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ABSTRACT

A study has been made of the role of aging
treatment in influencing fatigue crack propa-
gation and crack closure behavior in a high
purity ingot metallurgy aluminum alloy 7150,
with specific reference to crack growth at low
and high load ratios in the near-threshold
regime. A trend of increasing growth rates and
decreasing threshold stress intensity AKy,
values with increased aging was seen to be
consistent with lower measured levels of crack
closure and a decreasing tortuosity in crack
path. On the basis of crack growth measure-
ments in moist room air, where closure due
to corrosion product formation was found to
be negligible in this alloy, the superior fatigue
resistance of underaged microstructures (com-
pared with overaged structures of similar
strength and peak-aged structures of higher
strength) was attributed to greater slip revers-
ibility and to enhanced roughness-induced
crack closure and deflection from the more
tortuous crack paths. Such factors are pro-
moted in alloy systems hardened by coherent
shearable precipitates where the mode of
deformation is one of non-homogeneous
planar slip.

1. INTRODUCTION

Recent studies into the mechanics and
mechanisms of fatigue have identified a
prominent role of crack closure in influencing
crack propagation behavior (see for example
refs. 1-26). This is particularly apparent at
low growth rates (i.e. below about 107¢ mm
cycle™?) near the fatigue threshold stress in-
tensity range AK,, for no crack growth. In
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this regime the origin of such closure has been
associated with mechanisms such as crack
surface corrosion deposits {3-6], irregular
fracture morphologies coupled with crack tip
shear displacements [7-9] and fluid-induced
pressure {12], in addition to conventional
mechanisms relying on cyclic plasticity [1]
(Fig. 1). The effect of the closure, which in-
duces contact between mating fracture sur-
faces at positive stress intensities K; during
the loading cycle, is to reduce the local driv-
ing force for crack advance from nominally
applied levels, e.g. AK = K .x — Kpnin, tO
some near-tip effective level AK ¢ = K ax —
K. [1] where K a5, Kmin, Ko1 and AK are

the maximum stress intensity, minimum stress
intensity, closure stress intensity and range of
stress intensities respectively.

On the basis mainly of data in steels, the
effects of variable-amplitude loading, fre-
quency, load ratio, microstructure, environ-
ment and temperature have all been associ-
ated with closure phenomena (for a review
see ref. 26). In non-ferrous alloys, however,
less information exists. Elber [1] and Schmidt
and Paris [2] first applied the concept of
(plasticity-induced) closure to cyclic behavior
in aluminum alloys in an attempt to explain
variable-amplitude loading and load ratio
effects in these alloys. Subsequent studies in
this system have focused largely on effects of
microstructure and environment [13-22].
Petit and Zeghoul [13] and Vasudévan and
Suresh [14] identified a role of oxide-induced
closure, although enhanced crack surface
oxide films were only detected in overaged
aluminum alloy 7075 and, unlike behavior in
steels [4-6], were not consistent with lower
growth rates. The more important mecha-
nism in aluminum alloys appears to be associ-
ated with roughness-induced closure, where it
has been suggested that the strongly crystal-

© Elsevier Sequoia/Printed in The Netherlands



152

transformed zone
b 4/b 0 body
«

IEXEXIIA

dufAWAN

(b) (e)

- VAR Y L

8K * Kooi Kenin

LR Kmax Kel

(c) - ()

Fig. 1. (a)~(e) Schematic illustration of the primary mechanisms of fatigue crack closure ((a) plasticity-induced
closure; (b) oxide-induced closure; (¢) roughness-induced closure; (d) viscous-fluid-induced closure; (e) phase-
transformation-induced closure) and (f) the nomenclature required in the definition of stress intensities repre-

sentative of the fatigue cycle.

lographic nature of crack paths [27-32], par-
ticularly in underaged structures, promotes
closure [17-20] and crack deflection [19, 20,
33] and thus reduces near-threshold growth
rates. Recently, these concepts of deflection
and closure have been applied to rationalize
the microstructural effects on fatigue crack
growth in aluminum alloy 7075 [19]. The de-
creasing threshold stress intensity AKjy, values
with increasing aging treatment were attrib-
uted to a smaller influence of closure associ-
ated with less crystallographic crack paths
although, apart from oxide thickness mea-
surements, detailed crack closure measure-
ments were not made.

In the present work, effects of microstruc-
ture during precipitation hardening are ex-
amined on fatigue crack propagation in a
high purity aluminum alloy 7150 in the light
of quantitative measurements of oxide film
thickness, fracture surface roughness and clo-
sure stress intensity values. It is shown that
near-threshold growth rates are slowest in
underaged structures, consistent with the
highest measured closure loads, and the most
deflected crack paths. No evidence of oxide-
induced closure could be detected.

2. EXPERIMENTAL PROCEDURES

Conventionally cast ingot metallurgy alu-
minum alloy 7150 was supplied by Alcoa
with the composition shown in Table 1. The
Al-Zn-Mg-Cu alloy, which is a high purity
version of aluminum alloy 7050 (with lower
silicon and iron contents), was received as
plate 25 mm thick in the solution-treated and
2% stretched (W51) condition. Samples for
fatigue and tensile testing were machined at
quarter-thickness and three-quarters-thickness
locations and tempered to produce under-
aged, peak-aged (T6) and overaged (T7)
structures. The specific heat treatments and
resulting room temperature uniaxial tensile
properties are shown in Tables 2 and 3 re-
spectively. The underaged and overaged heat
treatments were designed to produce struc-
tures with approximately similar yield
strength. Transmission electron micrographs of
the three microstructures are shown in Fig. 2.
Underaged structures are characterized by
coherent Guinier-Preston zones roughly 4-8
nm in diameter, which on further aging are
replaced by semicoherent intermetallic n'
precipitates (MgZn,-Mg(CuAl),) in the peak-



TABLE 1

Nominal chemical composition
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Element Si Fe Cu Mg Zn Ti Zr Al
Amount (wt.%) of element in alloy 7150 0.07 0.11 2.10 2.16 6.16 0.02 0.13 Balance
_ TABLE 2
. Heat treatments utilized for tests on alloy 7150
L] v o
s  {
T a , e Condition Heat treatment
L]
» Underaged ~ ST?+13h at 121°C
. = Peak aged (T6) ST2+100h at 121°C
. v Overaged (T7) ST2+24hat 121°C +40h at 163°C
’ .
F} N ™ aST, solution treated, quenched and stretched 2%
. (W51 condition).
. .

(€). a
Fig. 2. Transmission electron micrographs of (a)
underaged, (b) peak-aged (T6) and (¢) overaged (T7)
ingot metallurgy aluminum alloy 7150.

aged condition. In overaged structures, pre-
dominately incoherent 1 phase precipitates
(MgZn, compounds) are found in both the

matrix and the grain boundaries (with small

precipitate-free zones of half-width about 30
nm), together with coarsened n' in the matrix.
There is also evidence of small dispersoid par-
ticles (e.g. Al3Zr) of less than 10 nm in diam-
eter. Grains were somewhat elongated along
the rolling direction with an approximate size
of 15 um by 5 um.

Fatigue crack growth tests were performed
in controlled room temperature air (22 °C;
relative humidity, 45%) on compact tension
test pieces 6.4 mm thick machined in the TL
orientation (i.e. the load was applied in the long
transverse direction and the crack propagated
in the longitudinal direction). Using d.c. elec-
trical potential techniques to monitor crack
growth, tests were performed under load con-
trol at 50 Hz (sine wave) frequency with load
ratios R (= Kpin/Kmax) of 0.10 and 0.75.
Near-threshold crack propagation rates were
determined under manual load-shedding (de-
creasing AK) conditions and checked under
increasing AK conditions. The threshold level
AK,y, was defined as the highest AK level
giving growth rates less than 107® mm cycle™
[34], with the majority of tests duplicated.

Macroscopic crack closure measurements to
determine K; values were performed in situ
with the back-face strain technique using two
strain gauges to record strain both parallel and
perpendicular to the loading axis (Fig. 3) [22,
24]. Mean closure loads were deduced from
the point during the loading cycle where the
resulting elastic compliance curves of load
versus relative strain deviated from linearity.
Crack surface corrosion deposits were mea-
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TABLE 3

Room temperature mechanical properties of alloy 7150

Condition Yield strength Ultimate tensile Elongation® Reduction Work-hardening
(MPa) strength (MPa) (%) in area (%) exponent

Underaged 371 485 6.8 12.1 0.055

Peak aged (T6) 404 480 6.0 10.3 0.046

Overaged (T7) 372 478 7.1 12.5 0.058

20n a 32 mm gauge length,

TIME

Prmin Relative €l
L Meosured £

Strain
Transducer

Fig. 3. Schematic illustration of the back-face strain
technique used to estimate closure stress intensity
K¢y values. Py, .y, Ppin and Pq are the maximum,
minimum and closure loads respectively.

sured by scanning Auger spectroscopy using
an Ar* sputter rate of 45 A min™ [25]. The
excess oxide thickness, representing the excess
material inside the crack, was computed with
a Pilling-Bedworth ratio of 1.3 for Al,O;,,
assuming oxide growth in only the thickness
direction and equal thicknesses on each face.
The degree of fracture surface roughness was
assessed from scanning electron and optical
micrographs of the crack paths in terms of the
ratio of total length of the crack to the pro-
jected length on the plane of maximum ten-
sile stress.

3. RESULTS

3.1. Growth rate behavior

The variation in fatigue crack propagation
rates da/dN with stress intensity range AK for
alloy 7150 in the underaged, peak-aged and
overaged conditions is shown in Fig. 4 for
load ratios of 0.10 and 0.75. Although growth
rates above about 107® mm cycle™! are similar
at each load ratio for all three microstruc-

tures, at near-threshold levels it is evident that
underaged structures show the highest fatigue
resistance in terms of lowest growth rates and
highest threshold AK, values. Similar be-
havior has been reported for other aluminum
alloys, including ingot metallurgy 7075 [15~
19], 7475 [20, 31] and powder metallurgy
7091 [32]. Compared with those for the
underaged structure, the threshold AK,;,
values in the present results are roughly 15%
and 28% lower in the peak-aged and overaged
structures respectively at R = 0.10 (Table 4).
Thresholds are similarly reduced with in-
creased aging at R = 0.75, although the abso-
lute magnitude of the differences in AK;y,
values is much smaller.

3.2. Crack closure data

Corresponding crack closure data, in terms
of back-face strain measurements of K./Kax
as a function of AK, are shown in Fig. 5 for
the three microstructures at both R = 0.10
and R = 0.75. Similar to behavior reported
for several ferrous and non-ferrous alloys at
low load ratios (see for example refs. 20-24),
the degree of crack closure at R = 0.10 in-
creases sharply with decreasing AK level,
approaching a maximum of K /K, close to
unity at AK,,,. Although no evidence of clo-
sure could be detected experimentally in any
microstructure at R = 0.75, at low load ratios
the underaged structures showed the highest
closure levels, consistent with their highest
thresholds.

3.3. Fractography

Scanning electron micrographs of the
fatigue fracture surfaces close to AK,, in the
three aging conditions are shown in Fig. 6.
The fractography is transgranular in all cases
with evidence of slip steps, ledges and facets.
Such facets are particularly pronounced in
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Fig. 4. Variation in fatigue crack growth rate da/dN as a function of stress intensity range AK for ingot metal-
lurgy aluminum alloy 7150 tested at R =0.10 and R = 0.75 in controlled moist air. Data are shown for underaged,
peak-aged (T6) and overaged (T7) microstructures.

Condition Symbol for the following load ratios
R=0.1 R=0.75

Underaged o] °

Peak aged u] [ ]

Overaged FAN A

TABLE 4

Threshold data for alloy 7150 at load ratios of 0.10 and 0.75

Condition Load ratio AKy ACTOD? Maximum Excess oxide  Degree of
Kpin/ Kmax (MPa m1/2) (nm) Ka/Kin? thickness® roughness®
(nm)
Underaged 0.10 3.05-3.31 100 0.88 ~3 1.26
0.75 1.51 22 0 ~3
Peak aged (T6) 0.10 2.44-2.94 65 0.85 ~3 1.21
0.75 1.27 14 0 ~3
Overaged (T7) 0.10 2.23-2.33 50 0.77 ~3 1.06
0.75 1.16 13 0 ~3

2At the threshold AKy,.
b The ratio of the total crack length to the projected length on the plane of maximum tensile stress.



156

1.0

0.9r

0.8} A

0.7} AA [e)
0.6F % 0 0
0.5} AA R=0.10 o

0.4} a

Kel 7/ Kmax

0.3} A
0.2}

0.1+

Stress Intensity Range

AK (MPa m'2)

Fig. 5. Variation in crack closure, in terms of the ratio K /Ky, ,x of closure stress intensity to maximum stress
intensity, as a function of AK for underaged (0, ®), peak-aged (T6) (0, m) and overaged (T7) (2, A) alloy 7150

at R =0.10 and R =0.75.

the underaged structure and have an ap-
pearance characteristic of crystallographic
fatigue surfaces [27, 35, 36]. The rougher or
more tortuous nature of the crack path in the
underaged structures can be seen more clearly
in Fig. 7 where crack profiles are shown for
the three conditions. In contrast with the zig-
zag appearance of underaged fractures, crack
paths in the overaged structures are predomi-
nately linear with far fewer crack deflections.
Associated Auger measurements of the
extent of crack surface corrosion deposits are
shown in Fig. 8. In marked contrast with be-
havior in lower strength steels [6, 25], there
is no evidence in this present alloy of any
pronounced oxide accumulation within the
crack even at threshold levels. Oxide films were
similar for all aging conditions at both load
ratios with a measured thickness of the order
of 3 nm, comparable with the limiting thick-
ness of naturally occurring oxides in this
alloy. Such results are similar to those re-
ported for alloy 7075 in the underaged and
peak-aged conditions. However, they are in
contrast with those reported for overaged
alloy 7075, where excess oxide thicknesses
approached 100 nm at AKy, (R = 0.33) [14].
As listed in Table 4, the excess oxide film
thicknesses in alloy 7150 are small compared
with computed values of the cyclic crack-tip-

opening displacements ACTOD, indicating
that, for this alloy tested in room air environ-
ments, the contribution from oxide-induced
crack closure is likely to be minimal.

4. DISCUSSION

Similar to other aluminum alloys [17-20,
27-33], the present results on a high purity
ingot metallurgy alloy 7150 indicate clearly
that underaged microstructures have superior
near-threshold fatigue crack propagation re-
sistance to overaged and peak-aged micro-
structures. This is seen in terms of lower
growth rates below about 107% mm cycle™
and higher threshold AK,, values at both low
and high load ratios, although the magnitude
of the effect is diminished at R = 0.75 (Fig.
4). The higher thresholds in the underaged
structures are consistent with increased crack
closure (Fig. 5), faceted and crystallographic
fracture surfaces (Fig. 6) and more tortuous
crack paths (Fig. 7), compared with the
smoother more linear (undeflected) crack
morphology in overaged structures. Data indi-
cating this trend of lower thresholds with
decreasing K)/K ,,.x values and decreasing
degrees of fracture surface roughness for in-
creasing aging are listed in Table 4,



Fig. 6. Scanning electron micrographs of fatigue frac-
ture surfaces close to AKy, (R =0.10) in ingot metal-
lurgy aluminum alloy 7150, showing the morphology
in (a) underaged, (b) peak-aged (T6) and (c) over-
aged (T7) microstructures. Horizontal arrows indi-
cate direction of crack growth.

In keeping with current notions on the role
of crack closure [26], this trend (which has
been similarly rationalized in alloys 7075 [17,
19] and 7475 [20]) is to be expected. Akin
to behavior in dual-phase steels [23, 24], § an-
nealed titanium [37, 38] and Al-Li alloys
[39], the generation of a meandering crack
path (either by crack deflection at harder

80 pm

Fig. 7. Crack path morphology of near-threshold
fatigue cracks in ingot metallurgy aluminum alloy
7150 in the (a) underaged, (b) peak-aged (T6) and
(c) overaged (T7) conditions. Horizontal arrows
indicate direction of crack growth; vertical arrows
indicate the location of crack arrest at AKyy,.

phases [23, 24, 33] or in the present case by
crystallographic deflection at grain boundaries)
can lead to slower fatigue crack growth rates
through a reduction in local crack driving
force. This results from three major factors:
(i) a lower effective da/dN due to a longer
path length of the crack, (ii) lower effective
stress intensities at the crack tip due to crack
deflection from the plane of maximum tensile
stress [33] and (iii) lower effective ranges of
stress intensities at the crack tip due to the
resulting production of increased crack
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low load ratios.

closure from asperity contact behind the
crack tip [7-9]. Since the thicknesses of crack
surface oxide films are so small compared
with ACTOD values, it appears that the major
contribution to this closure in the present
alloy originates from the roughness-induced
mechanism (Fig. 1) aided by the rough out-of-
plane crack morphologies and the crack tip
shear displacements [40] which result. These
effects are far less pronounced in the overaged
structures where crack paths are more linear
(Fig. 7) such that corresponding crack growth
rates are higher. Furthermore, at the high load
ratios, differences between underaged and
overaged microstructures are reduced because
the role of crack closure is diminished at the
larger crack-opening displacements (Fig. 5).
This argument is consistent with previous
explanations based solely on microstructural
factors [28]. In underaged precipitation-
hardening systems, where the mode of alloy
hardening is primarily the shearing of small
coherent precipitates, the resulting hetero-

geneous deformation (i.e. coarse planar slip)
promotes a crystallographic crack path. Be-
cause slip is occurring on fewer slip systems,
the degree of slip reversibility is greater and
hence the crack tip damage per cycle is less.
Conversely, in overaged systems where the
mode of hardening is now Orowan bypassing
of semicoherent or incoherent larger non-
shearable precipitates, the resulting homo-
geneous deformation (i.e. wavy slip) generates
a far more planar fracture surface because of
the larger number of finer slip steps. This
leads to greater slip irreversibility and more
crack tip damage per cycle. Furthermore, as
noted by Zedalis et al. [31], the larger pre-
cipitate-free zones in overaged 7000 series
aluminum alloys arising from the growth of
incoherent grain boundary precipitates must
contribute somewhat to the lower fatigue
resistance in these microstructures.

Finally, it is interesting to note that the
microstructures which show superior fatigue
crack growth resistance at near-threshold



levels do not necessarily retain such resistance
at higher growth rates [41, 42]. For example,
although the effect is not apparent in alloy
7150 (Fig. 4), underaged microstructures in
many aluminum alloys show faster growth
rates above about 10® mm cycle™! and slower
growth rates close to AKy,, compared with
overaged structures. Such observations tend
to support explanations based on crack clo-
sure since at higher growth rates, with associ-
ated larger crack-tip-opening displacements,
the effect of closure mechanisms relying on
asperity contact (i.e. roughness-induced
mechanisms) would be reduced. Conversely,
where crack closure and deflection mecha-
nisms are important (e.g. for transient crack
growth behavior under variable-amplitude
loading conditions), underaged structures
clearly show the longest post-overload retar-
dations and the highest general resistance to
crack growth [42]. However, these planar slip
characteristics of coherent particle precipita-
tion-hardened systems, which are so impor-
tant in generating superior-fatigue crack growth
resistance through inhomogeneous deforma-
tion, rough crystallographic crack paths and
enhanced closure and deflection, can lead
simultaneously to inferior crack initiation
toughness from a greater tendency for strain
localization. This is particularly evident in
Al-Li alloys where the increased coherency
between lithium-containing intermetallics and
the matrix can result in exceptionally good
fatigue crack propagation resistance {43]
through enhanced crack path tortuosity [39]
and yet at the same time can produce ex-
tremely low fracture toughness values [44].

5. CONCLUSIONS

Based on a study of fatigue crack propaga-
tion behavior in high purity ingot metallurgy
aluminum alloy 7150 tested at high and low
load ratios in moist air with underaged, peak-
aged and overaged microstructures, the fol-
lowing conclusions can be made.

(i) With increased aging, resistance to
fatigue crack extension is decreased, in the
form of faster near-threshold growth rates and
lower fatigue threshold AK,, values, consis-
tent with reduced measured levels of crack
closure and a decreasing tortuosity in crack
path.
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(ii) The superior fatigue crack growth re-
sistance of the underaged structures is attrib-
uted to greater slip reversibility and to en-
hanced roughness-induced crack closure and
deflection from more tortuous crack paths,
factors which result from the non-homo-
geneous planar slip characteristics of deforma-
tion in microstructures hardened by coherent
(shearable) precipitates.

(iii) Crack flank corrosion deposits in all
microstructures were small compared with
near-threshold crack-tip-opening displace-
ments at both load ratios, indicating that the
contribution from oxide-induced crack clo-
sure in this alloy is minimal.
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