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Abstract—The fatigue crack closure response was investigated for a surface crack in
BS4360 S0B structural steel, subjected to (1) constant amplitude loading and (2) constant
amplitude loading interrupted by a single peak overload. A variety of compliance tech-
niques was employed to determine closure behaviour. The crack mouth gauge measured
the bulk, plane strain closure load, while the near tip strain gauge indicated the surface,
plane stress closure response. For constant amplitude loading it was found that the surface
regions of a surface crack are closed for a greater portion of the load cycle than the
maximum depth point. A single peak overload caused different closure and growth rate
transients at the surface of the thumbnail crack and at the maximum depth point. For
growth rates above 10~ % mm/cycle, such behaviour agrees with the response of a through
crack when subjected to constant amplitude loading, and a single peak overload.

NOMENCLATURE

a = crack depth, mm
¢ = half surface crack length, mm
2r,, , = overload plane stress plastic zone size, mm
2r, . = overload plane strain plastic zone size, mm
K = stress intensity factor, MPa,/m
AK = stress intensity range, MPa\/ﬁ
N = number of cycles

max K

-~ K, )
min

max K

il

U = closure parameter (:

i

g, = yield stress, MPa.

Subscripts
a = depth direction
¢ = surface direction
max = maximum
mean = mean
min = minimum
ol = overload

op = crack opening
th = threshold.

INTRODUCTION

When engineering structures are subjected to cyclic loading, they may fail by the advance
of a thumbnail shaped fatigue crack through a section. Such cracks may originate at
surface defects caused by welding, corrosion, poor handling or machining. The rate of
growth of these cracks is often assumed to be determined by the value of the stress
intensity factor range. It has been found that fatigue cracks may close under tensile
loads [ 1], thus reducing the effective stress intensity range for crack growth.
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Before we can estimate the life of a structure using fracture mechanics principles, we
must have an accurate stress intensity calibration for a variety of crack shapes and plate
thicknesses [2]. Crack shape development is often used to evaluate the accuracy of a
stress intensity calibration [3]. Such an analysis assumes that the crack closure load does
not vary along the crack front.

Much work has been conducted into the effect of a single peak overload on the growth
rate of through cracks [1,4-11]. Bernard et al. [4] found that the growth rate transient at
the centre of the specimen differed markedly from the response at the surface. They
tentatively suggested that this load interaction effect was due to residual stress/crack
closure phenomena, though no closure measurements were taken.

In the current study, the closure responses at the maximum depth point and surface
regions of a thumbnail crack are investigated, for the cases of constant amplitude fatigue
loading and a single peak overload.

CLOSURE INSTRUMENTATION

Both ultrasonic and compliance techniques have been employed for investigating the
closure response of surface cracks [12, 13-15]. Frandsen et al. [13] found that the load at
which a compliance gauge begins to show a non-linear output differs from the load at
which the acoustic impedance of the specimen begins to decrease. We conclude that
acoustic and compliance techniques indicate different crack closure loads.

Recent work has shown that compliance methods give a more accurate representation
of the closure load than their electrical or acoustic counterparts [16]. In this study the
following compliance techniques were employed (see Fig. 1):

(1) Crack mouth displacement gauge.

(2) Back face strain gauge.

(3) A recently developed push-rod gauge, useful for monitoring crack opening behav-
iour just behind the crack tip, at the centre of the test-piece [17]. In order to use the
gauge, two parallel holes of diameter 1.5 mm were drilled just behind the maximum
penetration point of the elliptical crack (Fig. 1). One hole was drilled to a depth 1 mm
below the fracture plane, the other to 1 mm above. The push-rod assembly was then
fastened to the specimen. On recommencing cyclic loading of the test-piece, the relative
displacement of the hole bottoms was measured with a twin cantilever displacement
gauge, via the push-rods. The crack closure load was deduced by locating the point at
which the load/displacement trace became non-linear, as with any compliance gauge.

(4) A1 x 1 mm strain gauge, placed just behind the crack tip and straddling the crack
plane [18]. The near tip strain gauge indicates the surface, plane stress closure response.
Closure measurements were taken at 0.05 Hz, using an offset procedure [16, 19].

SPECIMEN DESIGN

Three specimens were made from BS 4360 50B structural steel of percentage compo-
sition by weight 0.14 C, 1.27 Mn, 041 Si, 0.017 P, 0.004 S, 0.073 Al remainder Fe. Mech-
anical properties in the roll direction were, yield stress 352 MPa, tensile strength
519 MPa and elongation to failure 36%;. '
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Fig. 1. Sketch of compliance gauges attached to specimen.

The design of the test pieces, shown in Fig. 2, was governed by the following con-
straints:

(1) Large values of stress intensity factor, K, were required for small loads and crack
dimensions. This was achieved through the use of a bend geometry.

(2) The thickness and width of the test-piece had to be sufficient to minimise back-face
and side-face effects on the K calibration, since these affect the accuracy of existing
solutions [2].

(3) The test section had to be sufficiently remote from changes in section that the crack
plane was free from stress concentrations. Since two slender holes needed to be drilled
from the top surface of the specimen to the crack plane, to accommodate the push-rod
gauge, the specimen height was limited.

(4) Access to the closure instrumentation was required at the front, back and top faces
of the test-piece. Also, the front face of the test-piece had to be accessible for visual
observations.



228 N. A. FLECK et al.

Roll
direction

|
Current "‘@“""" l/ ’ ) ) ’
I/p—/— - |  [T7777 42

s | 2 T le57
14

Spark —- - - i——-\" !

machined f

slot __L sPotential

<—r —————— probes
(C:)L/wF:em 1 u " - ( spot - welded
¢l | [~ ¢ 0.5 mild

steel wires)

Details of spark machined slot

Specimens Specimen 3 ,

“mdzm FYa-258 @  a-266
S ==
2C
- 1.88

2C = 12.56
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The plane of crack growth was shown to be free of stress concentration by strain
gauging an uncracked specimen. Theory and measurement both indicated that the test
section was subject to a combined tensile/bending stress field with the tensile stress 20%
of the bending stress at the surface of the specimen.

Slots, of geometry shown in Fig. 2, were electro-discharge machined into the test
pieces, using elliptical tools of thickness 0.2 mm. The roots of the slots were sharpened,
using a razor blade, to aid crack initiation. The specimens were stress relieved at 650°C
for 1 h and slowly cooled in a furnace.

By employing two different shapes of slot we hoped to investigate the effect of crack
shape on closure response. Unfortunately, the fatigue cracks quickly grew to similar a/c
ratios, precluding a study of crack shape effects.
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CONSTANT AMPLITUDE TESTS

Experimental

All three specimens were employed to determine constant amplitude closure data.
Fatigue cracks were grown from the initial defects at a load ratio (= minimum load/
maximum load) of 0.05; loads are given in Table 1. Crack growth was monitored using
both a travelling microscope and a d.c. potential drop method [20]. Briefly, a steady
current of 20 A was applied to the test-piece, and the potential difference across the crack
was monitored. The positions of the current leads and probe wires are given in Fig. 2.

Specimen 1 was used for calibrating the d.c. potential drop technique; the fatigue
fracture surface was marked after every 0.75 mm of growth in the surface, ¢, direction, by
applying a 10%, overload to the test-piece. Closure measurements were taken immedi-
ately before and after a 10%, overload, when the surface crack length, c, attained 8.3 mm.
The crack opening load was determined with the crack mouth displacement, back face
strain and near tip strain gauges. It was noted that the small overloads had a negligible
effect on crack growth rate and closure response. At the end of the test, the test-piece was
broken open and the development of crack profile observed. Thus, the relationship
between potential difference across the crack and crack depth, a, was obtained.

Specimen 2 was used to gain crack growth data; no overloads were applied. When the
surface crack length, ¢, reached 8.0 mm, the fatigue test was interrupted and closure
measurements taken, using the crack mouth displacement, back face strain and near tip
strain gauges. The push-rod gauge was then mounted on the test-piece and closure
measurements taken with all four compliance gauges.

Specimen 3 was subjected to constant amplitude fatigue loading until the surface crack
length, ¢, reached 4.0 mm. Crack closure measurements were taken using the crack
mouth displacement, back face strain and near tip strain gauges.

Test details for the three specimens are summarised in Table 1.

Results and discussion

The stress intensity factor at the surface, AK,, and at the maximum depth point, AK,,
were calculated from Newman and Raju’s finite element results [2]. Since the ratio of
crack depth to specimen width exceeded that of Newman and Raju’s analysis, a finite
width correction was employed [21].

The closure parameter, U, is defined by (K yax — Kop)/(Kimax = Kpmin)> Where K, K
and K, are the maximum, minimum and crack opening stress intensities, respectively.
Closure results are given in Table 1. Both the crack mouth displacement gauge and the
push-rod gauge indicated a plane strain closure value, U,, of 0.85, for specimen 2. We
may, therefore, use a crack mouth displacement gauge for monitoring the bulk, plane
strain response of a thumbnail crack. The back face strain gauge was insufficiently
sensitive to detect crack closure: the distance from crack tip to this gauge was much
greater than the closed crack increment at minimum load.

It was noted from specimens 1-3 that the plane strain closure value, U,, was 0.85,
whilst the plane stress closure value, U,, was 0.75; measurements were taken for AK in
the range 10-20 MPa\/n—l, and a constant crack shape, a/c, of 0.87 + 0.09. We conclude
that a greater degree of crack closure occurs at the surface than the bulk plane strain
regions of the specimen.

Crack growth rates in the depth, a, direction were found to be 509 faster than growth
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rates in the surface, c, direction, for the same value of AK. This behaviour was observed
over the measured range in growth rate, ie. 3 x 107°-2 x 107° mm/cycle. Can we
explain this difference in growth rates using closure arguments?

The fatigue crack propagation response of through-cracked compact tension speci-
mens made from BS4360 50B was recently evaluated [22]. A power—law relation between
growth rate and the effective stress intensity range (UAK) was observed:

g—;\l] = 1.48 x 1078 (UAK)*®® mm/cycle (1)
where the growth rate, da/dN, is between 10~ ¢ and 10~ 3 mm/cycle, and AK has the units
MPa\/ﬁ. Equation (1) implies that the growth rate in the depth, a, direction should be
faster than in the surface, c, direction by a factor of (0.85/0.75)*3¢ = 1.43, for the same
value of AK. Since the measured growth rate was 509 faster in the depth, a, direction
than the surface, ¢, direction, the crack closure phenomenon successfully explains the
difference in growth rates.

Newman and Raju [2] successfully predicted the development of crack shape in an
aluminium alloy, titanium alloy and steel by arbitrarily assuming that the stress intensity
factor in the c-direction was reduced by 10%, relative to the stress intensity factor in the
a-direction. This assumption is justified by the crack closure observations of the present
study. It is evident that crack shape development may be used to evaluate the accuracy of
a stress intensity calibration, only if the variation in closure load along the crack front is
taken into account.

Tests on through-crack compact tension specimens have shown that the average plane
stress closure value, U, is 0.74, and the average plane strain U value is 0.84, for AK in the
ran range 10-20 MPa\/rH [22]. Since similar values were determined in the current
investigation, it is deduced that the thumbnail crack shows the same closure response as
an equivalent through crack.

Smith and Smith [23] have shown that the fatigue crack propagation rates of surface
cracks growing from the toe of a fillet weld may be successfully predicted from long
through crack data, for growth rates in the range 10~° to 10~ * mm/cycle. Such behav-
iour is explained by the observation that the closure responses of surface and through
cracks are identical, at these growth rates.

Byrne and Duggan[12] and Smith [24] found the threshold stress intensity range
AK,, of semi-elliptical cracks to be less than AK,, for long, through cracks, at a load
ratio of 0.1. Also, the surface cracks were closed for a smaller portion of the load cycle
than the through cracks [12]. It is concluded from a comparison of previous work and
the present study that surface cracks show a different closure response to through cracks
at near threshold growth rates (below 10~ ° mmy/cycles), but the same closure response at
higher growth rates.

SINGLE PEAK OVERLOAD
Experimental

Specimen 3 was fatigued at a constant load range of 23.7 kN and load ratio of 0.05,
except for a single 100%; overload of 48.7 kN when the surface crack length, ¢, reached
4.00 mm. Closure response was monitored -throughout the test using a crack mouth
displacement, back face strain and near tip strain gauges. A new near tip strain gauge
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Fig. 3. Crack growth transient following a single peak overload. Specimen 3.

was applied to the test piece after every 1.5 mm of growth in the c-direction, to ensure
that this gauge monitored the surface rather than bulk closure response. Since the crack
shape developed in a different manner from specimens 1 and 2, due to the differences in
notch shape and load history, a different potential drop calibration was required. Fortu-
nately, changes in test frequency from 10 to 0.05 Hz marked the fatigue fracture surface,
and so a new calibration curve of electrical potential difference against crack depth, a,
could be produced.

To examine the way in which the fatigue crack opened after an overload, two stage
acetate replicas of the crack were taken when the surface crack length, ¢, reached 6.1 mm.
Replicas were taken at minimum, mean and maximum load of the fatigue cycle. The
replication technique has been documented elsewhere [25] and has been used success-
fully for determining the crack opening response of through cracks subjected to constant
amplitude loading [16].

Results and discussion

Growth rate transient. The effect of a single peak overload on the subsequent crack
growth, crack growth rates and crack shape development is displayed in Figs 3-5. Crack
growth rates were calculated using a 3 point quadratic fit. It is apparent that the crack
responds to the single peak overload quite differently at the surface and at the maximum
depth point. '

Three stages in the evolution of crack shape were observed; the start and end of each
stage was marked by a crack profile (see Fig. 5). Crack lengths and growth rates corre-
sponding to the crack profiles 1-4 are included in Figs 3 and 4.

(1) Prior to application of the overload, the crack adjusted to a ‘stable’ semi-elliptical
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shape, profile 1. Following application of the overload, before a minimum growth rate
was reached, ¢ was retarded more than a (see Figs 3 and 4). The crack aspect ratio, a/c,
dropped to below the constant amplitude value as the crack shape evolved from profile 1
to profile 2 (Fig. 5).

(2) Crack growth rates in the depth, a, direction, increased again, while growth rates in
the surface, ¢, direction decreased t0 a minimum. Growth rates remained slower in the
surface than depth direction and the crack aspect ratio, a/c, increased to more than the
constant amplitude value. Profile 3 was adopted (see Fig. 5).

(3) Crack growth rate increased slowly in the depth, a, direction and rapidly in the
surface, ¢, direction. The crack aspect ratio, a/c, decreased toward the curvature charac-
teristic of constant amplitude fatigue loading, and profile 4 was assumed.

Bernard et al.[4] have examined the surface and bulk crack growth responses of a
75 mm thick compact tension specimen made from pressure vessel steel and subjected to
a single peak overload. The growth transient at the surface of their through crack was
similar to the surface growth transient of the thumbnail crack currently reported. Also,
the growth transients at the centres of the through crack and thumbnail crack were the
same.

The change in crack shape due to an overload influences the stress intensity calibration
for the surface crack. If the constant amplitude crack shape is assumed rather than the
actual crack shape (Fig. 5) errors of up to 309 for K in the c-direction, and 7% for K in
the a-direction, result.

Several workers [5, 6, 10] have found good agreement between the overload affected
crack growth increment of a through crack and the overload plastic zone size, defined

FEMS, 6/3—c
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1K, T
2y = —[ °’:| plane stress
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2r,,,€ = ﬂl: °'] plane strain
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where K, is the overload stress intensity and g, is the 0.29; offset yield stress.

The plane stress overload plastic zone size, 2r

is included on the plot of surface

p,0>

growth rate, dc/dN, against crack length (Fig. 6) while the plane strain overload plastic

zone size, 2r, ,

is included on the plot of growth rate in the depth direction, da/dN,

against crack length (Fig. 7). The overload affected crack length in the surface, ¢, direc-
tion is equal to 2r, . and the overload affected crack length in the depth, a, direction is

about twice 2r, ..

Previous investigators [6, 7] found that the maximum retardation in growth rate
occurs after a crack growth increment of one quarter to one half the appropriate over-
load plastic zone size; the results of the present study are no exception, see Figs 6 and 7.
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Closure response. Both the plane stress and plane strain closure values, U, decreased to
a minimum after the application of the overload, and then slowly returned to the pre-
overload values. In order to determine whether the closure phenomenon can successfully
account for the growth rate transients, use is made of equation (1). Specifically, the
surface closure transient, U,, and stress intensity range, AK_, are substituted into equa-
tion (1) to predict the crack growth rate in the surface, dc/dN. Predicted and measured
surface growth rates are compared in Fig. 6. Similarly, growth rates in the depth direc-
tion are predicted from equation (1), and compared with measured growth rates in Fig. 7.

The crack closure phenomenon appears to be the dominant cause of load interaction
effects, in agreement with the findings of several investigations on through
cracks [6, 8, 11].

The measured crack growth rates in the depth, a, direction before application of the
overload must be regarded with suspicion as the crack is still within the influence of the
starter slot. Accordingly, the crack growth rate is shown as a dash-dot curve until
application of the overload in Figs 4 and 7.

It is noted from Figs 6 and 7 that after maximum retardation of growth rate, the
closure load remains anomalously high and predicted growth rates are too low. Robin et
al. [9] found the same phenomenon for through cracks in steel. Observations of crack tip
replicas under the scanning electron microscope showed that the crack was open near its
tip but closed further back, for part of the load range (Fig. 8). This means that the crack
tip experiences cyclic displacements, for loads less than the indicated crack closure load.
Measured growth rates are therefore higher than crack closure measurements would
predict. This phenomenon has also been noted for through cracks in thin BS4360 50B
compact tension specimens [22].

It is concluded that crack closure is able to account for the growth rate transient
following a single peak overload, though compliance measurements may indicate other-
wise.

CONCLUSIONS

(1) The crack mouth gauge or push-rod gauge may be used to evaluate the plane
strain closure response of a surface crack. A near tip strain gauge may be used to
evaluate the surface plane stress closure response. The back face strain gauge is unable to
monitor the closure load since the uncracked ligament is large in comparison with the
closed crack increment at minimum load.

(2) The surface plane stress regions of an elliptical crack are closed for a larger portion
of the fatigue load cycle than the maximum depth, plane strain, regions of the crack
front. Such closure information is necessary for the successful prediction of crack shape
development in laboratory and structural components.

(3) The closure response of a surface elliptical crack is similar to that of a through
crack in a thick specimen, for growth rates in the range 10~ %10~ mm/cycle.

(4) The crack growth rates shown by a surface crack are severely retarded on appli-
cation of a single peak overload. The growth rate transient at the surface of the crack is
different from that at the maximum depth point of the crack. Crack closure is able to
account for these load interaction effects.

(5) The responses of surface and through cracks to a single peak overload are similar.
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