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Instrumented impact testing is an effective tool for the study of high-speed fracture of
polymeric materials. The evaluation of force signals is usually impeded by dynamic effects.
These can be compensated by mechanical damping which, however, leads to additional
energy absorption. A model and a technique were developed for the determination of the
viscoelastic properties of the damper. Correction of the force versus deflection traces
obtained in the instrumented impact test is carried out automatically during the evaluation
of the test. Unbiased force versus deflection correlations are recovered and the most
important fracture parameters are determined. Comparison of different correction
techniques has shown the validity of the method. The agreement between K values
calculated from the maximum force and fracture energy proved to be excellent. The
developed technique greatly facilitates the evaluation of instrumented impact tests and

increases the reliability of the measurement.

1. Introduction

Impact testing is of great practical importance in most
applications of plastics, which lead to the development
of standard methods such as the Charpy and Izod
tests and later to the introduction of linear elastic
fracture mechanics (LEFM), yielding fracture charac-
teristics independent of specimen size [1]. Application
of fracture mechanics, however, has strict conditions
on size, which must be respected and checked. Valid
LEFM conditions can be verified by calculation or by
instrumented impact testing [2]. Moreover, instru-
mentation of a traditional impact pendulum offers
valuable information on the fracture process, on the
type of the fracture and on the extent of plastic defor-
mation [3]. Instrumented impact testing has become
increasingly accepted and used [4-12].

Impact testing is usually carried out at a high (more
than Im s~ !) speed. At these high rates, dynamic
effects occur, which make the evaluation of the force
versus deflection curves difficult, or even impossible
[13—15]. Periodic variation in the measured force sig-
nal is caused by the bouncing of the specimen and by
stress waves developed on first contact with the ham-
mer. The problems caused by dynamic effects can be
decreased or completely avoided by three techniques:
reducing the rate of the test [13,15-19], electronic
filtering [18,20,21] and mechanical damping
[2,22-24]. Reducing the velocity of impact is an ac-
cepted route and a standard procedure is developed
for impact testing at a rate of 1msec™ ' [25]. How-
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ever, in practice, fracture properties are often meas-
ured at much higher rates [15,18,21,26]. In such
cases, dynamic effects are overwhelming. Electronic
filtering is not recommended, because it alters the
measured signal and leads to erroneous force values
[3]. Mechanical damping is widely used to reduce
dynamic effects: the presence of the damper leads to
additional energy losses and the need for a correction
[25].

The goal of our study was to investigate the effect of
mechanical damping in an instrumented impact test
and to develop a technique for the correction of en-
ergy losses introduced by the presence of the damper.
Determination and quantitative description of the vis-
coelastic properties of the damper make possible the
exact calculation of the original load versus time
traces and the determination of the most important
fracture characteristics, K, and G..

2. Mechanical damping

In Fig. 1 the force measured during the fracture of
a specimen is presented as a function of time. The
measurement was carried out without any damping or
filtering. The specimen dimensions were 63 mm X
10mm x 4 mm, the span of the supports 40 mm and
the rate of fracture 2.9 ms™'. The length of the notch
was 1.5mm. The polypropylene sample studied con-
tained 0.1 volume fraction of CaCOj filler. Under
these conditions the oscillation of the measured force

6601



300

240 H

180

120

Load (N)

60

-60 T T T T T T T
0 0.2 0.4 0.6 0.8
Time (ms)

Figure 1 Load versus time curve measured in instrumented impact
testing without damping or filtering.
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Figure 2 Load versus time curve of the same material as in Fig. 1,
but measured with mechanical damping.

signal is very strong; determination of the maximum
force or the absorbed energy is almost impossible.
The use of a silicone rubber damper of 1.5mm
thickness results in a completely different load versus
time trace (Fig. 2). Oscillation of the force signal is
absent and the most important characteristics, i.e., the
maximum force, time to fracture, slope and absorbed
energy, can be easily determined. However, the trace
shows additional features due to damping. Force
builds up gradually during fracture; the time to frac-
ture is considerably longer than without the damper
(compare with Fig. 1). Fig. 2 can be converted into
a force versus displacement correlation (Fig. 3); the
area under the first part of the curve corresponds to
the energy absorbed by the rubber, which is compara-
ble with the energy used for the fracture of the speci-
men. This part must be deducted from the total energy
measured, in order to obtain the true fracture proper-
ties of the sample. Moreover, the maximum force used
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Figure 3 Fig. 2 transformed into a load versus displacement cor-
relation. (—), fitted polynomial (Equation 21).

for the calculation of K, might be biased as well,
leading to erroneous values.

The energy absorbed by the damper depends on
numerous factors, on its viscoelastic properties, on the
thickness, on the rate and extent of deformation, etc.
The most diverse materials are used as the damper:
putty [22, 24], silicone grease [2,25], or different elas-
tomers and rubbers [23]. Highly viscous pastes must
be administered to the specimen in a uniform thick-
ness. Homogeneity and constant thickness are vital for
reliable measurement and reproducibility. The disad-
vantage of this technique is that each specimen has to
be treated separately and the energy correction is
carried out with a specimen and a damper, which are
different form those used in the actual fracture test.
Elastomers, on the other hand, are glued to the tup
and can be used in many experiments. Homogeneity
of the damper is very important also in this case, as
well as its complete recovery after fracture.

After trying several elastomers we have chosen
a silicone rubber for our experiments. The elastomer
was compression moulded into sheets of different
thicknesses (0.5, 1.0, 1.5 and 2.0mm) at 180°C for
15min and then cured at 200 °C for 4 h. Small, 3mm
x 15mm, strips glued to the tup were used in the
damping experiments. None of the other elastomers
tried was sufficiently homogeneous to use it as the
damper. Homogeneity of the silicone rubber was
checked by compression and rebound experiments.
Standard deviation of energy absorption in compres-
sion was 2%, while, in the rebound test the maximum
load and the time to maximum load showed devi-
ations of 6% and 3%, respectively.

3. Determination of elastomer

properties
In order to account for the additional energy ab-
sorption and to reproduce the original load versus



deformation trace, the viscoelastic properties of the
damper must be determined and quantitatively
described. To achieve this, model experiments were
carried out which simulated the deformation of the
rubber during fracture as closely as possible. At the
beginning of the fracture process the damper deforms
at a high rate, with the speed of the hammer. With
increasing acceleration of the sample, the rate of defor-
mation of the damper decreases. Close to fracture
initiation the maximum deformation is reached; the
rate of deformation becomes zero. In the further
course of the measurement the elastomer relaxes and
recovers its initial dimensions.

These conditions were modelled in rebound experi-
ments. The damper was glued to the tup and a weight
of the same size and shape as the fracture specimen
was dropped onto it in a specially designed rig. The
weight and drop height were chosen to give the initial
deformation rate and similar maximum loads as those
of the fracture test. A typical load versus time correla-
tion is shown in Fig. 4, while the load versus deforma-
tion function derived from it is shown in Fig. 5. The
damper consumes considerable energy represented by
the area of the loop. Recovery is rather slow, but
complete.

The simple model and the coordinate system chosen
for the description of the deformation of the damper
are presented in Fig. 6. The origin of the coordinate
system is chosen at the surface of the tup, m is the mass
of the weight, while p is the density and L the unde-
formed thickness of the damper. A is the contact
surface between the two bodies and v, is the speed of
the weight at the beginning of the deformation. Dur-
ing the deformation of the damper, the stress develop-
ing at a certain height x and time ¢t is o(x, t) , but we
can measure only the force on the surface of the tup,
which is

f(0,t) = Ac(0, 1) (1)

The correlation of the displacement field, u(x, t) , and
the deformation, g(x, t), of the damper is given by

ou

S(X’ t) = a

(2)

Deformation of the damper is given by the following
wave equation [27] :

0%u dc

—— (X, ) =—(x,t 3
Pz (60 == (%) )
which relates the deformation to the stress through as
yet unknown constitutive equation. Equation 3 is as-
sociated with the following initial and boundary con-

ditions:
u0,0)=0 u(L,0) = —vo “4)

During its deformation the damper is coupled to the
mass dropped on it; this coupling is expressed by

2

mZTZ(L, t)=— Ao(L,?) (5
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Figure 4 Load versus time trace measured in a rebound test on
a silicone rubber damper.

300

250

200

150

Load (N)

100

50

0 0.3 0.6 0.9 1.2

Deformation (mm)

Figure 5 The correlation of Fig. 4 transformed into a load versus
deformation curve. (—), theoretical fit (Equation 18).

We assume that the constitutive equation of the
damper depends not only on the deformation but also
on the deformation rate, i.e.,

c=o0(8¢,8%, ) (6)

One of the most important conditions for the
validity of this treatment is the existence of homo-
geneous deformation in the elastomer. Force is meas-
ured on the surface of the tup, ie., at x =0, both
in the model experiment and during fracture. If the
damper does not deform homogeneously, the actual
force related to the deformation and fracture of the
specimen cannot be determined. As a consequence, the
first step of our analysis must be the verification of the
existence of homogencous stress in the damper. In
order to do this, acceleration is expressed from Equa-
tion 3 and introduced into the boundary condition of
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Figure 6 Model and coordinate system of a rebound test.

Equation 5:

m oo (L, t)
p  0Ox

= —Ao(L, 1) ()

The stress function, o(x, t), obtained from the solution
of the wave equation is expanded into a Taylor series
according to the x coordinate, i.e.,

o(x, 1) = co(t) + c1(t)x + cp(t)x* + -+ (8)

where cq, ¢y, ¢, ... are the coefficients of the series,
while the gradient of the stress is expressed as
0o(x, t)
0x

=ci(t) + 2c5(t)x + 3e5O)x* + - (9)
Equations 8 and 9 are introduced into Equation 7,

which is then rearranged into the following form:

ci(t) + 2¢5(t)L 4 3es(OL% + - Ap
colt) + ci()L + c,()L* + - m

(10)

Both sides of Equation 10 are multiplied by L in order
to express its right-hand side in a dimensionless form,
1e.,

c1(L 4 2¢5()L? + 3cs(L3 + -
colt) + ()L + () L* + ---

ApL
— 2P
m

On the right-hand side of Equation 11, ApL corres-
ponds to the mass of the damper, while m corresponds
to that of the weight dropped onto it. Taking into
consideration the actual conditions of the test, the
ratio of the two masses is a very small value, close to
zero (less than 10~ 2). The left-hand side of Equation
11 satisfies the equality at each moment only in the
case when

cot) > ci(t)L + 2¢,5(t)L? + 3cx()L? ... (12)

However, this inequality indicates that the first term
dominates in the series expressed by Equation 8, i.e., it
equals with good approximation

o(x, t) & colt) (13)

The result obtained and represented by Equation 13
unambiguously proves the homogeneity of stresses in
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the damper. According to the constitutive equation
(Equation 6) also € and ¢ are homogeneous, if the
above condition is fulfilled, i.e., stress is independent of
x. In this case we can write that

o(L,t) = o(x,t) = c(0,1) (14)

Thus the equation of motion of the weight dropped on
the damper takes the following form:

mii(L, t) = — Ac(0,8) = — £(0, 1) (15)

and the displacement, deformation and deformation
rate of the damper are expressed as

€= (p(t)%L) ocu(L,t)
&= () %L) oc (L, t) (16)

Since the damper proved to be homogeneous the
constitutive equation can be written as

f(O’ t) :f[u(La t)’ M(L, t) + ] (17)

The next step of the analysis is the determination
of the actual form of the constitutive equation. Know-
ing the values of the mass, m, the initial rate, vy, and
the force, f(t), measured during the rebound test, the
integration of this latter by time leads to u(t), and
the (¢) functions. As a consequence, the force versus
displacement correlation describing the deformation
of the damper can be obtained (Fig. 5). Owing to the
large deformation and high deformation rate, the de-
formation of the damper cannot be described by a lin-
ear viscoelastic model. We have found that the load
versus deformation correlation presented in Fig. 5
can be described well by the following constitutive
equation:

f=1ia,[exp(a,u) — 1] + as[exp(asu) — 17 + asi’u
(13)

where ay, ...,as are constants characterizing the
damper. Equation 18 describes the deformation of
a non-linear anelastic body, which cannot be modelled
by the usual linear viscoelastic elements, i.e., Hook
elastic springs and Newtonian dashpots. The model
resembles a Voigt—Kelvin body containing deforma-
tion-dependent components according to Fig. 7. The
viscoelastic properties of the elements are given by the
following expressions:

Ny = as[exp(at) — 1] m, = asée
E = az[exp(ast) — 1] (19)

The two parallel dashpots cannot be replaced by
a single element since the viscosity of one depends on
deformation, but that of the other depends on both
deformation and deformation rate. The g; parameters
are determined by the least-squares technique from



Figure 7 Non-linear viscoleastic model of the damper.

the measured f(¢t;) and the calculated u(t;); the u(t;)
expressions are given according to

N
S =) {f(t) —ta[exp(au) — 1]
i=1

— as[exp(agu) — 1] — asi*u}? (20)

The calculated force versus deformation correlation is
represented by a solid curve in Fig. 5. The agreement
between the correlation calculated from the measured
values and the model is extremely good; thus the
developed constitutive equation can be used for en-
ergy correction in instrumented impact testing carried
out with mechanical damping.

4. Evaluation of fracture measurements:
correction

In an instrumented impact test the force developing
during the deformation and fracture of a specimen is
measured as a function of time. Displacement of the
three components of the system, i.e., the hammer, the
specimen and the damper, is not known. Calculation
of the deformation of the damper is the most difficult
task, but now it can be done with the help of the
constitutive equation. We know f(t) and the solution
of Equation 18 gives the displacement of the damper.
Since the equation is complicated, the solution cannot
be given in a closed form; it must be solved numer-
ically. We assume that the displacement of the damper
can be described by the following polynomial expres-
sion:

5
ud(t) = U()t + Z biti+1 (21)

i=1

where v, is the initial speed of the hammer at the
beginning of the test. Our experience has shown that
the use of a sixth-order polynomial is sufficient for the
description of the displacement, uy. The polynomial
fitted to the force versus displacement trace is repre-
sented by a straight line in Fig. 3. The value of the
b; parameters is determined by variation calculation
and they are selected to satisfy Equation 18.

If we know the displacement of the damper, those of
the hammer and the specimen can be calculated. The
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Figure 8 Displacement of the components in an instrumented
impact test with mechanical damping. Curve A, hammer; curve B,
damper; curve C, specimen.

displacement of the hammer is determined as usual,
ie.,

1 t t
(1) = vt — 5 j f £ty dt” dt, (22)

0J0

where M is the mass of the hammer. Displacement of
the specimen is given by

ug(t) = uy(t) — ug(t) (23)

Compression of the damper and the displacement of
the hammer, as well as that of the specimen are shown
in Fig. 8. The displacement of the hammer is almost
linear, as expected, but those of the damper and the
specimen are non-linear. Compression of the damper
is a maximum at around fracture initiation, where the
measured force also reaches a maximum value. Defor-
mation rate of the damper decreases continuously and
reaches zero at this point (Fig. 9), verifying our earlier
assumption.

From the measured force and the calculated dis-
placements the real force versus deflection curve of the
specimen can be reconstructed. The corrected trace is
presented in Fig. 10. Only the first part of the correla-
tion changed (see Fig. 3); the maximum force,
however, remained untouched, i.e., dynamic stress
intensity factors are not changed by mechanical
damping. Comparison of Figs 3 and 10 shows that
deformation of the damper makes up a major part of
the total deformation in the studied case of the mech-
anical damping. Correction of the force versus defor-
mation correlation allows us to determine all the
relevant parameters necessary for the fracture charac-
terization of any material, i.e., the maximum force, the
specimen deflection, and the energy consumed by frac-
ture. This latter can be calculated from

Us = Jf (1) dun(t) — jf (1) dug(t) (24)
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Figure 9 Changes in the displacement rate, u(L, t), of the damper
during the impact test.
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Figure 10 The correlation of Fig. 3 corrected by the deformation of
the damper.

5. Application: comparison of
corrections

The dynamic fracture resistance of polymers is charac-
terized by the critical stress intensity factor, K., and
the critical strain energy release rate, G., determined
from the energy consumed during fracture. K, can be
calculated from the force measured at fracture initia-
tion (maximum force or 5% offset from the initial
slope, P) by

P

Ke=Vgnm 25)

where \ is a parameter depending on the compliance
of the specimen, B is the width of the specimen and
D is the thickness of the specimen. We saw that damp-
ing does not influence the value of the maximum force;
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thus correction is not necessary here. Mechanical
damping, however, greatly facilitates the determina-
tion of P, since in the absence of dynamic effects its
determination is easy and accurate. The value of
K. was 2.08 MPa m'/? for the material used in this
study.

G., on the other hand, is determined from the en-
ergy consumed during fracture. There are, however,
several energy-consuming processes in a fracture ex-
periment, i.e., the total energy, Uf, measured can be
divided into the following most important compo-
nents:

UT = Uf + Uind + Ukin + Ud (26)

where U; is the energy used for the fracture of the
specimen, U,,q4 is the indentation energy due to com-
pliance of the specimen and the machine, Uy, is the
kinetic energy and Uy is the energy consumed by the
damper. Correction for kinetic energy loss is not ne-
cessary, since it does not depend on the length of the
notch; thus it does not influence the value of G..
Indentation must be corrected in all cases, and also in
measurements when mechanical damping is not used.
Naturally, Uy must be taken into account if damping
is applied.

An often-used technique for the calculation of Uy is
to fit a straight line to the linear part of the force
versus time curve and to integrate the area up to
maximum force [14, 28]. This procedure can be used
in the case of brittle fracture, but K, and G, can be
calculated only under valid LEFM conditions any-
way. In the case of mechanical damping, this tech-
nique leads to erroneous values, since the slope of the
straight part of the curve also depends on the proper-
ties of the damper. This becomes obvious if we com-
pare the slopes of the damped and corrected force
versus displacement traces presented in Figs 3 and 10.
Moreover, a linear part of the curve is often difficult to
define or does not exist at all.

The effect of mechanical damping is usually correc-
ted in a separate experiment. The hammer or weight is
dropped on the fully supported damper with the same
velocity as in a fracture test but, because of the full
support, fracture does not take place. The hammer is
stopped by a limiter to avoid damage of the trans-
ducer. Correction is carried out by integrating the
obtained force versus displacement correlation up to
the maximum force measured in the actual fracture
test and deducting the energy obtained from Uy. This
technique assumes constant deformation rate of the
damper during fracture. It has been shown, however,
that this assumption is not true and the rate of defor-
mation drops to zero at the initiation of fracture (see
Fig. 9). The energy calculated by this technique and
the actual energy consumed by the damper, therefore,
can differ significantly.

The effect of mechanical damping can be corrected
by taking into account the viscoelastic properties of
the damper as presented above. The difference be-
tween the two techniques is demonstrated in Fig. 11.
The area, P, under the two curves integrated up to the
maximum force gives the correction term in both
cases. It is obvious that the constant-rate experiment
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Figure 12 Determination of strain energy release rate from U
versus BD¢ plots. (®), without correction; (B), linear fit; (A),
constant rate; (@), viscoleastic analysis.

underestimates the energy consumed by the damper.
Correction for indentation and damping can also be
carried out simultaneously.

G, is determined from the measured energy by plot-
ting it as a function of BD¢, where ¢ is a geometric
factor, which can be calculated or taken from tables.
The strain energy release rate is given by the slope of
the linear plot. Different calculation and correction
techniques are compared in Fig. 12. Straight lines are
obtained in all cases, but the slopes (and thus the
G, values) differ considerably. The numerical data are
listed in Table I together with K, values calculated
from G. with the well-known correlation for plane-
strain conditions:

3 (27)

TABLE I Dynamic fracture properties of the studied material
obtained by different techniques and corrections (see also Fig. 12)

Property Method or correction

(units)
Without Linear  Constant Viscoelastic
correction  fit rate analysis

G, (kIm™?) 2.61 233 1.20 0.83

K. (MPam'?) 348 341 2.45 2.04

The difference between the non-corrected and correc-
ted G, values is large and can amount to more than
300%. The agreement between the K. value obtained
from the maximum load (2.08 MPam'?) and from
G. (2.04 MPam'/?) is best when both the indentation
and the viscoelastic correction are used, which further
supports the validity of our approach.

6. Conclusions

It was shown that the best technique for the compen-
sation of dynamic effects in instrumented impact test-
ing is the application of mechanical damping. The
additional energy consumed by the damper must be
taken into account when the fracture characteristics
are calculated. The technique developed for this cor-
rection takes into account the viscoelastic properties
of the damper and determines them quantitatively by
the numerical calculation of the parameters of the
constitutive equation of the damper. The software
developed for the correction carries out all calcu-
lations automatically. The use of the technique was
justified and its validity verified by the good agree-
ment between the measured and calculated force
versus deformation functions, by the obtained defor-
mation and rate of deformation functions of the
damper and by the similarity of the K. values cal-
culated from the maximum load and G.. The tech-
nique was experimented and verified for a silicone
rubber damper. Further experiments must be carried
out with dampers of very diverse viscoelastic proper-
ties such as putty, silicone grease and other elas-
tomers. Attention must be paid also to the fact that the
energy correction was significant in the case studied; it
was necessary to correct the energy by 70% in order to
obtain G.. The effect of damper thickness on G, must
also be studied in the future down to a very small or
even zero thickness.
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