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Abstract—Fatigue crack growth behaviour under intermittent overstressing was investigated in moist air,
dry air, nitrogen and vacuum with low carbon steels under tension-compression loading with a few tests
under compression—tension loading. A very small number of cycles of overstress applied intermittently
during a very large number of cycles of understress below threshold caused significant acceleration, of
about one hundred times, in crack growth rate as compared to the case of steady cyclic stress in the cases
of moist air, dry air and nitrogen. In the region of low understress, the acceleration in moist air was
appreciably less than that in dry air and nitrogen due to oxide-induced crack closure. The acceleration
in vacuum was smaller than that in other environments over all understress levels, possibly because of
rewelding. There was no effect of an overstress sequence on the acceleration.

NOMENCLATURE

a =semi crack length
a, = semi notch length
da/dN = crack growth rate
P =load
& = displacement over the gauge length of specimen
E = Young’s modulus
W, B = width and thickness of specimen
K, AK = stress intensity, stress intensity range
K,, = crack opening stress intensity
AK,, = threshold stress intensity range
AK, = stress intensity range for understress
AK, = stress intensity range for overstress
AK ;= effective stress intensity range
AK, ;= effective stress intensity range for understress
(AK,g)y, = threshold for effective stress intensity range
n, = number of cycles in an understress block of an intermittent overstress test
n, = number of cycles in an overstress block of an intermittent overstress test
R, = acceleration ratio for crack growth by intermittent overstressing = Aa/2(da/dN),4,
Aa = crack growth during one block of intermittent overstressing
(da/dN),g, = crack growth rate under steady cycling of AKX,
S, = oxide thickness measured by Auger spectroscopy
¥ = oxide thickness estimated from crack closure data

INTRODUCTION
Fatigue strength of machine and structural components in service is sometimes considerably lower

than the strength obtained by laboratory fatigue tests. One of the reasons for this discrepancy lies
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in the fact that most of the cyclic stresses applied to the components in service are below the fatigue
limit, i.e. “understress’ with very few cycles of overstress being applied intermittently. The Miner’s
linear cumulative damage law is far from valid in such cases.

One of the authors along with his colleagues [1-3] has conducted experimental studies on this
problem with particular regard to the crack growth stage of the fatigue process and obtained results
which show that a significant acceleration in crack growth rates (more than one hundred times)
occurs in those cases where a very small number of cycles (e.g. 2 cycles) of overstress are applied
intermittently between very large numbers of cycles (or the order of 10 cycles) of understress, i.e.
below the threshold stress intensity AK),. These results indicate that AK,, which has been thought
to be an important design criterion in fracture mechanics, loses its physical meaning as the
threshold for fatigue crack growth under variable stress conditions and the acceleration can be a
vital factor that has to be considered in the design of components. Most of the work on fatigue
crack growth under variable stresses, however, has been focused on the retardation of crack growth
by overstressing [4] and more research is desired to study the acceleration aspects.

The crack growth acceleration tests cited above [1-3] were mostly made with circumferentially
cracked round bar specimens using rotary bending fatigue machines and accurate values of stress
intensity could not be obtained. The first objective of this study was therefore to carry out more
sophisticated tests with centre notched plate specimens loaded in tension—compression (including
compression—tension in a few tests) by a micro-computer controlled servohydraulic fatigue
machine.

Effect of environment, on the other hand. is known to be important in fatigue crack growth
behaviour and a number of studies are being carried out on this problem [5-9]. However, no work
has been conducted concerning the effect of environment on the acceleration of crack growth by
the process of intermittent overstressing as mentioned above. The second objective in this present
study was to shed some light on this point by conducting crack growth acceleration tests in different
environments together with crack closure and Auger spectroscopy analyses. Some tests were made
also on the effect of sequence of overstressing (i.e. tension-compression type and com-
pression—tension type overstress tests) which is known to be an important factor in retardation
behaviour of crack growth after overstressing.

TEST PROCEDURE

Test materials used in this programme were two low carbon steels with almost the same
properties (normalized at 920°C for 1 h; tensile strength 449 and 433 MPa, yield point 305 and
327 MPa, elongation 34.5 and 40.0% for materials A and B, respectively). They were machined
into centre notched plate specimens (width 60 and 45 mm, length of parallel section 160 and 50 mm,
thickness 7.5 and 5.5 mm, notch length 24, = 15 and 11 mm for materials A and B, respectively)
and tested by micro-computer controiled servohydraulic fatigue machines of basically the same
type made by the same manufacturer, maximum load being A: +98 kN, B: +49 kN; machine B
being furnished with a vacuum chamber. It is confirmed by fatigue crack growth tests in dry air
under steady cyclic stresses and under intermittent overstresses that the two machines and the two
low carbon steels vield virtually the same crack growth rate behaviour.

Tests were conducted in moist air, dry air, nitrogen and vacuum. Machine A and material A
were used for the tests in moist air, dry air and nitrogen. Humidity of moist air and dry air was
maintained at near constant values, i.e. 70-80 and 20-30%, respectively, in a chamber with a small
amount of water and silica gel. For nitrogen tests, 0.3-0.5 |/min of nitrogen gas flowed through
the chamber. Material B and machine B with a vacuum chamber at a pressure of about 7 x 10™*Pa



Acceleration of crack growth 105

were used for some tests. Oxide thicknesses on fracture surfaces were measured by means of
sputtering in an Auger spectroscope because the effect of an oxide film on crack closure is known
to be very important for fatigue crack growth [10].

Crack length was measured by a travelling microscope ( x 20). Displacement ¢ over the gauge
length (12.5 mm) of specimens was monitored by a clip gauge placed on the centre line of the
specimen across the centre notch and it was recorded on an X-Y recorder in the form of
load-displacement hysteresis loops. Crack opening load was determined from the hysteresis loop
according to the standard method after Elber [11]. Measurements of the hysteresis loop were made
at intervals during crack growth; about 10-20 times for each test. The stress intensity factor was
calculated by following equation,

K = (P/BW)/na sec(rna]W). (1)

EXPERIMENTAL RESULTS AND DISCUSSION

(A) Effects of environment on crack growth under nearly steady alternating stresses (stepped-load
shedding tests)

Crack growth tests under nearly steady alternating stresses (stepped-load shedding tests after
ASTM Standard E647-78T, stress ratio R = K;, /K.« = — 1) were conducted in different environ-
ments in order to obtain basic data for the study of crack growth under intermittent overstressing.
The test frequency was 20 Hz. The crack growth rate data so obtained are shown in Fig. | as a
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Fig. 1. Crack growth rate in stepped-load shedding tests as a function of stress intensity range.




106 RyoicH! KoTERAZAWA and TAKAYOSH! NOSHO

1073 —~
o Moist air
o Dry air
. o Nitrogen
107 A Vacuum
2
o
>
o
E
E #o
107° |- A
3|E &
2 B0 A
S o9 3’ A
= 3° A
T .. e
o 107 = o B
o * AA
S ‘P a
e PN
(&) .% A
107 [~ 0o?
A
[
A
| | 1 ] J
1078
1 2 5 10 20 50

Effective stress intensity factor range

Fig. 2. Crack growth rate in stepped-load shedding tests as a function of effective stress intensity range.

function of stress intensity range AK. Figure 2 shows da/dN as a function of effective stress intensity
range AK.; obtained from the measured crack opening load (=AK — K,,).

(i) Crack growth in moist air, dry air and nitrogen. Crack growth rates in different environments,
shown in Fig. 1, agree with each other in the region of high crack growth rate. In the region of
low growth rate, however, the rate in moist air is somewhat lower than in nitrogen. No data were
obtained for dry air at the lower growth rates so no comparison can be made here. Accordingly,
the threshold stress intensity, AK};, in moist air is higher than that in nitrogen. In the AK,; diagram
of Fig. 2, on the other hand, all of the data points, excluding vacuum data, lie around a smaller
scatter band, suggesting that the difference of growth rates in the AK diagram is partially due to
different crack closure behaviour.

(it) Crack growth in vacuum. The crack growth rate in vacuum is appreciably lower than those
in other environments over all regions of growth rate shown in the AK diagram. The difference
is not eliminated in the AK,; diagram. There must be some cause other than closure for the
difference in this case which will be discussed later.

(B) Effects of environment on crack growth under intermittent overstressing

(i) Crack growth acceleration in different environments. Tests were conducted in moist air, dry
air, nitrogen and vacuum under two level intermittent stressing illustrated in Fig. 3(a) where a very
small number of cycles (2 cycles) of overstress AK, of the tension—compression type are applied
intermittently between very large numbers of cycles (2 x 10° cycles) of understress, i.e. with AKX
below the threshold stress intensity AK,,. A value of AK, is selected so that a steady application
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Fig. 3. Loading programs. (a) Tension—compression overloading and (b) compression—tension overloading.

at this level gives a crack growth rate of the order of 3 x 107> mm/cycle. Frequencies of the
overstress and the understress are 5 and 20 Hz, respectively. The results are shown in Fig. 4
(designated as tension—compression loading) as an acceleration ratio R, versus AKX, /AK,, diagram,
where R, is defined as actual crack growth during one program block of the intermittent
overstressing, Aa, divided by a fictitious one, equal to 2(da/dN),g, which is obtained under the
assumption that crack growth in any cycle during an intermittent overstress test is equal to that
in one cycle during steady cycling at the same stress. (Note that da/dN during understressing is
zero because an understress is below the threshold.)

The R, values for tests in dry air and nitrogen are close to those for the rotating bending and
in-plane alternating bending (tension—compression type) tests which were conducted previously
with similar materials in laboratory air [1-3], amounting to about 100 in the region of large values
of the understress ratio. This confirms the finding on the acceleration factors in previous tests.

The acceleration is believed to be caused by the recovery of dislocation structures due to a large
number of understress cycles [2]. That is, dislocation structures in the form of radial bands in a
direction oblique to that of crack growth are observed around the crack tip after overstressing. The
radial bands are transformed into dislocation free, large cell structures after a large amount of
understress cycling. The radial band structure formed by overstressing provides a preferred crack
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Fig. 4. Acceleration ratio R, for intermittent overstresses as a function of normalized understress
AK, [AK,,.

growth route which is followed during understressing, resulting in zig-zag crack growth which is
observed on fracture surfaces as beach marks of a saw-tooth profile [1-3]. The well recovered
structure, which results from understressing, enables crack growth and formation of the band
structure to take place more easily on overstressing. These two mutually dependent factors are
thought to be responsible for the acceleration.

In the case of moist air tests, the R, values in the region of high understress ratio are about
the same as those in dry air and nitrogen, but they are appreciably smaller than those in other
environments in the region of low understress ratio.

Acceleration in vacuum, on the other hand, is less than that in other environments over the whole
region of understress. The difference is greater in the region of high understress ratio with the R,
values in vacuum being about 1/5 ~ 1/10 of those in other environments.

The reason for the environmental effects described above will be discussed in the following

sections.

(C) Crack closure and acceleration of crack growth

Some role of crack closure was found in the effect of environment on crack growth in Fig. 2
for the case of stepped-load shedding tests. A similar effect may be expected in the case of
intermittent overstressing and some measurements of crack closure during intermittent overstress
tests were carried out. The measured crack opening levels K, are shown in Fig. 5 as a function
of number of program blocks of intermittent overstresses. Measurements were made at the start
of the intermittent overstress tests and during them, immediately before and just after overstressing.
It should be noted here that the crack opening level after overstressing is nearly equal to that before
overstressing. It is well known that the crack opening level rises after a tensile overstress due to
residual compressive stresses developed by the tensile overstress within the plastic zone ahead of
the crack tip [11]. The results shown here suggest that the residual stress is relieved by the
compressive overstress applied immediately after the tensile overstressing [12, 13].
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Fig. 5. Variation of crack opening level during intermittent overload tests.

The crack opening levels shown in Fig. 5 are low compared to the overstress peak so that
the effective value of the overstress is not much different from the nominal value. However, it
may have a large effect on the effective value of the understress which has a much smaller
nominal value. Looking into the effect of environments, the opening levels in moist air tests
are appreciably higher than those in other environments and this may explain the difference in
the acceleration in these environments. To examine this point, the effective stress intensities for
an understress AKq(= K\, — K,p) Were calculated by using the closure data (average opening
levels du~. ~ :zrmittent overstress tests). The R, values are shown as a function of AK [ (AK )
[AK .z normalized by effective thresholds stress intensity (AK.;).] in Fig. 6. (For the case
of a vacuum test, average opening levels during a steady period following about 10 programme
biocks, were used for the calculation.) Data points for moist air lie along the same line as
those for dry air and nitrogen, suggesting that the smaller R, values in moist air shown in
Fig. 4 were due to higher opening levels in this case. Data points for vacuum tests do not
agree with those for other environments also in the AK,; diagram (Fig. 6) and the small value
of R, in this case cannot be attributed to crack closure. This will be discussed further in the next
section.

D) Fractographic analysis

Examples of fractography are shown in Fig. 7 for fractures in different environments during
imtermittent overstressing. We can see, in Fig. 7(a) and (b) for dry air and nitrogen, fatigue fracture
surfaces with beach marks created by intermittent overstressing (each line corresponds to a
biock of overstress) similar to those observed in previous studies [1-3]. In Fig. 7(c) for moist air,
on the other hand, beach marks are hardly recognized, being covered by an oxide film. This
is related to higher closure levels in moist air as stated above. On the fracture surface of the
vacuum test [Fig. 7(d)] edges of ridges and valleys are not as sharp as those in Fig. 7(a) and (b)
and beach marks are not observed. This might be a result of rewelding of fracture surfaces in
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vacuum [8, 9] and related to the low crack growth rate and acceleration in the vacuum environment
as described above.

To look a little more into the effect of oxidation on the crack growth acceleration, the thickness
of the oxide film on the fracture surfaces were measured by means of sputtering in an Auger
spectroscope and an analysis of oxide induced crack closure was carried out, similar to that done
in Ref. [10]. The results are shown in Table 1. Values of oxide thickness S5 estimated from closure
levels by assuming that all of the closure is induced by oxidation, agree fairly well with measured
values of S,,, confirming the oxide induced closure as the cause of low crack growth acceleration
In moist air.

Crack growth and acceleration behaviour in nitrogen was different from that in vacuum
and similar to that in dry air. It might be questioned why an inert nitrogen environment
did not cause similar behaviour to that in a vacuum environment. This is most probably
because the nitrogen gas used in this study was of commercial purity with about 50 ppm of
residual oxygen and 14 ppm of water vapour (maximum values). Crack growth behaviour in such a
nitrogen gas with traces of oxygen and water vapour has been reported to be similar to that in

air [14].

(E) Effect of sequence of intermittent overstressing

On the effect of sequence of overstress on fatigue crack growth retardation, it was shown that
a compression—tension type of overstress provides a greater retardation than a tension—compression
type overstress [13]. In order to see whether or not the sequence effect also appears on acceleration
behaviour under intermittent overstressing, a few tests were conducted under compression—tension
overstresses [Fig. 3(b)] in a nitrogen atmosphere, since all of the tests presented so far were run
under tension—compression type overstresses. The results are shown in Fig. 8. The data points for
compression—tension type overstresses lie near those for tension—compression type overstresses and
an appreciable effect of sequence is not recognized.
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Fig. 7. Electron fractographs for fractures under intermittent overstressing in different environments.

(@) Dry air (AK,/AK,; =0.62, R, =50), (b) nitrogen (AK, /AK, =086, R, =79). (c) moist air

(AK, AK, =0.93. R =76) and (d) vacuum (AK,/AK,, = 0.60. R, = 6). Aa = crack growth under inter-
mittent overstressing. The arrow indicates direction of crack growth.

The reason for the small effect of sequence on acceleration behaviour is because the effect of
sequence on retardation behaviour is related to differences in crack closure behaviour associated
with the different sequence of overstresses [13] while the acceleration of crack growth effect
observed here is not caused by crack closure but by the recovery of the disiocation structure due
to a large number of understress cycles as described earlier and hence would not be sensitive to
the sequence of overstresses [2].

Table 1. Measured and estimated values of oxide thickness (S,, = measured, S¥ = estimated)

Ky,
EnVirOnmen[ AK‘ /AKth Rac AK! (1\/{ P;\/' m) AK!QH‘ S:‘x (A) Sox
0.93 76 5.8 2.0 3.8 1600 1700
Moist air 0.73 54 4.6 2.6 2.0 1400 650
0.57 16 4.0 2.4 1.6 1100 1500
Nitrogen 0.54 36 1.9 0.0 1.9 0 200
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CONCLUSIONS

Fatigue crack growth tests under intermittent overstressing were carried out in moist air, dry air,
nitrogen and vacuum with centre notched plate specimens of low carbon steels under ten-
sion—compression loading. The results are summarized as follows:

(I) A very small number of cycles of overstress applied intermittently during a very large

(3)

(4)

number of cycles of understress (i.e. below threshold) caused a significant acceleration of
crack growth in moist air, dry air and nitrogen. This is thought to be caused by a recovery
of the dislocation structure due to the large number of understress cycles.

In the phase of low understress, the acceleration in moist air was appreciably less than
that in dry air and nitrogen. An analysis of fracture surfaces by Auger spectroscopy
showed that an oxide film within cracks enhanced crack closure and caused the lower
acceleration of crack growth in moist air.

The acceleration in vacuum was smaller than that in other environments over all
understress levels. Fractographic study suggested rewelding in vacuum as a possible cause
for this case.

There was no effect of overstress sequence on the acceleration, that is, a compression—
tension type overstress gave about the same acceleration as a tension—compression type

overstress.
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