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So far the examination of the fracture surface has been of a qualita-
tive nature. A quantitative estimate of the fracture process zone can be
obtained by using a light section microscope and determining the maximum
depth of the fracture surface markings at each location along the crack path.
The variation of the depth of the fracture surface along the crack path as
obtained from the light section microscope is shown in figure 32. The thickness
of the fracture process zone increases with distance along the crack path and
since the stress intensity factor increases monotonically along the crack path,
this may be interpreted as the variation of the fracture process zone with the
stress intensity factor. This fact leads to a reinforcement of a statement made
earlier, namely, that the actual energy dissipation during the crack propagation

process is larger than that caleulated for simple models.
4.3 Real Time Observations of the Dynamic Fracture Process

So far the observations on the microstructural aspects of dynamic
fracture have been based on post mortem examination of the fracture surface
markings which provide some information about the nature of the fracture pro-
cess. However, the time history of the evolution of the fracture surface is not
revealed directly. In order to accomplish this time resolution, we have to resort
to high speed motion pictures of the fracture process in real time, but the
experimental difficulties involved in such a task are enormous. First, it is impos-
sible to obtain a '"head-on' look at the newly created fracture surface in real
time. Even looking at the back side of the fracture surfaces, that is through the
material, poses problems since the light rays have to travel through a long opti-
cal waveguide and the distortions involved make it very difficult to obtain photo-
graphs. It is possible, however, to view the crack al an angle, under backlight
conditions, although some details of the fracture surface are lost and only the

crack front can be seen. Secondly, since the fracture process is viewed under
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Figure 32. Variation of the depth of the fracture process
zone.
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high magnifications, the crack passes through the field of view (8 mm) in a time
on the order of a couple of tens of microseconds, and with our high speed cam-
era at most two frames may be obtained. Thus many repetitions of the fracture

tests are necessary in order to be able to follow the evolution of the crack front.

The optical arrangement for the high speed photomicrography of the
crack front is illustrated in figure 33. Since the specimen is at an angle to the
optical path, only a projection of the crack front is recorded on fllm, but this
does not pose any problem regarding interpretation of the photographs. Figure
34 shows typical frames from three different specimens under identical loading
conditions, but the center of the viewing was located in the mirror, mist and
hackle zones, respectively. In the mirror zone, from figure 34a, one notes that
the crack front in the middle of the specimen leads the crack front at the plate
ends by about 0.5 mm and that there is a smooth variation in the crack front
between the middle and faces of the plate. At the faces of the plate the crack
front forms caustics and this leads to the crack front appearing to be larger
than the plate width. Figure 34b shows the crack front in the mist zone and it
appears distinctly different from that in the mirror zone. Again caustics are
formed at the faces of the plate, and these are larger because of the hogher
stress intensity factors associated with the mist zone. The most striking
difference is that the 'crack front” is nearly straight but exhibits a number of
small caustics. This indicates that there is no longer a single crack front, but an
ensemble of cracks propagating along the apparent crack front and generating
multiple caustics. The next frame (figure 34c) shows the appearance of the
"erack front" in the hackle zone which seems to be similar to that in the mist
zone but represents the coarser structure of the fracture surface in the process
of forming. This might have been expected in view of the fact that the post mor-

tem examinations of the mist and hackle surfaces exhibited similarities.
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Figure 34. High speed photomicrograph of the crack
front in the mirror, mist and hackle zones.
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However, the caustics are larger than in the mist zone, again indicating higher
loading and along the crack front fewer but larger caustics are observed. Pho-
tomicrographs of the crack front after branching, also exhibits ensemble crack

propagation (cf. figure 35).

From the above examination of the fracture process we conclude that
initially in the mirror zone a single crack propagates with a curved front, similar
to what is observed in quasi-static crack propagation. In the mist zone several
small cracks propagate simultaneously and the ensemble crack front is nearly
straight. Further crack propagation is really governed by the details of the
interaction between the microcracks. In the hackle zone many of the small
cracks coalesce and form larger cracks, but crack propagation is still in terms
of many cracks propagating along a straight front. Based on this microscopic

investigation of the crack propagation process,

It appears that the propagation of cracks under a high stress intensity fac-
tor in a material containing voids and other defects is essentially governed
by the growth of these voids into microcracks their coalescence and further
by the interaction of these microcracks.

One of the main geals in this study is the investigation of the problem
of crack branching from a microscopic view point; while we have looked, so far,
into the fracture process in detail, we have not yet at this stage examined the
branching process microscopically. An obvious question about the branching
phenomenon, from the microscopic point of view, is whether the branching pro-
cess is continuous or discontinueus: in examining the broken plates, as shown in
figure 36, one is struck by the number of attempted branches that are left
arrested, while a few of the branches develop into full fledged successful ones.

The attempted branches are almost always pari-through cracks appearing

either at the faces of the plate or fotally inferior to the plate. Furthermore,



Figure 35. High speed photomicrograph of the crack
front after branching.
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they seem to issue out from the main crack plane in a continuous way and not
at an abrupt or definite angle. With the high speed photomicrography system
described earlier, it is be possible to examine the evolution of the crack
branches thus providing us an idea of the mechanism invelved in the crack
branching process. Since the loading device is extremely repeatable, it is possi-
ble to obtain repeat tests at the same load level and know with a reasonable cer-
tainty the location of the branch point. Accordingly, the camera was focussed
onto this anticipated branching location and photomicrographs were taken.
Figure 37 shows the high speed micrographs of the evolution of the crack
branching process. Here, four frames at 5 usec intervals are shown capturing
the evolution of crack branching. Clearly, the branching process is not a simple
splitting of a mathematically sharp plane crack into two sharp plane cracks!
Rather, one observes a number of cracks that attempt to propagate simultane-
ously. Figure 38 shows a frame from another high speed photomicrogaph of the
branching process, at a higher magnification. The attempted branches clearly
issue out of the main crack propagation plane and continue to turn away from
the main direction of crack growth smoothly without any abrupt change in the
direction of propagation. The high speed photomicrographs of crack branching
phenomenon then indicates that the branching process evolves continuously
Jrom crack propagation along a straight line, governed by the microcracks. This
interpretation is consistent with the earlier observation that the pre-branch
propagation of cracks is governed by the growth and interaction of small micro-
cracks. A complete discussion of the branching mechanism is presented in sec-

tion 5.2.



Figure 37. Photomicrograph of the evolution of a crack
branch.



Figure 38. Magnified view of crack branching showing
continuous evolution of the branch.
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5. CRACK PROPAGATION AND BRANCHING

The main problems regarding crack propagation and branching have
already been described in Chapter 1. The ideas and observations of the previous
chapter on the microstructural aspects of dynamic crack propagation will form
the basis for our tentative explanation of the observed crack propagation
behaviour. We note that theoretically predicted limiting velocity of the Rayleigh
surface wave velocity is not attained, the experimentally observed maximum
velocities being considerably smaller. Moreover, the phenomenon of crack
branching has not been explained satisfactorily. Based on our observations on
the microscopic nature of the dynamic fracture process a new unified view of
the dynamic crack propagation process is proposed here that would at least
qualitatively (at this stage) explain the observed crack propagation behaviour,
including the lower limiting velocities as well as the phenomenon of crack
branching. A quantitative evaluation of this model is beyond the scope of this

work and is therefore not attempted. In the following, the crack propagation

aspect is examined first and branching is explained next.
5.1 Crack Propagation

In obtaining data for the rate dependence of the critical stress inten-
sity factor for crack initiation, a number of experiments were performed on
large Homalite-100 sheets and additional results from these same experiments
will now be examined to analyse the propagation behaviour. The rate of loading
in each case was progressively higher, resulting in the crack being loaded to
various stress intensity histories. As a result, the crack propagated at various
velocities in each case and provided a wealth of data on the crack propagation
aspects. The stress intensity factor and the crack extension histories were

determined from high speed cinematographs such as the one shown in figure 39;
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they are plotted in figures 40, 41 and 42. There are two important aspects of
dynamic crack propagation that are revealed by the these results and will be

discussed in separate sections.

5.1.1 Constant Velocity Crack Propagation A surprising result of these investi-
gations is that (cf. figures 40, 41 and 4R) the crack welocity remains constant,
independently of whether the siress intensily foctor decreases, remains con-
stant or increases. Moreover, the wvelocity with which the crack propagates
seems lo be delermined by the stress intensily factor at initiation. If these data
are then plotted, as is customary in d;'narnic fracture mechanics, on a plot of
"stress intensity factor versus instantaneocus crack velocity,” the record shown
in figure 43 is obtained. Also shown on this plot is the stress intensity factor-
velocity plot as suggested by Dally.! who performed dynamic fracture experi-
ments on Homalite-100 specimen using various geometrical configurations;
Dally’s results suggest a unigque relationship between the instantaneous stress
intensity factor and the crack velocity. In contrast, the present experimental
data reveal a definite lack of a one-to-one relation between the instantaneous
stress intensity factor and the crack velocity. It is clearly seen that the crack
travels at a constant velocity while the stress intensity factor varies. Thus it
appears that a different interpretation of the dynamic fracture process is neces-

sary to explain the crack propagation behaviour.

The microscopic view of the crack propagation process outlined in
Chapter 4 provides a new way of interpreting the crack propagation problem
and explains at least qualitatively some of the salient features of crack propaga-
tion. As discussed in the previous chapter, the microscopic nature of the crack
propagation process obeys the following scenario: when the stress intensity fac-

tor at the crack tip reaches a sufficiently high value, the propagation process is

1. Delly, 1.W., Experimental Mechanics,19,(18798),p.349.
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Figure 40. Stress intensity factor and crack extension
histories.
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initiated. During the initial stages of this process, the stress level at the crack
tip is rather low and the resulting damage zone or the fracture process zone is
correspondingly small as is the attendant energy expenditure. If the fracture
process continues into a decreasing stress field, the fracture process zone
remains small and the energy required to create new surfaces also remains
small. Finally, if the stress intensity factor drops to a sufficiently low value, the
crack arrests. If the fracture process occurs under a condition where the stress
intensity factor does not drop below the arrest value, then the crack continues
to grow, the energy expended in creating the new surface being replenished by
the energy release at the crack tip. In both cases, the size of the fracture pro-
cess zone is small and the post-mortem examination of the fracture surface

reveals a mirror-like appearance.

A more interesting situation arises when the fracture process occurs
into an increasing stress field. In this event, the fracture process zone is ini-
tially small as in the previous cases, but as the stress intensity factor increases,
the size of the fracture process zone increases rapidly in accordance with figure
32, although the velocity remains constant. This indicates that the energy
required to create the new surfaces through the fracture zone also increases.
Under this increasing stress level and increasing size of the fracture process
zone, the crack eventually branches and we will deal with this aspect a little

later. The important conclusions of this view of the fracture process are:
1. The crack propagation occurs by linking up many microcracks.

2. The number of microcracks that are activated into growing is a function of
the stress intensity factor, the size of the fracture process zone, the distri-
bution of voids in the material itself and probably the velocity of crack

growth.
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3. The size of the fracture process zZone increases as the stress intensity factor

increases (cf. figure 32).

4. As the fracture process zone grows in size, statistically, the number of
potential microcracks contributing to the fracture process zone increases
and thus the probability of initiating flaws into growth increases, thereby

increasing the energy that is dissipated in the fracture process zone.

5. As the number of initiated microcracks increases, the interaction of these
microcracks becomes important. An exact calculation of the nature of the

interaction is very complicated and beyond the scope of this work.

We now make an attempt at explaining the experimentally observed
constancy of velocity of propagation. As the stress intensity factor increases
prior to crack initiation, the stresses ahead of the crack tip are high; these
stresses induce microfractures and the value of the stress intensity factor at
initiation then establishes the size and general geometry of the fracture process
zone at initiation. Thereafter, the crack propagates due to the interaction of
and communication between these microcracks in the fracture zone; the
nature of the subsequent interaction is apparently determined by the size of the
zone that existed when the zone started to propagate. From this viewpoint, it
seems reasonable to expect the stress intensity factor at crack initiation to set

the limit on the velocily with which the crack will travel subsequently.

While gradual increases in the stress intensity factor do not seem to
affect the velocity with which the crack propagates, the geometry and nature of
the fracture process zone are altered drastically by a large stress pulse and thus
a change in the propagation velocity is enabled. From figure 41 (solid line), it is
seen that the crack travels at a constant velocity of 240 m/sec prior to the

arrival of the reflected waves at around 150 usec. The arrival of the waves
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reflected from the boundaries causes the stress intensity factor to increase as
in figure 41 (solid line), and the crack velocity immediately changes to a new
constant velocity of 350 m/sec. On the other hand, from figure 40 (dotted line),
it can be seen that the crack velocily remains constant at 363m/sec even after
the arrival of the waves reflected from the specimen boundaries, although the
stress intensity factor increases. This behaviour was observed consistently and
leads to the following conclusion. While cracks travelling at low velocities, typi-
cally below 300 m/sec, encounter stress waves, a change in the velocity of pro-
pagation is enabled. If the interaction with the stress wave occurs when the

crack velocity is higher than 300 m/sec, the crack velocity does not change.

5.1.2 Terminal Velocity of Crack Propagation: As mentioned in Chapter 1,
exact calculations of the energy flux at the crack tip by Freund® have shown
that when the energy required to create a new surface is taken to be a constant,
the limiting crack velocity is the Rayleigh wave velocity. One would expect on
analytical grounds tﬁat the Rayleigh wave velocity would set the limit for crack
propagation velocity since the energy input into the crack tip is through surface
waves that travel with the Rayleigh wave velocity. It was also pointed out in
Chapter 1 that the experimentally observed crack velocities were always
significantly lower than the Rayleigh surface wave velocity. This is further rein-
forced by the present data, where the maximum observed crack velocity was 487
m/sec, (0.45C,). In fact there are sufficient data available in the literature to
substantiate the claim that a terminal velocity that is smaller than the Rayleigh
wave velocity exists in most materials. A survey of the velocity of propagation of
cracks in various materials is given in Table 2. There have been a number of
hypotheses put forward in order to explain the lower observed terminal veloci-

ties and we shall examine these next.

2. Freund, L.B., Journal of Elasticity,4,(1872),p.341.
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TABLE 1. Survey of brittle fracture velocities.

Material Author v v /Cy v /C, v/Cq v/C
Glass Bowden 022 | 027 042 0.29 0.51
Edgerton 0.22 0.26 0.43 0.28
Schardin 0.22 : 0.28 0.47 0.30
Anthony .22 i 0.36 0.60 0.39
Plexiglas Cotterell 0.35 0.26 0.54 0.33
Paxson 0.35 0.28 0.58 0.36
Dulaney 0.35 0.28 0.59 0.38
Homalite-100 | Beebe 031 | 016 | 031 | 0.19

Kobayashi 0.345 0.17 0.35 0.22

Dally 0.31 0.22 0.35 0.24

Smith 0.31 0.22 0.38 0.25 0.41

FAS I

(o> BN I ]

[os IR

11.

Note: Bold face numbers indicate values obtained from the
references. Other values were calculated from the value of
Poisson’s ratio shown in column 3.

. Bowden, F.P., et. al., Nature,216,(1967),p.38.
. Edgerton, H.E. and Barstow, F.E, Journal of American Ceramic Seciety,

24,(1941),p.131.

. Schardin, H., and Struth, W., Glastechnische Bertichte,16,(1938),p.219.

. Anthony, S.R., et. al., Philosophical Magazine,22,(1970),p.1201.

. Cotterell, B., dpplied Materials Fesearch,4,(1964),p.227.

. Paxson, T.L., and Lucas, R.A., in Dynamic Crack Propagation, {ed. Sih, G.C.),

Noordhoff, Leyden,(1973),p.415.

. Dulaney, E.N., and Brace, W.F., Journal of Applied Physics,31,(1960),p.2233.
. Beebe, W.M., Ph.D., Thesis, California Institute of Technology, (1966).
. Kobayashi,A.S., and Mall, S., Ezperimental Mechanics,18,(1978),p.11.
10.

Kobayashi, T., and Dally, J.W.,Fast Fracture and Crack Arrest, ASTM STFP 627,
(1977),p.257.

Smith, G.C., Ph.D., Thesis, California Institute of Technology, {(1975).
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It has been suggested that crack branching occurs at the experimen-
tally observed terminal velocity and that this phenemenon is responsible for the
lower observed terminal velocities. The implication is that if branching were
suppressed, cracks might then travel at or close to the Rayleigh wave velocity.
Once again, experimental data seem to contradict this in the sense that, when
the applied stress is increased considerably, as indicated in figures 40, 41 and
42, the velocity does not increase above 0.45C,, even during the constant velo-
city propagation phase, when there is no evidence of crack branching. On this
basis, one would have to assert the existence of a terminal velocity other than
the Rayleigh wave velocity and seek a different explanation for the causes of this

lower terminal velocity.

Another suggestion for explaining the observed crack propagation
behaviour is to consider the energy required to create a new surface [' to be a
rate dependent quantity and therefore I' = T'(V). If ' varied with the velocity, it
is conceivable that a limiting velocity other than the Rayleigh wave velocity may
be obtained as suggested by Rose.® While this assumption might explain the
existence of a lower terminal velocity, it meets with difficulties when one consid-
ers the fact that, as observed in this investigation, cracks travel with a constant
velocity although the stress intensity factor is varying. If T is a function of velo-
city alone, the energy flux equation (5) can be rearranged such that the right
hand side is purely a function of velocity and the left hand side is a function of

the stress intensity factor.

E__ g
K2~ (V) (21)

Thus the energy equation predicts that the velocity of crack propagation should

change under varying stress intensity factor situations. However the stress

3. Rose, L.R.F., International Journal of Fracture,12,(1076),p.341,
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intensity factor and crack extension histories presented in figures 40, 41 and 42
indicate that while the stress intensity factor changes considerably, the velocity
remains constant. Thus allowing [ to be a function of crack velocity creates a
problem in explaining the constancy of crack velocity. The causes for the
existence of a terminal velocity lower than the Rayleigh wave velocity then has
to be explained by some other mechanism and a microcrack interpretation of
the crack propagation process that was described in Chapter 4, yields a satisfac-

tory explanation for the lower observed terminal velocities.

If the crack propagation process is viewed as the ensemble propagation
of a number of microcracks in a fracture process zone, then the speed of crack
propagation is governed by the nature of interaction between these micro-
cracks. There is a finite time involved in the interaction process and this is one
source of the limitation on the maximum crack velocity. Seéondly. the micro-
crack interaction problem is a three dimensional one and the growth of these
cracks need not alwa:ys be in the direction of main crack growth, but micro-
cracks may also grow perpendicular to the direction of growth of the main crack

front. These two factors together may contribute to the lower observed max-

imum crack propagation velocity.
5.2 Crack Branching

Before proceeding to the discussion of a new physics-based mechanism
of crack branching, it is appropriate to review some of the major hypotheses

that have been put forward to explain crack branching.

Branching of cracks in glass was observed by Schardin* and other
investigators have observed crack branching in crystalline as well as amorphous

materials.’ This bifurcation is not predicted by analytical solutions to

4. Schardin, H., in Fracture(ed. Averbach et. al), MIT ?ress and John Wiley,(1858),p.297.
5. Feld, J., Contemporary Physics,12,(1871),p.1. Beebe, W.M,, Ph.D Thesis, California Institute of
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propagating cracks. This failure is due in part to the fact that in analysing
crack growth problems, the equations of elasticity are solved independently of
the fracture criterion, and by restricting the crack to travel along a straight
line. If the equations of elasticity could be solved together with the failure cri-
terion without any a priori assumption regarding the nature of crack motion,
the solutions might reveal some additional or different features. Solutions of
such general form are not in sight for the complicated two dimensional prob-

lems and the crack motion is usually prescribed to be along a straight line.

Yoffe® attempted to explain the branching of cracks from an analysis
of the problem of a constant length crack that travels at a constant velocity in
an unbounded medium. From this solution, she found that the maximum 0.
stress acted at an angle of 80° to the direction of crack propagation when the
crack velocity exceeded 0.6Cg, and suggested that this might cause the crack to
propagate along these directions whenever the crack velocity was above this
value. There are three major shortcomings with this argument. First, as
pointed out by Baker,’ the gg stress is not a principal stress and in a brittle
material, it is reasonable to expect the crack to propagate perpendicular to the
direction of the maximum principal stress. Secondly, the angle of +80° for
crack branching that is predicted by the Yoffe argument is large compared to
the experimentally observed crack branching angles which range from
+10° — £ 45°. Finally, the velocity that is required for the realignment of the g
stress is considerably larger than the velocities at which crack branching is
cbserved experimentally. In fact, for the velocities at which crack branching
have been observed, there is very little realignment in the stress field that is so

essential to the Yoffe argument. We conclude that the Yoffe argument, while

Technology, (1968). Finkeleti. al., Fiz. Metal. Metalloved, 15,(1883),p.754.
8. Yoffe, E., Philosophical Hagazine 12,(1951),p.739.
7. Baker, B.R., Journal of dpplied Hechanics,29,(1862),p.448.
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very attractive due to its simplicily, is not likely to explain crack branching

satisfactorily.

Eshelby® approached the branching problem from the viewpoint of
energy balance. It is known that the dynamic energy release rate can be
expressed as the product of a velocity dependent factor g(v) and the equivalent
static energy release rate G°, that is dependent on the geometry.® Eshelby sug-
gested that while the velocity factor g(v) may change in a discontinuous manner,
the factor G° should be continuous at branching, at least for small angles of
crack branching. Since after branching, twice as much surface area is being
created, the crack would not advance unless the velocity factor g{v) could be
doubled, by a reduction in crack speed. This leads to the conclusion that at
branching the velocity has to be larger than 0.5C, and also that the crack will
slow down after branching. This conclusion depends on assuming constancy of
I’ and the effect of varying [' would be to reduce the velocity at which branching
could occur. Although the main idea that the availability of sufficient energy at
the crack tip is clearly a necessary condition, the conclusions about the velocity
behaviour of the branched crack is not borne out by experiment. The crack
travels at a constant velocity prior fe and after crack branching, with no
apparent change in the velocity. The above energy argument is devoid of any
mechanism by which the crack branching is achieved, but merely poses a neces-
sary condition on the energy release rate that must be satisfied if crack branch-

ing were to occur in the idealized manner.

Another 'explanation” of crack branching rests on the stress wave

hypothesis.!® It is known that when stress waves interact with propagating

8. Eshelby, in Inelestic Behaviour of Solids,(eds. M.F., Kanninen et. al.), McGraw Hill, New York,
(1870).p..
9. see, for example, Rose,L.R.F., International Journal of Fracture, 12, (1878),p.341.

10. Lawn, B.R., and Wilshaw, T.R., Fracture in DBrittle Solids, Cambridge University Press,
(1875),p.104.
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cracks, the crack path may change abruptly. When the interaction is weak, the
well known phenomenon of Wallner lines is observed. In this connection it has
been suggested that when the interaction is strong - the amplitude of the stress
waves is high - the resulting change in the crack path might lead to crack
branching. This argument is also devoid of any specific mechanism by which
crack branching is achieved. By contrast, the present experimental data show
clearly that crack branching can occur without any interaction with stress
waves, a situation which the stress wave hypothesis does not address at all. A
detailed investigation of the effect of stress waves on propagating cracks is dis-

cussed in section 5.3.

To date published attempts at analysing branched cracks have ail been
to seek a necessary condition for branching through a comparison of the stress

states prior to and after branching.!!

The post-branching stress statle is
obtained by assuming that a fast running crack comes to rest abruptly. radiates
out the appropriate s.;ress field and in this stress field two branches issue out at
some arbitrary symmetric angles. Also, the cited analysis is for a Mede III crack
problem which is analytically easier, and the conclusions are not necessarily
directly applicable to the more complicated Mode I problem. Once again, this

kind of analytical treatment cannot provide us with a mechanism by which

crack branching is achieved.

All the above explanations were of an idealized nature and a common
feature among all of the attempts at explaining the phenomenon of crack
branching is that they assume a mathemalically sharp plane crack to propagate
in a two dimensional solid and to branch into two distinct, sharp, plane cracks.

Another explanation for the crack branching problem is due to Congleton,'* who

11. Achenbach, 1.D., International Journal of Solids and Structures,11,(1975),p.1301,
12, Congleton, et. al., Philosophical Magazine, 16,(1967),p.749.
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suggested that microcracks are responsible for the crack branching
phenomenon. To the writer's knowledge, this is the only attempt at explaining
branching by taking into consideration the real physical process of fracture.
Although Congleton suggests that cracks that are nucleated ahead of the main
crack front are responsible for inducing crack branching, he does explain the
possible mechanism further. His remarks arose in connection with calculating
the stress level at which a small Griffith crack placed ahead of the main crack
will start to grow. From this he estimated the critical stress intensity necessary
to achieve crack branching. By contrast our main interest here is not in com-
puting the stress level necessary for crack branching, since we already have
sufficient information on the stress intensity factor at crack branching, but in
establishing a mechanism through which the crack branching process is
achieved, Starting from the microscopic view of the crack propagation process
as outlined in Chapter 4, a unified view of the crack propagation and branching

I

is proposed here.

As we have shown in the previous chapter, the mathematical model of
a sharp crack propagation plane is an unacceptable view for the real crack pro-
pagation process, which is essentially three dimensional in nature and governed
by the microscopic phenomenon of microcrack interaction. From the micros-
copic model of the crack propagation process, it is possible to obtain a mechan-
ism for crack branching, which treats crack branching not as a discontinuous
process that occurs when some critical state is reached, but as a continuous

process occasioned by the interaction of the microcracks.

The crack propagation and branching mechanism is illustrated in
figure 44. Initially, the crack is propagating at low stress intensity factors in a
material that contains a number of voids. The crack cuts through these voids

and some of the voids have the effect of diverting the crack to propagate along
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Figure 44. Crack branching mechanism.
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different planes. When the stress intensity factor becomes sufficiently high, the
voids start to grow ahead of the major crack front, which now becomes really an
ensemble crack front. The course of further crack propagation and its branch-
ing behaviour is governed by the details of the interaction of these microcracks.
The solution to the problem of dynamic interaction of even the simplest crack
geometries seems to be very difficult to develop, but there exist solutions to the
static interaction problems and we shall draw upon the results of quasi-static
analyses to assess further crack propagation. For the present purpose, it is
assumed that the quasi-static solution provides a good insight into the dynamic
interaction problem, because the experimentally observed crack velocities are

small enough to make the effect of inertia relatively small.

The solution to the problem of two interacting Griffith cracks was pro-
vided by Pucik,'® who considered the crack centres to be located at arbitrary
points and the cracks themselves to be oriented at arbitrary angles with respect
to one another, with a uniform load p at infinity. As part of the analysis, Pucik
computed the maximum 04 stress in the immediate crack tip vicinity and also
the orientation along which this stress acted. For the case of two parallel
cracks of equal length 21, the variation of the angle at which the maximum s
acts is plotted in figure 45 as a function of the vertical separation Y,z and the
horizontal separation X, between the two cracks. From this plot one verifies
that, depending on the proximity of the cracks, the two cracks may either
attract or repel one another. A similar solution to interacting cracks has been
provided by Yokobori'* which exhibits once again this behaviour of attracting or

repelling cracks depending on the separation and the sizes of the cracks.

13, Pucik, T.A., Ph.D., Thesis, California Institute of Technology,(1872).

14. Yokobori, et. al., Reports of The Research Institute for Sirength and Fracture of Materials,
Tohoku University, Vol.7, No.1,{(1971),p.25.
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Let us return now to the crack branching problem; in this case there
are several microcracks that interact with one another, and under certain con-
ditions, the small cracks may deviate from the main crack plane. Here we note
that while the quasi-static interaction solutions indicate a sharp deviation from
the original propagation direction, what is observed in the crack branching
problem is a smooth deviation from the main propagation plane. We can
account for this difference by considering the fact that the microcracks interact
with one another continuously through stress waves, unlike in the quasi-static
case where the cracks 'know" of each other instantaneously. Also, in the
branching problem, we deal with a number of microcracks that interact with
one anothersimultaneously, making the interaction more complex than in the
quasi-static case. Hence, we have to consider the quasi-static solution as giving
qualitative support to the argument of deviation of cracks due to interaction.
This kind of continuous deviation of the microcracks from the major propaga-
tion plane is evident from the high speed photomicrograph of the branching
process shown in figure 39. The path instability of the interacting cracks results
in some of the attempted branches developing into full fledged crack branches
and propagating further while the rest of the attempted branches become

unloaded and arrest; this situation is illustrated in figure 44.

In conclusion, we summarize here the main arguments and the sup-

porting evidence.

1. In the 'mirror’' zone, the crack propagates at relatively low stress intensity
factors. It cuts through the voids present in the material and sometimes
the latter cause a change in the plane of crack propagation. This is illus-
trated in figures 27 and 28. Also, the crack propagates with a curved front

as shown in figure 34a.
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2. In the 'mist’ zone, the crack propagates at higher stress intensity factors
compared to the 'mirror’ zone. Here, the stresses ahead of the crack front
are high enough to initiate voids into growing prior to the arrival of the main
crack front. This is substantiated by parabolic markings such as the cone
shown in figure 30. In this zone, the crack front is no longer curved as in the
‘mirror’ zone, but we see evidence of a number of small cracks propagating

along the apparent or ensemble crack front, as illustrated in figure 34b.

3. In the 'hackle’ zone, the stress intensity factors are very high; several voids
are initiated into growing and also voids are initiated the farther away pro-
pagation plane the higher the stress intensity factor. This is supported by
the fact that the fracture surface appears the roughest in this zone. We also
have evidence of crack growth in a direction perpendicular te the main pro-
pagation direction as suggested by the 'river’ markings shown in figure 31.
Otherwise, the crack front, shown in figure 34c, appears similar to that in

the 'mist’ zone.

4. The course of crack propagation in the presence of a large number of micro-
cracks is governed by the interaction of these with one another. High speed
photomicrographs of the branching process (figures 38 and 39) indicate that
crack branching is a continuous process with a number of micro-branches

emanating smoothly from planes parallel to the main plane of the crack.

5. Quasi-static analysis indicates that two interacting Griffith cracks may devi-
ate from one another depending on the size and separation of the cracks.
This provides the basis for the micro-branches that deviate from the main

propagation plane.

8. High speed photomicrographs of the crack front after branching also indi-

cate the presence of microcracks along the crack front (cf. figure 35).
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The above view of the crack propagation process, predicated on the nature of
microcrack growth and interaction, provides a mechanism for crack branching

that follows in a natural way from propagation along a straight line,
5.3 Interaction of Stress Waves with a Propagating Crack

It was noted repeatedly that just after the waves reflected from the
boundaries arrived at the crack tip the nature of crack propagation changed.
Since the interaction of stress waves with a propagating crack is an important
problem, we shall examine it in greater detail in the following. The interaction
of stress waves with propagating cracks provides an easy way of altering the
crack tip stress field. In fact, one might argue that the crack-parallel stress at
the crack tip causes path instability in accordance with the analysis of Cotterell
and Rice,!® and thus provide the basis for the crack branching phenomenon. In
the initial stages of this investigation this was actively pursued as a possible

crack branching mechanism.

There are two ways in which stress waves can be made to arrive at the
crack tip. First, the pressure pulse applied to the semi-infinite crack faces pro-
pagates through the material and is reflected at the specimen boundaries to
interact with the (moving) crack tip. In this case one has virtually no control
over the amplitude of the stress wave that arrives at the crack tip. A second
way of obtaining wave interaction with a propagating crack is to apply a second
load pulse with the aid of another loading circuit. By virtue of the present
configuration of the loading devices, we can only generate compressive stress
waves arriving at the crack tip. Both of the above methods were used in study-
ing stress wave interaction with propagating cracks. We turn now to the results

of these interactions.

15. Cotterell, B., and Rice, I.R., International Journal of Fracture,16,(1980)p.155.
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5.83.1 Reflected Waves Interacling with Cracks: In order to determine the
nature of the waves arriving at the crack tip, the outgeing waves have to be
examined. The wavefront diagram for the diffraction at the crack tip is shown in
figure 46. By judiciously selecting the proximity of the specimen boundaries one
can select parts of the outgoing waves to arrive at the crack tip at pre-
determined times. To make this clear, consider the geometry shown in figure
47. Here only the dilatational wavefront is shown for the sake of clarity. By
placing boundaries along lines labeled 'front’, 'top’ and 'bottom’, and adjusting
the distances b,, by and bg, it is possible to obtain the waves reflected at the
three boundaries at different times. The amplitude of the outgoing wave has an
angular distribution and also attenuates as the distance from the crack tip
increases. The amplitude has a maximum when the angle is 90° that is, the
angle corresponding to the top and bottom boundary reflecticns and a
minimum when the angle is 0°, corresponding to the front boundary reflection.
It was determined thr‘Bugh numerical computations that the front reflection was
very weak when compared to the top and bottom reflections. We will now investi-
gate the effect of these stress waves on crack propagation under both low and

high stress intensity factor situations.

The first case results when the crack face pressure is low and the
stress intensity factors also sufficiently low so as to not induce branching. The
specimen geometry and dimensions are indicated in figure 48. All three boun-
daries - top, bottom and front - are stress free and hence the reflected waves
undergo a sign change and reflect back to the crack tip as tensile waves. In this
case, the bottom wave arrives first, followed by the top wave with a 25 usec
delay. The resulting crack path is also indicated in figure 48. It is seen that the
bottom reflection arrives first, alters the direction of the maximum principal

stress and causes the crack to change its path continuously until the wave
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Figure 46. Wavefront diagram for the diffraction at the
crack tip.



-115 -

T
b,
P-wave B
A =
b,— 8
™
B
bs
\
BOTTOM

Figure 47. Geometry for the reflected wave interaction
study.
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reflected from the top boundary arrives which then causes the crack to revert
back towards its original direction of propagation,leading to an oscillatory crack
path. Thus the interaction of low amplitude stress waves cause changes in the
crack path by virtue of the changes in the stress field that these stress waves
induce at the crack tip. If the reflected waves from the top and bottom had
arrived at the crack tip at the same time, the symmetry at the crack tip would
have been preserved and the crack path would have been along the original

straight line path.

The second case considered is illustrated in figure 48. The specimen
size is the same as in the first case,except that now the bottom boundary is left
to rest on an aluminium plate and thus the bottom boundary condition is now
different from the one at the top. The transmission coeflicient at this boundary
is ideally 0.25 and hence the wave that is reflected from this boundary is
compressive in nature but certainly has a reduced amplitude. Also, in this case,
the amplitude of thét applied loading was increased to produce a high stress
intensity factor situation. The resulting stress intensity factor history and the
crack position history are shown in figure 50. Due to a mechanical quirk in the
design of the high speed camera which causes a random loss of eight frames,
data from the initial part of the experiment were lost, but the important part of
the data was still obtained. In this case, the bottom reflection arrived first and
being compressive inhibited the usual increase in the stress intensity factor
that would otherwise have been observed. After 25 usec, the tensile wave
reflected from the top boundary arrives at the crack tip and causes the stress
intensity factor to increase rapidly. Notice that the crack velocity remains con-
stant during all of these changes in the stress intensity factor. The increase in
the stress intensity factor finally causes the crack to branch. The stress wave

interactions with the propagating crack are denoted on the crack extension
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history plot by asterisks.

We have now shown that stress waves interacting with propagating
cracks may on the one hand alter the path of crack propagation, if the stress
intensity factor is low or, on the other, induce crack branching if the stress
intensity factor is sufficiently high. We investigate next the effect of the various
refiections on the branching process. Since we know the pressure level at which
the reflected waves have sufficient intensity to induce crack branching, many
experiments can be performed at the same pressure level with different speci-
men sizes in order to have various reflections arrive first at the crack tip. Fig-
ures 51, 52 and 53 show the results from three such tests; here the stress wave
and crack positions are plotted on z—t diagrams. Since the waves propagate
along two dimensions a y~{ diagram is also included for each test. In these
diagrams, the motion of the wave front points A and B in figure 47 and the
motion of the crack tip C are indicated. The interactions of the stress waves
with the crack tip arej' marked by asterisks. From these three cases we see that
while the top and bottom reflected waves induce crack branching, the front
reflection does not. This is not really surprising in view of the fact that the
amplitude of the wave reflected from the front is very small. What is perhaps
surprising is the fact that the tensile stress acting parallel to the crack tip
resulting from the front reflection does not even aftfect the crack path as one

might expect from the crack path stability analysis of Cotterell and Rice.!®

5.3.2 Second Stress Wave Loading: The second method of generating interact-
ing stress waves is to provide a second loading using another loading device
identical to the one described in Chapter 2. Since cur main aim in these investi-
gations was to study the effect of stress waves on crack branching, all the stress

wave experiments were performed with dynamic compressive stresses parallel to

18. Cotterell, B., and Rice, I.R., op. cit.
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the crack axis, that is, the copper strip was oriented as shown in figure 54. The
time of application of the second load was arranged such that it would arrive at
the crack tip exactly at the instant of incipient crack branching. The magnitude
of the main load (p,) was maintained constant and the magnitude of the side
load (pg) was changed so as to study the influence of this load on crack branch-
ing. It was observed that the effect of the dynamic compressive stress parallel

to the crack tip was to

1. suppress crack branching for a duration of time that depends on the magni-

tude of the side load and

2. affect the angle into which subsequent branches spread.
Assembled plates from two tests are shown in figure 55, showing the delay in
branching and also the change in the angle of branching. The marker in the
photographs indicates Ly, for the case p; = 0. The results of this investigation
are shown in figure 56 The velocity of propagation in all the cases was constant
at about 400 m/sec. ﬁven the arrival of the second stress wave - which in fact
was a biaxial stress field and hence reduced the crack tip stress intensity factor

- did not change the velocity of crack propagation.

From the microscopic mechanism for branching that was proposed in
section 5.2, we can interpret some of this observed behaviour. The stress wave
that arrives at the crack tip is really a biaxial stress field and therefore reduces
the stress intensity factor. This reduction in the stress intensity factor should
lead to a smaller fracture process zone and should also decrease the number of
microcracks that are available to interact and induce branching. Furthermore,
the compressive stress parallel to the crack propagation direction, would also
act unfavourably on any microcracks that deviate away from the main crack

plane in that a component of the compressive stress would act in such a way as
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Copper Strips

Figure 54. Geometry of the specimen for the second
stress pulse.
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P,=10.35 MPg; P,=5.5 MPa P,=10.35 MPa; P,=10.35 MPa

Figure 55. Effect of second stress wave on crack branching
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to close any crack that is formed at an angle to the main crack. One would,
therefore, expect the fracture surface to indicate that the process zone is
indeed smaller. A direct examination of the fracture surface indicates indeed
that upon arrival of the stress wave, the roughness of the fracture surface
changes and appears smoother than it had been prior to the arrival of the
stress wave. Moreover, the crack velocity remains constant during this entire
crack propagation process up to and beyond crack branching. Thus we see that
actual observations on new situations seem to agree with microscopy based

interpretation of the crack propagation and branching mechanisms.

The generation of a dynamic tensile wave is difficult and was not
attempted. Another way to check the effect of tensile load parallel to the crack
would be to apply a static tensile load, but this also posed experimental prob-
lems except when the tensile load was very small. The sharp crack in the speci-
men is made with a razor blade that is placed in the machined slit and
impacted, This does r;ot always provide a perfectly straight crack and there is
usually some asymmetry associated with this initial crack. While a dynamic ten-
sile load would not affect the sharp asymmetric crack, a static load, if
sufficiently high, would initiate the crack prior to the actual test. Therefore, it
was not possible to obtain the effect of a crack-parallel tensile load on crack
propagation and branching. Based on the present mechanism for crack propa-
gation, it would be expected that when a crack parallel tension field exists,
branching would be enhanced by this stress and also the angle into which the
branches propagate would be increased. Unfortunately, it was not yet possible
to carry out this investigation due to the poor adaptability of the loading

apparatus to this loading configuration.



