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ABSTRACT

As part of a programme to investigate mixed mode fatigue crack growth
threshold behaviour, tests were carried out on a medium strength structural
steel to BS 4360 Grade 50D, The three-point bend specimens used had spark
eroded initial slits inclined to give mixed Mode I and IIT displacements.
Baseline Mode I tests were also carried out. Crack growth was monitored by

alternating current potential drop egquipment.

Overall, the expected tendency to Mode I crack growth showed as an initial
discontinuity followed by a smooth rotation of the crack front towards a
direction perpendicular to the specimen sides, At a smaller scale, initial
crack growth was by the formation of Mode I facets which developed into a
'twist' fracture surface consisting of narrow Mode I facets interlinked by

cliffs, the facets tending to merge as a crack grew.

The experimental mixed Mode I and III fatigue crack growth threshold data
were close to a lower bound failure envelope based on the premise that the
event controlling failure is the propagation of Mode I branch cracks.
Experimental fatigue crack growth rates for propagating twist fractures were
less than would be anticipated on the basis of their apparent Mode I stress
intensity factor ranges. Estimated stress intensity factor corrections for

twist fractures based on facet overlap led to a satisfactory lower bound to

the experimental data,
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1 INTRODUCTION

As part of a programme (1] to investigate mixed mode fatigue crack growth
threshold behaviour, tests were carried out on a medium strength structural
steel to BS 4360 Grade 50D, The three point bend specimens used had spark
eroded initial slits inclined to give mixed Mode I and III displacements.
Baseline Mode I tests were also carried out., Crack growth was monitored by
alternating current potential drop (ACPD) eguipment, Tests using similar
specimens have previously been carried out to determine the crack direction

and threshold behaviour of mild steel [2].

The present tests had three main aims, Firstly, to see whether the pattern
of crack growth was the same as that previously observed [2] in mild steel.
Secondly, to determine the fatigue crack growth threshold of relatively long
cracks for mixed Mode I and III loading and compare the results with data for
other steels, and finally to collect fatigue crack growth rate data in the
near threshold region. Relevant theoretical and specimen design considera-

tions are discussed in References 1 and 2.

As fatigue crack growth is normally in Mode I, crack growth data can be
conveniently analysed in terms of the Mode I stress intensity factor, KI' The
range of KI in the fatigue cycle, AKI, is usually the major variable. A
threshold value of AKI, AKth, must be exceeded before a crack will grow. The
prefix A indicates range in the fatigue cycle; in this paper it is sometimes

omitted. The mixed Mode threshold data are given in terms of K KIII’ which

I’
is the Mode III stress intensity factor, and KA’ which is the apparent Mode I
stress intensity factor. The crack growth data are given in terms of KAQ

2 TEST METHOD

The pedigree material {3] used was a structural steel to British Standard 4360
Grade 50D, The average values of the tensile strength and the 0.2 per cent
proof stress were 513 and 370 MN/m? respectively. The grain size, measured by

the intercept method, was 10 pm.

Three point bend specimens, of the design shown in Fig. 1, were cut from a
single plate with their length and thickness dimensions in the longitudinal

and short transverse directions respectively, The expected crack path for
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this type of specimen [2] is shown schematically in Fig. 2. A spark eroded
slit was used to avoid difficulties associated with precracking mixed mode
specimens in fatigue; its use has previously been found satisfactory for mild
steel [2].

All tests were conducted in air at room temperature {(average 21°C) using a
test frequency of 100 Hz, a support span of 240 mm and an R value (ratio of
minimum to maximum load in the Ffatigue cycle) of 0.1. 1In most cases the loads
applied were increased incrementally using a specially written program. 8
values (Fig. 1) of 90°, 75°, and 60° were used, giving pure Mode I and KIII/
KI ratios of 0.27 and 0,58 respectively. Test conditions for individual mixed
mode specimens are summarised in Tables 1 and 2. The numbers of cycles at
each load level, and within each load level the numbers of increments over

which crack growth was measured, are included.

Crack length was measured using an alternating current potential drop (ACPD)
system. The particular system used had a resclution of 0.0l mm, & short-term
accuracy of 0.02 mm and a temperature sensitivity of about 0.04 mm/°C.
Because of the high test frequency, sampling the ACPD signal at the maximum
load in the cycle was impractical so the readings obtained provided an average
over the whole fatigue cycle., The calibration was checked initially by using
crack front markings due to load changes on B = 90° specimens, For f = 75°
and 60° calibration was based on the measured crack length at the end of a
test. Minor temperature changes resultad in drift in the ACPD equipment and
led to some difficulties in interpreting results. There were some instances
of apparently negative increments of crack growth, the resulting apparently

negative crack growth rates being taken as zero.

A variety of techniques can be used to determine fatigue crack growth
thresholds [1, 4]: the method chosen here was to calculate the threshold from
the highest load increment at which the crack growth rate did not exceed

2 x 10°% mm/cycle. The thresholdAdata are shown to three significant figures;
the accuracy of the data do not justify the third figure but it is included to
avoid exXcessive rvounding errors. Near threshold fatigue crack growth rates
were calculated using the second method. Equations used in calculations are
given in the Appendix. The ratio of nominal net section stress to the 0.2 per
cent proof stress was approximately 0.2 for the threshold data, and did not
exceed 0.4 for the fatigue crack growth rate data. After testing, specimens

were broken open at low temperature so that the fracture surfaces could
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be examined, In the mixed mode specimens testing was discontinued after

between 3 and 10 mm of crack growth.
3 RESULTS

Baseline Mode I fatigue crack growth thresholds obtained from specimens MGLA
1, 2 and 3 were 7.38, 6.82 and 7.46 MN/m®’? respectively, giving a mean value
of 7.2 MN/m3“2, This is typical for a fine grained alloy steel [4]. The
corresponding plastic zone size, rp, calculated from the maximum load in the
fatigue cycle using Equation {5), was 0,025 mm, Because of the use of B = 90°
specimens to calibrate the ACPD equipment, relatively few baseline fatigue
crack growth rate data were obtained (Fig. 3a). However, they agree well

with published data for similar steels [4], and appear to be reliable.

The mixed Mode I and III fatigue crack growth thresholds obtained are given in

Table 3. KA is the apparent value of KI

B were 90°; KI and KIH were then calculated using equations (2} and (3). The

fatigue crack growth rate data from the mixed Mode I and III specimens are

calculated using equation (1) as if

shown in Fig. 3 plotted against AKA in a manner analogous to that
conventionally used for pure Mode I data. The data from specimen MGLA 4

(Fig. 3b) extended to very low crack growth rates but this may have been an
artefact of drift in the ACPD system. For specimens MGLA 6 (B = 75°, Fig. 3b)
and MGLA 8 (B = 60°, Fig. 3c), crack growth rates first decreased and then
increased, as sometimes observed in 'short crack' tests [5). Again, this may
have been an artefact of drift in the ACPD system, but current tests for B =

45° suggest that it is genuine.

The fatigue fracture surfaces of the mixed mode specimens are shown in Figs ¥
and 5. With the exception of specimen MGLA 6 (Fig. 4c), crack fronts remained
reasonably straight and perpendicular to the expected direction of crack
growth, The general appearance of the fracture surfaces was the same as for
the mild steel tests [2]. Macroscopically, as a crack grew the crack front
rotated towards the f = 90° plane; average values of the initial crack growth
angle, a (Fig. 2), at the specimen surface are 24.3° and 28.5° for B = 75° and

60° respectively.,

On a finer scale, initial crack growth was by the creation of small branch
cracks which formed a 'twist' fracture surface [2), consisting of what

appeared to be narrow Mode I facets interlinked by cliffs, and having the
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geﬁeral appearance of a staircase. In general, the facets extended under the
cliffs, suggesting that the latter form as a consequence of facet propagation.
The facets then merged with one another as a crack grew, At the start of
crack growth the facets were too small and too damaged by fretting for their
angles to be measured to confirm that they were indeed Mode I. However,
previous work on mild steel [2], where the facets were generally larger,
strongly suggests that this was the case, There was clear evidence of crack
arrest after several millimetres of crack growth in specimens MGLA &, 7, 8,
and 9 (Figs 4 and 5), suggesting that the crack was not growing along the

whole of the (irregular) crack front.
4 DISCUSSION

In interpreting the ACPD data it was assumed that the cracks were sufficiently
uniform through the thickness of a specimen to ﬁe regarded as 'one-dimen-
sional’ [6, 71, Using this assumption leads to possible errors from three
main sources, all of which are unfortunately difficult to quanfify, but should
have been minimised by the calibration procedure adopted. Firstly, differ-
ences in crack length through the specimen thickness; it cannot be assumed
that the measured length will be an arithmetic average [6]. Where B = 75° or
60° the true crack length at the surface is greater than on the specimen
centre line, even for a straight. crack front. Secondly, point or line contact
between opposite faces of & fracture; this short-circuits the current and
reduces the apparent crack length. Cliffs between Mode I facets act as line
contacts, and can result in significant underestimation of crack length [7].
Finally, overlapping facets increase the current path length leading to over-

estimates of crack length [8].

Equations (2) and {3) used to calculate values of KI and KIII for the initial
slit are only exact for the case of a tunnel crack in an infinite body, but
appear to be reasonably accurate near the specimen centre line {2}. Assuming
that once crack growth starts the:crack is pure Mode I, then the strain energy
release rate argument given in the Appendix leads to the conclusion that KA is
actually a reasonable estimate for KI provided that B is not too small

(maximum error 7.5 per cent in K. at B = 60°),

I

Away from the specimen centre line Mode II displacements are present prior to

crack growth. This accounts for the abrupt change of crack direction when
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crack growth starts, which is such that the Mode Il stress intensity factor,
KII’ is reduced to zero [2]. The dinitial KII/KI ratio is largest at the
specimen surface where it may be estimated from the initial crack growth
angle, a (Fig. 2), using equation (6). For B = 75° and 60° the KII/KI ratios

so calculated were 0,23 and 0.25 respectively,

Fig. 6 shows the experimental mixed Mode I and III threshold results

normalised using a AKt value of 7.2 MN/m*7?. They are compared with a lower

bound faillure envelopehbased on Mode I branch crack growth and an upper bound
failure envelope based on KI for the initial crack., These bounds proved
satisfactory both for the previous tests on mild steel [2} and for tests on a
range of steels using circumferentially notched round specimens [9]. Both
these data sets are included on the figure. Two points are shown for the mild
steel tests at B = 75°, the one marked 'fine facets' was based on tests where
specimens had initial facets comparable in size to those observed on the
present test specimens. The results agree well with the earlier data and help
to confirm the previous observation [1, 2] that Mode III displacements
encourage Mode I branch crack formation, leading to test results which are
close to the lower bound. For completeness an envelope based on constant K

A
{Appendix) is included on Fig. 6,

The Mode I facets on a twist fracture surface overlap. Stress intensity
factors for overlapping cracks are less than those for single cracks.
Examination of stress intensity factors both for two closely spaced over-
lapping cracks and for cracks with two small symmetrical branches at a tip
[10] suggests that the stress intensity factor for two overlapping facets is
about 3/4 of that for a single facet, and provides an approximate lower bound
for the stress intensity factor for a twist fracture surface, assuming that it
is unusual for more than two facets to overlap., The fatigue crack growth rate
data appear to confirm this lower bound (Fig, 3d); the data for B = 75° and
60° fall between those for 8 = 90° and a predicted lower bound (dashed line)
obtained by dividing AKA values by 3/4, A similar retardation is sometimes
observed in tests on welded joints where overlapping facets occur because of

crack initiation at different levels along a weld [7].

5 CONCLUSIONS

The fracture surfaces of the mixed Mode I and III test specimens showed that
initial crack growth was by the formation of small Mode I branch cracks which

developed into a 'twist' fracture. This consisted of narrow Mode I facets
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interlinked by cliffs, the facets tending to merge as a crack grew. Macro-
scopically, there was an initial directional discontinuity, followed by a
smooth rotation of the crack front towards the expected Mode I crack growth

plane.

The experimental mixed Mode I and III fatigue crack growth threshold data were
close to a lower bound failure envelope based on the premise that the event

controlling failure is the propagation of Mode I branch cracks,

Experimental fatigue crack growth rates for propagating twist fractures were
less than would be anticipated on the basis of their apparent Mode I stress
intensity factor ranges. Estimated stress intensity factor corrections for
twist fraétures, based on facet overlap, led to a satisfactory lower bound to

the experimental data.
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APPENDIX
EQUATIONS USED IN CALCULATIONS

For pure Mode I (B = 90°, Fig. 1) tests values of the Mode I stress intensity

factor KI were calculated using the expression [2]:

KIBW1’2 3(5/W)arr? {1.99 - a (1 - a) (2,15 - 3.93a + 2.7&2)}
‘2 (1)

P 21 + 200 (1 - )

0<a=a/el

where B is specimen thickness, W is specimen width, P is applied load and S is
support span. For B # 90°, apparent values of KI (KA) were first calculated
using equation (1), and KI and the Mode III stress intensity factor, KIII’

were then calculated using the approximate expression [2]:

~
fl

I Ky sin?f ) (2)

=
[}

111 K, éin B cos B. (3)

For a uniaxial stress field this is equivalent to taking:

K, = KI ¥ K%II/KI. (4)

Values of the plastic zone size at the crack tip, r , were estimated for the

maximum load in the fatigue cycle using the expression [13]:

K 2(1 - 2v) + 3K2
;o= -L 111 (5)

P ZHGYZ

where Oy is the 0.2 per cent proof stress and v is Poisson's ratio, taken as

1/3. The approximate initial crack growth angle, a (Fig. 2} is given by {21:

KI gin a = KII(3 cos « - 1) (6)
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The strain energy release rate, G, of a Mode I crack, under plane strain

conditions, is given by {113:

e & (1 - v2)}/E (7)
where E is Young's modulus. Now for a crack at angle B (Fig. 2) the crack
front length is B/sin B. Hence, if it be assumed that the global strain
energy release is independent of B and also that a growing crack is actually

in Mode I, it follows that:

KI' = K, (sin B)172 (8)

which implies that KA provides a reasonable estimate for KI provided that B is
not too small: (sin B)i“2 = 1, 0,983, 0,931 and 0,841 for B = 90°, 75°, 60°

and 45° respectively.
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TABLE 1 .
TEST CONDITIONS, B = 75° 4
Specimen | Width | Thick- | Initial | Mean | Alt, No of No of
number ness crack load | load cycles incre- |
length ments i
W B a ;
(mm) | () (mm) | (D) | (0 | (millions)
MGLA & | 60.32 | 20,14 19.93 | 2.20 | 1.80 9.999 1 g
20,08 | 2.44 | 2,00 10.00 1 |
20.03 | 2.68 | 2.20 10.00 1 |
20,10 | 2.94 | 2.40 10.00 1 I
20,14 | 3.18 | 2.60 10.00 1 i
20.33 | 3.42 | 2.80 10.00 1 !
20.98 | 3.66 | 3.00 10.00 1 '
23, 13%
MGLA 5 | 60.27 | 20.15 19093 | 2.90 | 2.38 158.7 13
20.32 | 3.04 | 2.50 100.0 9 |
20,22 | 3.20 | 2.62 112.1
20.14 | 3.36 | 2.76 102.7 9 !
20.38 | 3.52 | 2.90 112, 4 10
20.42 | 4.22 | 3.48 2.712 8
26.91%
MGLA 6 | 60.26 | 20.04 19.83 | 3.72 | 3.06 21.82 34 ]
26.53% :
*Final crack length.
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TABLE

2

TEST CONDITICNS, B = 60°

Specimen | Width | Thick- | Initial | Mean | Alt. No of No of
number ness crack load | load cycles incre—
iength ments
W B
{mm) {mm) {mm) (kN) (kN) (millions)
MGLA 7 60.30 | 20.20 20,16 2.70 | 2.25 100.0 20
20.34 3.24 | 2,68 100.0 20
20.03 3,90 | 3.22 20.13 16
29, 46%
MGLA 8 60,30 20.18 19.96 3.60 2.95 35.27 49
29.36%
MGLA 9 60.31 | 20.01 16,93 3.40 | 2,81 99.97 20
20.09 3.60 | 2.95 100.0 27
20.55 3.78 | 3.11 15,46 20
29,93%

*Final crack length.
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TABLE 3

MIXED MODE I AND III FATIGUE CRACK GROWTH THRESHOLDS

Specimen B AKA AKI AKIII rp
number (deg) | (MN/m®-2) | (MN/m3-2) | (MN/m372) | (mm)
MGLA 4 75 6.95 6.48 1.74 0.034
MGLA 5 75 7.79 7.27 1.95 0.043
MGLA 7 60 7.13 5.35 3.08 0.056
MGLA 9 60 7.95 5.96 3.44 0.070
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