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ABSTRACT The growth in fatigue of physically short bidimensional cracks has been studied in
air and in vacuum on the 7075 T651 high strength aluminium alloy in the low growth rate range
and near threshold conditions. On the basis of crack closure measurements, and taking into
account a large environmental influence, a rationalization of short and long cracks is proposed in
terms of the effective stress intensity factor,

Introduction

Very few studies have been carried out on the influence of environment on the
fatigue crack growth behaviour of short cracks apart from research specifically
related to so called corrosive environments (1)(2). Recently Gerdes et al. (3)
have shown the existence of initial propagation rates higher in air than in
vacuum after initiation of short cracks in a Ti~8.6 Al alloy. Zeghloul and Petit
(4) have shown that initial growth of short bidimensional cracks in 7075 T7351
Al alloy occurs at a very much lower stress intensity range (AK) level in an
active environment of nitrogen containing traces of water vapour than in
vacuum. Further, as inferred from long crack closure measurements (5), these
authors have suggested that, for both environmental conditions, the crack
growth rate of short bidimensional cracks could be rationalized in terms of the
effective stress intensity factor range (Fig. 1(a) and (b)) which is in accordance
with the observations of Breat and Pineau (6), and Tanaka and Nakai (7)
working on steels.

However Lankford (8) has suggested the absence of any significant environ-
mental influence on the growth of surface cracks in a 7075 T651 alloy on the
basis of the observation of an overlapping of microcrack data in air and in
purified nitrogen. But a comparative study of the long fatigue crack behaviour
of several aluminium alloys in vacuum, ambient air and purified nitrogen (3
ppm H,O and 1 ppm O,) has clearly shown that the crack growth data near
threshold in nitrogen is environmentally controlled with a threshold AK range
lower than the one in vacuum and equal to or lower than the one determined in
ambient air (5)(9) (Fig. 2).

To get a better understanding of the environmental influence on short crack
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Fig1 Crack growth rate versus AK for small cracks compared with leng crack behaviour in
terms of AK and AK .
(a) 7075 T7351 in vacuum
(b) 7075 T7351 in vacuum and nitrogen (3 ppm H,0)

behaviour, a study has been undertaken on the propagation of short bidimen-
sional cracks. The present results obtained on the 7075 T651 alloy are discussed
on the basis of crack closure measurements performed during tests conducted
in ambient air, vacuum, and purified nitrogen.

Experimental conditions

The composition (% wt) of the 7075 T651 alloy studied was 6.0 Zn, 2.44 Mg,
1.52 Cu, 0.20 Cr, 0.16 Fe, 0.07 Si, 0.04 Mn, 0.04 Ti, Al (balance). Mechanical
properties for this alloy are: yield stress 527 MPa, UTS 590 MPa, and
elongation 11 per cent. The average grain size of the pancake structure is 40 X
150 x 600 um. The microstructure of the peak aged condition is characterized
by the presence of G.P. zones (about 10 A in diameter), coherent dispersoid
plates (about 15 x 50 A) and intermetallic constituent particles (~1 um).

The specimens used were of 10 mm thick CT 75 type, machined in the LT
direction. A long crack was first obtained at /W = 0.6 by cycling at decreasing
load amplitude down to threshold (R = 0.1, test frequency 35 Hz, in ambient
air) so as to get a very small plastic zone at the crack tip. Then the plastic wake
was removed by spark erosion all along the cracked surfaces so as to leave a
short through-thickness crack of a length of about 0.1 mm. This technique was
first proposed by Breat et al. (9) and McEvily et al. (10).

Tests were conducted in a chamber mounted on an electrohydraulic machine;
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Fig 2 Crack growth rate versus AK for long cracks in the 7075 T651 alloy in air, vacuum, and
nitrogen (3 ppm H,0)

the environmental conditions were ambient air (~50 per cent RH) and vacuum
(<5-107* Pa). A tension-tension sine wave was applied at 35 Hz with a load
ratio of 0.1. Crack advance was optically monitored and crack closure was
detected by means of a differential compliance technique with a gauge mounted
across the notch mouth to measure the notch mouth opening § with respect to
the load P at a frequency of 0.2 Hz. Small variations of compliance were
amplified using an improved differential technique (9)(11), giving 8" = G (6 -
@, P) where G is an electronic amplification factor and «, the compliance of the
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Fig 3 Determination of the load P, corresponding to crack opening from & vs P and differential
&' vs P diagrams

specimen with a crack fully open. From the &’ versus P diagrams the opening
load P, is defined as seen in Fig. 3.

Experimental results

Crack closure measurements were performed at different steps during machin-
ing of the crack wake (Fig. 4). The trend in the crack opening stress intensity
factor K, (corresponding to P,) versus the remaining crack length Aa indicates
aprogressive decrease in K, for values of Aa lower than 2 mm; closure becomes
undetectable for a crack length of about 100 um which is the length of the
remaining short through-thickness crack. Such a length corresponds also to the
limit of resolution of the compliance technique used for the detection of closure
(12).

Further crack growth presented in Fig. 5 was performed in ambient air at
decreasing load steps; the threshold level here obtained is significantly lower
than the one previously determined for a long crack. Subsequent crack growth
atincreasing AK shows a progressive change in the short crack behaviour which
reaches the long crack behaviour at a length about 2 mm.

The same test performed in vacuum (after machining of the wake of the crack
grown in air) shows that initial growth occurs (Fig. 6) at a higher AKX level than
in air (Fig. 5). Crack arrest was obtained at the first decreasing load step (~1
million cycles) at a AK range of 3.6 MPa /m instead of 5 MPa \/m for the long
crack test. Further crack growth was performed under increasing AK conditions
and, as in air, a progressive shift is observed leading to a behaviour similar to
that observed for long cracks for a crack length of about 1 mm, which is shorter
than the corresponding crack length in air.

The fluctuations observed in the short crack data can be related to the
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Fig 4 Variation of the opening stress intensity factor K, as a function of the remaining crack
length Aa after machining of the crack wake on the 7075 T651 alloy

changes detected in the crack growth direction; the crack profile (Fig. 7)
observed on one of the faces of the specimen exhibits evidence of crack
deflection and crack branching at the high angle grain boundaries all along the
crack path in vacuum starting at the level of the two microhardness imprints.
So, the above fluctuations can be related to a microstructural influence on crack
growth.

Crack closure measurements (Fig. 8) show a progressive increase in K,
during the short crack growth. The K,,, development with respect to short crack
length in air is similar to the one obtained from machining the plastic wake (the
dash-dotted curve in Fig. 8 is from Fig. 4). Such a result indicates that the
experimental procedure has little influence on closure measurements.

In vacuum, K, increases also with respect to the crack length but more
rapidly than in air. This result is consistent with the observation of a shorter
‘short crack effect’ in vacuum.

Figure 9 compares the short crack data expressed in terms of the effective
stress intensity range AK.g (= Kpax— Kop) With results obtained for long cracks.
A good correlation is observed in vacuum and, consequently, short and long
crack behaviour appears to be rationalized in term of AK . Compared to
vacuum, a poorer agreement is observed in air between short and long cracks
growth rates; however, the general trend is consistent with the observation
made in vacuum.
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Fig 5 Crack growth rate versus AK in air for small cracks compared with long crack behaviour

Fig 6 Crack growth rate versus AK in vacuum for small cracks compared with long crack
in the 7075 T651 alloy

behaviour in the 7075 T651 alloy
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Fig 7 Micrographic observation of the crack profile in the 7075 '{‘651 alloy tested in vacuum. The
initial crack length corresponds to the microhardness indents (~ 0.17 mm)
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The results are consistent with dominant crack closu.re effects controH‘mg thg
crack growth behaviour of bidimensional through-thickness short crac.k? an
confirm observations made by different authors (6)(10)(13)(14). In addition,
these results show a substantial influence of enviro'nment on cr‘ack growth rjtes
and threshold ranges. The following discussion will be essentially focussed on

the environmental influence.

Discussion

Figure 10 compares the long crack growth data expressed in terms of AK g
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Fig 9 Crack growth rate versus AK.q for small and long cracks in air and vacuum; 7075 T651
alloy

obtained on the 7075 T651 alloy tested at R = 0.1 and 35 Hz in vacuum,
ambient air and purified nitrogen. This figure is quite complex and can be
explained only on the basis of previously obtained results on different
aluminium alloys and especially the 7075 alloy in the underaged (T351) and
overaged conditions (T7351) (5).

In the absence of any environmental effect, in vacuum, the crack propagation
mechanism is governed only by microstructural factors whose action in turn is
governed by the loading conditions. The crack propagation is intergranular
controlled by slip in one or many active planes. In the crack growth range where
the Paris law is valid, i.e., in stage II (Fig. 10), the crack tip loading conditions
permit at least two slip systems to be active (15) which in turn leads to a plane
crack growth path affected only by the presence of large inter-metallic precipi-
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Fig 10 Crack growth rate versus AKy for long cracks on the 7075 T651 alloy in air, vacuum, and
nitrogen (3 ppm H,0)

e range which represents the transition from stage I.I to stage I.,

Ezt;/ii]\; n~t h3'10‘(’g mm/cycle)? a crystallographic crack pr_opagatlon mod.e is
observed (Regime I in Fig. 10) corresponding to planar ship apd where shpfxs
localized to a single system. A similar process was analysed in the case of a
Ni-based super-alloy with ' hardening precipitates (16) and .the above men-
tioned transition was attributed to the existence of deformation .levels .loY\;er
than that required for the saturation of slip bands near the crack tip. A simi acrl
mechanism may be present in the 7075-T651 alloy with coher.ent GP zonccais ha.nh
dispersoid plates (15 X 50 A), leading to low crack propagation rates and hig
thresholds (AKy, = 5.5 MPaVm and AK,g.n ~ 2.5 MPaVm). .

The crack propagation in vacuum can be represented by a law derived from
Weertman’s model (17)

SR
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da _ A(AK)!
dN oty 6

where A is a dimensionless constant, o flow stress, u shear modulus, and y the
energy required to create a unit free surface.

The environmental effect consists of two distinct processes which are water
adsorption and oxidation. The adsorption of water vapour molecules on the
freshly created surfaces at the crack tip leads to reduction in the atomic bond
strength in the case of tensile and shear type deformation (Rehbinder effect
(18)); this phenomenon results in a decrease of fatigue strength and con-
sequently to a reduction in the value of energy, y. When the time required for
the creation of a single layer of adsorbed molecules at the crack tip is attained
in each cycle, the adsorption effect is saturated and an acceleration of crack
growth is observed without any change in crack propagation mechanism, which
remains similar to that in vacuum, only the value of vy is diminished. Typically,
this effect is observed in the 7075-T651 alloy in air at medium growth rates.

In the case where gas transport at the crack tip does not result in the
formation of an adsorbed layer (even partial), no environmental effect is
observed. Such a situation exists in high purity N, in the mid rate range where
the crack growth behaviour in this environment is similar to the one in vacuum.
When the conditions existing at the crack tip permit the creation of a partial
adsorbed layer, local crack growth acceleration is observed as in the transition
range in the N, environment. In this range the crack growth curve in N, shifts
from a behaviour similar to that in vacuum (negligible adsorption effect) to a
behaviour similar to that in air (saturated adsorbed layer): the degree of gas
coverage of freshly created surfaces varies from zero as in vacuum to unity asin
air during this transition which takes place in the range 2-1075 < da/dN < 10~

mm/cycle.

The conditions determining the access of the active species (H,O molecules
in this case) depends upon many factors, such as the geometry of the crack, the
test frequency, the R ratio, the trapping of water molecules by oxide deposits,
and the partial pressures of water vapour molecules.

The chemisorption phenomenon describes the formation of hydrogen by the
dissociation of the adsorbed water molecules (19). In such a case a hydrogen
embrittlement mechanism can be brought into action (20)—(22). The concentra-
tion of hydrogen in the process zone can be sufficient only if the adsorption
effect is saturated. The attainment of this critical concentration is time depen-
dent (time for hydrogen diffusion by dislocation dragging and time for water
vapour transport at the crack tip) and can be favoured by the localized
deformation in a single slip system. In the 7075-T651 alloy such a condition
seems to prevail only for crack growth rates of the order of 5-10~° mm/cycle,
particularly in N,

This hydrogen assisted crack propagation can be associated with a
mechanism of crack propagation controlled by the crack tip opening displace-
ment range ACTOD (23) described by a relation of the type
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da _

dN

The flow stress in this case is characteristic of the embrittled material at the
crack tip. Under such conditions the crack growth resistance is much smaller
than that in vacuum, resulting in a very low threshold (AK,, = 2.4 MPaV/m,
AK.., ~ 0.5 MPa\/m in nitrogen).

In air a different situation exists; as in the presence of O, molecules at a high
partial pressure and at low R values, the crack surfaces are oxidized by a fretting
action (24)~(26). In the 7075-T651 alloy the oxide thickness is smaller than the
ACTOD value (26) which precludes the ‘wedging effect’ observed insteels (24).
At the same time, the presence of this oxidized layer can constitute a water-vap-
our trap, thus rendering difficult the access of the active species at the crack tip.
This effect can explain the existence of a higher threshold in air than in N; at
R = 0.1. The fact that the threshold values at an R value of 0.5 is the same in
similar aluminium alloys adds weight to this hypothesis (5).

The short crack behaviour presented in Figs 5, 6, and 9 can be analysed on
the basis of these considerations. In vacuum, the crack growth mechanism
appears to be the same as the one described for a long crack and is rationalized
in terms of AK,. The crack profile presented in Fig. 7 is also consistent with a
single slip mechanism in the explored rate range. The fundamental difference
between short and long crack data consists in the influence of crack length on
closure. Closure for long cracks on this alloy tested in vacuum is essentially
related to the very high roughness of the cracked surfaces due to the crystallo-
graphic mode of failure. The amount of closure is consequently directly related
to the crack wake and the loading history. So qualitatively, a large influence of
short crack length must be expected in this alloy.

In air, there exists a more complex situation. Near the threshold crack
growth has been shown to be strongly dependent upon the factors which
determined the conditions of access of active species (i.e., water vapour) to the
crack tip, as indicated above. The respective effects of these various factors
which influence AK,g., and the near threshold crack growth are very difficult
to analyse. The poor agreement between short and long crack data in Fig. 9
could be related to some difference in the effects of these factors. In addition,
for closure measurements, in the low AK range, the experimental scatter in air
is large (about 30 per cent at K,,,). Further experiments are necessary to clarify
such behaviour. However, the general trend is consistent with the behaviour of
a long crack with the observation of an effective threshold higher than the one
in nitrogen, which suggests an oxidation effect.

As suggested by Beevers (27) the threshold range can be analysed in two
componenis

AK,, = AK; + AK, 3)

where AK; = AK,.y, is the intrinsic component and AK, the closure contribu-
tion.

B(AK )" uo? 2
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Fig 11 Small cracks compared to long crack behaviour for the 7075 T651 alloy.
(a) in air
(b) in nitrogen (2 to 3 ppm H,0) (8)

On the basis of the present results and the previous observations on long
cracks, this analysis of AK,, could be extended to a short bidimensional crack
with AK, again being dependent on the same factors as a long crack (plasticity,
roughness, oxidation, microstructure, slip mechanisms) but now depending
also on the crack length. Then the lower bound for short crack thresholds
should be AK;. That would mean that no crack growth can be observed in any
case for AK lower than AK; so long as the effective value of AK can be accurately
determined.

Another limitation of these concepts is the extent and the shape of the crack
considered. The present study was carried out on short through-thickness
cracks; for example, Lankford studied semi-elliptic surface cracks, which were
typically three-dimensional cracks and were smaller by an order of magnitude.
As discussed by different authors the application of LEFM to calculate AK in
such cases appears to be questionable (28). However, it is of some interest to
compare the long crack data expressed in terms of AK and AK to the Lankford
data obtained on the same alloy in air and in purified nitrogen (2 ppm H,0)
(Fig. 11). It can be seen that, globally, the short crack data fall between the
da/dN vs AK and da/dN vs AK,q curves. This consideration appears to be
consistent with a dominant role of closure for this kind of crack. In addition the
comparison of the data in air (Fig. 11(a)) and in nitrogen (Fig. 11(b)) illustrates
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the existence of a large environmental effect in both environmental conditions
and explains the absence of environmental influence observed by this author,
except for a slightly higher influence in nitrogen, with the crack growing at
lower AK values than in air.

Conclusions’

M
)

©)
(4)

")

The/growth of physically short bidimensional cracks can be rationalized
with that for long cracks in terms of AK

In the low growth rate range and near the threshold condition, two typical
da/dN vs AK,; relations can be defined corresponding to pure active or
pure inert environments which can be simulated, respectively, at near
threshold conditions by a purified inert gas containing water vapour traces
(about a few ppm) and high vacuum.

Two characteristic effective stress intensity ranges at the threshold corres-
pond to these two critical environmental conditions.

In ambient air, and specifically at low R ratio, an intermediate growth
behaviour is observed due to a more or less pronounced inhibition of the
water vapour effect by such closure induced phenomena as crack surface
oxidation.

Considering that the threshold range can be analysed in two components,
the lower threshold ranges generally observed for short cracks correspond
to a decrease in the closure component with crack length, while the
intrinsic component is sensitive only to environment.
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