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1. TECHNICAL OBJECTIVES

The physical behavior of cracks under impact loading is investigated.
Single edge cracks or arrays of multiple cracks in rectangular specimens
are considered. The specimens are loaded by time dependent tensile stress
pulses moving perpendicular to the crack direction. The specimens are eit-
her directly loaded by an impinging projectile or by a base plate which is
accelerated by the procejtile. The specimens are made from a transparent
model material or a high strength steel. The initial crack lengths and im-
pact 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 dyna-
mic stress intensity factor at onset of rapid crack propagation, i.e. the
dynamic fracture toughness Kpq, is determined and discussed with regard

to the time t¢ at which the crack becomes unstable. The results are
compared with corresponding static fracture toughness data.

2. STATEMENT OF WORK

During the first year of the three year's research project the experimental
set-up has been built up. Experiments were performed to test the set-up
under different loading conditions. In particular the stress pulse history
in the specimen has been studied. Several series of experiments have been
performed to specify the parameters for the main investigations. Within
this reporting period, i.e. the first half of the second year, the main in-
vestigations have been started.

Experiments have been performed with specimens made from the model material
Araldite B directly impacted by a projectile made from the same material.
The fracture behavior of single edge cracks of different lengths was inves-
tigated. In particular the dynamic fracture toughness values Kiq and the
times to fracture t¢ have been measured. These data were supplemented by
experiments performed under base plate loading conditions. The impact velo-
cities have been varied from about 10 to 40 m/s. The 1imited results ob-




tained so far do not allow definite conclusions at this state of the pro-
Ject. More data will be generated in the next reporting period and will
. be reported and discussed in the Second Annual Report.

Mditional experiments have been carried out to study the interaction of
multiple cracks under dynamic loading. A double crack configuration with a
distance between the cracks which is almost equal to the length of the
cracks has been investigated. The data indicate a complex time dependent
mutual interaction of the cracks. Further experiments with other geometric
conditions will be performed in the next reporting period.

First quantitative results obtained within the research project have been
presented at the “Workshop on Dynamic Fracture Modeling and Quantitative
Analysis", Baltimore, May 17-19, 1982. The workshop has been originized by
J.R. Moss, Ballistic Research Laboratory, Aberdeen. The investigator pre-
sented the following lectures: "Introduction to Fracture Mechanics", “Shad-
ow Optical Analysis of Dynamic Fracture Phenomena", and “Short Pulse Frac-
ture Mechanics” (in cooperation with D.A. Shockey, SRI-International,

. Kenlo Park, Calif.). For further details see Trip Report "Participation in
Workshop on Dynamic Fracture Modeling and Quantitative Analysis" by J.F.
Kalthoff prepared for Dr. B. Steverding, Aeronautics and Mechanics Branch,
European Research Office of the U.S. Army, London. Another presentation of
results 1is planned for the VII. International Conference on “Experimental
Stress Analysis", Haifa, Israel, August 23-28, 1982, The manuscript of the
material to be presented has been completed. A copy of the manuscript is
attached to this Report in the Annex.

3. NEXT STEPS

According to the proposed research program the investigations with Araldite
B specimens will be continued throughout the second year. Further data
will be generated on the dependence of the impact fracture toughness K4
. with loading rate and the mutual interaction of multiple cracks under dyna-
mic loading. For the third year experiments with high strength steel speci-
. mens are planned,
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ANALYSIS OF IMPACT FRACTURE PHENOMENA BY MEANS OF THE
SHADOW OPTICAL METHOD OF CAUSTICS

J. F. Kalthoff, W. Bohme, and S. Winkler

Fraunhofer-Institut fiir Werkstoffmechanik
Rosastrasse 9
7800 Freiburg/Brsg., West-Germany

Abstract

The shadow optical method of caustics is applied for investigating

the fracture behavior of cracks under impulse loads. The loads are

produced by a drop weight or by an impinging projectile. Results on

the dynamic stress intensity factors before, at, and after onset of

:;:c:dpropagation are discussed for the different loading rates ob-
nea.

1. Introduction

In static fracture mechanics crack tip stress intensity factors can easi-
1y be determined from external measurements of loads or displacements. In
fracture dynamics the situation is more complex due to additional time
effects. Correct dynamic stress intensity factors are qbtained by direct-
ly evaluating the local stress strain field around the ~rack tip. The
shadow optical method of caustics is an appropriate expe-imental tool for
. measuring stress intensifications since the method is sensitive to stress
gradients near the crack tip. The physical principles of the caustic
technique are described. The method is applied to analyse the fracture
behavior of cracks under different conditions of impact loading.

2. The Shadow Optical Method of Caustics

The method of caustics was originally introduced by Manong [1,2] in 1964.
Later on, Theocaris [3] further developed the technigque. The authors and
their coworkers extended and applied Manoug's method for investigating
dynamic fracture phenomena [4-8].

The physical principle of the method is illustrated in Fig. 1. A pre-
cracked specimen of a transparent material under load is illuminated by
a parallel light beam. A cross section through the specimen at the crack
tip is shown in Fig. 1b. Due to the stress concentration at the crack tip
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Fig. 1 Physical principle of the shadow optical method of caustics

both the thickness of the specimen and the refractive index of the ma-
terial are reduced. Thus, the area surrounding the crack tip acts as a
divergent lens and the 1i7ht rays are deflected outwards. As a conse-
quence, in an image plane at a distance z, behind the specimen a shadow
. area is observed which is surrounded by a region of 1ight concentration,
the caustic. For optically isotropic materials a single caustic is ob-
tained, for optically anisotropic materials the caustic splits up into
a double caustic. The method can also be applied with non-transparent
materials such as steels when used in reflection.

The mode 1 shadow pattern was calculated by Manogg [1] from the linear
elastic stress strain field around the crack tip. Fig. 2 compares the
results with shadow patterns photographed in transmission and in re-

flection with different materials. Quantitatively the diameter of the
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Fig. 2 Mode I caustics
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caustic is a function of the stress intensity factor,

K = —2Y 2 p>/2 (1)
T gesf2cg o 0
0,i eff “o

where

KI = Mode I stress intensity factor,

DO" = diameter of the outer/inner caustic,

f, ; = numerical factor for outer/inner caustic,

éo, = photoelastic constant,

deff = effective specimen thickness,

e = total specimen thickness,

z, = distance tetween specimen and image plane.

Numerical values of the constants which appear in formula (1) are given
in Table 1 for different materials. The formula is correct for station-
ary cracks under both static and dynamic loading conditions, but it can
also be applied for propagating cracks with an accuracy sufficient for
engineering purposes. Further details are given in [8,9].

N TABLE 1 - Constants for Coustic Evaluation

Elastic Constonts Shodow Optical Constomts Effective
for Pione Stress for Plane Swain
Youmgs hilﬁ«’:
A Ratio c o € ot dew
Mateial "t m2N miN
Y ] )
ANBMISHON: (2,<0)
N Quuicelly Anipatvapic
Aoy B W00° 032" -0370x100 331 305 -0500xw0°0 341 298 d
wm-% 290 043  -1200x0°® 3% 310 -0500xw00 333 3% d
Pt Qloss: 7900 020  -002x0P 34 298 -007xwW® 32 2 "]
- Homaite 90 MW 030° -050x0P 323 3N -07M7ar®  An 210 d
Oty lssuwpic:
PMA 320 030 -1000x00 m? -0750x 0°%0 n d
MPLECTION: (24>0)
AN nuterigls [ v 2VIE w - - dn2

For cracks subjected to a combined mode I mode 1I loading the caustic
becomes unsywmmetric, as ft is shown in Fig. 3. The stress intensity fac
tors. Ky '"““11 are then determined by the two diameters D, and D ..
defined in the figure [lo,11].
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Fig. 3 Mode I mode II caustics (a - calculated, b - measured)

3. Experimental Procedure

Two kinds of impact experiments have been performed. Prenotched speci-
mens were loaded by a drop weight or by an impinging projectj]e. A sche-
matic view of the loading arrangements is given in Fig. 4. The mechani-
cal aspects of the fracture behavior were studied in these experiments;
in particular the loading conditions at the tip of the stationary crack
during impact and for parts of the subsequent crack propagation event

were considered.
al

Fig. 4 Loading arrangements
(a - drop weight loading, b - impinging projectile)
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The specimens were made from a model material, the epoxy resin Araldite

. B. This material is well suited for dynamic investigations since the

mechanical and optical properties of the material vary only very little
with loading rate [8]. Either naturally sharp cracks or blunted notches
were utilized. The shadow optical technique was applied in transmission.

‘é, The caustics were photographed with a Cranz-Schardin 24 spark high speed
ﬁ? camera. Prior to impact the drop weight or the projectile interrupts a
a laser beam thus providing the signal to trigger the high speed camera. A
_;;: typical series of shadow optical photographs is given in Fig. 5. Only
BeN 12 of the total 24 pictures are reproduced. The photographs show the
§§: precracked center part of a specimen loaded by an impinging projectile
§%§ (see also Fig. lo).
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Fig. 5 Shadow optical photographs of a precracked specimen loaded by an
impinging projectile (see also Fig. lo)
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3.1 Drop weight loading

Specimens of size 650 x 118 x 10 mm with initial notches of 35 mm were

Ly,

Sy

RX) impacted by a drop weight of 1.4 kg at a velocity Yo of 5 m/s. The sup-
tig port span was 472 mm. The results of two experiments are shown in Fig. 6
B

The dynamic stress intensity factor K?y" (upper diagram) and the crack

length a (lower diagram) are plotted as functions of time t. The times
Y are given in absolute units and in two relative units, TL and T. TL is

. the time it would take a longitudional wave to travel a distance given
% by the crack length a, T is the period of the oscillation of the impacte
;] bend specimen determined by a formula given by Ireland {12]. In additior

. 152 >
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Fig. 6 Fracture behavior of a precracked bend specimen
under drop weight loading

o 5

to the stress intensity factor the load PH measured by a strain gage
at the tup of the striking hammer is also shown in Fig. 6.

The start of the stress intensity factor curve is delayed with regard
to the 10ad curve. This is due to the different wave propagation paths
between the point of impact and the positions where the respective sig-
° : nals were recorded. The critical stress intensity factor for onset of
crack propagation, i.e. the dynamic fracture toughness Kld' is about
0.67 "N/'yz. This value is only somewhat smaller than the static frac-
ture toughness KIc = 0.70 lﬂ/u?'2 for this batch of material. The time
to fracture te measured from the beginning of crack tip loading til
the point of onset of propagation is 123 us or 8.8 TL or 0.14 .
After the crack has become unstable the crack velocity steadily in-
creases up to a rather high value of 310 m/s. During this phase of
. crack propagation the dynamic stress intensity factor continues to
grow, but the slope of the K?’"(t)-plot after crack initiation is less
steep than before instability.

t | bt

A
-

i

\Y

‘:.: y o,
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5

In instrumented impact tests the dynamic fracture toughness K14 is usu-
ally determined from the hammer load at the moment of instability,
PH(tstf), utilizing conventional static stress intensity factor formu-
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las originally derived for bend specimens subjected to quasistatic load-

ing. If Kid would be calculated in a formal manner according to this
procedure an unrealistically high value of 12 MN/m”? would be obtained
(13}. This result indicates the strong influence of dynamic (inertia)
effects associated with impact experiments, in particular for short
times to fracture (t. < 7).

Further experiments have been performed with an increased observation
time. Fracture was delayed by utilizing blunted initial notches and a
rather low impact velocity of 0.5 m/s. The experiments have been per-
formed with specimens of size 412.5 x 75 x 10 mm which were struck by a
hammer of 4.9 kg at a support span of 300 mm. In Fig. 7 the shadow opti-
cally determined dynamic stress intensity factors are shown during load-
ing of the stationary crack for times up to about 5 t. These data are
compared to the static stress intensity factor.K?y"(PH) calculated from
the load Py registered at the tup of the striking hammer utilizing con-
ventional static stress intensity factor formulas from ASTM E 399

The K?tat-values show a strongly oscillating behavior, whereas the actual
dynamic stress intensity factors K?y" show a more steadily increasing
tendency. For small times these differences are very pronounced, in par-
ticular K}% < x‘l"“ (see before). With increasing time, the differ-
ences become smaller. but within the observation time the influences of
dynamic effects obviously did not vanish and there are still marked
differences between K?tat and K?y". In a method for measuring the dynam-
ic fracture toughness values Kid in instrumented impact tests [14} it is
assumed that for times larger than 3t K?tat-values would represent a
good approximation of the actual dynamic stress intensity factor K?y".
These data, however, indicate that a static analysis is not adequate to

describe the loading condition in the specimen, even for times t > 3t.

-

8
v | l'
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Al drop weight experiments showed an interesting feature in their crack
propagation paths. At the end of the crack propagation event the crack
propagation direction was not straight any more, but a characteristic
deviation to the left or to the right hand side of the original crack
path was observed. Herrmann [15] speculated that this behavior results
from stress waves reflected at the free ends of the specimen. The effect
obviously depends on the time for the crack to propagate through the
specimen: the deviation becomes more pronounced for faster propagating
cracks initiated from notches of increased bluntness. The change of the
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Fig. 7 Stress intensity factors for a prenotched bend specimen
under drop weight loading
straight to the curved phase of crack propagation has been analyzed by
the shadow optical technique. The high speed photographs indicate a
very low, almost zero crack velocity at this moment. A typical shadow
pattern is shown in Fig. 8a. The shape of the caustic is unsymmetric
and indicates a mode II loading superimposed to the original mode I

Fig. 8 On the direction of crack propagation under drop weight
loading (a - mixed mode caustic, b - crack paths)
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loading. Due to this mixed mode loading the crack deviates from its
original direction in the subsequent step of crack propagation.

3.2 Impinging projectile

Specimens of size 400 x 100 x 10 were impacted by a projectile of 200 mm
length and 50 mm diameter. The length of the initial crack was 26.5 mm.
Both specimen and projectile were made from the same material, Araldite B.
The projectile was accelerated by a gas gun operated at a very low gas
pressure. Thus, the impact velocities in these experiments were in the
range of 10 m/s only. By the impinging projectile a compressive stress
wave is inftiated which propagates into the specimen. After passage of
the compressive stress pulse through the specimen and reflection at the
free rear end of the specimen the crack is loaded by tensile stresses.
Shadow optical recordings of these processes have been made by Theocaris
et al. [16]. Information on the gross loading condition in the specimen
at the location of the crack was obtained from a strain gage which was
positioned on the ligament 47 mm ahead of the crack tip (Position A).

A typical strain gage signal 1s shown in Fig. 9. The arrival time of

the compressive stress pulse at the location of the strain gage has

been set equal to zero in this diagram. For a period of 280 us the

crack is loaded by compressive stresses; only later on tensile stresses
are built up. The crack tip behavior under tensile loadihg was studied
by caustics. The high speed camera was aperated with a suitable delay
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Fig. 9 Stress pulse produced by an impinging projectile
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. time; the recording times of the 24 shadow optical pictures are shown
in Fig. 9 also.

a . Quantitative data of the shadow optical photographs (see Fig. 5) are
}: given in Fig. 10. The dynamic stress intensity factor K?‘V" (upper dia-
? gram) and the crack length a (lower diagram) are given as functions of
X time t. Similar as in Fig. 6 the times are given in absolute units but
also in relative units by normalization with the time TL‘ For comparison
the load record from the strain gage is also shown in Fig. 10. Due to
Py 0
e PROJECTILE
2 aract
v,; “ - - .
® E"'
- 5 ! 46 -
. ¢
; - 10 14 B
3 §§ o 4 2 e
3 i
o0 °
©
i‘ '
E3
N 4
v 2 f s}
{. °
38 °f
s
; e WL L
?’ ’ TIME ¢
f: Fig. 10 Fracture behavior of a precracked specimen
. loaded by an impinging projectile
inertia effects the loads °A(t) and the dynamic stress intensity fac-
' tors K‘I‘y"(t) are not proportional to each other. As with drop weight .
! experiments Kld-values calculated in a formal manner from the stress
oA(tstf) at the moment of instability utilizing conventional static
. stress intensity factor formulas would severely overestimate the tough-
- ness of the material. The shadow optically determined values of the
, critical stress intensity factor for onset of crack propagation were L-:;:::::::\:;}:‘
g Y “- '.
4 realistic. But the scatter of data obtained in a series of experiments '_\1\:'::\.\
; with similar impact velocities was rather large. In particular K -val- ::..;:::‘.‘:\.
ues larger than the static fracture toughness K; were obtained (see AN SN
also Fig. 10). The time to fracture was considerably smaller in these
.'.:\‘.
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experiments than in the drop weight experiments, te = 29 us or 2.7 TL’
i.e. the time to fracture became comparable to the information time of
the crack length. It is speculated that stress intensity factors larger
than ch might result for such experiments with very high loading rates
because of incubation times which are needed to activate the instability
process. This speculation would be in accordance with a short pulse frac-
ture criterion developed by Kalthoff and Shockey in a previous publica-
tion [17]. More experiments are necessary to investigate these phenomena.

The onset of crack instability is clearly indicated in the crack length-
time plot. Within a very short period of time after instability the crack
has reached a very high steady state velocity v of 365 m/s. For some

time after the moment of crack initiation the slope of the Kdy"(t) -plot
is as steep as before crack instability. Due to the high crack propagation
velocity and the steep increase of the dynamic stress intensity factor

Fig. 11 Crack branching observed under projectile loading

with time the fracture behavior is different from the one obtained with
drop weight experiments. Crack branching (see fig. 11) is observed in
almost all the experiments after a relatively short phase of crack pro-
pagation.

4. Summary and Conclusions

The applicability of the shadow optical method of caustics for determin-
ing dynamic stress intensity factors has been demonstrated. Several
aspects of the fracture behavior of cracks loaded by a drop weiaht or by
an impinging projectile have been investigated. The stress intensifica-
tion rates and the resulting fracture behavior were different for the
two conditions of impact loading. Even for the lower loading rates ob-
tained with drop weight experiments a strong influence of dynamic effects
on the loading condition before, at, and after crack instability can re-
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sult. Further information is necessary to fully understand the dynamic
v} - processes associated with the fast impact loading of cracks.
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