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The Relationship between Dynamic Fracture Toughness
and the Conditions for Crack Arrest in a Large Structqre

C. L. Formby, Berkeley Nuclear Laboratories, U. K.

L THE CONCEPT OF DYNAMIC FRACTURE TOUGHNESS There are three

essentially different processes which are linked by the fact that fracture
is occurring under a high local strain rate: shock fracture initiation
from a sharp notch; fast propagation of a crack; crack arrest. If

we take the simple-minded view that fracture is controlled by the value

of an effective surface energy, the three processes become closely
related. Shock initiation depends on the value of the applied stress

exceeding the Griffith's value: 2E Y, ¢¢

g = —ﬂ?— veene (1)

Where C is the length of the initiating notch, or crack, E is Young's
modulus and Yofs is the effective surface enagy, consisting mainly of
the work needed to stretch to fracture the layer of material next to

the fracture surface. On this simple hypothesis the excess strain
energy released during propagation becomes kinetic energy,only 4 BC Yof g
the amount needed to make the fracture surfaces, being used (B is the
plate thickness). Crack arrest occurs if the strain energy release

rate falls below 4 B Yogg? i.e. if (Cottrell, 1964)

2E y
g < /——.—ngff P )

Very similar to the Griffith's condition (equation 1).

This simple model suffers from many drawbacks but the practical
usefulness of dynamic toughness must depend on some such simple model
applying. Therefore, our comprehensive series of dynamic tests on
one steel (a common C/Mn steel in the normalised condition, to BS1501 -

221) will be examined to see how far it applies.
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2, SHO
CK _FRACTURE INITIATION Specimens were in the form of bars

broken in three-poj i
é-point bending. Each contained two notches equidistant

entral loadJ. g point, T ey re f actured by lmpact and
from the ¢ n h we r n the

notch openin dlsp acement [ measured at the Unbtoken notch t .

been near i iti
1ts fracture condition when it was unloaded by fracture at

h 2
the other notch. Using the simple model we have:

o 8§ P
AN

f Both types
of speci i
pecimen were prepared with 150um root radius notches and §_ w.
p vas
measured b
y feeler gauge, The results are compared below with th
e
dynamic i
yn toughness in crack Propagation (section 3) and in arrest

(section 4),

3.

FAST CRAC
RACK PROPAGATION A method for finding Propagation toughness

from an impact is ¢
mp. test is Lhe temperature wave method invented by Wells

The Cempe!atute wave 8manat1ﬂg from the fIaCtuIe 18 measured by thEImO‘

couples. i
On the assumption, based on other work, that most of the

energy needed
g to deform a metal appears as heat, thig temperature wave

can be used to calcula y
t 2 o
e the Propagation toughness » Y ££° M ntgomer

d 1 .
and Wells (1972) have used this method to find the propagation to h-
ug

ness of our 2 b
T 25mm C/Mn steel. The results compare well in the lower

shelf region with val
ues of
o Yeff calculated for Crack arrest in the

pregsure vessel testg described in section 4
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The propagation toughness measured in a wide plate or a vessel
test should be more reliable than that obtained from impact tests,
because more stable fast crack conditions will be achieved. A method

of measuring propagation toughness in this circumstance has been

developed in this investigation. It depends on relating the amount

of plastic deformation, the traces of which remain after fracture, to
Yofg One way of measuring the deformation is via the local thick=-

ness contraction near the fracture. For a moderate or high toughness

giving nearly plane stress conditions the amount of thinning is approx-
imately equal to the local plate stretch, SD. This is because shear
occurs in bands at 45° to the plate surface (Hahn and Rosenfield, 1965).

Equation (3) relates 6D to Yogg® The results on our 25mm C/Mn steel,

obtained by taking plate thickness measurements after the series of
pressure vessel burst tests, span the brittle-ductile transition region.
Agreement with the double-notched impact 6D (section 2) is remarkably
good - the transition occurs over approximately the same temperature
range (0-40°C) in both cases and values of 6D agree well in magnitude.
(For example, at 20°C the value of éD in double-notched impact is 0.76mm
and is 0.6mm in wide plate propagation.)

4. CRACK ARREST We see from the quasi-static model in equation (2)
that crack arrest occurs if the applied stress is less than some value
which depends on Yessf and instantaneous crack length. To find this
wvalue and hence Yoff it is necessary to measure a condition in which
the crack just stops. The inertia of the loading system of a tensile
testing machine would be such as to make uncertain the stress acting at
the instant of arrest. Our 25mm C/Mn steel was therefore tested in
the form of gas-loaded pressure vessels sc that the full stress would
be acting throughout the process and would last until gross fracture

had occurred. This work has been reported briefly elsewhere
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(Edmondson, Formby, Jurevics and Stagg, 1969; Edmondson, Formby and
Stagg, 1969) but before the full results were available,

A 305mm (12 in) long running crack wag Produced in each of the
1.52m (5 ft) diameter cylindrical vessels by cooling an axial 305mm
groove, This was repeated at a succession of increasing internal
pressures on each vessel by repairing and rotating, until the crack
no longer stopped near the groove ends but ran on to give a complete
burst. Repetition to cover a range of overall vessel temperatures
allowed the fyll transition curve to be obtained in terms of fracture
stresses. The lower bound is given by the highest stress at which
the running crack emerging from the artificially induced brittle

region
g was found to arregt. The upper bound is the lowest stress at

whi :
ich the crack was found to continue to run, giving a complete burst
The bounding stresses c |
an be c i iri
onverted to 6D values via the empirical
£ .
ormula of Cowan and Kirby (1969). This crack arrest toughness can
b . e wiE .
€ compared with shock initiation toughness (section 2) and with
propagation toughness (section 3)is The transition spans the temper
pera-
ture range 0 to 35°C and the % i
‘ value of 6D at 20°C is 0.5mm (0.020 in)
in i
excellent agreement with the shock initiation and propagation case
T s
(section 3).

Some standard Robertson Crack Arrest Tests were carried out by
R.E.M.L. Risley on our steel for comparison.
tures did in fact occur near in

te iti
N ‘ mperature to the 6D transition, but
the result obtained at the more usual applied stress (124 MN/mZ' 8 tsi)
. .
lay slightly below the main part of the transition. These results
show that the Robertson Crack Arrest Test does give a feel for the
position of the dynamic toughness transition, but a test for dynamic

toughness would give much more information.

VIII - 4453

The crack arrest tempera-

B T R ——

5. DISCUSSION The similarity found between the shock initiation,
propagation and arrest toughnesses is remarkable when account is taken
of the diversity of process and test type, and of the complications
caused by inertia and strain rate effects. The simple argument given
in section 1 of the equivalence of the three processes must be suffic-
iently valid, Moreover, the fact that the crack arrest conditions of
the 1.5m diameter gas-loaded vessels were predictable even from the
impact tests, in which the energy released was orders of magnitude
smaller, shows that crack arrest is controlled by dynamic toughness
rather than stored energy release. Thus dynamic toughness can be
regarded as a material property in its own right, independent of the
test details, The only requirements seem to be an acute notch, full
plate thickness and a loading rate in the right range.

A straightforward way of incorporating dynamic toughness into
safety arguments would be via the Pellini Fracture Analysis type of
approach (Pellini, 1971). This approach could be improved by the
application of a standardised test for dynamic toughness, The dynamic
toughness could then be used in conjunction with the standard fracture
mechanics formulae, familiar from static fracture initiation, to make
quantitative predictions of the size of shock loadings or brittle
volumes which can be allowed in a structure.

6.  CONCLUSIONS

(1) Shock fracture initiation, rapid crack propagation and crack
arrest are equivalent in the sense that they are controlled by the
same effective surface energy, Yegs

(2) The dynamic toughness, Yoggr €20 be a useful material property,
specifying tolerance of shock loadings and brittle areas,
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