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Abstract

Load records obtained in instrumented impact tests in general are disturbed by inertia ef-
fects. The influence of mechanical damping provisions on these disturbing inertia effects
is investigated. Precracked bend specimens are dynamically loaded in a drop weight testing
system. The specimens of size 620 mm x 150 mm (25 mm or 50 mm thick) were machined from the
pressure vessel steel 22 NiMoCr 37 which was heat treated to achieve a specially hardened
condition. The tests were performed at two different low temperatures. The impact velocity
was about 4 m/s. As it is usual in instrumented impact testing, the load at the tup of the
impinging striker is recorded as a function of time during the impact process. In addition
the specimen is instrumented by a strain gage close to the crack tip in order to directly
measure the stress intensification. Experiments were performed under pure and damped im-
pact conditions. Damping was achieved by utilizing a soft aluminum plate between the
striker and the specimen.

The crack tip load signal yields detailed information on the actual fracture behavior
under both impact conditions. With increasing test temperature and consequently increasing
toughness of the steel, an increasing time to fracture and an increasing fracture load (i.e.
dynamic fracture toughness value) is obtained. The times to fracture become larger for damped
impact conditions. The hammer load records are not related in a simple manner to the crack
tip load curves and do not reveal the detailed information on the actual fracture behavior
as deduced from the crack tip load measurements. The dynamic fracture toughness value derived
from the maximum hammer load value under pure impact conditions would largely overestimate
the real toughness of the material. Under damped impact conditions, the measured maximum
hammer load is considerably reduced thus yielding a more meaningful dynamic fracture tough-
ness value. But also this value very likely does not represent the true toughness of the ma-
terial, since toughness variations of the material due to the temperature changes are not
revealed in the maximum hammer load value.

Additional experiments were performed under subcritical impact conditions, so that the
specimen did not break. In accordance with the fracture impact experiments it is found that
load records obtained with damping provisions are a better but nevertheless only fair repre-
sentation of the actual loading condition in the specimen.



1. Introduction

In instrumented impact tests load signals are measured at the tup of the striking hammer
as a function of time or deflection of the specimen. These data, in principle, contain in-
formation about the failure behavior of the specimen under the conditions of rapid loading
[1,2]. Absolute fracture mechanics strength values are inferred from these load records. The
dynamic fracture toughness value, KId’ is usually derived from the critical load for the on-
set of crack propagation utilizing conventional static stress intensity factor formulas. True
load records, which represent the actual loading condition of the impacted specimen, however,
are difficult to obtain (Turner [3,4], Venzi et al. [5]1, Glover et al.[6], Ireland [71). Iner-
tia effects cause oscillations in the measured load signal which make the interpretation of
the measured loads uncertain and often make the determination of the fracture load erroneous.

These disturbing influences are significantly large during the early phase of the impact
process and only decrease with increasing time. Consequently, for impact experiments with
relatively short times to fracture, as are obtained when rather brittle materials are tested
and/or higher impact velocities are utilized, the resulting load records can be completely
misleading. KId-va1ues conventionally determined from maximum hammer Toads lead in general
to an overestimation of the toughness of the material (Turner [3], IIW Commission [8], Glo-
ver et al. [6]). Only when more ductile materials are tested at lower impact velocities re-
sulting in Targer times to fracture, the measured load records provide a more or less true
representation of the effective loading of the specimen.

It is postulated (PVRC Working Group [9], Ireland [71, Turner [4]) that the conventional
procedure for determining dynamic fracture toughness values will only yield meaningful data
if the time to fracture, tf, is larger than about three times the period, T, of the oscilla-
tion of the impacted specimen, given by the formula [7]

v = 1.68 (ESWd )P, (1)

where S is the support span, W is the beam width, d is the beam thickness, E is Young's
modulus, and ¢ is the longitudinal wave speed. If tf is less than 3 t, the rather large in-
fluences of inertia effects on the measured load records must be separated or avoided. In
order to accomplish this, mean load Tines instead of the oscillatory load record are utilized
or the effective loading of the specimen is directly measured by additional instrumentation
of the specimen (IIW Commission X [8], Turner [41, Venzi et al.[ 5], Glover et al. [6], Ire-
Tand [7]1). Some authors (Shoemaker et al. [101, Tenge et al.[131, Roberts et al. [14],
Gerscha [15]) also apply mechanical damping provisions in order to reduce the inertia effects
Plates of soft materials such as aluminum or copper are positioned between the striker and
the specimen so that less abrupt load increases are obtained.

In this work the influences of mechanical damping on the disturbing inertia effects re-
corded in the load signals are investigated. Impact experiments in the predominantly inertia
effected fracture regime (tf-< 3 1) are carried out under pure and damped impact conditions.
In the experiments, the loads measured at the tup of the striker are recorded as a function
of time while the effective Toading condition near the crack tip in the specimen is simulta-
neously registered. The data and the fracture properties inferred from these two independent
measurements are compared with each other.
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2. Experimental Procedure

Specimens made from the pressure vessel steel 22 NiMoCr 37 were utilized. In order to
achieve a more brittle fracture behavior the steel was given a different than the normal heat
treatment thus transfering it into a specially hardened condition . In addition, low test
temperatures (-650 ¢ and -40° C) were utilized. The specimen dimensions were 620 mm x 150 mm
x 25 mm and the length of the initial crack was about 45 mm. A sharp crack tip was obtained
by fatigue precracking. The calculated period t of the oscillation of the impacted specimen
according to equation (1) is about 450 us. The specimens were loaded by a falling drop weight
of 43 kg mass. The experimental set up is shown in Fig.1l. As is usual in instrumented impact
testing, the tup of the hammer was instrumented by strain gages, allowing measurement of the
hammer load during the impact process. The signal generated from the tup was correlated with
load by a static calibration process. In addition to the hammer, also the specimen was in-
strumented (similar to that of Shoemaker et al. [101, Loss [11,121) with a strain gage close
to the crack tip. This gage measures the strain in the direction perpendicular to the crack
(see detail in Fig.1), thus yielding a signal which is a representation of the actual stress
intensification at the crack tip. Information from this signal was primarily used for refe-
rence purposes as an indicator of the actual fracture behavior. Therefore, the crack tip
strain gage was not calibrated in these experiments. Both strain gage signals were recorded
simultaneously on a dual beam oscilloscope with a high frequency response of 1 MHz. The os-
cilloscope was triggered by the falling drop weight as it interrupted a laser beam traversing
the specimen close to its impacted edge.

The experiments were carried out under pure and damped impact conditions. Damping of the
impinging hammer was achieved by utilizing soft aluminum plates of 4 mm thickness between
the specimen and the hammer. The impact velocity had a constant value of 3.75 m/s. In addi-
tion to these experiments, investigations were also carried out with a specimen subjected to
subcritical impact lToading so that the specimen did not break. The response of the specimen
to the impact loading was investigated by comparing the crack tip Toad signal with the hammer
load signal.

3. Experimental Results

Fracture t_Experiments

The results obtained for fracturing specimens subjected to pure and damped impact condi-
tions are shown in Fig.2 and Fig.3,respectively. In each figure, the hammer load curve PH(t)
and the corresponding crack tip load curve PCT {t) (respectively stress intensity factor time
curve - in relative units) are presented for the two different temperatures.

A comparison of the data obtained under pure impact conditions (Fig.2) shows that the
hammer load curves and the crack tip Toad curves are of completely different shape and are
not related to each other in a simple manner. The toughness variation of the material due to
the temperature change (-630 C, -38°C) is not indicated in the hammer load curves: the maxi-
mum load value PH,max = 200 kN and the duration TH = 550 us of the load pulse are practically
identical for both temperatures. The crack tip load curves, however, show distinguished dif-
ferences: with increasing temperature, the time to fracture, tf (indicated by a sharp de-
crease in the crack tip load), increases from 260 us (-63°C) to 320 ps (-38°C). Also the maxi-
mum load value at onset of crack propagation (and consequently the critical stress intensity
factor or fracture toughness value - in relative units) increases with increasing temperature,
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as is expected. The different times to fracture, as derived from the crack tip load signal,
are not indicated in the hammer load signal; the rapid decrease of the hammer load does not
coincide with the actual time at which the specimen starts breaking, but occurs somewhat
later. A formal determination of the dynamic fracture toughness from the maximum hammer load
would yield a value of about 120 MN/m3/2. This value is considerably Targe, as can be recog-
nized from a comparison with the static fracture toughness KIc’ which for this steel (normal
heat treatment, about -50°C test temperature) would be in the range of 50 - 110 MN/m3/2.

The observed large influence of inertia effects Teading to an overestimation of the dynamic
fracture toughness value derived from the maximum hammer load is in accordance with expecta-
tions based on the investigations of Turner [3,41, Venzi et al. [5], Glover et al. [6], Ire-
land [7] etc.

In this context it should also be mentioned that the crack tip Toad versus time curve,
PCT(t), is the same for both temperatures, with the only difference that for higher tempera-
tures it is followed up to larger times and consequently higher loads (i.e. higher critical
stress intensity factor values),(see Kalthoff et al. [16]).

Results obtained from experiments with aluminum damping plates are summarized in Fig.3.
A comparison of the hammer load signal with the crack tip Toad signal in this case also shows
very different curves which are not simply related to each other. In the hammer load records
the toughness variation of the material due to the change in temperature (—650C and —390C)

leads only to sTight changes: the maximum hammer Toad value P = 100 kN is practically

the same for both temperatures, but the overall duration TH o?’?zé hammer load curve increa-
ses from 780 us (-65°C) to 900 us (-3900). The crack tip load curves, however, clearly indi-
cate an increase in the time to fracture from 490 ps (—65°C) to 540 us (-390C) and also an
increase of the maximum load value (respectively critical stress intensity factor). A
distinctive characteristic, however, which clearly indicates the instability event, as it is
observed in the crack tip load signal, can not be found in the hammer load curve. The maxi-
mum hammer load value of 100 kN obtained under damped impact conditions is considerably smal-
ler than the equivalent value of 200 kN obtained under pure impact conditions. Consequently

a formal determination of the dynamic fracture toughness KId would now yield a value of about
60 MN/m3/2, which is more reasonable than the optimistically Targe, erroneous value resulting
from the pure impact experiments.

As discussed previously, under damped impact conditions the crack tip Toad versus time
curve PCT(t) for both temperatures basically yields the same re1ationship+, with the only
difference that the curve is followed up to larger times and consequently higher loads
(stress intensity factors) when the temperature is increased.

Results obtained for the subcritically loaded specimen are shown in Fig.4. The specimen
utilized for these experiments had the same dimensions as the ones investigated before, but
the specimen thickness was twice as large. The experiments were carried out at room tempera-
ture, the impact velocity was 3.96 m/s.

In the pure impact experiment (Fig.4a), the hammer load curve and the crack tip Toad
curve are very different from each other: the maximum value of the crack tip load is obtained

+Stht differences are due to slightly different positions of the strain gage with respect
to the crack tip.
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only after the hammer load had decreased to a rather low value. The time shift between both
maximum load values is 300 us. This behavior is in accordance with expectations: The maximum
crack tip lToad is obtained when the specimen exhibits its largest deflection. At this time
the hammer has already lost all of its energy and then is accelerated upwards by the elasti-
cally deformed specimen. When forces are no longer transmitted, the hammer and the specimen
lose contact.

In the impact experiments with use of a damping plate (Fig.4b) the hammer and the crack
tip load pulses are considerably larger than under pure impact conditions (note the different
time scales in Fig.4a and b). Also the maximum hammer load value is considerably smaller than
under pure impact conditions, as was also found from the fracture impact experiments. The
hammer and the crack tip load curve obtained under damped impact conditions show an overall
more similar behavior than under pure impact conditions; especially the maximum Jload values
roughly occur in the same time range. Thus, the hammer Toad obviously gives a better but
nevertheless only fair representation of the loading conditions in the specimen when dam-
ping plates are used. After the hammer loses contact with the specimen, the crack tip load
as well as the hammer load show harmonic oscillations around their zero load Tines. The fre-
quencies of 1.7 kHz for the specimen oscillation and 8 kHz for the hammer oscillation agree
very well with the theoretically calculated characteristic frequencies for these components
(transverse oscillation mode for the specimen, Tongitudinal oscillation mode for the hammer) .
4. Discussion and Conclusions

Drop weight experiments with precracked bend specimens machined from a pressure vessel
steel (22 NiMoCr 37, hardened condition, low test temperature) were carried out under pure
and damped impact conditions. The time to fracture in all experiments (ranging from 260 us
up to 540 ns) was considerably smaller than three times the period of the oscillation of the
impacted specimen (3t = 1.4 ms). Accordingly, large influences of inertia effects are expec-
ted. Only the results of six experiments were reported. More investigations with a larger
variation of the test parameters are necessary to get a more complete understanding of the
influence of mechanical damping in impact tests. But some principal influences can be de-
duced from the results obtained so far.

1. Damping of the impact leads to an increase of the time to fracture. Under damped im-
pact conditions just as under pure impact conditions, there is no indication in the h9mmer
lcad records for the onset of crack propagation. Only the crack tip load records clearly
provide exact information on the time for crack instability. Whereas the hammer load records
for pure impact conditions are practically identical although the test temperature and con-
sequently the time to fracture was increased, the hammer load records under damped impact
conditijons at least show an increase in their duration. This better time representation of
the fracture behavior by the hammer Toad signal is also demonstrated by the data obtained for
the subcritically loaded specimen.

2. Damping of the impacting striker leads to a reduction in the registered hammer loads.
Consequently the overestimated dynamic fracture toughness values, resulting from maximum
hammer loads, are reduced to more meaningful values. It is, however, doubtful that the KId_
values obtained under mechanical damping conditions, as applied in these experiments, are
correct values. Rather it must be assumed that this is not the case, since the increase in
toughness with increasing test temperature - as it is clearly indicated by the crack tip
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signal - does not show up in the hammer load record.

It is concluded therefore, that the reduction of inertia effects by mechanical damping
of the impinging striker leads to an improvement in obtaining more meaningful load time re-
cords in the short time to fracture (tf-=3r) regime. These records will give a better indi-
cation of the actual loading condition in the specimen. It is speculated, however, that dam-
ping is not sufficient in order to obtain correct dynamic fracture toughness values KKd uti-
1izing the conventional evaluation procedure. In addition, the modest improvement in the re-
duction of the inertia effects is traded off since an unsatisfactory reduction of the actual
effective loading rate also occurs.
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Fig.1 Experimental set-up
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Fig.2 Comparison of hammer load curves and crack tip load curves (pure impact conditions)

T--65°C Materlal: 22NiMoCr37 T.-39°C Material: 22NiMoCr37
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Fig.3 Comparison of hammer load curves and crack tip load curves (damped impact conditions)
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Fig.4 Comparison of hammer load curves with crack tip load curves obtained with subcriti-
cally impacted specimens (steel 22 NiMoCr 37, room temperature)
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