Improved Fatigue Resistance of Al-Zn-Mg-Cu
(7075) Alloys Through Thermomechanical Processing

F. OSTERMANN

To decrease the accumulation of damage during long-life low-stress cyclic loading, micro-
structures must accommodate inelastic deformation by homogeneous or ‘‘dispersed’’ slip
rather than by localized slip concentrations. In age-hardening aluminum alloys this require-
ment can be met by introducing a dense and uniform dislocation forest through suitable
thermo-mechanical treatments. Such a treatment was developed for Al-Zn-Mg-Cu (7075)
alloys, involving a process cycle of solution annealing, partial aging, mechanical working
and final aging. The fatigue properties (S-N curves) of commercial and high-purity 7075TMT
are compared with conventional 7075-T651 properties; with zero mean stress the alter-
nating stress to cause failure in 107 cycles is more than 25 pct higher for commercial-
purity 7075TMT and almost 50 pct higher for high-purity 7075TMT. The results empha-
size the importance of microstructural control when high fatigue resistance is required.

A qualitative, yet detailed, picture has emerged from
the efforts of many investigators'™® describing various
microstructural changes associated with the accumu-
lation of fatigue damage in age-hardened aluminum
alloys. While one might desire a more quantitative
correlation between microstructural properties and
the fatigue processes, it is worthwhile to attempt to
synthesize microstructures which should be more
resistant to fatigue damage using the presently avail-
able information. In a recent review of thermomechan-
ical processing and fatigue of age-hardened aluminum
alloys Ostermann and Reimann'’ proposed require-
ments for microstructures of age~hardened aluminum
alloys resistant to the accumulation of fatigue damage
in the high-cycle fatigue regime.

The principal requirement for high-cycle fatigue
resistance is the ability of the alloy to deform by
homogeneous or dispersed slip rather than by slip
concentrating in narrow, isolated bands. Homogeneous
deformation of age-hardened alloys requires a homo-
geneous microstructure, i.e. absence of strain-concen-
trating nonmetallic and intermetallic inclusions, and
precipitate-free zones. The precipitate-strengthened
matrix must also be stable during cyclic loading and
resist reversion and overaging of the second-phase
particies due to dislocation motion and other slip in-
duced lattice defects. Deformation of such an ideal,
homogeneous alloy structure, however, will not be
necessarily homogeneous, since the initiation of slip
in a highly precipitation-strengthened matrix is quite
difficult and slip bands, once they are formed, re-
main narrow'® ™ and thereby localize further de-
formation during cyclic loading.

Thermomechanical treatment (TMT) of age-hardened
alloys'” offers the possibility of dispersing the slip and
broadening slip bands by introducing abundant slip in-
itation sites through mechanical working. For this
purpose thermomechanical treatments must be aimed
at generating a uniform dislocation distribution which
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is strongly locked by precipitate phases to resist
localized softening. Properly applied TMT will also
provide a more homogeneous microstructure as well
as improvements of strength without severe loss of
ductility.'” Such a treatment was developed recently
for the high-strength 7075 aluminum alloy.” The re-
sults of fatigue tests on 7075TMT aluminum are re-
ported here. While the bulk of data were obtained on
commercial-purity 7075 bars, some data are pre-
sented on high-purity 7075 in order to determine the
effects of inclusions on the fatigue behavior.

MATERIAL

Commercial, rolled bar stock was tested in the as-
received T651 condition to provide base-line data.
The chemical composition of this alloy, designated
C17075, is given in Table I along with standard compo-
sition limifs. Also given in Table I is the composition
of the high-purity X7075 alloy, which was vacuum
melted from high-purity components, chill cast into
a 3.5 in. diam iron mold, homogenized at 870°F (465°C)
for 20 hr, and annealed at 775°F (413°C). Reduction of
the ingot to bar stock was accomplished by extrusion
at 800°F (4217°C) followed by hot and cold swaging in
order to achieve a recrystallized structure similar to
that of the rolled, commercial alloy.

A thermomechanical treatment was given both com~

Table ). Chemical Analysis of Experimental Materials and Standard
Composition Limits of Aluminum Alloy 7075 (in Wt Pct)

Elements

Limits C7075 X7075

Aluminum Remainder Remainder Remainder
Copper 1.20 to 2.00 1.56 1.59
Magnesium 2.10to 2.90 242 2.64
Zinc 5.10to 6.10 5.53 5.53
Siticon (.50 max 0.11 <0.01
Manganese 0.30 max 0.04 <0.01
Chromium 0.18 to 0.40 0.19 0.29
Iron 0.70 max 0.26 0.01
Titanium 0.20 max 0.05 0.19
Others: Each 0.05 max <0.08 <0.05

Total 0.15 max <0.15 <0.15
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mercial and high-purity bars by solution annealing at MICROSTRUCTURES
860°F (460°C) for 1 hr, water guenching, aging at 212°F
(100°C) for 1 hr, swaging at room temperature, and
aging at 248°F (120°C) for 16 hr. The commercial alloy,
CT075TMT, was reduced 30 pct in cross-section,
whereas the high-purity alloy, X7075TMT, was swaged
only 10 pct because of specimen size limitations.

The micrographs in Figs. 1 and 2 are of the com-
mercial and high-purity alloys, respectively. The
optical microstructure of the commercial material is
representative of both the T651 and TMT conditions
save for the appearance of a subgrain structure in the

Fig. 1—Grain structure and inclusion particles of commer- Fig. 2—Grain structure and inclusion particles of high-purity
cial aluminum alloy C7075TMT. Keller’s etch. Magnifica~ aluminum alloy X7075TMT. Keller’s etch. Magnification 209
tion 209 times.

-

Fig. 3—Transmission electron micrograph of commercial aluminum alloy C7075T651 showing coarse chromium-containing par-
ticles, finely dispersed precipitates, and dislocation distribution. Magnification 100,000 times.
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Fig. 4—Transmission electron micrograph of commercial aluminum alloy C7075TMT showing general dislocation distribution.

Magnification 100,000 times.

CT7075TMT sample, Fig, 1. Coarse intermetallic in~
clusions in this material were typically arranged in
stringers along the bar axis. Individual inclusion
sizes ranged around 10 um and rarely exceeded 20 um
in diameter. The severe etching attack on inclusion
particles obscures the fact that many inclusions were
cracked transverse to the bar axis in the as-received
T651 material. The severe cold swaging did not fur-
ther accentuate this cracking, which was restricted
to the particles only and did not seem to extend into
the alloy matrix. The high-purity material contained
a much lower volume fraction of inclusions, but their
sizes were similar to those of the commercial ma-
terial. Shape and size range of inclusions in X7T07T5TMT
are illustrated in Fig. 2, although the average density
of inclusions was much less than that depicted in this
figure.

Transmission electron micrographs of the three
materials in Figs. 3 to 5 show a more dramatic dif-
ference in structure between the TMT and the T651
conditions. The latter treatment introduces a low
density of dislocations (by the stretching operation),
Fig. 3, whereas the TMT treatment produces a dense
dislocation structure without clear evidence of cell
formation, although periodic lattice rotations of a few
degrees were found within grains, Figs. 4 and 5. The
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different amounts of cold work in the two TMT condi-
tions have caused a difference in general dislocation
density rather than a more or less distinct arrange-
ment of dislocations into cell walls,

The precipitate structure in the T651 condition is
evident from Fig. 3 and consists of two types of par-
tic1e§. The coarse particles, measuring approximately
1000A in at least one dimension, most likely represent
a chromium-containing intermetallic phase.?” These
particles do not contribute to strength directly, but
seem to interact strongly with dislocations. Their
existence does not depend on the presence of iron and
silicon, since they were found in similar sizes and
numbers also in the high-purity material. The high
strength of Al-Zn-Mg-Cu alloys is caused by the ex-
ceedingly fine and uniformly dispersed 7' phase. In
the T651 condition the 7’ particles appear to have a
diameter of 50 to 100A according to Fig. 3. Because
of the high density of dislocations, the fine 7’ particles
are difficult to observe in the TMT conditions except
for some regions in Fig. 5 showing small particles of
similar size and number as in Fig. 3. The dark field
image of X7075TMT in Fig. 6 shows that many small
precipitate particles are associated with dislocations.
The growth of 7’ on dislocations and subgrain bounda-
ries has been observed in Al-Zn-Mg alloys by a num-
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Fig. 5—Transmission electron micrograph of high-purity aluminum alloy X7075TMT showing general dislocation distribution.

Magnification 100,000 times.

ber of investigators.?*”” However, the aging tempera-
tures were commonly higher than used for the present
thermomechanical treatment of 7075.

TENSILE PROPERTIES

The tensile properties of the three materials are
listed in Table II. Thermomechanical treatments of
the commercial and the high-purity alloys have sig-
nificantly increased the strength without a negative
effect on the RA values.* The measured elongation

*The slightly smaller RA value of C7075TMT is only due to the lower uniform
elongation, as may be shown by simple computation.

values, however, appear to be sensitive to the amount
of cold work introduced during the thermomechanical
treatments. Initial portions of true stress-true strain
curves are reproduced in Fig. 7. While the conven-
tional 0.2 pct yield strength varies widely between
TMT and T651 specimens, the proportional limits of
all three materials are almost identical. Beyond the
conventional yield strain the work-hardening curves
are almost parallel. A careful examination reveals
that the work-hardening constants calculated using
the simple parabolic work-hardening equation ¢ = Kez
increase as a function of plastic strain for all three
materials as indicated in Table ITI. Also listed in
Table III are values of fracture strength calculated
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Fig. 6—Transmission electron micrograph of high-purity
aluminum alloy X7075TMT. Dark field image shows as-
sociation of precipitates with dislocations. Magnification
168,000 times.

from measured rupture loads and reduction-in-area
data. It is seen that the values of K calculated from
stress-strain data around €, = 0.05 agree rather well
with measured values of fracture strength, although
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Yable 11. Tensile Properties*

Table 1). Constants of Parabolic Work-Hardening at Two Levels
of Plastic Strain (¢ = Kep)

0.2 Pct Yield Ultimate Tensile Elongationin ~ Reduction
Material Strength, Ksi Strength, Ksi 1 in., Pct} in Area, Pct Material €, n K, Ksi 9, Ksi*
C7075Té651 74.9 83.1 16.5 (13) 32 C7075T651 0.003 0.015 824
C7075TMT 87.2 91.0 10.0(8) 29 0.050 0.099 113.5 113.4
X7075TMT 85.3 91.8 12.7 (8) 34 C7075TMT 0.002 0.037 1105
*Average of two tests; specimen gage dimensions: 1 in. long and 0.25 in. diam. 0.050 0.056 1154 177
FNumbers in parentheses are uniform elongation values. X7075TMT 0.003 0.025 101.4
0.050 0.073 121.3 1249
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Fig. 7—Initial portions of true stress-true strain curves of
high-purity and commercial 7075 in T651 and TMT conditions.

the latter have not been corrected for the triaxial
state of stress in the necked region.

FATIGUE PROPERTIES

Axial load fatigue tests were conducted in a 2-ton
Schenck Pulsator at around 2400 rpm and with zero
mean load (R = 1), Threaded 0.5 in. round, 3 in.
long hour-glass specimens (2 in. radius) with 0.2 in,
net section diameter were machined and longitudinally
polished according to specifications outlined by Lazan
and Blatherwick.”?® The experimental data are recorded
in the S-N diagram of Fig. 8. Tests in the low stress
region were terminated after 20 million load cycles.
When compared with the commercial 7075T651 data,
thermomechanical treatments of the commercial and

high-purity alloys produce significant improvements
of fatigue strength. The effectiveness of the thermo-
mechanical treatments applied is most noticeable at
long cyclic lives. The alternating stress to cause
failure in 107 cycles for CT075TMT and X7075TMT is
more than 25 pct and almost 50 pct higher, respec-
tively, than for C7075T651. Because of the similar
testing conditions Lazan and Blatherwick’s*®*® fatigue
results on commercial, rolled and extruded 7075T6
bars are included in Fig. 8 for comparison.

DISCUSSION

The remarkable difference in fatigue resistance be-
tween T0T5TMT and 7075T651 material obtained from
the same commercial bar stock seems to support

qualitatively the arguments of Ostermann and Reimann'”

for microstructural control, when high fatigue resist-

METALLURGICAL TRANSACTIONS

*Fracture strength calculated from rupture load and reduction-in-area values
but not corrected for stress state in the necked region.
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Fig. 8—S-N curves of 7075 aluminum alloys with and with-
out thermomechanical treatments. Axial loading withR = -1,

ance is desired. It is encouraging to observe the
notable influence of submicrostructure despite the
presence of intermetallic or nonmetallic inclusion
particles, which are thought to have an overriding
effect on crack nucleation in age-hardening aluminum
alloys. Inclusions in 7075 and 2024 aluminum alloys
have been found by Grosskreutz and coworkers™ ™

to be the singular origin of fatigue cracks. Improve-
ments of cyclic life or sustained cyclic stress can

be obtained by decreasing the size and volume fraction
of intermetallic inclusions in 2024T4 3% Testing com-
mercial and homogenized 7075T6 materials Mulherin
and Rosenthal,*® however, found improved fatigue re-
sistance only in short transverse grain direction. On
the other hand, the data on commercial and high-purity
7075TMT in Fig. 8 indicate a substantial longitudinal
fatigue strength improvement at lives in the range of
107 cycles.

Another indirect indication for a beneficial effect of
thermomechanical processing on the prevailing fatigue
mechanisms of 7075 aluminum can be derived from a
change in endurance ratio (ratio of endurance strength
to ultimate tensile strength} among the various experi-
mental materials of Fig, 8. While this ratio is approx-
imately 0.22 for T6 or T651 material, it increases to
0.27 or higher for TMT material. It is interesting that
the static strength and fatigue data of 7075T6 extrusions
tested by Lazan and Blatherwick® should both be sim-
ilar to those of the TMT material tested here. This
coincidence is perhaps evidence for a more general,
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beneficial influence of dislocation substructures on CONCLUSIONS
tensile and fatigue strength of 7075 aluminum, and
directs attention to other types of thermomechanical
treatments, particularly to those which can be applied
during primary processing.

Cold-working often produces microstructural in-
stabilities under fatigue loading. The phenomenological
interrelations between static and cyclic stress-strain
properties have provided a useful framework,* within
which some deductions about the microstructural sta-
bility of thermomechanically treated aluminum alloys
can be made. Because of the high stacking fault energy ACKNOWLEDGMENT
age-hardened aluminum alloys should deform in a
wavy slip mode, although the straight and narrow sur-
face slip topography gives the impression of planar
slip mode. A characteristic feature of wavy slip ma-
terials is the existence of a unique cyclic stress-
strain curve, irrespective of work-hardened or an-
nealed microstructural conditions. This has been

A thermomechanical treatment has been shown to
improve the fatigue strength of 7075 aluminum. The
uniform dislocation-precipitate structure appears to
be stable and to resist localized cyclic strain softening.
The evidence strongly suggests that the dislocation~
precipitate structure is as important for fatigue re-
sistance of commercial alloys as controlling the size
and volume f{raction of intermetallic and nonmetallic
inclusions.
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