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ABSTRACT The behaviour of ‘microstructurally short’ fatigue cracks (20-100 pm in length)
in the high strength aluminium alloy, 7010, has been investigated, in an under-aged and an
over-aged condition, at the same strength level, to determine the influence of slip and precipitate
distribution.

The results of the short crack propagation tests, at 20°C and R = 0.1, are compared with
conventional (long) fatigue crack propagation and threshold results under the same conditions,
and also with long crack tests carried out at constant maximum applied load but increasing mean
stress.

In conventional long crack tests, better crack propagation resistance at low AK, and a higher
threshold, is associated with the under-aged microstructure, The short cracks are found to
propagate at significantly higher rates than the long cracks, at R = 0.1, below AK values of
approximately 4 MPaVm. At AK levels above 7 MPay/m, and crack lengths of around 100 pm,
the data from the short crack tests merge with the conventional da/dN vs AK data measured at
R = 0.1. The under-aged microstructure again shows somewhat better behaviour in the short
crack tests. When the short crack data are compared with high R ratio long crack results, from
the constant maximum load tests, the average crack propagation rates are quite similar.

The differences between the long and short crack propagation behaviour at R = 0.1 are
attributed partly to the absence of roughness-induced closure effects when the cracks are very
short, and also to the effects of the high maximum applied stresses, in short crack tests, on the
crack-tip plasticity. This argument is also used to explain the degree of correlation shown
between short-crack behaviour at R = 0.1 and long crack growth rates at R > 0.8.

Introduction

There have been a large number of investigations into the fatigue behaviour of
precipitation-hardened aluminium alloys. In general the results of these studies
are in agreement in two important areas: those of crack initiation and near-
threshold crack propagation.

(1) Crack initiation. Peak-aged and over-aged alloys show better resistance to

crack initiation in slip bands than under-aged alloys (1)(2).

(2) Near-threshold crack propagation. By contrast, under-aged micro-

structures have better long crack propagation resistance at low stress
intensities, and also higher threshold values (AK,,) than over-aged micro-
structures (1)—(6).
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Both of these effects have been explained in terms of differences in slip
distribution caused by the nature of the dislocation/precipitate interactions in
under- and over-aged structures. In the under-aged condition, dislocations are
assumed to cut precipitates producing local slip band softening. This makes
cross-slip unlikely and so leads to the concentration of deformation into a small
number of intense slip bands. In over-aged structures the necessity for disloca-
tions to by-pass particles promotes cross-slip and, hence, a more homogeneous
strain distribution.

When these effects occur in the surface of a material, leading up to crack
initiation in a slip band, peak- and over-aged materials generate a large number
of fine slip bands, whereas the intense slip bands formed in under-aged alloys
give rise to large slip offsets at the surface, which in turn lead to easy crack
initiation.

For the crack propagation behaviour it is suggested that slip occurring in the
plastic zone at the crack tip is more reversible in under-aged structures (1)(3)(5)
and this leads to slower crack propagation rates. Hornbogen and Zum Gabhr (5)
propose that, for a crack growing along a single slip band at the crack tip, the
crack propagation rate should be proportional to the number of dislocations
emitted along a slip plane during the loading half of the fatigue cycle which do
not return along the same plane during the unloading half. The number of
dislocations which contribute to crack advance in each cycle is thus directly
related to heterogeneity of the strain, i.e., the ease of cross-slip.

Another factor which is also likely to be important in near-threshold crack
propagation, especially where propagation along slip bands in involved, is
roughness-induced crack closure (7)(8). If slip homogeneity affects the fracture
profile, then it will affect the closure contribution (K) in the measured AK,,
values, so that differences in K, with ageing treatment may also provide part of
the explanation for the higher threshold values in under-aged microstructures.

The behaviour of ‘microstructurally short’ (9) fatigue cracks is sometimes
thought to be more closely related to crack initiation and fatigue or endurance
limits, than to long crack propagation (10). The object of this work, therefore,
was to investigate the effect of ageing treatment on short crack behaviour, a
particularly interesting area because of the opposite effects of ageing condition
on initiation and on long crack propagation resistance. The alloy used for the
investigation was a high strength aluminium alloy, 7010, in an under-aged and
an over-aged condition with the same yield strength.

Experimental

The material, aluminium alloy 7010, of the composition given in Table 1, was
in the form of rolled plate. Fatigue specimens, in the form of square section
bars, were cut with their top faces parallel to the surface of the plate, and their
lengths aligned with the rolling direction.

The two heat treatments employed involved the following stages: (i) solution
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Table1l Composition (wt%)

Zn Mg Cu Cr Zr Si Fe Mn Al
6.2 2.5 1.7 0.05 0.14 0.07 0.11 0.10 balance

treat, 470°C 1 hr, water quench, (ii) pre-age, 90°C, 8 hrs, (iii) age: either 170°C
1hr (UA), or 170°C 18 hrs (OA). The ageing times were chosen from an ageing
curve of yield stress against time at 170°C, to give an under-aged (UA) and an
over-aged (OA) condition with the same yield strength.

Long crack propagation tests were performed on single-edge-notch test
pieces, 20 mm % 20 mm X 100 mm, containing central notches, 5 mm deep. The
da/dN vs AK data were determined using a Mayes servo-controlled electro-
hydraulic testing machine operating at 50 Hz, in air at 20°C. Specimens were
loaded in four point bending and crack length was monitored continuously
using a d.c. potential drop technique. Two types of threshold test were
performed, conventional tests at a load ratio (R) of 0.1, in which threshold was
approached by a load shedding technique, with load reductions of = 2 per cent
close to threshold, and constant maximum load tests. In this second type of test,
AK was reduced towards threshold by increasing the minimum load whilst
keeping the maximum load constant. The effect of this is to increase the R ratio
as AK falls. For these tests, the initial loads were chosen such that threshold was
reached at R values of about 0.8.

Unnotched bars, in the same orientation as the notched bars, were used for
the short crack tests, with dimensions 12.5 mm X 12.5 mm X 70mm. The
surface of these specimens were ground and electropolished, after heat treat-
ment, to ensure a smooth, stress-free surface, and then lightly etched in Keller’s
reagent. The four point bend loading produced a region on the top surface of
the specimen, 10 mm X 12.5 mm, which experienced a constant, maximum
value of bending moment. The cracks initiated and grew within this region.
Tests were run at a frequency of 10 Hz. (The short crack tests were run at a
lower frequency than the threshold tests because of the high loads and short
replication intervals. Running the threshold tests at 10 Hz would have produced
unacceptably long test durations; however, very little effect of frequency
between 10 and 50 Hz is anticipated at 20°C.) Crack growth was monitored
using a replication technique (11), with replicas being taken every 4000 cycles.
The maximum surface stress during these tests was 440 MPa (0.9 o), with
R =0.1.

Stress intensity values for the short crack tests were calculated using a
calibration for semi-elliptical cracks in pure bending (12) assuming a ratio of
half surface crack length to crack depth of 0.85. This value was determined
from measurement of crack shape for a number of cracks present at the end of
tests on the smooth specimens. All the cracks measured were found to be of
similar shape in both heat-treatment conditions.
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Results

Yield strength

The two conditions, UA and OA, were produced with very similar yield
strength levels, between 490 and 495 MPa.

Microstructure

The optical micrographs in Fig. 1(a) and (b) illustrate the pancake grain
structure common to both ageing conditions. Grain size ranges in the three
sections are: L 100 pm-1 mm, L'T 60 um-200 pm, and ST 10 um—40 pm. The
size of the MgZn, precipitates (n and 7') after the two treatments can be seen
in Fig. 2, along with occasional ZrAl; dispersoid particles.

Fatigue crack growth.

Figure 3 shows da/dN vs AK for the OA condition at R = 0.1. The additional
crack depth scale applies to the ‘short crack’ results from the smooth specimen
tests (solid triangles). The long crack data come down to a threshold value of
about 2.7 MPa\/m. The short crack points are for a single, naturally initiated
crack. The dip in the crack growth curve for the short crack at = 2 MPa\/m or
= 10 pm crack depth, indicated by an arrowed point, is a position at which the
crack tip was held up at an obstacle over many cycles, thus giving a growth rate
too low to be plotted within the axes of this figure. For crack depths greater than
about 100 um the long and short crack curves merge. Smaller cracks than this
grow in an erratic manner, but at average rates above those of the long cracks,
and at AK values below the long crack thresholdat R = 0.1.

In Fig. 4 a comparison is made between the OA and the UA conditions. The
UA material has the higher long crack threshold of 3.9 MPa\/m, although
growth rates for both conditions are very similar in the Paris regime, above AK
~ 6 MPaV/m. The short crack data for a single crack in the UA material shows
the same type of behaviour as the OA, although average growth rates are
slightly lower below =6 MPa\/m. This is shown more clearly in Fig. 5, where
the scatter bands for data from three cracks in OA specimens and two in UA
tests are drawn, much of the data overlaps, but the OA material shows
consistently higher maximum and average growth rates.

Figure 4 also shows the long crack thresholds from the constant maximum
load tests. These thresholds are at R ratios of slightly above 0.8. The high R
thresholds are reduced to 1.4 MPa/m for OA and 2 MPa\/m for UA material.

Fractography

The fracture surface morphology in the near-threshold regime for long crack
tests in the four combinations of ageing treatment and R ratioisshownin Fig. 6.
The crack propagation is of a very similar faceted, crystallographic type in each
case.
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Fig 2 Transmission electron micrographs:
(a) under-aged
(b) over-aged
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Fig 1 Optical micrographs:
(a) top surface
(b) short-transverse (S-T) section
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Fig 3 Crack growth rate characteristics. Long and short crack results for over-aged material,
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Fig 4 Crack growth rate characteristics in air at 20°C. Long cracks are shown by full lines

(R = 0.1) and dashed lines (R = 0.8).
Short cracks are shown by triangular points
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Fig 5 Scatter bands for short crack data representing resuits from several cracks: R = 0.1, Air:
20°C
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Fig 6 Near-threshold fracture morphology, long cracks:
(2) R = 0.1 under-aged (b) R = 0.1 over-aged (c) R == 0.8 under-aged (d) R = 0.8 over-aged
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Fig 7 Short crack fracture surfaces (a) R = 0.1 under-aged (b) R = 0.1 over-aged
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Short crack fracture surfaces are illustrated in Fig. 7. Again, the OA and UA
fracture paths are very similar, and closely resemble the near-threshold growth
in Fig. 6.

Discussion

Behaviour of long, through-thickness cracks

At a load ratio of 0.1 the long crack behaviour shows the normal trend
(1)-(6)(14) of higher thresholds and lower near-threshold crack propagation
rates in UA material than in OA material.

The threshold values themselves, 3.9 MPaym (UA) and 2.7 MPaVm (OA),
are in good agreement with those from the work of Lankford (13) (about 3.8
MPaV/m) and Suresh et al. (14) (3.7 MPaV/m) for under-aged 7075, a similar
high strength aluminium alloy, and Suresh et al.’s (14) value of 2.6 MPaV/m for
over-aged 7075.

The faceted nature of the near-threshold fracture surfaces in both conditions
(Fig. 6) suggests that there will be a significant asymmetrical shear component
in crack-tip deformation. This will introduce a degree of mismatch between the
two fracture faces and so there will be a roughness-induced closure contribution
to the threshold value at R = 0.1.

Long crack behaviour at high R will be free of roughness-induced closure
effects, because of the larger crack openings involved (14)(15), so, since the
mechanism of crack propagation is the same at R = 0.1 and R = 0.8 (Fig. 6),
the R = 0.8 threshold values can be taken as intrinsic material thresholds.
These will be equal to the effective crack tip stress intensity ranges (AK ) at
threshold in the R = 0.1 tests. The measured values of 2 MPay/m (UA) and 1.4
MPaV/m (OA) are again in good agreement with those of Suresh et al. (4) in
7075, of 1.7 MPay/m (UA) and 1.2 MPay/m (OA).

The superior near-threshold crack propagation resistance of the UA condi-
tion observed at R = 0.1 persists, in the absence of roughness induced closure,
at R = 0.8. This suggests that it is due to a difference in the material’s inherent
resistance to fatigue, perhaps due to increased slip reversibility, rather than a
mechanical effect such as a difference in closure behaviour. Suresh et al.’s (14)
proposal that the improved resistance of UA material is due to increased crack
deflection does not seem to apply in the present case where the fracture mode
in both UA and OA material is very similar, although increased crack deflection
might also be a slip reversibility effect.

Comparison of long and short crack behaviour

The propagation rates of short, semi-elliptical cracks in this alloy are greater
than those of long, through-thickness cracks at equivalent linear elastic AK
values and R = 0.1, despite a similar fracture mode (Figs 6 and 7). This
observation is in agreement with the early work of Pearson (16) and more
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Fig 8 Schematic diagram showing relationship between crack front and grain distribution

recent studies of Morris and co-workers (17)(18) and of Lankford (13), on
aluminium alloys.

There has been some discussion about the improper use of linear elastic AK
to plot short crack data. It is used here, alongside a crack depth scale for the
semi-elliptical cracks, for the important reason tht it shows when the cracks in
the smooth specimen tests start to behave like long, through-thickness cracks.
This occurs for crack depths greater than about 100 um for both OA and UA
conditions. The grain size in the S-T orientation (Fig. 1(b)) is between 10 and
40 pm, so at this stage the crack front will be sampling somewhere between 5
and 20 grains (Fig. 8) and an averaging of crack growth behaviour results.

Once the data from the two types of test have merged (Figs 3 and 4), the
agreement between the growth rates form the semi-elliptical cracks and the
through-thickness cracks is very good, indicating that, in the range of AK
involved (= 7 to 20 MPa/m) there is no crack shape effect on fatigue crack
propagation behaviour, if an appropriate K calibration is used. This confirms
the work of Pickard, Brown and Hicks (19) on crack shape effects in Ni-base
and titanium alloys.

It has been suggested that some of the difference between the behaviour of
long and short cracks at low AK is due to the absence of roughness-induced
closure effects when the crack is only of the order of one or two grains in length
(9)(20). 1t is therefore appropriate to compare short crack data with closure-
free long crack results, i.e., AK 4 values. This comparison can be seen in Fig. 4,
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where long crack, high R thresholds are plotted in addition to long and short
crack resultsat R = 0.1. Very few of the short crack data appear below the long
crack threshold at R = 0.8, however, this may simply be due to the difficulty in
obtaining short crack results below a AK of =1.5 MPaV/m as the inclusions at
which the cracks initiated in the present tests were usually several microns in
diameter. Further work at lower stress levels and longer test durations is
needed to obtain such data. Nevertheless, when compared with closure-free
long crack data, very little of the short crack growth seems anomalously fast,
suggesting that the absence of roughness induced closure for short cracks does
contribute to their high average growth rates.

Another reason for comparing short crack results with high R long crack data
is the suggestion, put forward by Brown et al. (20) that the apparent inability of
short cracks to close, even at low R, lies in the extent of crack tip plasticity
generated by the high top surface stresses in the short crack test-pieces. They
argue that a large maximum plastic zone size is produced, due to the high
maximum stress, combined with small reverse plastic zone becaue of the lack of
gross yielding on unloading. Thus, it is as if the crack is growing at a high value
of R, compared with a simple linear elastic analysis. This should also lead to
larger crack openings for short cracks than predicted from linear elastic fracture
mechanics, as has been reported by Chan and Lankford (21).

The short crack in the smooth bend specimen is growing, effectively, at high
R. In the Paris regime long crack data are relatively insensitive to R ratio,
because of the declining importance of closure effects as symmetrical, con-
tinuum deformation takes over at the crack tip and the fracture surfaces
become flatter. Thus the short crack data would be expected to merge with the
R = 0.1 long crack data in the Paris regime, as the experimental results show.
There may also be an additional effect in the smooth bend specimen. As the
crack lengthens the effective value of R, at the deepest point of the crack, may
decrease as the fibre stress in the specimen falls on moving away from the top
surface. This would also cause the short crack data to move from the R = 0.8
long crack curve towards the R = 0.1 long crack results as crack depth
increases. This might produce a slight difference in the crack lengths at which
long and short crack data merge, depending on whether the shortcrack tests are
carried out in bend or in tension.

Aspects of short crack growth

The irregular nature of the short crack growth appears to be closely associated
with the grain size and, therefore, interactions between the crack tip and grain
boundaries. This is seen clearly in Fig. 3 for the OA material, where dips in
growth rate occur for the short crack at depths of =10, 30, and 50 pm,
corresponding to the grain size of between 10 and 40 um in the S-T orientation
(Fig. 1(b)). The resulting changes in orientation of the fracture path at each
grain boundary can be seen on the fracture surface in Fig. 7(b). This is in
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agreement with many previous observations (9)(13)(17)(18) and has been
interpreted as being due to the difficulty of reinitiating slip in a new orientation
in the next grain.

Such observations might lead one to expect that the crack shape for the short
cracks would be related to the grain shape, such that cracks growing through
long, thin pancake grains would be shallow cracks with large surface length to
depth ratios. However, the cracks observed here were almost semicircular,
over a wide range of crack lengths, as were those observed by Lankford in 7075
(13) at crack depths as small as 10 wm. The consistent crack shape, maintained
from within the first grain through to the long crack regime where the crack
front spans numerous grains, suggests that it is appropriate to use a single
controlling parameter to describe crack propagation over the whole range of
crack length.

The UA condition shows better short crack propagation resistance than the
OA condition, in common with the long crack results and in contrast to reports
pf crack initiation resistance (1)(2). This reinforces the view that it is an
inherent microstructural property, such as slip reversibility in the plastic zone,
that causes the effect.

Conclusions

(1) Short fatigue cracks (depths <100 um) in under- and over-aged 7010
propagate faster than long through-thickness cracks at the same apparent
applied AK, and R = 0.1.

(2) Short crack growth rates at R = 0.1 are bounded by the long crack data
measured at high R, over the range of crack length and AK it has been
po;sibleoto obtain in these tests, but lie above the long crack growth rates
atR = 0.1.

(3) Long and short fatigue cracks at low AK produce similar, faceted fracture
surfaces, indicating that the same crack propagation mechanism is opera-
tive, despite differences in propagation rate.

(4) Under-aged 7010 shows significantly better crack propagation resistance
than over-aged 7010 in the near threshold regime for long cracks. Higher
threshold values are obtained in under-aged 7010, even when roughness-
induced closure effects are eliminated. Short crack propagation resistance
also appears to be slightly better in the under-aged condition, with
consistently higher average and maximum growth rates in over-aged
material in the short crack regime.

(5) The discontinuous nature of short crack growth is associated with the
grain size of the material.

(6) There is no crack shape effect on fatigue crack propagation in under- and
over-aged 7010 between AK values of 7 and 20 MPa\/m. Semi-elliptical
and through-thickness cracks propagate at the same rates in this range,
with the same fracture mode.
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