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Summary

Instrumented impact and double cantilever beam (DCB) tests were carried out on a
low strength structural steel over a range of temperatures. In the DCB test, cracks
arrested and re-initiated several times along the length of each piece. Initiation
values of K, were compared favourably with previous results from slow bend
tests, and arrest values (dynamic fracture toughness K, p) with those deduced
from instrumented impact tests on fatigue cracked and side grooved pieces. The
impact test appeared to give results valid up to higher temperatures than the DCB
test. These results lend support to the view that fracture toughness of mild steel
is rate sensitive and give confirmation to an earlier suggestion that minimum dy-
namic fracture toughness values can be deduced from suitable instrumented im-
pact tests. Impact K, values for several steels are shown as a function of tem-
perature over the general range from —196° to +20°C.

Introduction

Linear fracture mechanics was stimulated largely by fracture problems in
materials of high strength/weight ratio. This work has been reviewed many
times (for example Refs. 1 and 2) and needs no further discussion here.
Brittle fracture of mild steel, met spasmodically since the late 19th cen-
tury, became a major problem in the 1940’s following a number of fractures
in bridges and ships, but these two areas developed virtually independently
up to and during the 1950’s. Although Wells [3] early saw the relevance of
fracture mechanics to the propagating crack, the link between brittle frac-
ture of steel and linear fracture mechanics was not pin-pointed until in
1965, Eftis and Krafft [4] combined an analysis of the Illinois wide plate
running crack tests with the data inferred from Krafft’s co-relation between
fracture toughness K,c and the strain hardening exponent n. This presen-
ted K, for low strength steel* as a function of strain rate in a manner
which, although not proven, offers a satisfying explanation of the diverse
observations of the brittle fracture of steel at the macro-level. There now
seems to be a general acceptance of toughness as a rate dependent prop-
erty [5], the dependence being a function of temperature as shown schemati-
cally in Fig. 1. Thus valid values of K,r for static macro initiation of a

* The different meanings attached to ‘low’ and ‘high’ strength in the structural steel
and fracture mechanics fields should be noted. In the former, 30 ton/in? yield may
be called high strength, in the latter 100 or 150 ton/in? yield is implied.
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of an instrumented impact test for determining minimum K,p values up to

about the 509 fracture appearance transitjon temperature (FATT). Since

value, Fig. 1, the symbo] K.

sing that there Seems little direct evidence in the extensive literature on

.co.n?/eljntional fracture mechanics that for the high Strength materijals Static
Initiation is more critical than high strain rate initiation or pPropagation
although this jg implied by the concentration of effort on static testing for

these materials.

Test techniques
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the swinging pendulum cuts an incident light beam. Load on an displace-
ment of the pendulum can thus be recorded on a CRO against each other,
or both independently against time. A standard V notch Charpy piece, with
a fatigue crack, some 0-010 in deep beyond the machined notch, and side
grooves 0-020 in deep has been used. The load recorded is corrected for
the gross effect of test piece inertia, [16]. This correction is only an ap-
proximation allowing for the acceleration of the test piece as a deflecting
beam, ignoring vibrations. The corrected load is then inserted in the for-
mula [13] for a centrally loaded beam to give K, p.

The second test used is the double cantilever beam test (DCB.) gener-
ally as described by Hoagland [14] and Ripling [15]. The energy release rate
of this type of piece can be varied by altering its shape to give an increas-
ing, constant or decreasing characteristic with crack length, as shown by
boundary collocation calculations [16] and tests [17]. In vesting mild steel
in the brittle regime, the overriding characteristic is the marked effect of
crack speed on toughness, so that a stable crack is not obtained even with a
decreasing characteristic of test piece. The form and dimensions, Fig. 2,
are a consequence of three factors; the maximum size of material available,
4 in x 18 in, cut from the 1 in thick plate already tested Ref. 8; the propor-
tions most conducive of plain strain (w large and consequently w/b large
requiring A large and L small to avoid fracturing the arms) and the propor-
tions conducive of multiple crack arrests, so that several toughness val-
ues can be determined and averaged from each piece. Preliminary tests
showed these latter requirements to be w and hence w/b small, A small and
L large. At higher test temperatures (but still well below the FATT) the
divergence between K,c and K, gives long cracks between each arrest
(e.g. two—three in Per jump) so that, a useable middle portion of some ten-
twelve in is desirable. The high values of K,c at these temperatures also

promote yielding of the arms so that larger values of f are beneficial. It
is not claimed that the dimensions used here are a general optimum, par-
ticularly in view of the size of material available, but, preliminary tests
on several other sizes suffered from the above drawbacks. In the standard
piece a slit is cut by sawing to 1 in beyond the line of loading pins and
side grooves cut with a standard Charpy cutter, giving a 0-010 in root
radius, subsequently scored with a sharp pointed tool producing a final

The pieces were tested in an Instron testing machine, using a conven-
tional coolant bath. Crosshead speeds were typically 0-005 in/min, although

in some tests this speed was increased to 2 in/min.
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Interpretation of test results
T . - -
ypical diagrams from the Instrumented impact tests are shown in Fig

33 (a, .b). Although the final fracture corresponding to a record such as Fig
(a) is by cleavage, and corresponds to say 60% crystalline appearance .

ik , contraction
and slip line patterns, [8] the maximum load, corrected for inertia [12]

is u§ed for the calculation of K.,p . If gross yielding has occurred, a dy-
namic COD is inferred from the displacements. Values so calculat,ed [118]
arc? likely to be less accurate than from a COD meter but there i
evidence [19] that the differences are small. , = some
In the DCB test, diagrams of the form Fig. (a, b, ¢) are obtained, each

F? dg
~ 2wda
- and K* = EG/(1 — v?)
using values appropriate to initiation or arrest as required.
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This method gives results in good agreement from both determinations
of crack length for fractures with no yielding of the arms. In determining
the slopes, d¢/da, tangents can be drawn to Fig. 6 in the conventional
way, or a plot made of log ¢ — log a. For the standard test piece size
used here it was found, for mild steel,

¢ = 0201 x 107° a2°¢7

for 2:5< a < 12'5 ins, with the load expressed in pounds. At the higher
test temperatures or with increased values of w, as in the preliminary

tests, yielding of the arms precludes the direct measurement of compli-
ance, ¢, from each step of the test record. The crack length, a, is then
measured only from the fracture surface and the calibration curve used to
infer the effective compliance, and hence d¢/da, in the absence of yielding.
For this case of yielding in the arms Hoagland [14] obtained the compli-
ance by unloading the test piece just prior to fracture, and correcting the
test record accordingly. It is, of course, difficult to know just when to un-
load the test piece, but a few attempts to use that method gave results con-
sistent with the method used here.

Sample values K,; and K,;, are shown Fig. 7 against crack length, for
no yielding in the arms. Tests at —196 °C gave as many as 27 crack jumps.
At —100°C, 7 jumps was more typical. [n the following discussion a quo-
ted value of K, or K,;, from a single DCB test is the mean of the values
for each jump in that particular test. The first (shortest crack) and last
(longest crack) values to be high because of end effects, so that these
first and last values (some 20 and 10% higher) should perhaps be omitted
from the averaging.

Results of DCB and instruniented impact tests
The major series of tests after satisfactory development of the DCB testing
technique, was on a relatively tough notch type steel (50% Charpy FATT =
—20°C), low strength in terms of linear mechanics but medium to high
strength in terms of structural steels. This material, Table 1, had been
used for previous tests |8, 20| so that K, from large slow bend tests and
K,p from instrumented impact and running crack tests were known. Static
and Dynamic COD values were also available [8]. Because of doubts over
the interpretations of an impact test with dynamic initiation as reasonable
estimates of minimum K,, values, interest centred on comparison of K,
arrest values from the DCB test with the instrumented impact results. It
was accepted intuitively that a valid arrest K ,p value would be a good
approximation of the minimum K,,, although Hoagland (14] has expressed
an opinion to the contrary. Unfortunately the material was already cut to
the size of the beams used in Ref. 8, so that the direction of cracking in
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size, gave valiq K, results only below

small slow bend tests w

; as there-

was ot ayapiaen the cracking paral]e] to the rolling direction, Material
Or a repeat of the large slow bend tests with crack

parallel to the rolling dj i
: g direction. The origj
P Fomray 2 Fig 5 riginal and present results are plot-

. 1p Vvalues fa]]
- Because of the yieldin i
- of impac g associ-
1t is difficult to assure validity of DCR arrest mea

e impact K,p values are judged
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crack lengths so determined agree to+),, in with the length to the near edge
of the zone, but the technique has not been developed by the present users
to the state where it can be used in regular tests in low temperature baths.
Agreement with the crack lengths is also found between the compliance of
the saw cut calibration piece described above and direct measurements on
actual test pieces, if the length is measured to the near edge of the zone,
rather than to its far edge, for arrest. The zone is taken tobe a small region
of slower speed crack initiation, still cleavage at the lower temperatures
but of mixed micro mode at higher temperatures. Micro fractographic studies
have not been made. Further examination of the implication of the zone on
measured initiation values of K,q , the possible effects of local yielding,
crack blunting or residual stresses are also required.

These points should be resolved to assist understanding of the DCB test
and crack propagation in general, but for practical purposes the agreement
found here is taken to confirm the impression already gained from other test
techniques (summarized Ref. 12) namely that the instrumented impact test
provides a simple means of determining K, for low strength steels.

Although not directly relevant to the present paper, it was thought de-
sirable to support the general interpretation of high initiation K,-, crack
jumping in the DCB test, low K,;, and the corresponding well known in-
crease of severity of the impact test over a slow bend test, for mild steel,
by contrasting tests on a material not highly strain rate sensitive. These
tests, on a four per cent copper aluminium alloy, will be described else-
where when completed. Suffice it to say here that DCB tests over a range
of temperatures gave load records showing a ripple, rather than the steps
of Figs. 4 (a),(b),(c). On the fracture surfaces, no jumps were apparent. The
K,p values from the instrumented impact test are somewhat greater than
K,c values from the slow bend tests. This complete reversal of trends in
both types of tests is taken as general corroboration of the links between
the two tests on which the present interpretation depends.

Dynamic fracture toughness values for several structural steels
On the evidence of crack arrest results (Ref. 7) running cracks (Ref. 20)
and the DCB tests described above, the impact K ,, values for mild steel,
are taken to be approximations to the minimum K , value. This statement
may not be supportable for other steels with different strain rate charac-
teristics. It may be noted that K, values derived from impact energy val-
ues using K* = EG/1 — 1*; G = W/A where W is absorbed energy and A
cross sectional area of the test piece sometimes do and sometimes do not
agree with the K,,, values deduced as here from load measurements (Refs.
12 and 21), so that no such energy derived values are quoted here.
Dynamic fracture toughness values, interpreted as K,r are shown, Fig.
10, for several mild and other steels. The materials are summarised, Table
14,7



D .
: L and i624 show fairly constant or but slowly rising values of K p until
;)in(: 60°C bel_ow the.ir respective 50% Charpy FATT, above whic}: tem-
ghaar ureFi:;r; 1: a fairly rapid upswing in K,;, values. At about the 50%

Py the tests pass to an above i i
. gross yield beh
the derived K values are no longer valid, Y Teviown so that

WeMor.e tests, .with statisti?al .interpretation, might show that there

M re indeed differences, significant to the user, between the various low

dor:tzltit: stheels but at t?xe broad Sweep with which Fig. 10 is drawn, it is

o temp;;zher tlhere IS any marked difference in K.p values along the

e l:e plateau, although the values at the higher temperatures
Ow the 50% Charpy FATT) are of Course greatly affected by the

temperature gt which the u i
PSWing occurs, the slope of the risi i
the curves being roughly the same. e e portion of

Steels are also shown for comparison
Th i jon,
it te Battelle stee] is an exception, in that K,p at first rises rapidly
€mperature, as for the second group, but flattens off at higher tem-

i (trough) dynamic g
Values for Jow Strength steels up to about the 509 Charpy FATT. V:aql'ues
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of K, for several low strength steels are presented. At very low temper-
atures, there is little difference in the values for the several mild steel
types although some medium strength steels show rather higher K, values.
Between the 50% Charpy FATT and about 60°C below this there are larger
differences in the K,; values for all the steels, in part consequent upon
the different absolute values of the Charpy FATT.
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Table 1

Material characteristics

composition 4
Composition Yo

Steel
P

P
type

uxw

En
40c

DL

5624

Batt-
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Symposium on Crack Propagation, Paper No. 34, Cranfield, 1961.

‘Correlation of full-scale tests with Iaboratory tests’, Am. Gas
- on line pipe research, Dallas, Texas, Nov., 1965

c Si s P Mn Ni Cr

018 005 0039  0-028 0-54 016 0010

0175 0045 0036  0.022 066 i

0-19 0-30 0-04 005 1-60 05 030
H
2
i

0-52 023 0006 0005 068 0-03 304 i
i
H

0155 024 0021  0-024 1-35 022 067 1

017 018 0041 0026 083

0-21- 003 083-

elle —-0'33  _o0-10 0025 0-015 —1-93 !
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Tablel
Material characteristics (contd.)
Mechanical properties

'S UTs Charpy
Steel tonf/in? tonf/in? 50% FATT Remarks Refs,
P 147 274 44°C semi- 26, 27
killed
as rolled
P 172 283 25°C basic 12
type
Uxw 36 45 —18°C normal- 13, 24
ised &
tempered
En 76 86 —-63°C tempered B.S. 970
40c 465°
DL 336 41-8 +20+35°C normal-
ised &
tempered
5624 13-2 28 +40°C as
rolled
Batt- 28 40 +10°C semi- 28
elle killed
K¢ static

Kip dynamic

ﬁ\% Ta Ta

K1 (trough)

]

Slow --— Crack velocity —3 Fqst

— Strain rate

Fig. 1. General relationship K,c vs strain
rate T, > T,. schematic only.
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Saw cut starter Propagating crack
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[
‘ |
Rolling direction I Plate surface
| —_—
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T — |
c1l ,

| I
I I
e .t

45°notch (0-001” root radius)

Fig. 2. DCB test piece.

O-1msec
>

500
Ib

il

NN

b)

Fig. 3. Load-time diagrams of an instrumented impact test
Steel UXW, fatigued and side notched
(a) UX7FS at -2°C, 60% crystallinity
(b) UXX7FS at —75°C 100% crystallinity
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5000 "—
(@) specimen 723A at -110°C
4000 = Kic=89 Ksu—nn"
Kia=34 Ks:—mi
3000 Few steps —no yielding of arms
F(Ib)
2000
1000 P
L e e e e, — R 1
o 010 020 030 0-40
y (in)
5000
4000 (b) Specimen 742 B at —80°C
Kie=125 Kgi_in¥
3000 |- Kia= 56 Kgi_jn}
F(Ib) Few steps — yielding of arms noticeable

| |

1 T
o 010 o-?o 0-30 040
y(in)
1000 4000
S (c) specimen 7424 at —197 °c
Kic =31 Kgj—in3
/ Kia=27Ksi-in¥
600 - / Many steps — no yielding of arms
F(Ib)
ook I/
///
200441,7 7 —_——
- i e, -
e — — ! 1 |
o 010 ozo) 0-30 0-40

Fig. 4. Records load vs extension DCB specimen, steel UXW at = 005 in/min.

. Saw cut

Fatigue crack

-

Loading axis

1st. arrest

2nd. arrest

3rd. arrest

—y

Fig. 5 (a). Fracture appearance of DCB specimen, steel UXW, schematic.
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Fig. 6. DCB calibration for standard
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