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Fig. l. Ceast pendulum "Resil Impactar" 

Fig. 2. Ceast falling weight "Fractovis" 

Fig. 3. Use of K1c in design application 
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2. TESTING EQUIPMENT 

To carry out the investigation for the determination of 
fracture toughness of polymeric materials, severa! 
tests must be performed according to the ESIS 
procedure. 

The testing equipment to be used is an Impact 
Machine either a pendulum ( for example Ceast Resil 
Impactor) or a falling dart tower (for example Ceast 
Fractovis). With both instruments it is possible to 
perform the tests at the velocity of 1 m/sec that is 
required by the ESIS procedure. 

The instruments must be equipped with specific vices 
which allow to perform impact tests according to the 
requirements of ESIS procedure. The test 
configuration required (Fig. 4) is similar to the one 
used in Charpy impact tests. The specimens to be 
tested (Fig. 5) are in fact three point bending (SENB) 
specimens. According to the testing procedure to be 
used, it is not possible to define a priori a specific 
size of the specimen; its dimensions depend on the 
material itself, and, during the procedure, they have to 
be chosen in such a way that severa! conditions, 
detailed below, must be verified. This is the reason 
why the impact machine used for this analysis must 
be equipped with a vice that con be suited to the 
different specimen sizes. 

The specimen must be notched. The notch required 
for fracture analysis is different from that one 
required for the Charpy impact test. In fact, it must be 
very acute and with a curvature radius going to zero, 
like a crack. 

Fig. 4. Impact testers required - figure taken from [5] 
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Fig. 5. SENB specimen to be used - figure taken 
from [2] 

The instrument chosen to carry out the tests must be 
equipped with an instrumented striker. This built-in 

instrumentation consists of a strain gauge or 
piezoelectric system mounted in the tup of the striker 
to measure the force acting on the nose and a specific 
system to acquire the data of force measured. The 
new data acquisition system developed by Ceast is 
DAS 8000 (Fig. 6); it guarantees the simultaneous 
acquisition of up to 8 signals referring to the same 
impact event with a frequency rate of 1 MHz for each 
signa!. The system must also be equipped with a 
specific software for the control of the acquisition 
system and the management of the data which have 
been acquired (the software for DAS 8000 is 
D8EXTWIN). This software allows to analyse the 
data obtained in order to plot the curve F=F(t) which 
represents the force exerted by the specimen on the 
sensitive striker. Using the formulas provided by the 
theory [6] of instrumented impact, it is then possible 
to calculate the velocity of the striker v=v(t), its 
displacement d=d(t) and the energy spent E=E(t) 
during the impact event. This software, which works 
in Windows environment, is able to save the results of 
the tests performed. lt can therefore be used as a 
reservo ir of data for further investigations. 

Fig. 6. Ceast "Data Acquisition System" DAS 8000 

According to ESIS procedure it is also necessary, for 
the measurement of Gc of the specific material under 
investigation, to carry out an instrumented impact test 
at the same velocity, on an unnotched specimen using 
the arrangement described in Fig. 7. The result ofthis 
test called in ESIS procedure as "the energy 
correction test", is used for the correction of the 
energy values evaluated. 

¡---?._S/2 ~ 

Fig. 7. Arrangements for the energy correction test 
for SENB configuration - figure taken from [3] 
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In order to properly carry out the elaborations, it is 
al so necessary to confine the oscillations of the curve 
F=F(t). ESIS procedure suggests to use a mechanical 
damping obtained by the application of a "soft pad" 
placed where the tup strikes the specimens. This soft 
pad may be a thin !ayer of paste or highly viscous 
grease. 

3. THE SOFTWARE "WLEFMHR" 

The software WLEFMHR, which works in Windows 
environment, has been developed by Ceast 
exclusive! y for the determination of the critica! stress 
intensity factor K~c and energy release rate Gc at 
fracture initiation according to the ESIS procedure. 

The input of the software is a group (as described 
below) of instrumented impact tests performed in 
specific way on the material to be analysed. The 
programme, guided by the operator, elaborates the 
results providing for the material both the critical 
intensity factor and the critica! energy release rate at 
fracture initiation. 

This software elaborates the parameters set 
( dimensions of the specimens, velocity at the 
beginning of the impact) and the data measured by 
the instrumented impact tests, performed using the 
equipment described above, getting the information 
from the software D8EXTWIN reservoir oftests. The 
tests which have to be used in WLEFMHR to carry 
out the analysis, once loaded into the programme, are 
then divided into three different groups according to 
the ratio a/W, where a is the nominal crack length 
used in the specimen (Fig. 8). 

_:ELECTION tiFWORICi~G:.Est~¡ 

r li1 Cracklnil1!il ,g~o., ... ..J 
{~ .-

lllodJ · 

Fig. 8. Tests loaded in WLEFMHR to carry out the 
analysis 

4. EVALUATION OF K1c 

For this application ESIS procedure requires at least 
five replicates. These tests must be ca1Tied out on 
specimens characterized by 0.45 :S a/W :S 0.55. 

Once these tests are loaded into WLEFMHR, the 
software has to determine for each test the value of 
KQ, a parameter which is then used in the 
deterrnination of K~c. 
According to ESIS procedure, the first step in the 
deterrnination of KQ is the fitting of the curve 
acquired in the instrurnented test F=F(t). The fitting 
equation to be used is: 

P(t) =a· (t- 10 )- b · (l- 10 )" (Eq. 1) 

where a, b, t0 and n are the (positive) fitting 
parameters. 

Fig. 9 shows the real curve F=F(t) and the fitting 
curve P=P(t) obtained in WLEFMHR using the 
fitting equation suggested by the procedure. The 
software calculates the fitting parameters elaborating 
the curve acquired during impacts. In order to fit the 
curve, the operator has to identify a linear region of 
the curve and to fix a specific point that is used for 
the first fitting analysis. The software then calculates 
the parameters which identify the curve which best 
fits the measured values. These parameters may then 
be changed by the operator. 

Fig. 9. The curve F=F(t) and its fitting curve P=P(t) 
in WLEFMHR 

Once the fitting curve has been drawn, the analysis is 
carried out on the curve P=P(t) which virtually 
replaces the real curve acquired. The second step 
consists in the evaluation of the point P Q· It represents 
the point of fracture initiation. Once P Q is identified, 
the fitting equation must be checked in order to 
ensure that the force F(t) recorded experimentally 
does not deviate too much from the fitting curve P(t). 

P Q is then used for the determination of KQ· Once KQ 
has been evaluated, this provisional value must be 
checked for linearity and size requirements according 
to the procedure. The checking of linearity must be 
done in order to verity that the trend of the curve is 
due to "stable crack growth after initiation but prior 
to instability". The checking of the size requirements 
has to be done in order to verity that the thickness B 
of the specimen tested is sufficient to ensure plain 
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strain and that (W-a) is sufficient to avoid excessive 
plasticity in the ligament. For the size requirement 
checking it is necessary to input the real value of the 
crack length (measured once the specimen has been 
broken) and the uniaxial tensile yield stress 
independently measured by specific tests. The time to 
yielding should be within ± 20% of the time to 
fracture which identifies P Q· 

Once the conditions required have been verified, Kg 
is assumed as K1c and the software elaborates the 
arithmetical mean of the values (at least 5) 
determined for the tests used (Fig. 1 0). 

Fig. 10. The evaluation of K1c in WLEFMHR 

5. EV ALUA TION OF G1c 

For this evaluation at least fifteen valid 
determinations should be made. These tests must be 
carried out on specimens with original crack lengths 
varying over the range 0.20 :S a/W :S O. 70. They may 
include the five determination used for the evaluation 
of K1c. lt is then suggested that, of the remaining ten 
test specimens, six have original crack length in the 
range 0.20 :S a/W :S 0.45 and four in the range 0.55 ::; 
a!W:S 0.70. 

According to ESIS procedure G~c is determined 
directly from the energy derived from integrating (up 
to PQ) the load versus load-point displacement 
diagram. The area Ug evaluated by that integration 
(Fig. 11) contains spurious contributions in excess of 
the true fracture energy U, so that sorne corrections 
are required. Once U as been determined, G1c is 
evaluated according to the equation: 

G = U 
k B·W·<l> 

(Eq. 2) 

where B and W are the dimensions of the specimen 
according to Fig. 5, and cfJ is the energy factor [ 4] 
which depends on the ratio a/ W. 

The parasitic energy terms, which have to be 
considered, can be divided into two groups and, in the 
calculations, they must be taken into account in 
different ways. 

~d-point displacemcnt, u 

Fig. 11. Evaluation of the energy Ug from the curve 
F=F(t) -figure taken from [3] 

The first group is made of the energies spent for: 
indentation of the testpiece, compliance of the testing 
machine, compliance of the mechanical damping if 
used. This contributions (called Ucor) can be 
measured by the execution of the energy correction 
test. The integration of the curve obtained in the 
correction test up to Pg (which has to be determined 
for each specimen characterized by a specific a/W 
according to the procedure for the evaluation of Kg 
considering that linearity and size criteria have to be 
verified) provides the spurious energy Ucor· For each 
specimen Ug.cor can be evaluated according to the 
equation: 

u Q,cor =u Q- ucor (Eq. 3) 

The second group of spurious energy contribution 
that must be taken into account is made by the sum of 
the kinetic energy of the moving test specimen and 
the inertial loads produced by testpiece acceleration. 
These effects do not depend on the single specimen 
and their contribution is constant with the ratio a!W. 
According to the procedure, G1c is evaluated 
(according to Eq. 2) as the slope of the energy UQ.cm 
versus (BWcfJ) (as shown in Fig. 12). 

Fig. 12. Determination of G~c according to ESIS 
procedure - figure taken from [3] 
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The software WLEFMHR performs this complex 
analysis and it is able to draw the curve UQ.cor versus 
(BWcP) in order to calculate the value of G1c. The 
software WLEFMHR calculates the slope by a linear 
fitting ofthe points (corresponden! to the specimens) 
plotted (Fig. 13). 

Fig. 13. The evaluation of G1c performed by the 
WLEFMHR 

6. CONCLUSIONS AND REMARKS 

In 1901 G. Charpy [7] published the first lecture 
concerning impact tests on materials. Since 1901 up 
to 2001 a lot of studies and researches ha ve been 
developed in severa! fields of analysis about different 
materials. As highlighted in the introduction, the 
results obtained performing impact tests on plastics 
are strongly due to severa! parameters. Among these 
parameters the resilience dependence on the geometry 
is the most important constraint for the application of 
impact data in design. For the study of the behaviour 
of a real component under a specific externa! action, 
engineers need properties which do not depend on the 
geometry of the body analysed but which are intrinsic 
properties of the material (for example the elastic 
modulus). The resilience of a material (evaluated in 
agreement with a specific standard) is not an intrinsic 
property of the material itself. lt has been used for a 
long time and it is still very important for the material 
characterization in impulsive conditions because it is 
a single point used in the "identity card" of polymers, 
having become an irreplaceable data for choosing and 
comparison of materials. The fracture mechanics 
based analysis for impact, which the software 
WLEFMHR is based upon, wants to provide a 
engineering too! to understand the behaviour of a real 
component. The knowledge of K1c or G, at a specific 
temperature fills the gap between the resilience of the 
material and the need of data for design applications. 
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