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ABSTRACT

DyNAMIC crack propagation experiments have been performed using wedge loaded double cantilever beam
specimens of an austenitized, quenched and tempered 4340 steel. Measurements of the dynamic stress
intensity factor have been made by means of the optical method of caustics. The interpretation of
experimental data, obtained from the shadow spot patterns photographed with a Cranz-Schardin high speed
camera, is based on an elastodynamic analysis. The instantaneous value of the dynamic stress intensity factor
K¢ is obtained as a function of crack tip velocity. Finally, the interaction of reflected shear and Rayleigh
waves with the moving crack tip stress field is considered.

1. INTRODUCTION

A VARIETY of criteria based on the results of stress analysis of cracked solids and on the
experimental evaluation of the fracture behavior of real materials can be imposed in the
safe design of structures. For proper material selection, the general performance
characteristics of the material class under consideration must be known. If the fracture
initiation resistance of materials were always to increase with loading rate and if crack
propagation resistance were independent of crack tip speed, then quasi-static tests
could be used to establish material parameters for design. This is not the case, however,
for some structural materials and it is thus necessary to perform dynamic initiation and
propagation experiments for proper characterization of the materials. Even in cases
where the loading is quasi-static, behavior similar to that which occurs under rapid
loading may be exhibited at the tip of a dynamically propagating crack due to the
higher strain rates present locally. Thus, for structural materials, both the fracture
initiation and subsequent propagation must be taken into account; and with a view
toward crack arrest criteria, the resistance of the material to rapid crack propagation
must be known also. A dynamic fracture criterion based on the stress intensity factor
may be expressed as a simple generalization of the familiar static criterion. This is done
by the introduction of a time dependent amplitude factor K4(r) as a feature of a transient
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stress field and an experimentally determined critical value K{, that is assumed to be a
material property.
For a propagating crack the fracture criterion is assumed to take the form

K{ = Kiv)

where v is the instantaneous crack-tip speed. The actual dependence of KY_on v must be
determined by experiment.

Direct optical methods based on light wave interference have been used in the past
few decades for the study of stress ficlds in the vicinity of dynamically propagating
cracks in nominally elastic materials. Through their application, important advances in
the study of rapid fracture have been made, in particular by DaLLy (1979) and by
KoBayasHl (1970, 1978). However, these methods are restricted to transparent
materials unless one adopts the method put forward by KoBayasHr and DALLY (1980)
in which opaque materials are covered with transparent coatings. MANOGG (1964)
introduced the method of caustics, a technique based on geometrical optics, and also
known as the shadow spot method. Through such contributions as those of THEOCARIS
and GpouTos (1972), BEINERT and KALTHOFF (1979), RAVI-CHANDAR (1982) and Ravi-
CHANDAR and KnNauss (1982) this method has become established as a standard
procedure for the measurement of dynamic fracture toughness of nominally elastic
transparent materials. It has the advantage over other methods of providing a direct
measure of the crack tip field and the corresponding crack tip speed independently of
the geometry of the specimen, the detailed boundary conditions, or the complex stress
wave pattern in the specimen. In addition, within the past few years, Rosaki1s (1980) and
Rosakis and FrReunD (1981, 1982) provided analyses to account for the effects of
material inertia and crack tip plasticity in the interpretation of shadow spot data
obtained with light reflected from specimens of opaque structural materials.

The present paper presents a description of dynamic crack propagation experiments
on double cantilever beam specimens of a high strength steel. Measurements of the
crack tip deformation field and of crack spced during propagation have been made
using the optical method of caustics in reflection. Initially, this method was used in
experiments involving rapid crack propagation and stress wave loading by BEINERT
and KALTHOFF (1979) and more recently by GornsmitH and KATsaManis (1979). In
each case it was assumed that the elastic stress field near the tip of a rapidly propagating
crack in a nominally elastic solid has precisely the same spatial variation as the elastic
plane stress field near the tip of a stationary crack. More recently, both KALTHOFF et
al. (1979) and Rosakis (1980) reanalyzed the method as applied in dynamic fracture
to estimate the effect of material inertia on inferred values of stress intensity factor.
Furthermore, a first attempt to incorporate both inertia effects and crack tip plas-
ticity effects in the analysis underlying the use of the method was presented by
Rosakis and FrReunD (1981). This work resulted in estimates for the limits of
applicability of the quasistatic elastic model as a basis of the method.

In the work described here, the shadow spot patterns corresponding to dynamically
propagating and subsequently arresting cracks have been photographed with a high
speed camera of the Cranz-Schardin type. The instantancous value of the dynamic
stress intensity factor K¢ and of crack length arc obtained at several different times, and
the variation of fracture toughness with crack speed is inferred.
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For a propagating crack, the instantaneous value which the stress intensity factor
assumes is the dynamic fracture toughness. The results of the present experiments show
that dynamic fracture toughness is an increasing function of crack tip speed for the 4340
steel tested. This behavior is consistent with the predictions of a theoretical analysis
presented by FREUND and DoucGLas (1982) and DouGLas (1982) of dynamic elastic—
plastic crack growth in a strain rate independent material under conditions of
contained yielding according to a critical plastic strain crack growth criterion.

The experimental results show that the stress intensity factor and the corresponding
crack tip speed undergo abrupt changes during the growth process. It is possible that
these changes are due to stress waves which are emitted from the crack tip when it
suddenly begins to grow, and which are subsequently reflected back onto the moving
tip from the boundaries of the specimen. These variations, which complicate the
analysis of the experimental data, have been interpreted in terms of simple analytical
models of cracks propagating rapidly in DCB (double cantilever beam) specimens.
Because of the uncertainties involved, however, this analysis is somewhat speculative at
the present time.

2. THE FORMATION OF SHADOW SPOTS BY REFLECTION

For opaque specimens the optical shadow spot pattern is formed by the reflection of
light from the polished specimen surface. We consider a planar specimen occupying a
region of the x;, x, plane and of uniform thickness d in the undeformed state. The
specimen contains an edge crack and is subjected to specified in-plane tractions and/or
displacements along its outer boundary. Under load, the change in thickness in the
vicinity of the crack tip is non-uniform and the equation of the deformed specimen
surface is given by

X3 = —f(x1, x3). (1

As shown in Fig. 1, if a beam of parallel light rays travelling in the x; direction is
normally incident upon the deformed specimen surface, then, upon reflection, the light
rays no longer will be parallel. Furthermore, if certain geometric conditions are met by
the reflecting surface as described below, then the virtual extensions of the reflected rays
will form an envelope describing a three-dimensional surface in space. This surface,
called the caustic surface, is the locus of points of maximum luminosity. Its intersection
with a plane parallel to the specimen defines the caustic curve, which can be recorded
photographically. For this purpose a camera is positioned in front of the specimen and
focused onto the “screen”, at a distance z, behind the plane of the undeformed
specimen; see Fig. 1. The reflected light field provides an image of the caustic curve
surrounding the shadow spot at the focal plane of the camera.

A convenient method of finding the equation of the caustic curve involves the
mapping of points x; of the reflecting surface on to points X, of the “screen”. These two
sets of coordinate axes are parallel, respectively, to one another and separated by a
distance z,. When the incident light rays are reflected from the point x; their virtual
extensions will intersect the “screen” at the image point X, as shown in Fig. 1. The
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equations of the mapping were first derived by MANOGG (1964), who showed that
X!' - x['izzt) af/f‘x‘, (2)

where f, the lateral contraction of the specimen is given by (1), and where the choice of
sign depends on whether the image is real or virtual (a positive sign for transmission
caustics and a negative sign for reflection caustics). It should be noted that the mapping
equations for arbitrarily large deformation of the reflecting surface reduce to (2) when
both | f/z,| and |df /éx,| are small compared to unity; this result was contained in the
work of Rosakis (1982).

Ascan be seen in Fig. 1, the caustic curve is the intersection of the caustic surface with
the plane on which the camera is focused, i.e. with the “screen”. The mapping
represented by (2) is not invertible for those points lying on the caustic curve, and the
Jacobian determinant of the transformation must vanish at those points which map
into the caustic curve according to (2), that is,

X Xa) _

A S g, 3
Axy,x,) )

J(xl’ XZJ =
The initial curve may be defined as the locus of points on the specimen for which J(x,,
x,) = 0. Thus the caustic, which is the curve of high luminosity on the “screen”,
corresponds to reflections from the vicinity of the initial curve on the specimen. This
property gives the initial curve considerable significance. The size of the initial curve
relative to that of the plastic zone plays an important role in the analysis of caustics in
the presence of crack-tip plasticity. Since the initial curve represents those points
responsible for the generation of the caustic, its position in relation to the plastic zone
will determine the type of information obtained on the “screen”.
The dynamic crack propagation experiments described below were performed under
conditions of small scale yielding with a plastic zone diameter of approximately 2 mm.
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Special care was taken to ensure that the size of the initial curve was at least twice that
of the plastic zone. As shown by Rosaki1s and FREUND (1981), this size requirement must
be met in order that an elastic dynamic analysis of the caustic pattern be valid. For
clastic deformation of a plate of uniform thickness 4 in a state of plane stress, the
deformed shape of the reflecting surface in (2) is given by:

Slx, x5} = vd(o +021,)/2E. “4)

where v is Poisson’s ration, E is the elastic modulus, and ¢, + 0, is the first stress
invariant. By making use of the results cited above, one can show that for steady
dynamic growth of a tensile crack under plane stress conditions,

K1 +af
KA %) peranzyie, (5

gy +02; = —(L+v?p
where p is the material mass density, v is the speed of crack growth, p is the elastic shear
modulus, z; = x; +ix,%, and Q@ = dag,—(1+0ol)>. The parameters x, and x, can be
evaluated through the equations «, = (1—v?/c})""?, where ¢, and ¢, are the
longitudinal and shear elastic wave speeds, respectively.

The equation of the caustic curve is then obtained by substituting equations (4) and
(5) into the optical mapping (2) and by imposing the condition for the existence of a
caustic curve, given by (3). Finally, the instantaneous value of the dynamic stress
intensity factor can be expressed as a function of the maximum transverse diameter D of
the caustic curve as

2(275)] F‘ZE[%las"'“ + g!.92}2] Ds/g

d —
K(t) = Clay) zovd(1 +o2)(0f —a?)

(6)

As shown by Ma (1982), the coefficient C(x) in this expression can be approximated
quite accurately by C(a) = (6.8+ 14.40,—2.607) x 10~ 3. Expression (6) was used
throughout the present paper in the interpretation of the results of the dynamic
propagation experiments performed with the 4340 steel specimens.

3. THEe DyNnaMic CRACK PROPAGATION EXPERIMENTS

The specimens used in this investigation were of the single edge crack configuration
commonly known as the double cantilever beam, or DCB. Since this geometry is one
frequently employed both in analytic and in experimental fracture investigations, its
adoption here makes it possible to compare present results with those of other
investigators as for instance KANNINEN (1978) or NisHioka and ATLURI (1982). The
specimens were machined from steel plate of commercial AISI 4340 steel. Their final
dimensions were 229 mm by 76 mm, with a thickness of 12.7 mm. The precrack, which is
introduced by means of a spark cutter, runs along the center line of each specimen to a
length of 63.5 mm and ends at a 1.40 mm drilled hole. Figure 2 shows the experimental
arrangement, including the two wedges used to force open the crack. These wedges bear
on two hardened steel pins of 16 mm diameter, one in each arm of the specimen. During a
test, the wedges are brought down by a slow-moving hydraulic ram, while the other end
of the specimen is clamped on a firm base.
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There are a number of advantages in the experimental method adopted. Since the
crack tip is blunted by the drilled hole, a load greater than that needed to grow a sharp
crack is required before the onset of fracture initiation, resulting in a relatively high
initial crack speed. Thus the range of this study includes higher crack speeds. In
addition, in this experimental configuration the crack grows into a region of decreasing
load intensity so that, under suitable conditions, the fracture can be arrested within the
specimen before it is completely divided. Finally. as shown by COTTERELL and RICE
(1980), this mode of loading results in a crack which usually grows along a fairly
straight line down the center of the specimen, thus avoiding a curved crack which
would make interpretation of the caustic patterns difficult.

The material heat treatment consisted of austenitizing at 843°C (1550°F) for 1 h,
followed by an oil quench and a temper to 316°C (600°F) for 1 h. After this heat-
treatment, the crack was spark-cut to the drilled hole, then one face of the specimen
was ground, lapped and polished to produce a surface with high reflectivity and a high
degree of flatness. In separate tests, it was determined that the flow stress of this
material in tension is approximately 1300 M Pa and that it has a hardness of 45 on the
Rockwell C scale.

The caustic patterns formed during the course of the experiments were recorded by
means of a high speed camera of the Cranz-Schardin type. The present camera employs
twelve flash tubes arranged in a 3 x 4 array, as shown schematically in Fig. 3, to provide
the light sources for a sequence of twelve pictures. Each flash has an effective duration
of approximately 1 us. To obtain a predetermined time interval between flashes, cach
flash tube is triggered separately, within the range 0.8 to 740 ps. As indicated in the
figure the light from the flash tubes strikes a parabolic mirror which then directs it
onto the polished surface of the specimen. Upon reflection from this surface, the light
rays converge and are focused on the twelve objective lenses of the camera. Each of
these lenses, whose focal length is 660 mm, corresponds to one of the flash tubes. The
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camera is focused to a plane behind the specimen, indicated by “screen” on the
diagram.

During a test, when the load supplied by the wedge reaches a critical value, a sharp
crack starts to propagate from the notch tip. The camera is then triggered by the crack
itself as it starts to move and breaks a conducting strip cemented to the reverse side of
the specimen. This conducting strip is placed at the crack tip perpendicular to the
anticipated fracture path. As the crack advances the reflective surface of the specimen
deforms and a series of twelve caustic patterns is recorded sequentially on 8" x 10"
photographic film, Fig. 4. In the resulting photograph, each image of the specimen
measures 25 by 35 mm, and shows a shadow spot and a caustic curve surrounding the
moving crack tip. An enlargement of one of these images is shown in Fig. 5.

After completing a test, two measurements are made from each image to provide
values of the stress intensity factor and the corresponding crack speed. The average
speed between frames is calculated from the instantaneous position of the crack tip by
locating the position of the maximum transverse diameter of each caustic relative to a
scale drawn on the specimen surface. In the photographs, this scale appears somewhat
blurred. This is because the camera is not focused on the specimen but on a plane
behind the specimen, as explained above. The number zero on the scale corresponds to
the tip of the blunted notch and the distance between the lines is 20 mm. Since the
instant at which each photograph is recorded is known quite precisely, it becomes
possible to evaluate the average crack speed between photographs by dividing the
change in position of the crack tip by the elapsed time. The second measurement made
is that of the transverse diameter D of the shadow spot. This measurement leads to an
instantaneous value of the dynamic stress intensity factor in accordance with the
dynamic analytical models presented in Section 2, and in particular on the basis of (6).

4, QUALITATIVE DISCUSSION OF RESULTS

The photographic records obtained during the course of the dynamic event, coupled
with later examination of the fracture specimen, reveal information about the extent of
the plastic deformation produced by the propagating crack. This information is crucial
to a proper interpretation of the experimental data. In particular, as noted above, the
interpretation of a given caustic pattern in terms of fracture parameters depends upon
the relative size of the plastic zone to that of the initial curve. If the initial curve lies well
outside the plastic zone, then the elastic solution provided by (6} is applicable. On the
other hand, if the initial curve lies within the plastic zone, then a plastic analysis of the
deformation pattern is needed before the caustic can be used to provide a measure of
the stress intensity factor. Such an analysis is not yet available.

As mentioned previously, the size of the initial curve depends on the distance z,
separating the “screen™ and the surface of the specimen. For the crack propagation
experiments described, a rather large value of z; was employed. A simple calculation,
based on present data and similar to that performed by Rosakis and FREUND {1982),
shows that the initial curve size r, varies from a minimum of 3 mm to a maximum of 4.5
mm. Examination of the metal specimen after fracture shows that the width of the wake
of residual plastic strains varies from ! mm to 2 mm in the region corresponding to
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crack propagation. If the width of the wake provides a measure of r,,, the radius of the
plastic zone, then the ratio r,/r, is less than one half in the region of crack propagation.
This implies that the elastic dynamic analysis described in Section 2 is applicable and
that K{ is given by (6). The situation is different in the vicinity of the blunted crack tip.
where the radius of the plastic zone may be as large as 6 mm. In this case the initial curve
lies within the plastic zone and the elastic analysis is no longer valid.

The foregoing is demonstrated qualitatively in Fig. 6, where the event of crack
initiation is recorded in the first of the pictures. Although not drawn in the photograph,
the initial curve lies within the plastic zone. The shape of the observed caustic
corresponds quite closely to that predicted by Ma (1982) on the basis of an HRR
singular strain field. In the second picture, which was obtained just after initiation, two
more or less circular shadow spots appear. The lower spot corresponds to the residual
strains left at the site of the notch tip, while the upper spot corresponds to the current
location of the crack, In the second, and even more strongly in the third, photograph
the two shadow spots are connected by a neck. This neck 1s the caustic formed by the
residual strains left behind in the wake of the propagating crack.

5. QUANTITATIVE DISCUSSION OF RESULTS

In order to analyze the results, the instantaneous crack length a(r) and the dynamic
fracture toughness value K¢ (¢) are plotted as functions of time for each experiment. For
all specimens tested, the curves of K9 (r) as a function of time are very similar in nature
but are not identical. The main differences are seemingly due to the stress waves which
are reflected from the specimen boundaries and interact with the crack tip motion. This
interaction produces sudden variations in the crack tip velocity and in the stress
intensity factor. The phenomenon will be discussed further in a later section, but it is
worth observing here that the curves of a(t) and K{(t) show oscillations, and that the
peaks and jumps in these curves occur at different instants for different tests, depending
on the velocity history of the crack tip. It is noted that corresponding results reported
for polymers by BEINERT and KALTHOFF (1979) and by KALTHOFF et al. (1979) do not
show oscillations in the value of K¢, and of the crack velocity seen here for metals. This
difference may be due to the viscous damping of the waves in the polymer and to the
relatively low ratio of specimen stiffness to loading mechanism stiffness in experiments
with polymer specimens.

An alternative way of presenting the data is shown in Fig. 7. Here the dynamic
fracture toughness and the crack tip velocity are plotted as functions of crack length.
Again we observe oscillations in the values of K4, and © to either side of the mean levels
indicated by the dotted lines in both curves. The oscillations in KY_and v occur in phase
with each other, suggesting the existence of a relationship between K% and . Figurc 8
shows a plot of K¢, as a function of v, obtained from the results of experiments number
8.9 and 10. The initial crack tip velocity differed in each of these three tests, although
the gcometry and material properties of the specimens were the same. Figure 8 shows
that for values of crack tip velocity less than about 700 ms ', the dynamic fracture
toughness is nearly independent of crack velocity. The quasi-static steady growth value
predicted here is approximately 50 MN m ~ %2, But for velocities greater than about
800 ms ™! the dynamic fracture toughness increases quite sharply with velocity.
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here, a quantitative estimate can be made of the influence of material inertia on the
relationship between K{. and v. GLENNIE (1972) modified the void growth formulation
of Rice and TrACEY (1969} to include the effect of inertia, and he obtained an
approximate solution by means of a variational method. The same general line of
reasoning is followed here. However, the influence of inertia can be illustrated by means
of an elementary argument. Consider the axisymmetric plane strain expansion of a
hollow circular cylinder of incompressible material. If the inner and outer radii are
instantaneously « and b, respectively, and if the radial speed of the outer surface is u,,
then the radial speed of a material particle at a distance r from the axis of symmetry is
/. Under these conditions, if the material is rigid-plastic with shear flow stress 1, and
mass density p, then the kinetic energy is T = pnuibh? In (b/u) and the rate at which
energy is dissipated due to plastic flow is W= dnt,u,b In (h/a) for arbitrary u,.

To make a connection with the crack growth problem, let 9, denote the spacing of
void nucleation sites on the prospective fracture plane and suppose that initially 5(0)
= 0,/2 and a(0) ~ 0. The velocity uy is prescribed to be that velocity which would cause
the hole radius a to grow from essentially zero to d,/2 in the time required for the crack
tip to advance a distance o,(1 —v?/c?)"/* at speed v. The factor (I —v2/c?)' 2 is included
to account for the fact that the region of influencc of the crack tip in the direction of
growth is contracted because of stress wave effects. Under these conditions, the ratio

T+ W pooeie?
Re -t _ijo0st UG
% R Ry

provides an estimate of the rclative influence of inertia in the ductile hole growth
process. The simple model could perhaps be pushed one step further to suggest that the
relationship between R'? and u/c, provides an estimate of K{. divided by the
corresponding quasistatic value. For a realistic value of g/1,, say 500, the quantity R'?
has the value 1 if v/c, = 0, 1.9 if v/c, = 0.3, and 3.9 if v/c, = 0.6. Behavior of this type is
qualitatively consistent with the data in Fig. &

As mentioned in the Introduction, birefringent coatings can be used to provide a
direct measure of the instantaneous fracture toughness during crack propagation in
opaque materials. This was demonstrated by Koavasar and Darry (1980) in
experiments with compact tension specimens of a 4340 steel. The use of a single coating
covering the surface raises questions concerning the relative position of the crack tip in
the plastic coating and in the metal specimen. However, KoBavasHi and DaLLy (1980)
overcame this problem by using a pair of coatings cemented to the specimen surface
one on either side of the crack. As the crack advanced they recorded the 1sochromatic
patterns, from which they calculated the stress intensity at the crack tip as a function of
position or of time. For this purpose they employed a high speed framing camera, and
they were able to calculate also the crack velocity at each position. Over the range of
velocities common to both sets of experiments, the values of K4, for a given velocity are
in close agreement. Present values exceed those of Kobayashi and Dally by a consistent
10%,. This difference can easily be attributed to different mechanical properties in the
two steels due to differences in heat treatment. Of greater significance than the values of
K. is the general shape of the curve. Present results indicate that the stress intensity
factor is relatively insensitive to crack tip velocity at lower velocities but becomes
greater as the crack tip velocity increases. This is in agreement with the results of
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KoBayasHi and DaLLY (1980), and indeed with those based on other methods, as for
instance, in the work of DAHLBERG et al. (1980).

A second feature of present results that already had been observed by KoBayAsHI
and DALLY (1980) are the oscillations in the values of K¢, and of v. These oscillations
may be due to stress waves reflected from the specimen boundaries which produce
change in K¢ and in ¢. In the following section, the travel times of stress waves emitted
from the accelerating crack tip, and reflected back onto the moving crack from the
specimen boundaries, are estimated analytically. The experimental observations
suggest a possible correlation between the calculated arrival time of such waves and the
observed oscillations in stress intensity factor and crack tip velocity.

6. THE INFLUENCE OF REFLECTED WAVES ON
DyNaMIiC CRACK ADVANCE

In this section the influence of some of the reflected waves interacting with the
propagating crack in a standard DCB specimen is investigated. [t is suggested that the
abrupt changes that occur both in the velocity and in the stress intensity factor can be
explained in terms of such interactions. Simple calculations based on the gecometry of
the specimen show that the ratio of the specimen compliance to that of the loading
system can account for the magnitude of the stress wave-crack interactions.

Exact solutions of the elastodynamic field equations have been found only for the
configuration of a semi-infinite crack in an unbounded solid. The results of such
analyses are at variance with results of laboratory experiments performed with
standard test specimens, as for instance the DCB specimen used in the present
investigation. To deal with such cases, stress analyses of dynamic propagation in
bounded solids are needed. At the present time, numerical methods are the only means
of analyzing most real crack propagation specimen configurations with accuracy. An
alternative has been the analysis of simple models which simulate the dynamic process.
This approach is especially attractive because most of the important physical features
of the problem are retained and the problem is also mathematically tractable. In this
section the results of such analyses are compared with experimental data obtained by
caustics. The theoretical predictions are found to be qualitatively consistent with the
experimental results. Attention is focused mainly on the effects of the shear and
Rayleigh waves reflected from the cantilever beam section of the specimen.

In analyzing the DCB specimen, FREUND (1977, 1979) considered a simple model in
which the arms of the specimen are constrained to deform as shear beams. In examining
the influence of the wave reflection process he concluded that the shear waves reflected
from the loading pins back onto the crack tip could significantly influence crack tip
motion.

In the formulation of this model two types of boundary conditions were considered.
Initially, a perfectly rigid loading system (fixed-grip boundary conditions) was
analyzed. The material was assumed to obey a fracture criterion of the form I' = I,
= constant where I is the specific fracture energy. The results show that the crack
propagates with a constant speed up to arrest, which coincides with the arrival of the
reflected shear wave. In an attempt to make the model more realistic, the assumption of
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a perfectly rigid loading apparatus was relaxed. Repeating the analysis for the new
condition, the crack was found to propagate with a constant speed until the arrival of
the shear wave. At that instant, the crack speed was shown to increase suddenly before
decaying eventually to zero. The crack tip acceleration provides an additional amount
of crack growth due to the flexibility of the loading apparatus. The ratio of additional
crack growth Al to initial notch length [, was found to be a function of the ratio of the
flexibility of the specimen to that of the loading device.

Another assumption in the analysis that plays an important role in determining the
motion of the crack tip was the specific fracture energy dependence of crack tip velocity.
If I is a monotonically increasing function of ¢, and if the loading device is stiff, the
crack tip speed will vary in steps, decreasing gradually between fracture initiation and
crack arrest. Further consideration of the effect of the flexibility of the loading device
produces the result that a series of “steady states™ is achieved connected by jumps Al in
crack length attributed to the flexibility of the loading device. The steady-state
velocities decrease gradually to zero between initiation and arrest.

The last of the cases discussed above 1s the mosl realistic, since both the effects of
loading flexibility and material inertia are incorporated. A simple calculation based on
the estimated time for a shear wave to travel from the initiating crack to the pins and
subsequently overtake the propagating crack, serves to identify ¢, as the time of the
arrival of the shear wave. This is illustrated in Fig. 7 where a sudden change in velocity
is obtained at point A’ corresponding to a jump in the stress intensity factor at point A.
In some of the experiments performed, more than one jump in velocity and stress
intensity factor was observed. In ali specimens tested, the most intense of the jumps was
always identified as the one corresponding to the arrival of the shear wave. The other
crack tip velocity and stress intensity peaks were not positively identificd.

The additional crack length Al between the two steady states at the instant of arrival
of the shear wave is due to loading device flexibility. A simple calculation was
performed in which the compliance both of the specimen and of the loading mechanism
were determined for the present specimen geometry and the present loading apparatus.
By following the analysis of FREUND (1979), the jump was estimated to be of the order of
10 mm, a value found to hold consistently for all experiments.

To demonstrate the difference between experiments performed in steels and
experiments performed in polymers, the calculation was repeated for a hypothetical
polymer specimen. Both the specimen and loading device configurations were taken as
identical to those in the experiments performed with the 4340 steel. For the polymer
specimen, the ratio of the specimen flexibility to that of the loading device flexibility is
very much lower than for a steel specimen. The calculation indicated that the effcct of
the reflected shear waves on the crack tip motion is indeed negligible, and that the
loading device can be considered to be perfectly rigid. The prediction is consistent with
experiments conducted in polymers and explains the lack of oscillations in the K{, and ¢
values for these materials. The discussion demonstrates the advantages gained by
keeping the ratio of specimen to loading device stiffness as low as possible.

At the onset of dynamic propagation, the crack accelerates very rapidly from zcro
velocity to the initial propagation velocity and the crack tip motion differs significantly
from steady state. High accelerations at initiation causc the generation of Rayleigh
surface waves at the crack tip. These waves propagate along the two faces of the crack
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surface, i.e. down the cantilever arms, until they reach the corners of the specimen where
they are partially reflected. FREUND (1981) as well as SCHMUELY et al. (1978) showed
that these reflected waves can overtake the running crack and it has been suggested by
various authors that they play an important role in the arrest process. The present
experiments suggest that crack deceleration or arrest was coupled with the estimated
arrival time, tp, of the reflected Rayleigh wave. The experimental evidence is consistent
with the predictions of the analysis, and provides some evidence that the Rayleigh
waves may play a determining role in the crack arrest process.

7. CONCLUSIONS

A series of experiments has been described in which a crack was made to propagate
rapidly in a set of DCB specimens of an AISI 4340 steel. The purpose of these tests was
to obtain a direct measure of the stress intensity factor K9, during rapid crack
propagation. This was effected by employing the shadow spot or caustics method
which was adapted to the opaque specimens by viewing a reflected image. A high speed
camera recorded a series of twelve photographs of the caustic patterns as the crack
advanced and eventually arrested.

The results show that the dynamic stress intensity factor K9, is a monotonically
increasing function of crack velocity. At low speeds the dependence of K¢, on speed is
small, but at the higher crack speeds it becomes quite pronounced. It is believed that
this functional dependence of K{. on velocity is a material property. Evidence for this is
presented. For instance, it is observed that the variations in the measured value of K¢,
during crack propagation correspond with variations in the observed crack velocity.
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