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ABSTRACT Some aspects of the differences in fatigue crack growth behaviour and threshold
data, for long and short cracks, are presented in this paper. Tests were carried out at room
temperature on a H.I.P. + forged Astroloy, which has a necklace structure. For long cracks,
closure is found to depend upon the stress ratio, but is independent of crack length and the
maximum stress intensity factor. Short cracks were found to grow faster than long cracks. The
influence of crack length on fatigue crack growth rate has been rationalized using the effective
range of the stress intensity factor, and a unique intrinsic crack growth law is proposed for long
and short cracks.

Introduction

Powder metallurgy superalloys are currently being developed for turbine disc
applications in advanced turbine engines. However, defects are inherent to this
manufacturing process and they can initiate short cracks under fatigue cycling.
An accurate prediction of fatigue life is needed for aeroengine components.
Generally, life calculations are made by the integration of the Paris law (1):
da/dN =C(AK)™, from the largest size of initial defect to the crack length at
final fracture. But the growth rate of short cracks (2)(3), and of long cracks at
high stress ratios (4)(5) is faster than that of long cracks, say about 5 mm, atlow
stress ratios, which are generally used in laboratories to characterize fatigue
crack growth behaviour. It follows that the use of the ‘defect tolerant’ approach
with such laws leads to non-conservative predictions of the fatigue lives of
components. This work reports on the influence of the stress ratio R and crack
length upon fatigue crack growth rate in a powder metallurgy nickel base alloy,
at room temperature. The aim of this work was to find a common parameter for
all the crack configurations, which could rationalize any difference in fatigue
crack growth behaviour and lead to conservative fatigue life predictions.

Fatigue crack growth rate results are reported here for long cracks, using CT
and SEN specimens, together with crack closure measurements for various
stress ratios. Short crack growth rate data are then presented for artificial short
through-cracks. Differences in behaviour between short and long cracks are
discussed using crack closure measurements.
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Fig 1 Microstructure of the coarse grain (a) and of the necklace structure (b) of the H.L.P. +
forged Astroloy

Material and experimental procedure

The H.L.P. + forged Astroloy studied here has a necklace structure which is
shown in Fig. 1, composed of coarse grains about 50 um, and fine grains about
2 pm in diameter. The nominal percentage composition by weight is 0.022C,
0.003S, 14.8Cr, 5.04Mo, <0.01Cu, 16.9Co, 3.52Ti, 0.044Zr, 3.98Al, and
0.02B. The 0.2 per cent proof strength and ultimate tensile strength at room
temperature are 1110 and 1510 MN.. m~2, respectively.

Long and short fatigue crack propagation studies were carried out at room
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temperature in laboratory air. The fatigue tests were conducted on a servo-
hydraulic fatigue testing machine using sine wave loading in the frequency
range 30-60 Hz.

The growth rates of long fatigue cracks were measured on compact tension
specimens 40 mm in width and 8 mm in thickness. A load shedding procedure
was adopted for the threshold measurement on these specimens, using a 5-10
per cent decrease in load after a growth of 0.5 mm, down to about 5.1071
m/cycle. Four stress ratios were investigated 0.1,0.5,0.7,and 0.9. The growth
rate measured under the AK decreasing procedure were found to be in
agreement with those measured under constant load at increasing fatigue crack
growth rates.

Tests were also carried out down to the threshold under a stress ratioof 0.1
on single edge notched specimens 18 mm wide and 4 mm thick (Fig. 2(a)).
Cracks were grown about 2 mm ahead of the notch in SEN specimens using the
same load shedding procedure as in CT specimens. These SEN specimens were
then machined down to about 12 mm in width and 2 mm in thickness (Fig. 2(b)).
These machined SEN specimens contain a rectangular profile through-crack of
2mm in width and about 0.25-0.4 mm in depth. No heat treatment was givenin
order to prevent any modification of the crack surface. The plasticity left after
all previous operations was kept to a minimum due to the threshold procedure
adopted and the very cautious machining of specimens. The tests on these
machined specimens were conducted at constant load, or using an increasing
load procedure with steps of 5 per cent if crack growth did not occur after 108
cycles.
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Fig 2 Single edged notched specimen geometry (in mm). (a) initially, (b) after machining to leave
only a short erack
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Fig 3 Experimental load-displacement curve

Crack growth was monitored using optical measurements on both sides of the
specimen, also by a potential drop technique, and finally by a clip gauge
extensometer located on the front part of the specimen. Load~displacement
(P-8) curves were recorded periodically at low frequency (0.5 Hz). The crack
opening load P,, was determined by the upper break of the loading P-8 curve,
which indicated that the crack was fully open (6). The opening load was more
accurately measured using a corrected displacement 8' = a«P-8 where « is an
adjustable constant which was given by an electronic processor. One of the
experimental curves is shown in Fig. 3 for a crack length of 0.9 mm. The value
of P,, was quite difficult to assess but the evolution of the load displacement
curve was so regular that the accuracy level was estimated to be about 10 per
cent. The stress intensity factor at crack opening K, was deduced from the
opening load using the calibration formula for the relevant specimen geometry.

Experimental results

Long cracks

The results of the crack propagation tests using long cracks are reported in Fig.
4. The fatigue crack growth rates are reported on Fig. 4(a), as a function of the
stress intensity range AK, for two specimen geometries (CT and SEN speci-
mens), and four stress ratios (0.1, 0.5, 0.7, and 0.9). The threshold stress
intensity range AK,, was conventionally defined for a crack growth rate of 10710
m/cycle. The AK,, value decreases from about 10.5 MPaV/m to about 3
MPa\/m when the stress ratio increases from 0.1 t0 0.9. The same fatigue crack
growth data are reported in Fig. 4(b) versus the effective stress intensity range
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Fig 4 Fatigue crack growth rates of long cracks at different load ratios. (a) versus AK ; (b) versus
AK gy

AK., defined as K, — Kop- All the results fit a single straight line within a
small degree of scatter from the low rate region to the high rate region, i.e., in
the range 5.1071-107% m/cycle. The stress ratio dependency of FCGR has
completely disappeared when using AK, by accounting for the crack closure
phenomenon. The value of the opening stress intensity factor K, has been
plotted versus the maximum stress intensity factor Ko and the normalized
crack size a/W, respectively, in Fig. 5(a) and (b). For each stress-ratio, 0.1,0.5,
and 0.7 the K, value seems to be a constant for these long cracks. By increasing
the stress ratio from 0.1t00.7 the K, valueincreases from 8.3 to 14.9 MPaV/m.
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Fig 5 Crack opening stress intensity factor K, of long cracks as a function of (a) K,,,,, (b) the
normalized crack size, a/W
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Fig 6 Fatigue crack growth rates for short cracks. (a) versus AK; (b) versus AK

Short cracks

Fatigue crack growth rates of short cracks are reported as a function oft;};et
stress intensity range AK in Fig. 6(a) for a stress-ratio of 0.1. It can be S]Zent
short cracks are able to propagate below the . long crack threshold s riss
intensity and at a crack growth rate more than thlr_ty t1m§s that of long c.racI:: ks.
The results are plotted versus the effective stress m.tensnty range L}chf 11? hxg
6(b). As for long cracks all the results are along a single straight 1122' w 1c§:t hxs
similar to that for long cracks. The K, values are reported versus an 'tﬁ
crack size a, in Fig. 7(a) and (b) respectively. The value of K, increases wi h
crack size and merges with the long crack data at a value of 843.MPa\/m let crz{ct:h
sizes ranging from 2 to 3 mm. The K, value has been found to increase also wi
increasing AK values up to a value of 20 MPaV/m.

Discussion

From the present results it is clear that the range (?f the stress mten.sxty factolz
alone cannot account for stress ratio and crack size effects on {at1gu; crac
growth rate, as seen by previous authors (7)—(1;). Many authqrs smceA earsorf
(2) have studied the growth of natural cracks in smooth specimens. hssutmp
tions must be made to calculate the fatigue crack g_rowth rate and glso t fe s relsi
intensity range AK (13). For example, many studies use observations of cracks
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Fig 7 Crack opening stress intensity factor K, of short cracks as a function of (a) AK, (b) the
crack length, a

on the specimen surface and the assessment of crack shape and depth relies
upon a calibration curve which is established from broken specimens. Such data
are¢ not easily generated for the smaller crack sizes, and the accuracy of the
calibration curve becomes questionable. Natural cracks initiate generally at
material inhomogeneities (10)-(14) such as inclusions, pores, and second phase
particles. When the crack is much larger than the size of the initiation defect it
has an equilibrium shape and the calibration curve should apply. However this
becomes questionable at short crack lengths where defects are at or near the
outer surface where cracks may not be of equilibrium shape (15), Furthermore
short crack behaviour near the initiating defect can be influenced by local stress
concentrations (at pores or inclusions) and residual stress patterns inherited
from the manufacture process due to inclusions, second phase particles, etc.
Finally in the whole range of crack sizes, natural cracks involve a three-dimen-
sional fracture mechanics problem and the variation of the stress intensity
factor along the crack front has to be taken into account.

On the other hand, the artificial short cracks as described here, may be
accurately described as two dimension through-cracks. The assumptions made,
concerning bidimensionality and a uniform stress intensity factor along the
crack front are realistic in this case. The artificial short cracks, as used in the
present work, are a convenient way to study the crack length dependency of
fatigue crack growth behaviour, even though natural cracks are more represen-
tative of situations occurring in real components.

As seen in Fig. 5(b) the opening stress intensity factor K, is equal to about
8.3 MPaV/m for a stress ratio of 0.1 for long cracks (>3 mm) and for two
specimens geometries (CT and SEN). In Fig. 7(b) the K, value of short cracks
increases from zero for crack sizes ranging from 0.2 to 0.5 mm, and merges with
the long crack K, value for crack sizes ranging from 2 to 3 mm. We estimated
the length of the crack faces which ‘close’ during unloading to the minimum
load, from measurements of the compliance change associated with closure.
We took care of any underload effect and we unloaded specimens to the
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Fig8 Length of closure in wake versus crack length

minimum load. So when the crack is closed, the measurec‘l compliance provxdgs
an apparent crack length from graphs of compliance against crack %engt‘h. Tl:jls
has been done previously by James and Knott. (16) and fo.r cracks in thl.S stuhy
(Fig. 8). In this figure the closed crack length in the wake is plotted against t }el
crack length. It should be emphasized that these data refer to crack growt
under increasing AK. As seen by James and Knott the length of the ck?s.ure in
the wake increases from about zero for a crack size 0f 0.5 mm and stabll'lzes'at
about 0.7 mm for a crack size of 1.5 mm when AK is increasing. As seen in Fig.
5(b), for long cracks the K, value is constant whatever the. craclf size. For thel
CT specimens, the closure in the wake was obgerved to be identical to th’e rea
crack length ahead of the notch (17); this behaviour was oPserved for specimens
tested under a load shedding procedure (i.e., at decrez}smg AK) as well as for
specimens tested under constant load (i.e., at increasing AK ). Qn the other
hand, for the long cracks studied on SEN specimens (4 mm in thlckness), the
closure in the wake was always smaller than the crack length using a load
shedding procedure. A constant K, value was ob§erved for lqng crac_:ks for
both CT and SEN specimens, using either a decreasing AKoran increasing AK
procedure. However, this constant K, behaviour corresppnds tg very dlfferer}t
closure behaviours in the wake and so the opening stress intensity factor K"P is
not simply connected to the closure in the wake for this material nor the slightly
different closure stress intensity factor.
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The crack length dependency of K, and of the closure in the crack wake
observed for an artificial short crack suggests that a minimum closure in the
wake is required to establish a stabilized crack opening stress intensity factor.
In the present case the length of material behind the crack tip responsible for
closure would be about 0.5-1 mm. This conclusion is in pretty good agreement
with the electro discharge machining experiments of Minakawa et al. (11) on
CT specimens which showed that most of the closure behaviour was due to
material 1 mm behind the crack tip.

The fatigue crack growth rate of long cracks and short cracks are plotted
versus the effective stress intensity range in Figs 4(b) and 6(b), respectively. All
the data fit onto a single straight line within a small degree of scatter. A single
intrinsic law at room temperature for this H.I.P. + forged Astroloy is observed
whatever the crack length (R = 0.1) or the stress ratio of the long crack.
Previously we saw that the closure phenomenon is associated with closure in the
crack wake but we saw also that the closure in the wake is not connected with
the K, value. Crack closure should be dependent upon surface roughness in
the present alloy, but other mechanisms could zlso be operative ignoring any
environmental influence.

Conclusions

(1) The present investigation into the influence of stress ratio on long crack
growth behaviour at room temperature in H.I.P. + forged Astroloy has shown
that consideration of crack closure can normalize fatigue crack growth rate
curves. This consideration leads to an intrinsic crack growth law of da/dN
versus AK . for long cracks.

(2) Differences in fatigue crack growth rates between long and short cracks,
at the same stress ratio of 0.1, have been shown to be the consequence of the
crack length dependency of crack closure behaviour at short crack lengths. A
unique intrinsic crack growth law, da/dN versus AK g, has been observed for
long and short cracks. This law should lead to conservative predictions of
fatigue crack growth life.
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