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ABSTRACT

The physical behavior of cracks under impact loading is investigated.
Single edge cracks or arrays of multiple cracks in rectangular speci-
mens are considered. The specimens are loaded by time dependent tensi-
le stress pulses moving perpendicular to the crack direction. The spe-
cimens are directly loaded by an impinging projectile or by a base pla-
te which is accelerated by a projectile. The specimens are made from a
transparent model material or a high strength steel. The initial crack
lengths and impact velocities are varied throughout the experiments.
Utilizing the shadow optical method of caustics in combination with
high speed photography, the dynamic stress intensity factors at the tip
of the crack are measured as functions of time during the impact event.
The critical value of the dynamic stress intensity factor at onset of
rapid crack propagation, i.e. the dynamic fracture toughness Kid, is
determined and discussed with regard to the time tf at which t e crack
becomes unstable. The results are compared to corresponding static
fracture toughness data.

Within the first year of the three year's research project the experi-
mental set-up has been built up. The IWM-gas gun has been modified for
this purpose. A Cranz-Schardin high speed camera operated in a shadow
optical arrangement has been aligned to the gas gun. A holding fixture
has been designed and built to load the specimens under direct and base
plate loading conditions, in particular the load pulse history in the
specimen has been studied. Several series of experiments with precrack-
ed specimens have been performed to specify the parameters for the fol-
lowing main investigations. The work has been progressing according to
the proposed schedule.

KEYWORDS: dynamic fracture, impact loading, crack instability,
dynamic stress intensity factor, impact fracture toughness,
stress optical techniques, shadow optical method of caustics
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1 INTRODUCTION

The failure behavior of structures which contain cracks or crack-like
defects in general is very well understood. The concept of fracture me-
chanics provides a powerful tool for quantitative safety predictions:

-The stress intensity factor, K, is a measure of the severity or cri-
ticality of a crack. The main parameters which determine this mecha-
nical property are the length of the crack and the load which is
applied to the crack.

-The fracture toughness, KIck i.e. the critical stress intensity
factor for onset of rapid crack propagation, is a material property
which describes the resistance of the material to crack extension.

For static or quasistatic loading conditions this concept has been suc-
cessfully applied to many cases of practical importance:

- Formulas have been established to determine (exactig( at least
approximately) the static stress intensity factor for almost
any crack problem.

- Standardized test procedures have been developed to measure the sta-
tic fracture toughness KIc for different materials.

- Design criteriastate been formulated on the basis of these two pro-
perties, i.e. KS a and Kic, which allow the assessment of the
safety of a structure under the specific service conditions 11,21.

The fracture behavior of cracks subjected to dynamic loading is consi-
derably less well understood. The reason for this situation is the fact
that these problems are far more complicated. The stress intensifica-
tion at the crack tip becomes a complicated function of time and conse-
quently, the instability event is controlled by a rather complex pro-
cess which cannot be described by simple means.

Thus, the most commionly used dynamic material strength value still is
the Charpy energy, i.e. the energy to break a Charpy V-notch specimen
in a pendulum type impact tester. This material property represents
only a relative material characterisation which cannot be used for
quantitative design purposes. Work is performed to develop a test pro-
cedure for measuring the dynamic fracture toughness value under impact
loading, i.e. the impact fracture toughness Kid. A currently proposed
procedure for measuring this quantity in instrumented impact tests 1,
however, is based on a simplyfied static evaluation procedure which de-
termines the stress intensity factor from load values measured at the
tup of the striking hanmmer via static stress intens ity fact or formulas.
Fig. 1 compares these static stress intensity factors Ksiar with the
a tual dynamics stress Intensity factors at the crack tip, denoted
Kyn 141. The differences are quite large, in particular at early ti-
mes of the impact event. The differences have not vanished even after a
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time of 3rwhere T is the period of the eigenoscillation of the spe-
cimen (see 13)). This procedure, therefore, is only applicable for very
large times to fracture which, however, can only be obtained when the
impact velocity is reduced to very low values. Depending on the test
conditions the maximum tolerable impact velocity has to be as low as
about 1 m/s 131.

Another example which demonstrates the complex behavior of dynamic
stress intensifications is shown in Fig. 2. For a crack of length a
under mode I step function load of duration T the dynamic stress
intensity factor is plotted as a function of ?ime (see 15-91). The
dimensionless time unit (clt)/a o is used in this diagram, where c1
is a wave velocity. K increases with time according to a f
deeodence, overshoots the equivalent static stress intes ty factor
Ks at up to 30%, and for larger times only approaches Ks a by an
o~cillation with a damped amplitude. The duration T of the pulse
controls the phys cally valid time interval (see Fig. 2). Because of
the complicated K I I(t) hehavior, especially for short pulse durations,
conclusions on the effective stress intensity factor for the impact
event can hardly be made. The maximum value of the KdYn(t) curve can-
not control the actual instability event, because this value is only
active for a very short time and does not allow the crack to make large
jumps. On the basis of energy and momentum considerations, Steverding
and Lehningk [10-131 developed a dynamic fracture criterion which cor-
relates the critical crack lengths with the applied pulse durations. A
similar but more general criterion was developed later by Kalthoff and
Shockey [14-17] denoted as minimum time fracture criterion.

These influences of time effects on the stress condition can have seve-
re influences on procedures for measuring dynamic fracture toughness va-
lues. Impact fracture toughness data have been measured at different lo-
ading rates. Depending on the strain rate sensitivity of the material,
KId decreases more or less strongly with increasing loading rate 0
as is indicated in Fig. 3. Most of the dynamic fracture toughness Kata
have been obtained in the lower impact velocity range with Charpy - and
drop weight tests. An overview of the results obtained and the problems
encountered in measuring these quantities is given in the papers of Tur-
ner, Venzi, Shoemaker, Rolfe, Loss, Ireland, Wullert, and others 118-221.
Data at higher loading rates have been measured for example by Costin,
Duffy, Freund, and Server [23-241 with Hopkinson bar experiments, by
Shockey, Curran, Homma and Kalthoff [17,25,261 with flyer plate impact
experiments, and by Ravi Chandar and Knauss I21 using electromagnetic
loading techniques. In their papers Eftis and Krafft [281 and Shockey
and Curran 1251 discuss the interesting question whether a minimum va-
luE of Kid exists, which cannot be reduced even if the loading rate
would be increased further (see Fig. 3).

The difficulty in all the measuring procedures consists of establishing
a relation between quantities measured externally at the test machine
and the actual stress intensity factor existing at the tip of the crack
in the specimen. Different approaches are used: Simplyfied static ana-
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lyses (e.g. with Charpy tests 13]), theoretical analyses which some-
times are based on nonrealistic assumptions (e.g. infinite boundaries
or step function loads [5-91), or numerical analyses which necessarily
are very complicated. In this project the problem of deriving the
stress intensity factor from secondary quantities measured in an ex-
periment shall be avoided by measuring the actual dynamic stress inten-
sity factor directly at the crack tip by a special optical technique
developed at the Fraunhofer-Institut fUr Werkstoffmechanik, i.e. the
shadow optical method of caustics.

The investigations are aimed to generate basic information on the fai-
lure behavior of precracked specimens with finite boundaries subjected
to dynamic tensile stresses. The results shall be of special importance
for the development of improved impact fracture toughness tests and the
assessment of the load carrying capacity of structures under dynamic
loading conditions in general.

2 GENERAL OUTLINE

2.1 Technical Objectives

The physical behavior of cracks under impact loading is investigated.
Single edge cracks or arrays of multiple cracks in rectangular speci-
mens are considered. The specimens are loaded by time dependent tensile
stress pulses p(t) moving perpendicular to the crack direction. The
pulses are produced by impinging projectiles. The specimens are made
from a transparent model material or a high strength steel. Utilizing
the shadow optical method of caustics in combination with high speed
photography, the dynamic stress intensity factors, KIyn, at the tip
of the crack are measured as functions of time during the impact event.
The critical value of the dynamic stress intensity factor at onset of
rapid crack propagation, i.e. the dynamic fracture toughness KId, iS
determined and compared to the corresponding static fracture toughness
K C.The results are discussed with regard to the times tf at which

t4initial cracks become unstable.
Two kinds of impact experiments are envisaged in the research program:

A) Direct impact loading: The precracked specimen is directly impacted
by the projectile. After passage of the compressive stress pulse
through the specimen and reflection of the pulse at the free end of
the specimen, the crack is loaded by tensile stresses (see schematic
drawing - Fig. 4a).

B) Base plate loading: The precracked specimen is loaded in tension by
a base plate which is accelerated by the impinging projectile (see
schematic drawing - Fig. 4b).

The investigation of single edge cracks (as shown in the lower specimen
of Fig. 4b) or arrays of multiple cracks (as shown e.g. in the upper

- specimen of Fig. 4b) is planned.
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2.2 The Shadow Optical Method of Caustics

The method of caustics is an optical tool for measuring stress intensi-
fications. The technique has been introduced by Manogg in 1964 [29,301.
Later on, Theocaris [311 further developed the method. The authors and
their coworkers extended and applied Manoggs technique for investigat-
ing dynamic fracture phenomena [4, 32-38).

The physical principle of the method is illustrated in Fig. 5. A pre-
cracked specimen under load is illuminated by a parallel light beam. A
cross-section through the specimen at the crack tip is shown in Fig. 5b
for a transparent specimen, and in Fig. 5c for a non-transparent steel
specimen. Due to the stress concentration the physical conditions at
the crack tip are changed. For transparent specimens both the thickness
of the specimen and the refractive index of the material are reduced.
Thus, the area surrounding the crack tip acts as a divergent lens and
the light rays are deflected outwards. As a consequence, on a screen
(image plane) at a distance z behind the specimen a shadow area is
observed which is surrounded gy a region of light concentration, the
caustic (see Fig. 6). Fig. 5c shows the situation for a non-transparent
steel specimen with a mirrored front surface. Due to the surface defor-
mations light rays near the crack tip are reflected towards the center
line. An extension of the reflected light rays onto a virtual image
plane at the distance z behind the specimen results in a light confi-
guration which is similar to the one obtained in transmission. Conse-
quently a similar caustic is obtained. The mode I shadow pattern was
calculated by Manogg [30] from the linear elastic stress strain field
around the crack tip. Fig. 6 compares theoretical results with experi-
mentally observed caustics which were photographed in transmission and
in reflection with different materials. The single caustic curve obtain-
ed for isotropic materials splits up into a double caustic for optical-
ly anisotropic materials.

The size of the shadow pattern is related to the stress intensification
at the crack tip. The quantitative correlation between the diameter D
of the caustic and the stress intensity factor KI is given by theequation KI = M * D5/2  (1)

where M is a known numerical factor which depends on the optical arran-
gement and the material utilized [32, 33].

A quantitative shadow-optical analysis is also available for cracks
subjected to superimposed tensile (mode I) and shear (mode 11) loading.
With increasing ratio p = KII/K I the caustic becomes asymetrical
(see Fig. 7a). Fig. 7b shows the theoretically calc,.lated caustic in
comparison to an experimentally observed shadow pattern for the case
p = 1. From the minimum and maximum diameters Dmin and Da of the
caustics (defined in Fig. 7b) the absolute values of the stress intensi-
ty factors K, and KII can be determined using the relation
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Ki Mi,k*Dk 52 (i, 1,11; k =min, max). (2)

This relation is similar to eq.(1). The (four possible) factors Mik
which again contain optical and geometrical parameters are known ftnc-
tions [39-411.

For further details of the shadow optical techniques see 132,33,411.
Crack tip caustics are of a simple form and can easily be evaluated.
The technique, therefore, is very well suited for investigating complex
phenomena, as e.g. in fracture dynamics, and is used in this work to
measure dynamic stress intensity factors under impact loading.

2.3 Research Program

The goal of the first year's research effort was to build up the expe-
rimental set-up and to perform preliminary experiments in order to test
the measuring system. On the basis of these experiments data should be
generated to specifiy the parameters for the subsequent main investiga-
tions scheduled for the second and the third year of the research pro-
ject.

3 DESIGN AND BUILDING OF THE EXPERIMENTAL SET-UP

The IWM-gas gun is used for impact loading of the specimens. A sche-
matic drawing and a photograph of the equipment are given in Fig. 8.
The high pressure chamber (30 1 volume) can be filled with air or heli-
um to a maximum pressure of 200 bar. A barrel of 50 mm diameter and 3 m
length is used to accelerate the projectile. A measuring chamber at the
mnuzzle holds the target and the measuring devices. The catcher tank
collects the remaining pieces of the experiment and is able to absorb
their kinetic energy. The gas gun has been modified and supplemented by
special devices in order to meet the specific requirements for the pro-
posed experiments. Shadow optical pictures of the specimen during im-
pact are recorded with a Cranz-Schardin high speed camera. 24 pictures
can be taken at a minimum picture interval time of 1 ps. A photograph
of the camera is given in Fig. 9. An overview of the complete experi-
mental set-up is given in Fig. 10. In particular the following work has
been performed:

*Design and construction of a holding fixture for the specimens:
Special arrangements have been developed to load the specimens in eith-
er one of the two loading conditions, i.e. direct impact loading and
base plate loading. These arrangements meet the optical requirements
for a photographic recording of the specimen behavior. Illustrative
views of the two loading arrangements are given in Figs. 11 and 12.

For the conditions of direct impact loading the specimen is positioned
at the center line of the gas gun. The specimen is almost free and only
loosely attached to a support (just to keep it in a definite position).
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For the conditions of base plate loading an arrangement with two speci-
mens has been developed. The specimens are positioned to the right and
to the left hand side of the center line of the gas gun. The front ends
of the specimens are attached to a rigid support plate which is kept at
a fixed position. The ends of the specimens are fastened to a free base
plate which is accelerated by the impinging projectile. The observation
direction of the shadow optical measuring system is perpendicular to
the surfaces of the specimens. Thus, the two specimens - one lying in
front of the other - are simultaneously photographed when the shadow
optical system is used in transmission with transparent specimens. The
arrangement then has the advantage that two different crack configura-
tions can simultaneously be investigated in the two specimens. Of cour-
se, only one specimen is analyzed if the shadow optical system is used
in reflection with steel specimens.

A fixture to hold the specimens according to these two arrangements has
been designed and built. A photograph is given in Fig. 13. The fixture
consists of two parts: a front part and a rear part which are separate-
ly mounted on a supporting I-beam (180 mmn high, 3400 ymm long). The dis-
tance between the two parts can be varied, thus specimens of different
length can be utilized in the experiments. The maximum specimen width
is limited to 100 nmn. The front part of the fixture is adjustable to
allow for a straight and plane impact.

* Catcher tank:
An existing catcher tank has been modified and adapted to the loading
fixture and the supporting I-beam. The catcher arrangement is necessary
in order to collect the moving parts after impact, i.e. the projectile,
the base plate, the broken pieces of the specimen etc. Rags absorb the
kinetic energy of the moving parts.

* Triggering device for the high speed camera:
An optical device has been designed and built to trigger the Cranz-
Schardin high speed camera. A laser beam traverses the path of the fly-
ing projectile (see Figs. 11 and 12)
- directly in front of the specimen (direct impact condition) or
- directly in front of the base plate (base plate loading condition).
The laser beam is interrupted by the impinging projectile and thus pro-
vides a pulse to trigger the camera via a delay time generator.

e Adaption of the Cranz-Schardin high speed camera:
The 24 spark high speed camera has been adjusted and aligned to the gas
gun. Since the camera is normally operated at a height of about 1.4 m,
the gas gun, however, at a lower height of only 0.6 m, considerable
work was necessary to lower the whole optical arrangement, i.e. the
camera, the spark unit and the mirror. The existing tripods had to be
modified by special holding fixtures.
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4 TEST OF THE EXPERIMENTAL SET-UP

Several shots have been performed to test the different systems of the
experimental set-up, in particular
- the holding fixture and the catcher tank,
- the triggering system, and
- the alignment of the high speed camera.

The information obtained from these preliminary experiments was used to
improve the experimental set-up. Modifications to the first design of
the holding fixture were necessary in order to achieve an undisturbed
tensile loading of the specimens under the two loading conditions. Seri-
ous difficulties were encountered with the triggering system. In sever-
al cases the air shock wave travelling ahead of the flying projectile
provided the first trigger pulse. Concequently the camera was started
ahead of time. These problems have been solved by adjusting the trigger
threshold to an appropriate level. This level has experimentally been
established in a series of test shots. The final alignment of the high
speed camera caused no major problems.

Results obtained under the two different types of loading conditions
are reported in the following sections. Due to cost reasons, these ex-
periments were performed with specimens made from the model material
Araldite B.

4.1 Direct Impact Loading

First, several experiments have been performed to study the load pulse
history in the specimen under direct impact loading conditions (see
Fig. 11). Data were obtained from strain gage measurements, photoela-
stic investigations, and shadow optical investigations. Some typical
results which give an indication of the loading situation in the speci-
mens are reported.

4.1.1 Load Pulse History

All experiments were performed with specimens 400 mm long and 100 MM
wide. The specimen thickness was 10 mm. The specimens were impacted by
a projectile of 200 mm length and 50 mm diameter made from the same ma-
terial as the specimens, i.e. Araldite B. The chosen dimensions were a
result of pre-experiments in which the length of the specimen has been
varied: With short specimens, i.e. specimens of length 100 mmi and 200
mm it was found that the crack did not propagate in a straight manner
through the sepcimen but deviated from its original direction. Test spe-
cimens of 400 mmn length, however, showed a straight crack propagation
in the original crack direction.

0 Strain Gage Measurements:

The signal from a strain gage positioned in the middle of a specimen
without a crack is shown in Fig. 14. For a period of 280 ps the crack
is loaded by compressive stresses, then tensile stresses build up due



Fig. 15 Photoelastic recording of the passage of the stress pulse
through the specimen
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Fig. 16 Photoelastic crack tip fringe pattern
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to the reflection of the compressive waves at the free ends of the spe-
cimen and the projectile. In this diagram and also in the following
ones the time at which compression changes into tension has been set
equal to zero (0 ps). The tensile stress pulse has a duration of about
240 Vs. At later times compressive stresses again build up in the cen-
ter part of the specimen. The increasing part of the tensile stress
pulse would be used in specimens with initial cracks to initiate unstab-
le crack propagation.

In order to get information on the stress history not only at the sing-
le point of a strain gage but over a larger are' further investigations
have been carried out utilizing photoelastic anc shadow optical techni-
ques.

9 Photoelastic Measurements:

Photoelastic isochromatic fringe patterns associated with the passage
of the stress pulse through the specimen were recorded. The Cranz-Schar-
din camera was equiped with a photoelastic measuring device and focus-
sed directly on the specimen. The soecimen dimensions and the impact
conditions were the same as for the strain gage measurements, but speci-
mens with initial cracks were utilized. Fig. 15 shows six pictures at
subsequent times. The passage of the compressive stress pulse into the
specimen is visible. Since the crack is closed by the compressive stres-
ses the stress pulse is only slightly disturbed by the crack. After ten-
sile stresses have been built up in the center part of the specimen
(t >0 Vs), the typical tensile crack tip fringes develop. Fig. 16 shows
another photoelastic picture of a tensile crack tip fringe pattern.

No attempts have been made to quantitatively evaluate the rather com-
plex photoelastic fringe patterns; instead a special shadow optical
measuring technique was utilized to obtain information on the stress
distribution in the specimen.

& Measu,'oment of Shadow Patterns around Hole Fields:

Shadow patterns around holes which are drilled into a specimen can be
used as indicators of the stress field at that point. Fig. 17 shows the
shadow pattern around a ',le under the influence of a biaxial stress
field a = p, a0 = q, with p -q (see 1301). The intersection of the
shadow attern is oriented parallel to the larger of the tensile stres-
ses. The diameter of the caustic D in longitudinal direction of the
shadow pattern is quantitatively related to the difference of the prin-
ciple stresses p - q,

p - q = N * D (3)

N is a known numerical factor which depends on the optical arrangement
and the material utilized. Consequently, for a tensile stress field the
intersection of the shadow pattern points into the direction of the
stresses, for compressive stress fields it points in a direction per-
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pendicular to the stress field. Furthermore, the size of the caustic
is an indicator of the magnitude of the stress. Utilizing this techni-
que, a series of experiments has been performed to study the stress
distribution in the specimen.

First, a row of three holes was drilled in the middle of the specimen
at 1/4, 1/2, and 3/4 of the width of the specimen. In addition, the
specimen was instrumented by a strain gage located between two of the
holes. The insert in Fig. 18 illustrates the geometrical arrangement.
The results of both, the strain gage measurements and the shadow opti-
cal investigations are given in Fig. 18. The shadow patterns change
their direction and their size analogous to the strain gage signal. The
size of the patterns varies with the stress amplitude. In picture No.
14 the direction of the patterns change and from picture No. 16 on ten-
sile shadow patterns are recorded. The last pattern at 250 ps again in-
dicates compressive stresses.

More detailed information on the distribution of the stresses along the
width of the specimen is obtained from the results in Fig. 19. In this
experiment six instead of three holes were used. The picture shows the
same general behavior as discussed above. The six shadow optical pat-
terns positioned across the width of the specimen do not vary very much
in size, in particular the patterns near the boundary are almost of the
same size as the center patterns, indicating a rather even distribution
of stresses along the location of the prospective crack.

The passage of the stress pulse through the specimen has been made
visible in a specimen with a row of holes positioned in length direc-
tion of the specimen. The shadow optical pictures are given in Fig. 20.
Pictures No.1 to 13 show the propagation of the compressive stress pul-
se into the specimen. Between pictures No. 13 and No. 14 the stresses
change from compression into tension and between pictures No. 23 and
No. 24 they have changed back again into compression. Fig. 21 shows the
change from the compressive state of stress to the tensile stresses
with higher time resolution. In this case a cross shaped arrangement of
holes has been utilized. At 0 pis zero stresses are observed directly in
the center of the specimen, the region around this center still is un-
der compressive stresses. In the next picture, at 18 ps, tensile stres-
ses have already built up in the center.

An overview on the stress distribution in the whole specimen is given
in Fig. 22, showing the shadow optical photograph of a specimen with a
field of 91 holes. The photograph was taken during the tensile loading
phase. The data indicate that the stress field in the center of the spe-
cimen, i.e. at the location of the prospective crack, is rather uniform,
thus allowing a controlled investigation of the instability behavior of
cracks.

In a subsequent experiment the development of the stress intensifica-
tion at an initial notch has been photographed. A notch of 35 mm length
has been machined in the specimen which had been provided with the hole
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Fig. 22 Distribution of tensile stresses in the specimen (shadow
optical investigation with a hole field)
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Fig. 23 Crack tip caustic and caustics of a hole field under tensile
loading
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field already. Fig. 23 shows a well developed mode-I caustic around the
crack tip. The picture was taken 54 ps after the beginning of the ten-
sile stress field. The shadow patterns around the holes behind the
crack tip indicate unloading of the specimen in this area. The other
patterns in the near crack tip region show a disturbed stress field due
to interactions with the crack tip stress field.

The complete history of the crack tip stress intensification from the
beginning of the impact process on is shown in Fig. 24. A specimen with
a sawed in initial notch has been utilized in the experiment. Since the
surfaces of the notch could not come into contact with each other dur-
ing the compressive loading phase a compressive stress intensification
(negative stress intensity factor K1) builds up first, as is indica-
ted in pictures No. 1 to 8. These compressive crack tip caustics then
disappear when the tensile loading phase starts at 0 ps and change into
tensile crack tip caustics.

The crack tip caustics observed in Figs. 23 and 24 are of good quality
and any difficulties in analyzing these shadow patterns are not expec-
ted.

4.1.2 Crack Instability Experiments

A series of experiments has been performed to generate the first insta-
bility data and to find the appropriate impact parameters for the main
investigations. Specimens with initial cracks of different lengths were
prepared the following way: A notch of length less than the desired
length has been sawed into the specimen. This notch was subsequently
extended in length by precracking using a wedge loading device. In or-
der to allow for an undisturbed passage of the compressive stress pulse
across the crack, a plate of thickness equal to the width of the notch
was inserted into the notch.

The results of a typical experiment are shown in Figs. 25 and 26. In
Fig. 25 twelve of a series of 24 shadow optical pictures are reproduced.
The camera has been delayed by an appropriate time to only analyze the
shadow pattern under tensile loading. The pictures No. 1 to 4 show the
increase of the dynamic stress intensity factor at the tip of the sta-
tionary crack. At picture No. 5 the crack has become unstable. Pictures
No. 6 to 12 show the propagating crack. Due to the sudden acceleration
of the crack tip, relief waves are radiated from the crack tip into the
specimen which were visible in some of the photographs.

Fig. 26 shows quantitative data obtained according to eq. (1) from the
shadow optical photographs. The dynamic stress intensity factor KdYn
and the momentary position of the crack tip, a, are plotted as iuniti:
ons of time. The a(t)-data give an indication of the time at which the
crack becomes unstable. With this information the interesting parame-

* ters can be determined: The critical stress intensity factor for onset
of rapid crack propagation, i.e. the dynamic fracture toughnessI KId;

*rte, 1 n* tofatre, tf; and the effective stress intensification

rate, -4 .-n
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Fig. 24 Compl ete listing of compressive and subsequent tensile crack
tip caustics
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At velocities higher than about 40 m/s damage of the specimen under the
contact area with the projectile was observed. The maximum allowable im-
pact velocity for the direct loading arrangement, therefore, is in the
range of 40 rn/s. The stress intensification rate for spec .mens qfth?
given size and material accordingly is of the order of 10 MmA/2s'.
The limited velocity of course will be considerable larger when steel
specimens will be investigated at the end of the research project.

4.2 Base Plate Loading

Since the stress distribution in the specimen under base plate loading
conditions is much simpler than under direct impact conditions a detai-
led investigation of the distribution of stresses in the specimens has
not been considered necessary. The loading arrangement has been tested
by directly performing impact experiments with pre-notched or pre-
cracked specimens.

To allow for a comparison with the direct impact data the specimen di-
mensions have been chosen the same as for the direct loading experi-
ments, i.e. the specimens were 400 mmn long, 100 mmn wide and 10 mmn thick.
Two specimens were simultaneously tested in the dual specimen loading
fixture. Different crack configurations were utilized for the two spe-
cimens. Usually one of the specimens contained a single crack, whereas
the other specimen contained a double crack configuratio . The two spe-
cimens were fastened to a steel base plate (100 x 100 mm , 20 mmn thick,
1.6 kg mass) which was impacted by steel projectiles of 50 mm diameter
and different lengths.

Typical results are shown in Figs. 27, 28 and 29. Fig. 27 shows a se-
ries of shadow optical photographs. It shall be emphasized again that
these pictures do not show one specimen with a configuration of three
cracks, but two specimens, one with a single crack (i.e. the middle
crack in the photographs) and one with a double crack configuration
(i.e. the outer cracks in the photographs). The tensile stress pulse
impinges on the cracks from the right hand side. The crack which is
loaded the longest time exhibits the largest stress intensity factors.
The shadow patterns of the middle crack and of the left hand crack (at
least at early times) are of pure mode-I type. The shadow pattern of
the right hand crack shows a mixed mode loading from the very beginning
on, since this crack is influenced by the left hand crack tip stress
field. In picture No. 11, at 110 ps, the left hand crack becomes unstab-
le and propagates through the specimen. Later on, at 150 ps, the center
crack (i.e. the single crack in the other specimen) becomes unstable.
The single crack propagates along its original direction without any de-
viation. The path of the left hand crack shows a slight deviation from
the original crack direction, indicating a small superimposed mode-Il
loading. The observed experimental findings are in accordance with ex-
pectati ons.

Quantitative data for the singlen crack are shown in Fig. 28. The dyna-
mic stress intensity factor, Kan and the momentary crack length, a,
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are plottet as functions of time. As under direct loading conditions,
the properties Kid, tf, and KUY n can be obtained from these plots.
Fig. 29 shows quantitative reults for the right hand crack of the
double crack configuration of Fig. 27. Thq stress intensity factor Kdyn

and the mode-Il stress intensity factor Kuyn are plotted as function
of time. Since the crack did not become uAtable, the crack tip posi-
tion is not shown. Data of this kind give information on the mutual in-
teraction of multiple cracks under dynamic loading conditions.

Numerous experiments have been performed to study the reproducibility
of the base plate loading arrangement. Early data indicate that the in-
crease of the stress intensity factor with time was different although
the impact conditions, in particular the impact velocities, where the
same. More detailed investigations revealed a strong influence of the
procedure how the specimens are fastened to the base plate. This diffi-
culty was overcome by using fluted edges at the base plate and by fas-
tening the specimens to the base plate in a controlled manner using a
torque wrench.

A subsequent series of experiments has been performed by varying the
impact velocity from about 10 m/s to 110 m/s. Fig. 30 shows the result-
ing shadow optical photographs. At higher impact velocities the pictur-
es become disturbed by turbulances of the air following the projectile.
Up to about 30 m/s this effect is of no influence. Up to 40 m/s the
photographs can still be evaluated, but at higher velocities it is not
possible anymore to derive reliable quantitative data. The base plate
loading arrangement, therefore, is limited to a maximum impact velocity
of abut 40 3/s. The stress intensification rate then is of the order
of 10 MNm-3 s-

5 SUMMARY

Within the first year of the three year's research project the experi-
mental set-up for investigating the fracture behavior under impact
loading has been built up. The existing IWM gas gun has been modified
for this purpose, a Cranz-Schardin camera operated in shadow optical
arrangement has been aligned to the gas gun. A holding fixture has been
designed and built to load the specimens under direct and base plate
loading con ditions. The set-up has been successfully tested under dif-
ferent impact conditions, in particular the load pulse history in the
specimen has been tested. Several series of experiments have been per-
formed to specify the parameters for the following main investigations.

Thus the work is progressing according to schedule. The main experi-
ments with a systematic variation of test parameters are planned to be
carried out in the second year. These investigations will be performed
predominantly with Araldite B specimens; for the third year investiga-
tions with high strength steel specimens are planned.

-L~-
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