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ABSTRACT

A special class of transient crack propagation problems arise from the
i{nteraction of stress waves with a rapidly moving crack. We study an
extreme case in this class; namely, the repeated occurrence of sudden
acceleration and intermittent crack arrests within a single test
specimen. Using novel optical techniques, we have obtained real-time
continuous measurements of the stress intensity factor and instantaneous
crack-tip velocity during a series of run-arrest segments in brittle
polymeric beams. Such observations provide new insights into the role of
inertia effects in bending fracture.
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INTRODUCTION

Contemporary studies in dynamic fracture have generally focused on
steady-state crack growth as a means of extracting fundamental
information on the mechanisms of the processes involved. This is mainly
due to the analytic and experimental complexities inherent in any study
of transient phenomena. For example, established techniques like
high-speed photography are clearly incapable of capturing every detail of
a highly transient process. Consequently, history effects, the influence
of finite domains, and of non-uniform stress fields on dynamic crack
propagation have not received adequate attention. In reality, however,
non-uniform crack propagation is more likely in structural brittle
fracture owing to the presence of stress wave reflectors like geometric
discontinuities, and other sources of local stress variations such as
welding residual stresses, changes in cross—-section, and so on.

In this paper, we describe an effective experimental technique for
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Studying the dynamics of transient fracture, including extreme cases of
sudden acceleration and intermittent arrest. Such a repeated sequence of
rapid propagation followed by gradual arrest can be induced relatively
easily and consistently in beam bending. The mechanics of brittle
fracture in bending has been investigated by several researchers over the
past 15 years or so (Bodner, 1973; Kinra and Kolsky, 1977; Dao and
Herrmann, 1977; Schindler and Kolsky, 1983 among others). These studies,
conducted mainly on glass and polymethylmethacrylate (PMMA) beams, served
to highlight the important role played by reflected stress waves in
bending fracture. They observed that, while the initial fracture
propagated well beyond the original neutral axis of the beam, subsequent
fracturing ensued only after the arrival of a longitudinal wave reflected
from the far ends of the beam. Additional theoretical analyses (Freund
and Herrman, 1976) reaffirmed the need for taking account of end
reflections in bending fractures. Our study has revealed that another
important factor is also involved, which turns out to be a surface or
Rayleigh wave that emanates from the crack tip and travels back and forth
along the traction-free crack face (Kamath and Kim, 1986).

Crack speed and wave propagation speed were the key parameters measured
in all preceding experimental work, whereas the corresponding variation
in stress intensity factor could not be obtained due to experimental
limitations. This major shortcoming has been overcome in our work, so
that it is now possible to¢ record continuously and in real-time, the
simultaneous variation of stress intensity factor and crack velocity
during a highly transient fracture process. All transient measurements
were performed in the total absence of high-speed photography.

EXPERIMENTAL DETAILS

Two transparent polymers were examined in this study, PMMA and
Homalite-100, a polyester resin. Conventional fracture mechanics type
notched bend bars were prepared from both polymers. The beams were of
rectangular cross-section, gpproximately 6émm thick and 50mm deep, in two
lengths, 230mm and 350mm. The extra long beam was chosen to delay wave
reflection from the remote ends. Different initial notch root radii were
incorporated in the test samples in order to vary the crack initiation
conditions, and hence, the crack propagation speed and number of
intermediate arrests. In addition to standard lmm wide sawn notches,
some extra wide 3mm notches vere also prepared by milling; the purpose of
the latter being to accommodate strain gages on the notch surface as a
means of tracking the surfac: wave motion.

The notched beams were loaded in pure bending at room temperature in a
screw-driven Instron machine at a nominal cross-head displacement rate of
0.5mm/min. Upon fracture iritiation, the crack propagated in a brittle
manner, so that total separition of the beam into two integral halves
occurred within 200 to 1000 microseconds, depending upon initial
conditions and beam length. The fracture propagated normal to the beam
axis with no evidence of bifurcation at any stage.

During crack propagation, all variables central to the fracture process
were continuously recorded in a digital transient recorder. The stress
intensity factor and crack-tip velocity were measured using two newly
developed optical techniques, while the motion of the three principal
stress waves; namely, the longitudinal, flexural and surface waves, was
monitored by strategically lccated resistance strain gages. Detailed

738

oy

descriptions of the optical methods used to mgasure stre159s87intensity
factor (SIF) and crack-tip velocity may be found in Kamath, 5

Continuous Measurement of Dynamic SIF

The method used was the Stress Intensityl Factm:p Tr;:ger fSIZT)coiioi};:i::
i i 5. In the optical set-up, = 5

gziinol?li}iglz:y il:m:l’oringly incident on the uncracfked l.igamenir_ inistheazzz;

sample. On the other side, the transmitted light 1nte;1§ :y tubep Sed

thru a special aperture and collected by a photomult;p ;;‘:ror T.he e
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is related to the light intensity by the relation.
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triggered a few microseconds prior to crack initiation. All digital data
were transferred via a RS232C interface and processed on an IBM PC AT. A
dynamic correction to the SIF computed from the above relation was
applied as appropriate. Comversion of the SIFT signal (millivolts vs.
microseconds) into SIF-time was achieved by a special calibration and
numerical analysis scheme as described further in the dissertation
referred to earlier (Kamath, 1987).

Continuous Measurement of Crack-Tip Velocity

Simultaneously with the SIFT signal, crack-tip position was recorded on
another channel of the digital storage oscilloscope using the scheme
indicated in Fig. 1. The bisic idea is that a vertical sheet beam of
light is made to obliquely intersect the center of the prospective
fracture plane. As crack propagation occurs, the transmitted light
intensity diminishes proportionately and a calibration of crack length
can be made for the output intensity incident on the second photo tube.
For linear variation, it is important to ensure constant and uniform
intensity in the initial vertical sheet beam. The calibration and
applicability of the technique was verified by using an independent
measure of crack speed, i.e. by the conventional method based on a

resistance grid of silver jaint deposited on the sample surface to
intersect the crack path.

Stress wave motion was tracked by standard strain gage techniques. For
extensional and flexural waves, four-arm D.C. Wheatstone bridge circuits
were used with the pair of active gages connected to opposite and
adjacent arms respectively so that the modes are uncoupled. For the
Rayleigh wave, or more specifically, the edge wave since the beam is of

finite thickness, a single strain gage in a potentiometer circuit proved
adequate.
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Fig. 2 Fracture surfaces of PMMA and Homalite beams showing
multiple run-arrest segments (distinctly visible in
PMMA). (a) PMMA test P4DL-26; (b) PMMA test P4DS-22;
(c) Homalite test H3SS-34.
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RESULTS AND DISCUSSION

i h

A striking feature of the fracture pattern in bending, Fig.tZ,l ::smﬂt;ei
presence of distinctly separated propagation segme.ntls. t}"l‘:ei:jc-t::tion e

d size of such segments depend upon the material, ; atio
ea;d the characteristic length scale governing wave.reflect1ons w%thlnzit:)e
beam. While in PMMA the segments are clearly dist1nguish_ab1e, Figs. e
and .Z(b), this is not so in the case of Homalite 100, Fig. 2(c), i);zi}::y
at high magnification when differences between the high and tlown\iris ey

i 1 run-arres u
regions become discernible. Although severa . ; c
obsious on the fracture surfaces shown for PMMA sam?les, our }nte:tlgz_zi
to understand those first-order inertia effects which underlie ;a:-kedjin
three segments, as

egments. These turn out to be the first .
:‘1:5 2(a) and 2 (b); subsequent events become more d1fficult' to anai{z;
owing to the cumulative wave reflections from remote boundaries pa::s v
and transverse to the crack plane, which leads to a complex ser
closely-spaced run-arrest segments towards the end.

There were two main differences between tests P4DS-22 ((:lrf#rZZg‘:DSfrzxg
P4DL-26 (or #26). The nominal initiation SIF and beam lengt dc.!“ .
were 1.86 MPa./m and 230mm, whereas for P4DL-26, the corresp;n 5 8 fch Tues
were 1.57 MPa./m and 350mm. Thus, with the exception of.t e no ) e
radius and the beam length, the two test samples were 1denft:Lc:z-1te.st s
initiation SIF translates to a fracturing moment of 10.1 N-m ?rteresting
and 9.4 N-m for test #26. These differences led to some 1nm B
variations in fracture behavior between the. tw'o .tests. For fxaigies, iy
difference in initiation SIF resulted in dissimilar peak. veloc e e
initial crack jumps; in test #22 the maximum crack veloc1t‘{ wa[s) Leeiiog
285 m/s and the first arrest occurred after. 8.9mm of crac Opr/p ind o
However, in test #26 the maximum velocity did not exceed 220 m/s

. 5 " of
initial arrest was at 7.4mm. It is important to note that, in sgltc}emth
the distinct initial conditions, the time period for fi'rst arrest :\:mther
cases was close to, or slightly in excess of 50 microsecs.

interesting piece of data is the time at which the third segment of :z:};zj
propagation commences. In the short beam sample (#22), this time fn i
was roughly 120 microsecs after the first initiationl.so Ho‘wevesre,cs e
i little over micro .

longer beam (#26), this interval was a °
:2251 time to frac,ture also varied in the two tests; _thus, wh,ezrzeas Siitzl
the beam width was traversed in only 196 microsecs in test i 9,57aof o
of 1039 microsecs were needed for the crack to propagate thru A

beam width in test #2_6.

All of the above features are clearly evident in the chrack 1();0;1;1(1)11
versus time output obtained from the optical measurement# sc femeFi e
An example of such output is reproduced here for test 22 1ﬂhe ‘g’.elocn:;
careful differentiation of) thi'srhdigital m:,,c]g‘il,tlg pl“’oavriidaetsioz Migorviine. i

in Fig. 3(c). e corresp - t
;z:z:si:;c’w;actor asg measured by the SIFT method during this highly
transient fracture process is given in Fig. 3(a).

i st
The afore-mentioned statistics relating to '}:‘k;edr_ime p::gi:edntofcaflirbe
ini i he thir run
st, and that for initiation of t g
::::ingfully interpreted in the context of stress wz-xveh m?:ignt}\l:t z::
i bservation was the
beam. A somewhat surprising and unique o aera
i 0 microsecs following n s
first arrest at approximately 5 NSSwRG
i i d Rayleigh-edge wave, ba
coincided with the arrival of a reflecte Y ey Fos
200 m/s for PMMA, and m
lculated plane stress wave speed of 1
;:limalite. ghis disturbance originates as an unloading pulse when the
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crack first initiates and trav : relatively sharp drop in the crack speed, as seen in Fig. 3(c), due to a
crack-tip. Upon reaching the 1ailesrail::§f::: rfxot'::;h surfaces‘ behind the 'crack c:l):asure'p phex‘:omenon. The st:Prain gage results ihicl(x )demonst:race
¢ without change in phase, and returns to th 0~ e beam it is reflected the validity of this line of reasoning were published and discussed in
° ® POCLIE CraCk-tip causieg some detail previously (Kamath and Kim, 1986). It may be noted from

Fig. 3(a) that the reduction in SIF which accompanies the Rayleigh
wave-induced velocity decrease is comparatively small. This is to be
expected since at these low velocities, the material toughness is a weak
function of velocity, i.e., in the linear portion of the K-v curve small
changes in SIF lead to non-proportionally large changes in velocity. Our
observation is also consistent with preliminary deductions from a basic
theoretical calculation (Freund, 1981).

As noted in the Introduction, previous studies have alluded to the strong
Fig. 3(a) influence of extensional waves in propagating the fracture well beyond
the neutral axis of the beam. Our measurements confirm this to be the
case, and in addition, we are able to observe the variation in SIF as
well as velocity when the reflected wave interacts with the dormant crack
front. When the fracture initiates for the first time, an unloading
extensional wave propagates along the beam axis at essentially the bar
wave velocity, which is 2140 m/s for PMMA and 1980 m/s for Homalite based

Dynamic K, MPa /m

on dynamic modulus. On reflection from the traction-free ends of the
beam, the wave returns as a tensile front and causes the third run
segment mentioned earlier. The arrival times are consistent with the

different initiation times for the short and long beams. The increases
in velocity and SIF indicated in Figs. 3(c) and (a) once again correspond
with the expected variation in the stem of the material K-v curve. The

mm

g
[}
E Fig. 3(b) actual extensional gage output for test #22 is shown in Fig. 4 and the
2 period of oscillation is the same as the fundamental mode of free
% vibration for the half-beam.
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¢ % fracture in PMMA beam,

We have focused on the first and third run-arrest segments as being the
major features of interest in this discussion. The short second segment

Fig. 3 Variation of (a) stress in i .
position, and (c) CraCk'ti;e:z;;Ziijftgi;iéz)bzszgﬁ_tlp is most likely associated with cylindrical wave reflection from the
fracture in PMMA test P4DS-22. 1I- initiation: g lateral front surface. However, this cannot be confirmed from the
A - arrest; E - extensional wave arrival: R —’R . present work. In general, we found that the role of flexural waves was

’ ayleigh relatively insignificant compared to extensional waves, which is probably

wave arrival.
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due to the lower propagationr speed and large attenuation associated with
the flexural wave. While the results presented here all pertain to PMMA
test samples, the same qualitative features extend to Homalite with
respect to the velocity reduction induced by Rayleigh-edge waves, and the
re-initiation caused by the reflected extensional wave. Details of the
Homalite results are excluded owing to space limitations.

CONCLUDING REMARKS

This study has demonstrated that it is now possible to conduct detailed
experimental studies of the mechanics of highly transient brittle
fracture. Novel optical techniques 1like the Stress Intensity Factor
Tracer can be used very effectively in this particularly difficult area
of experimental mechanics. The specific case of bending fracture in a
quasi-statically loaded finite beam was investigated. The results
indicate the significant roles of the Rayleigh-edge wave and the
extensional wave in the formation of multiple run-arrest segments in the
brittle fracture of polymeric beams.
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