AN EXPERIMENTAL INVESTIGATION OF
THE DYNAMIC FRACTURE OF

A BRITTLE MATERIAL

Thesis by

Gordon Carl Smith

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California
1975

(Submitted April 15, 1975)



-31 -
ACKNOWLEDGEMENTS

I wbuld like to express my gratitude to my advisor, Dr.
Wolfgang Knauss, forrhis encouragement and suggestions during
this investigation. I also extend my appreciation to Dr., Charles
Babcock for many valuable discussions.

I am indebted to Mr. C. Hemphill for patient assistance in
the laboratory, to Mrs. E. Fox for cheerfully typing this manu-
script, and to Mrs. B. Wood for skillfully dra.wing the figures.

The support of this work by the California Institute of

Technology is also gratefully acknowledged.



-iii-
ABSTRACT

A new method of experimentally investigating the behavior of
a crack in a stress wave environment has been developed and used to
study the initial stages of dynamic crack propagation in Homalite 100,
a polyester. The experimental method, which employs an electro-
magnetic loading device, permitted the application of pressure pulses
to the surfaces of an 18 inch crack., The amplitude (51 psi to 1020
psi) and duration (~ 200 psec) of the pulses were highly repeatable.
The experimental configuration simulates, in thle vicinity of the crack
tip, a tension wave impacting a stationary semi-infinite crack in an
infinite two-dimensional body where the wave front is parallel to the
crack. A high speed framing camera, synchronized with the loading
device, was used to record the time r“equired for the crack to begin
to propagate and its subsequent extension and velocity. The experi-
mental results were analyzed within the bounds of linearly elastic
fracture mechanics and a correlation was made between the dynamic
stress intensity factor and the time at which the cracks began to
propagate. It was found that the critical stress intensity factor
increased dramatically with increasing loading rates at very high
rates, which contrasts with quasi-static loading where the criticé.l
stress intensity factor decreases with an increasing loading rate.
A simple model suggests that temperature effects at the crack tip
may account for the observed increase in the critical stress intensity
factor at high loading rates. Crack branching of running cracks was
. observed but unlike previous reports of branching, the cracks in this

study branched mostly into three separate fast-running cracks.
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i. INTRODUCTION

iThe origin of fracture mechanics is generally accepted to
have been eétablished by Griffith [1] in 1921, Prior to that time,
there did not exist a satisfactory explanation of why the observed
strength of materials was so much lower than that predicted from
theoretical consideration of the molecular binding forces. Griifith
postulated that the observed reduction in strength was due to the
stress concentrating effect of flaws and cracks that naturally cccur
in materials. This point of view is now generally accepted and it
is interesting to note that one can now, some .fifty years after Grif-
fith's work, fabricate specimens in which flaws and cracks are
held to a minimum, so that strengths on the order of theoretical
predictions are observable [2].

Since Griffith's original postulation and experimental work
with glass, numerous investigators have extended the original con-
cept to include other types of materials such as those that exhibit
1oca11y at the crack tip plastic or viscoelastic behavior, These
latter material phenomena significantly influence the stress and/or
strain field near a crack tip and consequently the fracture process
of the material. Such extensions of the simplified view of brittle
fracture, in many cases, serve as excellent models for engineering
design and analysis.

As the problems associated with static or near static loading
conditions became more clearly understood and in some cases
resolved, some investigators have begun to direct their attention

to the more difficult problem of dynamic fracture., The latter are
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generally defined to be those fracture events in which inertial
eifects are significant, The motivation in dynamic fracture stems
from the numerous practical engineering situations associated with
blast impact loading on structures. Often the question that is crucial
in dynamic fracture is whether or not some critical value defining the
onset of crack propagation is exceeded. This question arises in the
design of aircraft or spacecraft subject to impact from objects such
as meteorites, projectiles, or even birds or rain in the case of
windshields or radomes. Other examples where the onset of dynamic
fracture can be vitally important are machinéry and power plants
subject to impact damage, seismic disturbance, thermal shock, or
cavitation in adjacent fluids.

The prés ent work is intended to contribute to understanding
the problem of initial crack growth under dynamic loading. The
particular objectives of the work reported here pertain to the fol-
lowing:

a) does the static criterion fof fracture hold at much

higher rates of loading?
b) is a rate sensitivity criterion applicable at the high rates ?
c) if fracture is rate dependent, what is the nature of thét
dependency ?
To answer these questions, an electromagnetic stress wave gener-
ator was assembled and synchronized with a high speed camera to
study the response of a single crack when a dynamic (pressure) load

is applied to the crack faces.
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This thesis is divided into seven chapters, The next chapter
contains a review of related work previous to that reported here.
It has theoretical and experimental sections and generally follows
the chronological development of the field. The stress wave nature
of the problem imposed sorme constraints and special considerations
that are discussed in Chapter 3. The two chapters following that
discussion contain a description of the equipment and the results of
the equipment calibration respectively. Chapter 6 is 2 summary of
the test data obtained from ten dynamic fracture experiments, while
Chapter 7 is devoted to the analysis of the results as well as dis-

cussion of their implication.
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2. PREVIOUS WORK
A. Théoretical
In a review [5] of the work on the dynamics of fraéture,
Erdogan in 1968 concludes that '"compared to other areas of re-
search dealing with the mechanical response of deformable solid“,s
the field (of dynamic fracture) is in a rather primitive stage.
The theoretical work reported on the subject of dynamic fracture
can be classified as comprised of either dimensional type analyses
relying on either ‘energy considerationé, or analyses through solu-
tion of the dynamic equations of the linearized theory of elasticity.
A review of the contributions to the field using energy methods is
contained in Reference [6] The principle employed in these
works is a balance between work and energy where the energy is
distributed as strain energy, kinetic energy and energy associated
with new surfaces resulting from fracture. The energy method
has typically yielded a relation for crack velocity as a function of
rate independent material properties and crack length and has
provided an estimate of the terminal velocity ofv the crack. Ina
series of recent papers Steverding and Lehnigk depart from
previbus approaches and in a simplified continuum analysis used
the conservation of angular momentum principle along with an
energy balance to find a minimum stress pulse duration and inten-
sity to initiate crack propagation [7, 8,9].
Until recently the solutions of the dynamic equations of
elasticity have been limited to cases involving constant crack tip

velocities. These solutions (the first of which appeared in 1951)
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are discussed by Sih [11]. A particular problem in this class,
namely that of a semi-infinite stationary crack that is impacted

by a plane tension wave as shown in Figure 1 is pertinent to the

l  disturbed

* undisturbed
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present study. The problem has been solved by Maue [12], Ang [13],
and as a special case by Baker [14]. A simplifying step taken in
the solution of the problem was to decompose the problem into two
parts that could be solved independently; namely, the suddenly
pressurized crack and the planar stress wave in an uncracked
medium. These are shown in Figure 2. A principal result of
these solutions is of particular interest here; namely, the asymp-
totic form of the stress in the vicinity of the crack tip. The form
given by Baker (discussed by Achenbach and Nuismer [15]) is
shown below where T is the amplitude of the stress pulse, x is the
distance from the crack tip, F+(O) is a constant arising from
Baker's Wiener -Hopf factorization, Cs is the equivoluminal wave

speed, and t denotes time.
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The stress given above becomes singular as the distance from the
crack tip tends toward zero. The coefficient of the singularity is
commonly referred to as the (dynamic) stress intensity factor K and
is widely used in fracture work to characterize the elastic field in
the vicinity of the crack tip.

Atkinson and Eshelby [16] and Freund [17] have shown for
the case of dynamic fracture that the strain energy release rate, G,
depends only on the elastic field in the neighborhood of the crack tip.
This quantity plays a centrai role in the theory of fractﬁre and is
discussed further in the chapter on the analysis of the experimental
data. Another result given by Freund [18] that was useful to this
study is a Green's function that can be used to determine the stress
intensity factor for a loading on the faces of a crack that is symmet-
ric with respect to the crack axis but otherwise arbitrary in regard
to space and time. There have beén a number of other recent
solutions giving dynamic stress intensity factors in a variety of

geometric and loading conditions. These will be listed only as they
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do not bear directly on the work reported here. Among these are
solutions of the dynamic equation of elasticity by Achenbach [19],
Sih, Embley and Ravera [20], Thau and Lu [21], Freund [22, 23, 24],
and Freund and Rice [25].

B. Past Experimental Work

The 'experimental work in the field of dynamic fracture can
be classified as being concerned with either spallation or running
cracks. The spallation approach depends on naturally occurring
material without artificially induced cracks and has a tradition
dating back to work in 1872 by J. Hopkinson [26] who measured
the strength of steel wires when they were suddenly stretched by a
falling weight. The principal conclusion of these and subsequent
similar tests by B. Hopkinson [27] was that the strength of steel
wire was much greater under dynamic stress conditions than under
static cbnditions. B. Hopkinson [28] also investigated the fractures
produced in metal specimens when small quantities of explosives
were detonated in contact with them. With thick plates (greater than
3'" in thickness) the sur'face of the plate that was in contact with the
explosive was found to be dented and a circular disc of metal had
been thrown off from the opposite facé. Kolsky and Shearman [29]
and Kolsky and Christie [30] performed similar experiments on
;smaller specimens of transparent materials. This type of specimen
permitted observation of fractures produced by the interference
between reflected pressure pulses. Recent investigations of dynamic
fracture employing flat plates propelled by light gas guns have been

reported by Curran, Shockey, and Seamen [31}. Spallation
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investigations have provided extremely important information for
the 'underbstanding of fracture. Typically spallation work is con-
cerned with fracture events that originate at microcracks and that
occur during fractions of a microsecond. This investigation was
to be concerned with dynamic fracture under better defined stress
states near individual crack tips and thus the experimental approach
used in spallation studies did not seem to be the most advantageous.

The running crack work can be characterize;l by its em-
phasis on the dynamic behavior of one or more clearly identifiable
cracks. The earliest work of this kind was reported by Schardin
and Struth [32,33] in 1937 and 1938. Using a multiple spark
camera with a framing rate of about 300,000/sec, they attempted
to record the response of a projectilé being shot into a water box
having glass windows. Schardin [34] writes '"The glass windows of
the box were destroyed and the surprising and interesting result |
was found that the front of the fractures was bound by a circle
indicating that the velocity of fravctureiin this instance was constant, "
Crack velocity values were obtained as a function of material con-
stituents, applied stress, temperature and composition of ambient
atmosphere. The terminal velocity of the propagating cracks was
found to be independent of the applied stress level, but it was
affected by changes in the chemical composition of the glass.
Similar results have been found subsequently by other investigators
and a summary of the terminal velocities found is presented in Table

1 below.
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Table 1

Maximuin Crack Velocities
Investigator Material Cax" (E/p )-%
Schardin [35] Glass 0.34-0.61
Cotterell [36] PMMA 0.29-0. 39
Dulaney and Brace [37] PMMA 0.33-0.36
Roberts and Wells [38] Steel 0. 20-0. 42
Wells and Post [39] CR-39 0.38
Beebe [40] Homalite 0. 24
Bradley and Kobayashi [4] Homalite 0.24

Following in the tradition of Schardin's pioneering work, and
using the technique of ultrasonic fractography developed by Kerkhof
[41], Kidppers [42] was able to determine crack acceleration rates
to an accuracy not achieved by high speed photography.

The dynamic fracture experiment involving a running crack
is ﬁot suited for the study of the onset of dynamic fracture since
the specimen is loaded statically* until the crack begins to run,
thereby supplying the dynamic content to the experiment after the
time span of interest in the present work. Some information con-
cerning the onset problem, however, might be inferred from that

type of experiment. In the work by Bradley and Kobayashi [4] the

*The inertia of the grips and hardware associated with mechanical
test machines have thus far posed serious problems to those who
have attempted to place a true dynamic tension boundary condition
on the edge of a plate [40],
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stréss intensity factor at the arrest (abrupt stopping) of a fast run-
ning crack in Homalite was determined by photoelastic methods.
The stress intensity factor at arrest was found to be 30 percent
below that found under quasi-static conditions. From this result
one might infer that a polymeric material such as Homalite is less
fracture resistant at the rates of loading associated with dynamic

events. The results discussed here later on support that inference.
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3. DISCUSSION OF EXPERIMENTAL CONSTRAINTS
A. Loading Conditions

The approach used in theoretical treatments of decomposing
fracture problems into the problem of a pressurized crack and an
uncracked plate (see Figure 2, for example) suggests that an exper-
imental analog is appropriate. This prospect is enhanced by the
fact that the contribution to the singular stress near the crack tip
(see Eqgn. 1) is entirely due to the pressurized crack solution. For
this approach to be feasible, it is necessary to "employ a method
whereby a pressure pulse could be applied on a timescale charac-
terized by microseconds and in a quite confined location; i. e.,
along crack surfaces. A method that depended on electromagnetic
forces was found to be highly suitable for this application. Snell,
MacKallor and Guernsey [54] had successfully used this technigue
to apply a nearly sinusoidal pressure pulse to the edge of a plate
and studied the behavior of stress waves as they propagated through
a region containing a circular hole. A schematic of how the mag-
netic pressure was emﬁloyed in the present créck growth initiation

study is shown in Figure 3.

Fast Specimen
Pulse _~ Switch =)
Forming /
Network : é—’Transmission
Lines
L Loading
Strip

FIG. 3. Schematic of Fracture Experiment
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It is easy to show (see Meagher [43] for example) that if
two conducting strips are separated by a thin insulator (thin relative
to the width of the strips, w) with 2 magnetic permeability u, then
the perpendicular force per unit area resulting from the current i

flowing in opposite directions is given by
P =1p(i/w)?
=3 p(i/w) (2)

Since the pressure is proportional to the square of the current, it
is possible to prescribe, within bounds, a pressure history by the
choice of an appropriate current-forming network. Several of the
theoretical treatments discussed in Chapter 2 assumed a step load-
ing on the crack faces and it therefore seemed desirable to approx-
imate that loading history in this experimental effort. If the
resistance in a current-forming network is sufficiently small to
preclude non-linear effects resulting from heating, the normalized
current shape is independent of the amplitude of the current. It is
therefore possible to prescribe a family of load histories that differ
only in amplitude. Geometric dispersion considerations and data
acquisition considerations were dominant factors in establishing the
time frame of the current pulse and are discussed in subsequent
sections.
B. Material Selection

The material selected for the experimental program was

Homalite 100" which is a polyester and hereafter called Homalite.

*Supplied by the Homalite Corporation, Wilmington, Delaware,
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Mefals occur much more frequently in structures than do plastics
and thus would seem to be more likely candidates for specimens in
fracture experiments. However, for an initial effort, Homalite
seemed to be an excellent experimental material. There is also
considerable interest in the fracture behavior of polymeric mate-
rials. Homalite and other plastics have been widely used for dynamic
fracture experiments. Some investigators use Homalite to simulate
metals primarily because it is easy to machine and transparent so
that (internal) fracture processes can be readily followed. Homalite
is viscoelastic although at the rates of loading associated with
stress waves and at room temperature, the relaxation modulus
response is ''glassy'' and largely insensitive to loading rates [40].
This may not be true at the crack tip where the strains and strain
g;adients are high and this is one of the questions this study sought
to answer. Homalite has sev.eral advantageous properties, On a
macros;opic scale, it is essentially homogeneous and isofropic and
exhibits birefringence which can be exploited as described later,.
In a previous fracture investigation [44], it was found that strué-
tural variables in annealed crystalline metals caused considerable
complications. Homalite was used as the specimen material in the
dynamic fracture experiments of Beebe [40], Bradley and Koba-

j

yashi [4], and Dalley, Fourney and Halloway [60], and its dynamic
photoelastic properfies have also been reported by Clark and :San-

ford [45].
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C. Specimen Geometry

All of the theoretical work discussed previously had as a
basic assurription the condition of plane strain. It was decided early
in this work to make the experiments as compatible as possible
with existing solutions. The two major obstacles to that objective
were the locally three-dimensional character of the stress state
near the crack tip and the possibility of geometric dispersion due
to the finite dimensions of practical specimen geometries. The
three-dimensional character of the crack tip is of course not limited
to dynamic fracture problems but occurs in any type of fracture
where the crack intersects a free surface. However, for a material
such as Homalite that fails in a "brittle'" manner (i.e., no observa-
ble necking at the crack tip), the plane strain description is reason-
able. Away from the crack tip where the plate thickness is the
characteristic length instead of the crack tip ''radius, " an approx-
imation related to minimizing dispersive effects was found necessary
and is discussed in the subsequent paragraphs.

There are two basic approaches that can be chosen to mini-
mize the dispersive effects. The first of these would be to employ
a sufficiently thick model in order to isolate the area of interest
from free edges that could cause dispersion. Attempts to devise a
'specimen geometry according to that criterion led to unwieldy con-
figurations that were not particularly compatible with the electro-

magnetic loading technique.
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The other approach, which was selected, depended on the
use of plates that were thin relative to the wavelengths of the Fourier
components that form the stress wave. Boundary loading of a plate
theoretically could generate an infinity of modes, but it has been
shown by Miklowitz [46] and Miklowitz and Nisewanger [47] for the
case of a rod that the 10§vest mode of wave propagation dominates
at least for some initial time interval. One would expect the same
situation for a plate. Figure 4 shows the wave velocity for the
lowest mode of propagation in an infinite plate [48] where CP is
the plate velocity, d is the plate thickness, and A is the wavelength.
Thus for a mildly dispersive wave, the plate thickness must be
small compared to the wavelength associated with the highest
significant frequency of a Fourier de'composition of the stress
wave, Conversely, the choice of a plate thickness establishes a
limit above which frequencies cannot be allowed if dispersion is
to be mild. The res.ult of restricting high frequency components
of what would otherwise be a sharp stép is essentially a "'smoothed"
step with a finite risetime.

For the purpose of selecting an appropriate risetime, a
series of idealized wave forms based on what could be achieved
with the electromagnetic loading device were constructed., Each
sample wave corresponding to different risetimes was decomposed
into frequency components, Scott and Miklowitz [49] give a rela-
tionship for phase velocity as a function of wavelength, which was
used to compute the phase shifts after the wave had travelled 18

inches (half of the maximum contemplated plate dimension). The
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components were reconstructed taking into account the phase shifts
and were then compared with the original wave forms. With the
material préperties of Homalite, a plate thickness of 3/16' and a
simulated step with a risetime of 20 microseconds, the amplitude
of the dispersed wave after 18 inches of travel was within 0.5 per-
cent of the input wave amplitude.

The plate thickness of 3/16'" represents a compromise of
two conflicting constraints. As previously mentioned in a discussion
of the electromagnetic loading principle, it is necessary for the
width of the strip to be large relative to the separation of the two
conductors, The other constraint is that a smaller thickness
assures a smaller acceptable risetime from the viewpoint of wave
dispersion. An additional consideration was the availability of
material with minimal thickness variations.

With dispersion considérations requiring a thin plate and
the method of loading requiring the application of stress to the faces
of ablong slender notch, the configuration of the specimen is essen-
tially eétablished. It remains to determine the dimensions of the
notch and the lateral dimension of the plate. In the case of the
lateral dimensions of the plate and the length of the notch, the
characteristic time of the experiment and the plate velocity are
;che dominant factors. This is due to the fequirement that the
experiment is to represent crack behavior in an infinite domain.

If a rectangular plate is assumed to have a notch cut from the edge
at its midpoint and with a notch length of two thirds of the plate

length, then there are two possible shortest paths for waves to



-18_

travel from the notch to a free edge and to return to the crack tip.
If it is assumed that the desirable time is 225 microseconds and a
maximum wave velocity of 81,000 inches per second, then a dimen-
sion of 9 inches from the crack tip to a free edge is sufficient.
D. Data Requirements

The objective of this research as Previously stated was to
correlate the onset of dynamic fracture with a loading history. The
data that would be necessary to accomplish this correlation are
records taken during each fracture experiment of the applied stress
on the crack surface and the response of the specimen near the
crack tip, With the aid of strain gages, a relationship between the
current and the applied pressure was measured and used as a cali-
bration of the loading device. It was therefore only necessary to
record the current during each fracture experiment and not to
strain gage-instrument each fracture specimen. A high speed
framing camera capable of rates in excess of 100, 000 frames per
second was available for use with this>experimen1:. By synchronizing
the camera with the loading device, it was possible to correlate the
load history with the specimen response and, in particular, to
bracket the onset of crack propagation and determine crack veloéi-
ties. At the rate of one frame every 10 microseconds, the experi-
ment needed to have a duration of at least 50 microseconds and
preferably longer in order to obtain adequate resolution of the onset
of crack propagation. A duration of approximately 225 microseconds

was chosen as a reasonable value and this period was used in sizing
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the specimer.i and designing the pulse forming network. Details
of the experimental configuration are contained in the next

chapter.
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4. DESCRIPTION OF EQUIPMENT
A, Specimen

The plate velocity for Homalite is approximately 31, 000
in/sec. For an experiment with a duration of 225 microsesconds,
the simulation of an infinite plate would require that the crack tip
be at least 18 inches from an edge, other than the crack surfaces,
which could be the source of a stress pulse, or 9 inches from an
edge that could reflect a pulse generated at the crack surface.
This condition set the sizing requirements for fhe test specimen.
A commercially available size that was closest to the minimum
required was 30' x 24''. Upon considering the various constraints
such as photoelastic sensitivity, dispersion, alignment tolerances
and commercially available sizes, a nominal specimen thickness
of 3/16'" was chosen. The actual thicknesses of the delivered
articles varied from 0. 1688' to 0. 1846".

A slot 18'" long and 0. 05" wide was machined into each of
the plates starting at the center of the 24" side., At the tip of the
slot a "V''-shaped notch was introduced by means of a small tri-
angular file. The angle of the "V'' was 40 degrees. At the tip of
the "V' a hairline fracture was produced by using a razor blade
held in a tool, shown schematically in Figure 5, that permitted
fhe gradual and controlled extension of the hairline fracture to
the desired length, The crack extension beyond the copper strip
was never less than 1/8'" nor greater than 3/16" for any of the
specimens tested. It should be noted that conditions at the crack

tip such as residual stresses and crack tip radius due to ''plastic'
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deformatiorn: conld be highly significant.. Care was exercised in
making the hairline fractures in order to minimize, to the extent

possible, variability of crack tip conditions in the uastrained state.

FIG. 6

Oblique View of Crack Tip

Figure 6 is an enlarged photograph of a representative crack tip
region with a copper pressure strip in the slot. The dark rectangu-
lar object in the figure is a thin piece of brass which has the length
of 1" along the longest side. In each of the fracture experiments, a
reference length was attached to the plate within the field of view of
the high speed camera recording the fracture behavior of the speci-
men.
B. Loading Device

The dynamic load was applied by a copper strip that was

aligned along the 18' slot machined in the specimen. The strip was
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double bent 180 degrees about 2 small (approximately 5 mill) radius
of curvature which was then connected in series to a pulse-forming
network.

The thickness of the copper strip was dependent upon the
resistance heating that could be tolerated under the maximum current
conditions. Conservative estimates of the temperature rise during
the experiment were made by assuming that the copper strip was
thermally insulated from its surroundings. It was found that the
temperature rise during an experiment was invers ely proportional
to the square of the strip thickness. A limit was set for the temper-
ature rise in order to assure that no unacceptable changes would
occur in the elastic properties of the specimen material adjacent
to the strip. For materials that can exhibit thermo-viscoelastic
behavior, a sufficiently large temperature rise could, even at the
proposed loading rates, be important. A review of the data on the
Vis;oelastic nature of Homalite by Beebe [40] indicated that a
change of.60 degrees centigrade would have only a marginal effect
on the modulus at characteristic times of up to 200 microseconds.
Preliminary experiments were run with copper strip thicknesses
from 0.001'" up to 0.050'", The thickness thé,t was chosen for the
fracture experiments described in later sections was 0.020'". This
Permitted a temperature rise of less than 50 degrees centigrade
for the worst case.

‘The copper strips were slit by a commercial firm to the
same width as chosen for the thickness of the plate (i. e., 3/16m).

It was found that residual stresses in the sheets of copper caused
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the 'slit strips to curl and warp. The strips were straightened by
hanging a hundred pound weight on them for several hours which
permitted the strips to creep straight. A mylar strip separated
the two legs of the copper strip and provided insulation. The mylar
could be slid easily but without much play between the doubled-up
copper strip when it was bonded with a low-strength, water-sol‘u‘r.)le
adhesive to the surfaces of the machined slot., The purpose of the
adhesive was to assure firm contact between the strip and the
specimen. When the bonding agent was absent, it appeared from
strain gage records that the strip ""rattled' about in the slot. This
aspect is discussed further in the chapter on calibration.

Another basic element of the loading device is the pulse-
forming network which furnishes the large currents through the
copper strips. It was apparent from the start that a high-energy,
low-inductance capacitor bank would be necessary to supply the
current at the amplitude and with the response necessary for the
e}_cperimental program. It seemed suitable to use an approach of
forming the pulse sizhilar to that used in radar applications [50]
although the time frame and amplitudes are quite different. The
approach was to use a number of identical capacitors that are con-
nected by inductors of nearly equal inductances. For this study;
nine Cornell Dubilier Type NRG-204 capacitors were used. They
are rated at 15 micro-farads and 20, 000 volts and had internal
inductances of less than 0. 06 micro-henries, The coils connecting
the capacitors were made from number eight insulated copper wire

wound on 6' diameter circular mandrels. Some difficulty was
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encountered in constraining the coils to the prescribed circular
shape. The current in the coils caused mechanical forces that
tended to distort the coils. It was found that the mandrels, when
combined with side-bracing members and reliance on the mechani-
cal strength of the wire, were sufficient to maintain the structural
integrity of the coils. Typically, for a low-resistance system, a
set of nearly equal inductance coils placed between severai capaci-
tors will yield a ringing pulse that is nearly square, such as shown

schematically in Figure 7.

Current /\/\

Time

FIG. 7

The number of turns per coil was initially established using
elementary electromagnetic principles and a simple mathematical
model of the pulse-forming network. It was found that some empiri-
cally determined modification of the number of turns in the coils

improved the current shape. The final number of turns for each
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coil is shown in Figure 8. I'or the coil configuration described,

Ignitron
I 6 6 6 7 7 7T 7 7\\

‘T_LT'T'TTTTTT

Loading -
-"r'= Capacitors Strip

2&¢ Coils And No. Of Turns

FIG, 8

Schematic of Pulse-Forming Network

seven turns corresponded to an induc;:ance of approximately 180
micro-henries. The inductances of the other coils vary nearly
directly with the ratio of the squares of the number of turns.
The fast switch for closihg the circuit was an ignitron,
General Electric Type GL-7703, which is a tube that contains a
pool of mercury at its base. When a high voltage pulse from a
triggering circuit is applied to an electrode near the pool, the
mercury vaporizes and thereby closes the circuit between two
other electrodes of the ignitron that are in turn connected to the
capacitor bank. A drawback of the ignitron is that when current
initially flows and when it reverses during the ring down of the
capacifor bank, short bursts of electromagnetic noise are gener-
ated similar to those generated by arcs. The noise, however,

did not prove to be a serious obstacle in this effort. A discussion
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and a schematic of the ignitron triggering circuit are given in the
thesis by Vlases [51].
C. Optical System

A high speed framing camera developed earlier at GALCIT
[44] was used to record the motion of the crack tip during each of
the fracture experiments., A schematic of the optical system and‘
the caméra is shown in Figure 9. The light source is shown at the
lower left portion of the diagram. It consists of a 100 watt mercury
arc lamp that is pulsed in order to achieve much higher intensities.
The light first passes through a lens to achieve parallel light and
then through a polaroid plate and a quarter wave plate. The parallel
light beam continues through the specimen and a second set of
quarter wave and polaroid plates which completes a circular polari-
scope configuration. The beam as it emerges from the polaroid
plate indicated by the number two is at that point polarized. It is
then condensed, passes through a Kerr cell* and encounters a final
polaroid plate which has its axis perpendicular to the axis of the
number two plate. When the Kerr cell is pulsed it effectively "un-
crosses'' the last two polaroid plates and allows the light to pass.
The camera contains a circular track in which 10 feet of 35 mm
film is placed., At the center of the circle formed by the film track

is a rotating 45° mirror driven by an air turbine. When a 20, 000

*A Kerr cell is a glass container filled with nitrobenzene liquid.
Two metal capacitor plates are suspended in the nitrobenzene on
electrodes which pass through the walls of the container. When a
high voltage pulse is applied to the electrodes, the nitrobenzene
becomes strongly polarized and acts like a quarter wave plate.
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volt DC pulse is applied to the Kerr cell, light passes through the
No. 3 polaroid to the 45° mirror where it is deflected and forms a
frame on the stationary film. During periods when the Kerr cell
is not excited, only leakage light passes through polaroid No. 3. A
magnetic pickup senses the position of the mirror and acts to space
the firames properly by pulsing the Kerr cell and the light source.
The mirror is rotated at a constant speed which is monitored on a
Berkeley counter. The framing rate is continuously adjustable in
the range of 10, 000 to 100, 000 frames per second. Exposure times
can be adjusted from 0.05 to 0. 40 microseconds. For all of the
experiments reported in this thesis, the framing rate was 90, 000
frames per second and the exposure time was 0. 10 microseconds.
Kodak Tri-X negative film and Acufine developer were used in
these experiments.
D. Test Procedure

The equipment and specimen are shown in a typical test con-
figuration in Figure 10. The cabinet at the far right of the photo-
graph holds the pulsing amplifiers for the mercury arc lamp shown
in the lower right foreground. The two large dark objects at the
center of the photograph are the collimating lenses., The film track
of the high speed camera is located at the upper left of the photo-
graph. At the lower left is a portion of the casé that holds the
capacitor bank. The tall cabinet immediately to the right of the
film track contains the charging circuitry for the capacitor bank
and the triggering circuit for the ignitron (not shown in Figure 10).

The camera controls and pulsing circuits and oscilloscopes that
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are.used during a fracture experiment are located in an adjacent
room. These were placed at a distance from the loading device in
order to minimize electromagnetic interference problems.

A closer view of the specimen is shown in Figure 11. The
30" dimension of the specimen is along the top edge as shown in the
figure. The copper strip is in the 18" slot and connected to the
capacitor bank by mechanical clamps that facilitated easy replace-
ment of the specimen. At the top front end of the container is a
portion of the Rogovski coil that was used to measure the current.
A more complete view of the Rogovski coil is shown in Figur‘e 12,
which also shows the ignitron, two of the coils and two of the capaci-
tors that are part of the network that forms the current pulse for
the loading strip. The ignitron is supported by a broad strip of
copper attached to the front capacitor, and is shown at the center
of.the photograph. The light-colored square above the ignitron is
mylar insulation to prevent arcing.

A typical dynamic fracture experiment proceeded as follows.
After the equipment had been allowed to warm up and was checked
for proper settings, the capacitor bank was charged to at least
2,000 volts but less than 20,000 volts. The voltage level for any
particular fracture experiment determined the current in the strip
which in turn determined the level of stresvs';ﬁ applied to the crack
surfaces., Air pressure was then_applied to the turbine that was
attached to the rotating mirror in the camera. The amount of
pressure to the turbine determined the angular rate of rotation and

the corresponding framing rate which was displayed on a Berkeley



...32_

901Aa8Q Buipeor] o13oudewoI3dory pue uowroadg 189,

11

‘DIA




-33_

MIomidN SUulIIo-9S[ng oy} JO uowIZSg © pur UCIFTUI]

21

‘DI




-34_
counter. The air pressure was manually adjusted until the framing
rate reached 90,000 frames per second. When the turbine reached
the proper speed, a triggering signal was sent to the camera master
controls which pulsed the Kerr cell and light source amplifiers,
and to an oscilloscope that was to record the current as a function
of time. The pulses sent to the Kerr cell amplifier were also
connected to a time delay generator set for a 33 microsecond delay.
The output of the time delay generator activated the triggering
circuit of the ignitron which is the switch for the pulse-forming
network connected to the pressure strip. Thus the camera and the
loading device were synchronized and the loading began as the
fourth frame was being exposed.

During the experiment, the Rogovski coil, which was at-
tached to the capacitor bank container, generated a voltage which
was proportional to the time rate of change of the current in the
strip. This voltage was integrated by an RC integrator and was
recorded by the oscilloscope that had been previously triggered.

A polaroid photograph was made of the record. This record was
then used to determine the stress applied to the crack surfaces as
a function of time by means of an empirical relationship discussed
in the following chapter.

The master control of the high speed camera pulsed the
Kerr cell and light source exactly 64 times, which generated that
number of frames at 11 microsecond intervals. The developed
negative was used to determine crack extension as a function of

ox

time and to determine the onset of crack propagation.
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5. CALIBRATION OF EQUIPMENT

A. Rogovski Coil Calibration

Details on the construction and constraints applicakle to a
Rogovski coil are contained in [52]. The application of the coil in
the present work was to generate a voltage proportional to the time
rate of change of current in the loading strip. This voltage was
integrated by means of an RC integrator and a signal proportional
to »tile current was available for display on an oscilloscope. The
Rogovski coil and integrator were calibrated by generating a known
current and correlating the current with the recorded output. If
all but one capacitor is removed from the pulse-forming network,
the remaining circuit is then an RLC series circuit. The single
capacitor of the circuit was charged to a known voltage and when
the ignitron was activated, a decaying sinusoidal signal was re-
corded. From elementary analysis, it can be shown that the first
peak of the current is given by:
2T A3)%

=v_c&
o)

) (= (3)
T A1

Lr/4)

where T is the period of oscillation, C is the capacitance, VO is the
initial voltage on the capacitor, and A3/A1 is the ratio of two suc- |
cessive peaks of the same polarity. The period T and the ratio
A?’/A1 can be found from the trace on the oscilloscope. Figure 13
shows the calibration traces for 5,000 and 10, 000 volt chargés on
a 14.5 micro-farad capacitor. A calibration factor can then be

found by dividing the quarter period current by the corresponding
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recorded output voltage. For the configuration used in the fracture
experiments, the calibration factor was 24, 815 amperes per volt of

the integrated signal.

Horizontal Scale: 50 psec/div
Vertical Scale: 0.2 v/div

FIG. 13

Calibration Traces for the Rogovski Coil

B. Calibration of the Loading Device

The relationship between the preséure applied to two parallel
flat strips Whren they are close together and conducting current in
opposing directions was given in Eqn. (2). In dimensional form for"
the case when the width of the strips is set at 3/16", Eqn. (2) has

the form:

P =4.0410°% 42 (4)
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whére i is in amperes and P is in pounds per square inch,

The approach taken in the experimental calibration of the
loading device was to attach semiconductor strain gages to plates
of Homalite and correlate the current from the Rogovski coil and
the stress determined from the output of the strain gages. It was
immediately apparent that the magnetic fields created by the higl;
currents in the loading strip and in the pulse-forming network would
generate considerable interference in the strain gage circuits and
loads. Two techniques were used to counter this problem. It was
found that placing large thin sheets of aluminum about the pulse-
forming network considerably reduced the noise picked up in the
strain gage circuitry. It had the added effect of eliminating appar -
ently spurious signals that were causing erratic behavior of the
control circuitry for the high speed camera.

The second technique involved the use of a Wheatstone
bridge and was highly effective in reducing the noise level. The
Wheatétone bridge [53] is frequently used to determine the change
in resistance which a gage undergoes when it is subject to a strain.
The bridge may be used as a null balance system whereby the strain
is proportional to a voltage excursion from a nominal zero datum.
The principle employed to reduce the noise is very similar to that
used in the temperature compensation of strain gages; namely,
placing an identical dummy gage physically near the active gage
so that both experience the same environment and unwanted effects
common to both are cancelled by the null balance feature.

A typical strain gage arrangement that was used for some
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of the éalibration data is shown in Figure 14, The gages are matched
BLH semiconductor strain gages, type SPB3-06-12. The gage length
is 0.06" and the basic gage factor and resistarce are typically
108.5 + 2% and 128.3 + 1% ohms. The gray rectangular object to
the left of the gages is a one-inch reference length. There are
actually three gages shown in the figure. There is a dummy gage
mounted on a thin piece of black plastic and two gages bonded back

to back on opposite sides of the calibration specimen.

FIG., 14

Photograph of Strain Gage Configuration
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Uncracked Homalite plates were used for calibration where

the load was applied to the 30" long edge as shown in Figure 15,

‘}x EE

24"

B e )

Strain
O gcges

FIG. IS

Uncracked plates were used for calibration in order to have a longer
strain record than could be achieved from the 18" ﬁotched specimen.
It was found that the current shape for the 30" strip could not be dis-
tinguished from the 18" strip for the same voltage on the capacitor
bank to within the resolution of the oscilloscope trace. This was
reasonable because the capacitance, inductancé, and resistance of
fhe strip were quite small compared to that which was integrally
associated with the kpulse—forming network.

During prelimihary attempts at calibration, it was found
that the measured strain differed in shape from that of a square

pulse with a finite rise time. It appeared that a high frequency
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component was superposed upon the expected shape, as can be seen
in Figﬁre 16. The top two traces are the integrated output of the
Rogovski coil with a slight shift in the zero position for two separate
loading histories resulting from the same initial capacitor voltages.
The sirhilarity of the two traces is typical of the repeatability of the

loading device,

Horizontal Scale: 50 psec/div
Vertical Scale Upper trace: 4960 amps/div
Lower trace: 43 psi/div
FIG. 16

Current and Strain Gage Traces for Non-Bonded Pressure Strip

The output of the Wheatstone bridge was also recorded except
that for one test, power was supplied to the bridge and for the other
the power was disconnected. The latter case was run to determine
the noise picked up by the strain gages and leads in the presence of

magnetic fields. This is shown by the lower nearly horizontal trace.
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The high frequency components were apparently due either to the
copper strip repeatedly hitting and rebounding from the plate edge
or to the presence of higher modes. It was found that when the strip
was bonded to the edge of the plate with "Elmer's Glue-all, ' repeat-
able and consistent strain records were obtained. Silicon grease
was tried as a contact agent and although it caused improvement,
it did not yield consistent results. Thus for the calibration and
for all of the dynamic fracture experiments reported here, the load-
ing strip was bonded into place.

Figure 17 is a polarcid record of foﬁr traces taken during
a typical calibration of the loading device. The top two traces
(without the zero offset) record the current history and the bottom
two represent the voltage measured across the Wheatstone bridge
for cases with and without power., The lower trace is a measure
of the noise and as before is quite small. There are, however,
two excursions (at 50 and 300 microseéonds) from a nominally zero
valﬁe. They occur when the ignitron is triggered and an arc is
formed to allow current to begin to flow and again when the current
is extinct and then reverses as an arc forms to allow the current
to flow in the opposite direction,

The difference between the bottom two traces is a measure
of the strain. It can be seen that there is no strain until 55 micro-
seconds after the load is applied to an edge. This delay is the time
required for the stress pulse to travel a distance of 4. 5'" to the
strain gages at the plate speed. The value of the plate speed

(81,000 in/sec) was confirmed on other specimens that had strain
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. Horizontal Scale: 50 psec/div
Vertical Scale Upper trace: 4960 amps/div
Lower trace: 43 psi/div
FIG, 17

Typical Current and Strain Records

gages at three, six, and nine inches from the leading edge. With
the measured plate velocity, a density of 0.00434 1b/in3, and using
a value of Poisson's ratio taken frorri other investigations [6, 40],
the modulus effective at wave propagation loading rates was found to
be 649,000 psi. This compares to a 540,000 psi value under static
conditions. The difference between the dynamic and static moduli
is indicative of the viscoelastic nature of Homalite which is dis -
cussed by Beebe [40]. For the rates of loading applicable to the
experiments described in this thesis and at room temperature,
Beebe's data indicate that a nearly constant value of the modulus

can be expected.
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To illustrate the sensitivity of the physical configuration of
the strain gage leads, let us consider an alternative to the one shown
in Figure 14. An alternative configuration was used in which the
ground lead was connected directly to one of the terminals instead

of to a2 "Y' formed wire and a short lead then connected two adjacent

tabs as shown in Figure 18,

FIG, 18

An Alternate Configuration of the Gage Leads

An experiment with the alternate wiring was performed and the
resulting trace is shown in Figure 19. Unlike the results shown‘
in Figure 17, the trace for the case of no voltage across the bridge
is large relative to the strain trace. Itis, however, still true that
the strain is proportional to the distance between the bottom two
traces, since the only difference between the two cases is thaj: the

noise common to one set of traces is more than the noise common

to the other set.
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Horizontal Scale: 50 psec/div
Vertical Scale Upper trace: 4960 amps/div
Lower trace: 43 psi/div
FIG. 19

Strain Gage Traces where the Electromagnetic Noise is Significant

The two strain measurements discussed above involve the
dummy gage attached to a small separate piece of plastic and the
gage attached to one side‘ of the specimen. It follows that the strain
readings dbtainedvin "this‘ manner would include éxiai and aﬁy bending
components that might exist, Bending components could be intro-
duced by misalignment iﬁ the loading strips resulting in a net
moment. In order to assess this possibility, the strain gage which
was bonded on to the specimen shown in Figure 15 on the opposite

side of the specimen was substituted for the dummy gage on the
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separate piece of black plastic. In this case, if the leads are sym-
metric then the signal recorded would be proportional to twice the
Vasymmetric components, The 'specimen was loaded twice as
ipreviously described and the result is shown in Figure 20. Ih this
case, as it was in simila;r tests, the asymmetric components of
strain were less than 10% of the axial strains for the period prior

to the arrival of the unloading waves.

Horizontal Scale: 50 psec/div
Vertical Scale Upper tracé: 4960 amps/div
Lower trace: 43 psi/div

FIG. 20

Strain Gage Trace of Asymmetric Strain Components

The vo'l_tage applied across the gages was on the order of
two volts, This is a relatively high value from considerations of
heat dissipation of non-conductive plastic-like materials. The high

voltages were needed, however, to give output signals that were
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large relative to noise. In order to avoid heating the gages and
thereby changing the specimen modulus, the voltage across the bridge
was pulsed for 400 microseconds. The result of this pulsing can be
seen in the previous four photographs in that the strain traces seem
to discontinue at 400 micfoseconds. At that point, the trace drops
to zero corresponding to zero bridge voltage, and the two traces
superpose.

The three photographs in Figures 17, 19, and 20 show traces
for the sfrain gage at 43" from the loaded edges. Data were also
taken from Celesco strain gages, P01-05-500, which were placed
3, 6, and 9 inches from the loaded edge. The gage factors for
these gages were determined empirically by cutting a strip out of
the test sp‘ecimen (plate) containing the three gages and then cali-
brating with known strains. A polaroid record of three different
tests from a Celesco gagenine inches from the loaded edge is
shown in Figure 21. The top three traces represent the current
for 4,000, 5,000, and 6,000 volt charges on the capacitor bank,

The corresponding strain records also appear but without the zero
power reference., This trace illustrates that stress wave rise-
time is independent of load level as expected and that while the
current varies linearly, the strain varies with the square of the
initial voltage on the pulse-forming network. Comparing the strain
traces of Figure ’22 with those of Figure 17, it is apparent that the
delay associated with the stress wave traveling 9" is twice that for

traveling 43" while the risetime is essentially unchanged.
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Horizontal Scale: 50 psec/div
Vertical Scale Upper trace: 4960 amps/div_
Lower trace: 59 psi/div
FIG. 21

Current and Strain Traces for a Family of Current Levels

It was' expected that some dispersion é,nd éttenuation would
occur as a pressure pulse developed by the electromagnetic device
traveled in the plate. Since it was not possible to record the strain
from gages located closer than approximately 3" ’co-thé loaded edge
of the plate (because of electromagnetic interference), during the
time interval 0 < t < 25 psec, compensation Was‘employed to correct
the strain gage measurements. To accomplish this, gages were
rplaced at threer six- and nine-inch distances from the loaded edge
and their responses were compared at various load levels. Figure

22 shows the stress for each of the gages normalized by the corres-

ponding stress at the three inch gage. The results indicate that
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atteﬁuation of the signal is indeed 'present. It has béen shown, using
modeled and measured material properties, that a pulse traveling
in a viscoelastic material at the gl_a.s sy velocity (i. e., the velocity
associated with glassy modulus) will decay exponentially with time
and distance [61, 62, 63, 64, 65]_. v Thus an exponential curve was fit
to the data shown in Figure 22 and extrapolated to yield the expec'ted
value of applied stress on the boundary.

The stress, as determined from the BLH strain gage located
41" from the loaded edge, is shown plotted (plot 4#1) against the
square of the measured current at various load levels in Figure 23.
When the compensation for attenuation described in the last para-
graph is applied, the corresponding curve for the stress applied at
the loaded edge of the plate is found to be the one labelled '"2". The
third curve (labelled ''3") of Figure 23 represents the theoretical
ei:pression given by Eqn. 2 for the ideal case. The empirically
determined factor relating the stress to the square of the current
is 3. 15><10-6, which is 78 percent of the value indicated in Egn. 2. *

The subsequent chapter contains the results of 11 dynamic
fracture experiments. In these tests, the Rogovski coil was used to
measure the current which, combined with the empirically deter-
mined factor, established the time-dependent tractions applied to

the crack surfaces.

*The 20% deviation from the expected behavior was discussed with
Prof. R. Langmuir at CIT. Corrections on the order of 5% are
needed to correct for deviation of the loading device from the ideal
geometry underlying Eqn. 2. Since the interest here was on gener-
ating a known pressure and not in electromagnetic theory, the
calibrated results were used without further work.
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6. EXPERIMENTAL RESULTS

Ten dynamic fracture experiments were performed in accord-
ance with the previous procedure. From the high speed cinemato-~
graphs, the crack extension as a function of time, the amount of time
that had elapsed before each crack had begun to extend from its .
original length, and the velocity and acceleration of each crack were
determined. From the stress and current calibration described in
the previous chapter, the stress applied on the crack boundary was
determined as a function of time for each experiment. These data
were then used in the analysis of the fracture process.

The field of view on the cinematograph was circular with a
7' diameter. The undisturbed crack was aligned along a diameter
with its tip located approximately 2" into the field of view. This
permitted a view of the crack tip region and the observation cf the
crack as it ran for the remaining 5'* before the tip left the field of
view, VAlthough a circular polariscope was used in conjunction with
the high speed camera, the quality of the photoelastic fringes did
not permit quantitative determination of the stress field. The fringes
did, however, aid in following the crack tip as it progressed.

The current trace for a typical experiment is shown in Figure
24. The trace has the same shape as those discussed in the section
on calibration and the other experiments in the test seléies. The
current of the local maximum occurring 25 microseconds after
triggering the loading device is 14, 400 amps, which corresponds
to 454 psi being applied to the crack faces. Figures 25a and b coh—

tain 12 prints, made from the high speed camera negative, and show
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Horizontal Scale: 50 psec/div
Vertical Scale: 4960 amps/div

FIG, 24

Current Trace from a Typical Fracture Experiment

the response of arcrack at 11 microsecond intervé,ls during the ex-
periment discussed in connection with Figure 24. The small rectangle
shown in the prints is a thin brass strip used as a reference length

(1'* long on its longest side). Two faint lines also appear in the prinfs,
These are reference scratch marks made on the ‘pla.te and, if extended
toward»the crack, would intercept the crack tip gnd the outside radius
of the c‘opper strip, respectively. The initial frame in the series
shown in Figure 25a is the plate in the unloaded state. Subsequent
frames have dark regions which are indicative of the stress waves

that propagated away from the crack region.

The 35 mm film from this and the other experiments were



_53_

0 psec 33 usec

11 psec 44 psec

22 psec 55 psec

FIG. 25a. High Speed Cinematographs of a Fracture Experiment



88 usec 121 pusec

FIG, 25b., Continuation of High Speed Cinematographs
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displayed on a Recordak viewer that allowed a seventy-fcld lineal
magnification. That enlargement correspondad to an image at twice
the real scale. Measurements were made from the initial location
of the crack tip to its location as shown in each photograph for each
specimen, It was estimated, after a series of repeated measure-
ments of initial crack lengths displayed on the Recordak viewer, "
that the error in measurement was + 0,03,

Figure 26 is a plot of the crack extension as a function of
time for each of the experiments., KEach curve is composed of
between 20 to 50 points, which for reasons of clarity in plotting,
have been omitted from the figure. The curve corresponding to
the highest current in the copper strip, and hence the highest
applied stress, is the curve at the far left of Figure 26, The curves
progressively to the right correspond to decreasing values of the
current flowing in the loading strips. Two of the curves plotted in
Figure 26 are discontinuous. The omitted sections were due to a
design quirk in the high speed camera which randomly causes loss
of 8 frames. The data lost from these two experiments were not
critical with respect to the intended purpose of determining the
onset of crack propagation and, therefore, the residual data from
the affected experiments were included in this account. The terminal
crack velocities ranged from 10, 600" per second to 17,500" per
second and show a consistent increase with the increasing level of
the boundary loading. Previous iﬁvestigators using quasi-static
loading reported terminal crack velocities of 15, 300" and 15, 000"

per second for Homalite [4,40].
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Determination of the exact time at which initial crack growth
occurred as well as the acceleration and velocity of the crack close
to the initiation time are necessarily below the resolution inherent
in the high speed photographic system. It is also true that regard-
less of the fineness of the resolution of the crack monitoring system,
an uncertainty will exist as to the start and initial behavior of the
crack, It was therefore neceséary to devise a consistent criterion
that can be used to characterize thé onset of crack propagation.
Near the time of crack initiation, the crack extension history ex-
hibits a nearly linear relationship with time. Figure 27 shows the
same data as Figure 26, but with an expanded ordinate scale and
data points with error estimates included. The data are linearly
extrapolated to intersect with the line of zero extension. The time
corresponding to that intersection is chosen as the characteristic
time of crack initiation. Experiments by D811 [55] on plexiglass
indicated that a crack would accélerate from a few cm/s to
1.4 104 cin/s in less than 0. 10 mm. This would suggest that the
criterion chosen could be quite reasonable., Table 2 summarizes
the crack initiation times, the approximate crack terminal velocities,
and the maximum value of the stress applied at the boundary, WhiCh‘
occurred about 25 microseconds after the start of the experiments.,
Figure 28 shows the stresses applied to the crack surfaces
as a function of time for each of the experiments. These were deter-
mined by applying the calibration relation to the oscilloscope traces
of the current. The time of fracture initiation is indicated on each

curve. The correlation of the time to failure and the applied stress
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Table 2
Boundary Traction Time for Terminal Crack
after 25 psec (psi) Crack Initiation Velocity
(nsec) (in/sec)
51 399 -
79 187 10, 600
113 139 12, 500
153 113 14,500
202 100 15,000
315 81 16, 000
454 71 17,500
617 43 17,500
802 40 17,500
1020 A 34- 17, 560

on the boundary would not, however, be expected to be highly sig-
nificant since it is the stress state at the crack tip and not that along
the crack surfaces which determines fracture. In the case of
dynamic fracture, stress waves are generated on the crack faces
and travel in the plate toward the crack tip at sonic speeds. There-
fore, to characterize the fracture process, the stress state at tbe
crack tip prior to and at the time of fracture had to be determined.
The photographs of the photoelastic patterns about the crack tip did
not show sufficient resolution for this pﬁrpos e. As an alternative,
an analysis was performed with the stress histories shown in Figure
28 as the applied boundary conditions. A description of the analysis

and its results are presented in Chapter 7.
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One peripheral result of the experiments had to do with crack
branching during three tests at higher load levels. For the lower
load levels the crack propagated along a nearly straight line colinear
with the machined slot, and the surface generated by the propagating
crack had a glassy smooth texture. The cracks that branched had
the same behavior for approximately two inches of initial propag:at'lon.
Beyond that the surface roughness increased progressively up to the
branch point where extensive local material damage was evident.
Prints made from the high speed camera negatives of different
experiments are shown in Figure 29, The photographs indicate
that in each case the crack formed three branches., One of the
branches typically propagated along a line nearly colinear with the
original propagating crack and the other two branches propagated
along lines that were close to + 45 degrees from the center branch.
In the photograph of the experiment with the highest load, Figure
29¢c, it appears that one of the branches does not start simultaneously
with the other two. Upon closer inspection of the failed specimen,
if is observed that the region where bfanching initiated is highly
damaged and the three branches started closer to one another than
can be inferred from the photograph. For that same case, the
center branch ran approximately 1" before it branched again into
three crack segments. This time the outer branches propagated
along lines that were approximately + 22 degrees off the center
branch. A summary of the bra.nclﬁing data is listed in Table 3 below.
After branching, each of the three new cracks had a velocity close

to the 17, 500 in/sec. For the highest load level, the two outer
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Table 3
Load Level Approximate Time  Distance Traveled Crack
(25 psec after at Branching Before Branching Velocity
start of lecad) (psec) (in) at
(psi) Branching
(in/sec)
617 344 4.1 17, 500
802 333 4.1 17, 500
1020 277 3.5 17, 500

branches also branched again, but with only two branches. It is also
of interest to note that the crack with the highest applied load
branched before stress waves reflected from the edges of the plate
had arrived at the region where branching occurred.

Branching had been observed previously in dynamic fracture
experiments involving Homalite [4, 40]; however, the reported
branching involved two branches. The difference between the ex-
perimental configuration ué ed here and the previous dynamic frac-
ture work that could account for the additional branch has to do with
the nature of loading. In the previous work, the specimen was
loaded statically until the crack ran which would develop a different
stress field about the crack tip than that generated in this study by

a dynamic loading device.
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7. ANALYSIS OF EXPERIMENTAL DATA

The "modern'' theory of fracture is founded on the proposition
by Griffith [1] that the state of the material at the tip of a crack or
flaw determines the fracture behavior of a solid. It follows then that
the tractions applied at boundaries are significant in that they, as
well as the specimen geometry and the material constitutive behavior,
are elements that determine the material state near the crack tip.
Griffith further proposed an energy balance criterion to describe the
start of crack pi'opa.gation, which incorporated the concept of an
energy requirement for the creation of new surface, This criterion
specifies that when the release rate, G, of strain energy by the
extension of a crack exceeded the rate of energy necessary for the
creation of new surfaces, Y, fracture could occur; i.e., a crack

becomes unstable when
G =2y (5)

Experiméntal evidence by Griffith and others [56] tend to support

the energy balance criterion. A measure of the strain energy release
rate is required for the application of the criterion and is generally
obtained from a linear elastic solution for the stress state in the |
solid, The analyses typically involve a two-dimensional model of
what is called an ''ideal'! crack, represented by a straight line dis-
continuity in the solid., Near an end of an ideal crack, which has

zero radius of curvature, a singular stress field exists. The coeffi-
cient of the singularity, as mentioned earlier, is called the stress

intensity factor K, For the case of symmetric loading, which
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invélVes only a crack opening mode, Irwin has shown that the stress
intensity factor can be expressed in terms of the strain energy re-
lease rate [2]. Since it is necessary to deterrnine K in order to
calculate G, the common practice now is to consider only K in dis -
cussions of fracture. The above comments have dealt with statig
loading cases; however, the basic concept carries over to the dy-
namic case. The analysis, of course, is complicated by the inclusion
of thé inertia terms in the governing equations and the addition of a
kinetic energy term in the energy balance criterion. The relation
between the dynamic stress intensity‘ factor, which is a function of
time, and the strain energy release rate, has the form

1-v% 2 =

G=-—4— K" AQ) (6)

where E and v are Young's modulus and Poisson's ratio respectively
and A(l.) is a crack velocity dependent factor [17], For a stationary
crack, A(l.) is identically equal to unity.

Thus, if the energy criterion used to predict the start of a
crack propagation for the static case is valid for the dynamic case,
then there would be a corresponding critical stress intensity factor
that could be used to describe the onset of crack propagation. That
question is addressed in the remainder of this chapter. First,
however, it is necessary to discuss the analysis used here to calcu-
late the stress intensity factor.

Freund [18] has given the solution to the plane strain prob-
lem of a semi-infinite crack in an unbounded elastic solid that

suddenly has equal but opposite concentrated forces applied on the
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crack surfaces. (See Figure 30 below.)

AF

YF Z
FI1G, 30

The problem was solved by substituting displacement potentials into
the governing equations. Application of a Laplace transform on
time and a bilateral Laplace transform on the spatial variable x,
followed by the elimination of the parameters of integration, yield

a single Wiener-Hopf type equation. This equation was factored and
the unknown normal stress, 0 along the line z =0 and for x> 0
was then det‘ermined directly. The time dependent stress intensity

factor was then found from the following limit

1
K(;2) =1lim (2mx)%0 (x,0,t;¢ 7
(t;2) . 0+( TX) zz( ) (7)

The solution for the problem of sudden concentrated equal and oppo-
site forces on crack faces forms a Green's function that can be used

for any general spatial and time-varying loading by the superposition

t o o
K'(t) = [ ds [ K(s; 0)p(2) £(s) ds (8)
(o] (o]

where p(f) is the spatial pressure distribution function and f(s) is

the derivative of the time-dependent proportionality factor for the
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applied tractions. A computer program was written to integrate
Egn. (8) numerically; p(£) and f(s) are arbitrary and determined in
the experiments by the particular experimental circumstances, A
minor deviation from Freund's plain strain solution was incorporated
with respect to dilatational wave propagation. Instead of plane
strain conditions, the experimental arrangement resembles a plane
stress condition as the plate thickness, 3/1 6!, is small, as dis-
chkssed in Chapter 3, relative to the wavelength of 8" for a wave
with a quarter period equal to the risetime of the stress pulse
applied to the crack faces. Since the plate and loading conditions
closely resembled the plane stress condition, the usual adjustment
was made of substituting the plate velocity for the dilatational
velocity [58}.

The computer program was checked by solving particular
problems and comparing the results with known closed form solu-
tions. A discussion of two of these problems is instructive with
regard to. the experimental effort and is therefore presented here.

The first of these is the problem (discussed in Chapter 2)
of a sudden pressure applied uniformly along the faces of a semi-
infinite crack., The following table lists the normalized stress
intensity factor determined from Baker's [14] solution for the nor-
malized stress intensity factor and that from the computer program
under similar conditions, The difference between the two values of
stress intensity factors for this example, which is small, results
from the fact that some arbitrary small distance close to the crack

tip remains unloaded for the‘computer solution., This poses no
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Table 4
Time KI KI
(psec) (Baker) (Green's Function)
0 0 0
20 1. >34-6 1. 289
40 1.903 1. 857
60 2,331 2,306
80 . 2.691 2, 666
100 ' 3,009 2,983
120 3. 296 3. 264
140 3.560 3.492

difficulty for the analysis of the experimental work since the short
hairline extension of the machined slot in the specimen was not
loaded either. In fact, the capability of accAounting for an arbitrary
unloaded length near the crack tip was the motivation for using this
Green's function solution.,

Another check of the computer program involves the compar -
ison of a known statié stress intensity with the dynamic stress inten-
sity factor after a sufficiently long time. Long time in this case
refers to the time required for the passage of the slowest wave that
would have an influence on the material near the crack tip. Consider
for example the tractions shown in Figure 31.

If the tractions were not a function of time (i.e., the static
case), then the stress intensity factor could be found from Egn. (9).

z P p(x)dx
- 4= 220X (9)
Fr ‘/’: [oo y =
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FIG. 31

The spatial distribution as shown in Figure 31 is
P(x) = 1 H(x - })H(3-x) (10)

where H is the Heaviside step function. Solution of Egn. (9) with
P(x) given by Eqn. (10) yiehlds a stress intensity factor of 1,635,
For the case where the tractions are the function of time
shown in Figure 31, which is an arbitrary example, the dynamic
stress intensity factor found with the computer program is shown

in Figure 32.

.635 4+ !
KI :

: 85u sec

Time
FIG. 32

Dynamic Stress Intensity Factor for the Example Shown in Fig. 31
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The time of 85 microseconds equals, as expected, the loading rise-
time plus the time required for a disturbance travelling at the
Rayleigh speed (slowest wave velocity in the solid) to travel the 3"
to the crack tip in a material possessing the elastic properties of
Homalite,
From this later problem it can be seen that the Rayleigh .
wave, which can be described as a phenomenon associated with a
'frt_a.e surface, is significant with respect to the physics of the prob-
lem. The fact that a thin copper strip is bonded to the crack faces
would necessarily affect the Rayleigh wave behavior. Also, the
three-dimensional aspect of the problem along the corners formed
by the crack faces and the sides of the plate would also tend to
alter the Rayleigh wave behavior. |
Despite these departures from what might be considered
ideal boundary conditions, it remains true that a highly repeatable
family of normal tractions can be applied to the faces of the crack.
Since the copper strip is quite thin (0.02") compared to character-
istic wavelengths (8."), behaves as an elastic solid, and has one
free surface and the other bonded to the specimen, the approxima-
tion of a crack in homogeneous material would appear reasonable.
The computer program was found useful in assessing the
sensitivity of the stress intensity factor to small cha.ngeis in loading
parameters. Two parameters, in particular, were considered
candidates for investigation. The first of these had to do with the
risetime associated with the boundary tractions. The stress

intensity factor was previouély known for the case of the step
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function in time., For the purpose of comparison, the stress inten-
sity factors were calculated for the cases of ramp loading to a
constant value., The durations of the ramps were chosen as 20 and
50 microseconds. In all three of the examples, the tractions were
applied uniformly along the crack surfaces starting at the crack tip.
The results of this investigation are shown in Figure 33, The can-
clusion is that the rate of loading is a significant parameter in
‘ca.l‘culating the dynamic stress intensity factor, but the low varia-
bility of risetimes (less than a microsecond) that can be achieved
with the electro-mechanical loading approach results in a stress
intensity factor that is rather insensitive to risetime variations
between the tests reported here,

The second parameter that was investigated for effect of
variability on the stress intensity factor was the distance of the
stress-free boundary between the crack tip and the loaded portion
of the crack surface. The computer program was used to calculate
the dynamic stress intensity factor for the cases of a load being
ai)plied as a step in time and for stress-free lengths of 0, 2" and
0.5" from the crack tip. The results of this study are shown in
Figure 34. The conclusion which can be drawn from this figure is
similar to that drawn from the study of variation in time; namely,
the effect is significant but is relatively insensitive to small varia-
tions in the length of stress-free regions. The stress-free regions
for the experiments varied from O 125" to 0. 1875",

The ultimate objective in developing the general program

was to compute the dynamic stress intensity factor as a function of
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time for each load history recorded experimentally. It was found
that the load histories that could be measured from an os cilloscope
were indistinguishable except for a scale factor relating to the load
level. Since the unloaded region near the crack tip varied only
slightly, the dynamic stress intensity factor was found for a particu-
lar case and scaled according to the stress level. |

In order to use the Green's function approach, it is necessary
to slpecify a spatial representation of the applied stress along the
crack surfaces and a time history of that stress., A representation
of these distributions is shown in Figure 35 and they are discussed

below.
0.125L1 ,'
Y

o I 4 \ i

_

230 sec
time H

FIG. 35

Schematic of Time History and Modified Spatial Distribution
Used in Calculation of Experimental Stress Intensity Factors

The time history of the applied loading was calculated from the
current trace recorded during each experiment (shown in Figure 28).
The spatial distribution of the tractions applied to the crack surface
was identically zero from the crack tip to the outside radius of the

copper loading strip. It was assumed that the stress increased
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linearly from the outside radius of the copper strip to the inside
radius (a distance of 0.02"), From the inside radius of the strip to
the edge approximately 18" away, the applied loading‘ was taken as
unity. From the strain gage calibration of the loading device (dis-
cussed in Chapter 5), it was known that attenuation of stress waves
in Homalite occurs as the wave propagates. This attenuation was
compensated for by modifying the spatial distribution of the applied
tracf;ions. The modification was accomplished by multiplying the
spatial distribution by an exponential that decayéd along the crack
faces with increasing distance from the crack tip. The rate of
decay was taken to be identical to that found in the attenuation
measurement during calibration (shown in Figure 22), The dis-
tributions shown in Figure 31 rdepart from the "ideal'' case that was

originally sought and which is shown in Figure 36 below. The

O.|25Lf._
- | Frrrt

20pm sec
time

FIG. 36

Schematic of an Ideal Time History and Spatial Distribution
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stress intensity factors for the actual case shown schematically in
Figure 35 and the ideal case shown in Figure 36 were calculated
with the computer program and are shown in Figure 37. It can be
seen from the figure that, although the boundary conditions between
the cases are significant, the stress intensity factors for the two
cases are quite similar., The stresvs intensity factor that was deter-
mined from the experimental data has a maximum at about 200
ﬁlicr;)seconds which corresponds to the time at which the level of
the applied loads begins to decrease. Until that maximum, the
stress intensity factor approximately increases linearly with time.
That approximation will be useful in a subsequent discussion of a
simple model of the fracture behavior,

The dynamic stress intensity factors, calculated using
experimental data, are shown for the ten fracture experiments in
Figure 38. The points on the curves indicate the onset of crack
propagation and were determined from the high speed photographs,
as described in Chapter 6. It should be noted that the Green's
function solution for the stress intensity factor is only valid until
the instant the crack begins to propagate. Freund [17] gives a
solution for the stress intensity factor when the crack is moving,-
but that information is not needed for this analysis,

The value of the stress intensity factor (discussed above) when
the crack becomes unstable and propagates rapidly is called the
critical stress intensity factor or the (dynamic) fracture toughness,
which is generally taken as an intrinsic material property. It will

be recalled that a principal objective of this study was to determine
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FIG. 37, Normalized Stress Intensity Factor versus Time
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the effect of loading rate on the critical stress intensity factor. To
accomplish this, several standard fracture toughness tests were per-
formed on compact tension specimens at low loading rates with an
Instron test machine, Bradley [6] performed a series of similar
fracture toughness tests at a single rate* which was lower than that
which could be achieved with the Instron, The fracture toughness

for these quasi-static tests, as well as the data from the dynamic
tests, are plotted in Figure 39, against the logarithm of the time

to failure. For the quasi-static tests, the rate of loading was linear
with tirﬁe. Fér the dynamic tests, the rates correspond to the

slopes of the curves in Figure 38.

The data of Figure 39 seem to indicate the existence of a
minimum value of the fracture toughr;ess. (For convenience, it will
be referred to as the "minimum!" in subsequent discussions.) A
possible explanation of the observed behavior of the fracture tough-
ness has to do with the viscoelastic behavior of the material. Of
course, thé material at the crack tip is highly strained and a precise
description of the constitutive behavior at such strains is unknown, s
It would not be unreasonable though to expect significant plastic or
viscoelastic deformation to occur close to the crack tip where thé
strain gradients are, due to the sharpness of the crack tip and the

B s

*Inferred from Bradley's description of spevcimen and crosshead
speeds. ;

*%In fact, the reason for performing tests with cracked specimens is
that it is the only reasonable method known of achieving the constitu-
tive state at the crack tip.
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resnﬂti:ng stress concentration, quite large.

If one postulates viscoelastic behavior in 2 region close to
the crack tip for rates sufficiently slow (i.e., quasi-static) then
the relaxation associated with creep would tend to unload the crack
tip. This would mean that fracture events with longer times to
failure would have longer times for the material to relax near the
crack tip and in effect could withstand higher applied loads. Since
'stress intensity factors are calculated on the basis of linear elas-
ticity, the critica.l stress intensity factor would be higher for such
cases,

The above discussion pertained to rates of loading that were
qguasi-static, The data.in Figure 39 clearly indicate that at very
high loading rates the fracture toughness is highly dependent on
the rate of loading, but in that case, it increases with increasing
rate. This fact suggests that some factor that was not significant
for quasi-static loading becomes dominant for dynamic loading., It
is known that for dynamic crack propagé.tion the temperature at the
crack tip rises to quite high values. For the organic glass PMMA,
this mean temperature rise was calculated to be about 400°K, using
measurements of the infrared radiation from the crack tip by Fox
and Fuller [72] and Fuller, Fox and Field [73]. Weichert and
.Srchlinert [69] have also found temperature rises on the liorder of
1000°K for glass and steel using light emission measurement tech-
niques,

Although the temperature rises discussed above pertain to

running cracks, it is not unreasonable to expect some similar



-82-
effects to occur for the high loading rates that can be achieved with
the electromagnetic loading device. Increasing the temperature of
a viscoelastic material shifts the relaxation spectrum to shorter
times (i, e., the material becomes more viscous). Hence the abrupt
increase in toughness for the very fast loading rates may also be due
to relaxation, in the highly local region surrounding the crack tip,
which is a result of the strongly non-linear interaction of tempera-
ture and material behavior,

Let us now consider a very simple idea on how the result of
fracture may be related to the time history of the stress intensity
factor. It is based on ideas that have been used to explain the
apparent increase in toughness of metals observed in spallation
experiments by Field {66], The model is an extension of one
devised by Dugdale [67] to account for plasticity at a crack tip and
by Barenblatt [68] to circumvent the singular stress, at the crack
tip, that is found from elastic analyses. Dugdale assumed that
the1“e exists a yielded zone extending from the crack tip as shown

in Figure 40 where § is the crack tip opening displacement. For a

cohesive zone

Jlnsas

FIG. 40

Dugdale-Barenblatt Model
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uniform stress, s in the cohesive zone, the crack opening dis-

placement can be represented in terms of the stress intensity factor,

KI’ and the material properties outside of the zone by the following
expression
2
K
_ K+l 71 ,
5 =56 5, (1)

where G is the shear modulus and, for plane strain, K = 3-4v [70],
Goodier and Field [71] assumed that fracture for a material having
such a cohesive zone occurred when the strain at the crack tip

reached a critical value, €0 defined by
€, =90 /4 | (12)

where £ is the initial unstrained length. Field [66] extended this
model for dynamic loading situations by stipulating that the stress
registing the opening of the elastic region (i.e., 0‘0) is time depen-
dent and governed by an appropriate rate law.

For the present purpose, let us try to describe the high rate
fracture observed hére by assuming that o, is proportional to the
strain rate. This assumption is roughly consistent with the previous
argument that heating causes the crack tip region to be highly viscous.
Since the rate of loading was nearly linear in the experiments, it was

convenient to characterize the strain rate by

. eu
é = — (13)

where 7 is the time at failure and €4 is the strain at failure and,
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following Goodier and Field, is assumed to be a constant.* Com-
bining Eqns. 11, 12 and 13, one finds that the stress intensity

factor at failure (i.e., the fracture toughness) is given by

K. = constant (14)

I 1
: 2
T

The primary data from the high rate fracture experiments were the
»values of KI and T at failure. These points are plotted in Figure
41, Also shown in the figure are Eqn. 14 and a curve representing
a least square exponéntial fit of the experimental data.

While the model is very crude and its evaluation correlates
only with a limited portion of the experimental results, its sim-
plicity allows consideration of the basic aspects of a very complex
process. The similar slopes of the two curves plotted in Figure 41
suggest that the hypothesis of local heating causing increased vis -
cous effects may be valid. " The apparent heating effect at high
loading rates on the fracture toughness found here may also extend

to other classes of materials. The loading device built for this

work could be effectively used to study that question further,

- e e e owe e

*This constant is unknown and the theoretical results accordingly
can only be found to within a constant,
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