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ABSTRACT

A test procedure has been developed to study fast crack propagation and arrest
in ductile materials. The extent of crack jump can be controlled readily and
crack velocity measured. The load and displacement at instability and arrest
can be determined, which permits determination of the work dome during the

instability period. Arrest toughness based on "static” considerations allows

evaluation of the ductile toughness.

The value of arrest toughness has been found to vary with crack speed as has
the rate of change of crack velocity over the arrest period.
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INTRODUCTION

The arrest of running cracks has been of considerable interest since the
catastrophic wartime failures of welded Liberty ships. More recently,
attention has been focused on crack arrest following initiation from a loss of
coolant accident in a pressurised water reactor. This work has been based
upon the application of linear elastic fracture mechanics. Propagation and
crack arrest in gas pipelines has also received considerable attention and, in
contrast, relates to thin sections exhibiting considerable ductilitye.
‘Recently, the crack arrest philosophy has been considered in terms of
providing a degree of redundancy in the safety argument applied to the design
_of tanks for the bulk storage of liquified gases-

Gince these latter interests lie in the evaluation of ductile material, a test
procedure was felt desirable, because the Crosley (1976) and Hoagland (1976)
specimens are not suited to ductile fracture and have unstable crack
direction, unless heavily side grooved. The large wide plate tests are
deficient in as much as test machine response and energy available are near to

uncontrollable.
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In response to the need to examine ductile fast fracture and arrest, a
procedure has been developed, based upon use of the conventional compact
tension specimens. It should be borne in mind that in propagating ductile
cracks, the ability to do plastic work on the specimen following initiation is
critical. In what follows, results and details are presented of experiments
conducted to establish a method of propagating cracks, measuring velocity and
evaluating arrest. The measure of arrest toughness includes the contribution
due to plastic deformation.

THE TEST PROCEDURE

The initial objective was to be able to initiate a crack under well defined
conditions, eg. at a desired load or displacement. To this end 1liquid metal
embrittlement was seen as a simple means. As a result, the tests described in
this paper are based on the use of brass in which cracks can be initiated
using mercurous nitrate. A specimen containing a blunt notch could be loaded
to a prescribed state, recording: equipment checked and a crack started by
passing a thin thread soaked in mercurous nitrate across the notch. This
worked successfully on the trial samples.

Instability and control of the crack jump was achieved by displacement
controlled loading of the specimen. in series with a quantity of Belleville
washers, see Fig. l. This system evolved because the amount of plastic work

operation on load control.

The specimens were standard CTS configuration, with W = 100 mm and
B = 8.15 mm. They were prepared by overloading the uncracked plate to
plastically deform the pin holes. A sharp notch was then introduced with a/W
values of 0.5 and 0.6. The specimen was
Lver set up with a specified number of
Belleville washers in series. Load pin
separation as a measure of total work
done was recorded. Washer displacement
was also measured. Crack length and
hence velocity were measured using the
[_!9cunns CROSSHEAD AC potential drop method. A timing

o interval spike was imposed on the
standing voltage. All events were

recorded on a multi-track tape recorder
at 60 ins. per minute, with a playback
facility of 15/16 ins. per minute.

LVOT,
In the defined test program a different

brass was used, which was much tougher
and though cracks would form initially,
controlled instability could not be
achieved. As a result, the test

k procedure to emerge, which is applicable
MEASURE D to all materials, was as follows. Using
LO PD. a very slow displacement control the

ce crosshead of the test machine moved
i against the Belleville washers. At the
onset of instability from a sharp notch,
> which could be seen from the load
displacement trace, the machine was

Fig. 1 Test Specimen Set-up

(o)

800

(o} I 200030 g -
CRACK INCREMENT, & a,mm

Pig. 3 J - la Results

essential.

form

dynamic driving force

to the dynamic arrest event,

Gd (t,v) > Rd w)

- from the energy balance,
g ol el then the apparent arrest toughness, will be a

variable quantity depending on what proportion of Epi{n 1Is recovered.
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stopped. Run and arrest was then
dependent on the load maintenance of the
Belleville washerse.

Using the playback facility it was
possible to plot any two variables
against each other. 1In addition, the
potential drop was plotted as a function
of time, to show the changes in velocity
at instability and arrest. A typical
summary of records is shown in Fig. 2.
After arrest the specimens were heat
tinted and broken open to obtain crack
length data.

An initial series of tests using the J
integral method of analysis was
conducted to provide a measure of the
initiation toughness. Also, some
preliminary dynamic system tests were
carried out to establish the pattern of
crack initation upto the point of
instability. The J/da results are
plotted in Fig. 3.

THEORETICAL BASIS OF FRACTURE AND ARREST

dynamic behaviour of cracks,
sidering a rigorous analysis of the

i:nzzsen (197%) and Hahn (1974) have proposed that a total energy balance is
This requires account to be taken of kinetic energy effe;t:.
finite size specimen stress waves will radiate from the crack tip an e
_reflected back from the boundaries.
any time will play an importaant role in the dynamic fracture event.d e
- Consequently it was proposed that the energy balance equation shoul a

In a

Thus the kinetic energy contribution at

L

= (1)
da o

where F is the work done, U is the elastic energy, W is the energy requized
for crack extension and Ep;, is the kinetic energy contribution.

Thus the

dE yin (2)

If R; denotes the dynamic energy dissipation rate per unit of crack extension,
thendcrack propagation will only occur when

(3)

where t denotes time and V crack velocity.

that if a static analysis is applied
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€alibration of the AC potential drop indicated crack length, has not proved
traightforward. Because of changes due to plastic deformation, which in
_gthese tests was large, the saw cut method of calibration indicated a .
ompletely different voltage change per crack increment, than was realistic
rom the arrest results. From evaluation of the arrest test changes in
voltage and crack length, a value of 1.78 mm per volt was obtained.

The detalled energy balance evaluation can only be undertaken analytically
with difficulty for linear elastic fracture mechanics and requires data or
assumptions about the relationship between crack velocity and fracture
resistance. To undertake an extension of such an analysis into the regime o
large scale plasticity is not presently feasible. Consequently, one must
resort to a "static" arrest analysis, thus reverting to the static energy

Balance eunatlon ble 1, records the summary of experimental results and various crack arrest

GCom= v o _toughness values obtained. The following definitions are applicable, from

A da da i il -
1 Pdv _du . o
B da da

: k 1 th and elastic Y calibration.
where B is the plate thickness and v the load displacement. At this juncture maximum load, initial crack leng

one must recognise that while dU/da relates to the elastic properties of the
specimen, P dv/da is a function of the elastic-plastic properties. These
latter quantities can be determined from experimental results, which makes it
possible to determine an arrest toughness that includes the contribution due
to large scale plastic deformation.

arrest load, final edge crack length and elastic Y calibration.

arrest load, compliance indicated crack length and elastic Y
calibration.

From the static energy balance equation, the value of Gy (Ky) was determinedk
using the values of dv/da obtained from the results of displacement and crac
{ncrement, shown in Fig. 4., together with P arrest. The value of dU/da,1
being the elastic strain energy release rate, can be obtained from the value

of Kgjape

 8ince crack initiation was from a sharp notch, it was thought than an average
value of dynamic toughness could be obtained by considering work done and
etrain energy difference between specimens of the same initial crack length.

ANALYSIS OF EXPERIMENTAL RESULTS

It should noted at the outset that, in attempting to analyse the results of
these tests a difficulty over the shape of the arrested crack front arises.
The final crack front was found to tunnel on the centre plane of the specimen
a distance almost equal to thickness. Neale (1978) has shown that tunnelling
has a significant effect on crack tip stress intensity and specimen
compliance. Though not strictly correct, calculated values quoted in this
paper involving crack length are based on surface measured length. From the J
evaluation tests and prematurely terminated dynamic tests, it was observed

F, -U,)) - (F.-U.)
that the starter crack would tunnel initially to instability, so that during " - ( i 1 3 i’ )
the rapid growth period the crack front shape was essentially unchanging. ave Aai - Aaj
From a test, the following quantities could be measured.
lity is assumed identical
Through this route the initial work done upto instabi
- and dges not enter into evaluation of the dynamic event. Unfortunately, such
values appeared to be very inconsistant.
LOAD CRACK LENGTH DISPLACEMENT CONCLUDING REMARKS
; From the preliminary trials which led to the evolution of the te:t piogrim
i it emerged that the ability to do plastic
providing the results described,
?::t:zﬁlit Edlziziiist Logd goint work, to produce ductile instability was important. For this reason, it ma{be
Arrest q 'T;; arrest e that brittle/ductile duplex specimens could give misleading, but high, results

on arrest toughness. When the fast moving crack with its small plastic zome
reaches the ductile material it may have a dynamic stress intensity greater
than required. However, since propagation can only continue with a much i
larger plastic zone, arrest may occur because insufficient energy is azai able
to change the plastic zone size sufficiently. In contrast the "static
analysis would underestimate arrest toughness.

Of course all intermediate data is known, so that total work done, final rate
of change of load with displacement at arrest and load point displacement with
crack length increment can all be determined. Also from the load displacement
record the compliance indicated crack length can be calculated.

Observations on crack speeds, as indicated by the change in voltage, show that
a crack accelerates and achieves a maximum velocity. The arrest that follows
can be abrupt or gradual. For greater qunatities of Belleville washers, and
hence higher crack speeds, the arrest event occured suddenly. Fewer washers
produced a lower maximum velocity and showed a definite decceleratiomn

period. The abrupt arrest was seen as a step change within the plotter scale

Because of the extent of load point displacement, a conventional clip gauge
could not be used and it was also considered that it may not follow the fast
event accurately. To measure load point displacement, a two part fixed
transducer across the load pins was used. - Having preloaded the ‘unnotched
specimens it is considered that only small elastic extraneous displacement was
likely to be measured during a test.

AFR VOL 5-E
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G.T. Hahn, R.G. Hoagland and A.R. Rosenfield, (1974) Temperat;te
D;p;ndencé of Rapid Crack Propagation and Arrest in A517 Steel,

used to record the event. These cracks reached their maximum velocity in less
Prospects of Fracture Mechanics, Noordhoff, p.267.

than 0.2 secs. The maximum velocity.tecorded was 0.75‘m/sec over a distance

of 25 mm.
B.K. Neale, (1978) An Investigation into the Effects of Thickness on the

Fracture Behaviour of Compact Tension Specimens, Int. J. of Fracture,
Vol. 14, p.203.

J.F. Kalthoff, J. Beinert and S. Winkler, (1976) Measurement; oinDynamic
S;ress Intensity Factors for Fast Running and Arreiging Cracks
Double-Cantilever—Beam Specimens, ASTM STP 627, p. .

It:should‘be noted that the arfes; toughness G, (K,) appears to be related to
the number of springs and hence crack velocity. The higher the velocity the
lower the toughness. It has also been shown by Kalthoff (1976) that Araldite
_;wedge loaded specimens behaved in the same way.

From the results of Table 1, it can be seen that a simple linear elastic
analysis of arrest toughness considerably underestimates ductile crack arrest
toughness. Both the “static" rate of change of work and strain energy, and

the complicance indicated arrest toughness are in reasonable agreement, being = 191G6/133
of the order five times greater than the elastic value.

4

-

] 0-2 SECS

J

The J initiation results also indicate a much lower toughness than the ductile
arrest values.
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