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Low-Cycle-Fatigue Performance of Stress-Aged EN

AW-7075 Alloy

Seyed Vahid Sajadifar,* Philipp Kroof3, Marcel Krochmal, Thomas Wegener,
Akbar Heidarzadeh, Hannes Frock, Janez Zavasnik, Olaf Kessler, and Thomas Niendorf

The effect of a novel heat treatment, that is, aging under superimposed external
stress, on the fatigue performance and microstructural evolution of a high-
strength aluminum alloy (EN AW-7075) is presented. Stress aging, a combination
of heat treatment and superimposed external stress, can enhance the mechanical
properties of EN AW-7075 under monotonic loading due to the acceleration of
precipitation kinetics. Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) reveal that a longer aging time and the
presence of superimposed stress both promote the formation and growth of
precipitates, that is, the precipitation of strengthening n* precipitates. This is
confirmed by differential scanning calorimetry (DSC) heating experiments of
stressless and stress-aged states. Furthermore, stress aging leads to a reduction
of dimensions of precipitate-free zones near grain boundaries. Cyclic deformation
responses (CDRs) and half-life hysteresis loops are evaluated focusing on the
low-cycle fatigue (LCF) performance of different conditions. A noticeable cyclic
hardening seen in case of the specimens aged for a short time indicates the
occurrence of dynamic strain aging (DSA). Eventually, stress aging allows for an
enhancement of the monotonic mechanical properties of EN AW-7075 without

lightweight alloys can lead to a decrease
in fuel consumption and CO, emissions.”
Recently, many research works have been
focused on high-strength aluminum (Al)
alloys as a potential substitute for steels.*™!
Different series of high-strength Al alloys
with various alloying elements were devel-
oped to widen their utilization.*® Among
them, the EN AW-7075 alloy exhibits out-
standing mechanical properties and good
workability.”) Resulting from a combination
of excellent mechanical properties as well as a
high strength-to-weight ratio, EN AW-7075
was found to be a promising candidate for
lightweight parts in aerospace and automo-
tive industries.>*'%!!

The mechanical properties of EN AW-
7075 alloy can be modified by heat- and
thermomechanical treatment,'*'  and
various procedures were developed for
tuning of the mechanical properties

degrading the cyclic performance in the LCF regime.

1. Introduction

The development of lightweight structural materials as a
response to the global warming problem and its detrimental
influence on the environment has lately drawn great attention.™
The replacement of conventional iron-based metals with

depending on different requirements of

numerous applications.>* Recently, novel

thermomechanical treatments were employed

to further improve the mechanical behavior
of EN AW-7075 alloy.!">'*'” Stress aging was found to be capa-
ble of enhancing the mechanical properties.””*® Previous
studies showed that external stress or strains induced during
aging considerably accelerate the precipitation kinetics,””"*®! as
this approach can provide additional nucleation sites for
precipitates.['*2°)
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The variation of aging temperature, aging time, and external
stress directly influences the nucleation and growth of second-
phase precipitates in high-strength Al alloys.'"*?% Accordingly,
different heat treatments lead to different precipitates in the
EN AW-7075 alloy.*"! The precipitation sequence during aging
treatment of a supersaturated solid solution (SSS) in this alloy
is: SSS — Guinier-Preston (GP) zones — #° (MgZn)—g
(MgZn, or Mg(Cu,Zn;_,),). Schematics related to nucleation
of different precipitates with varying aging temperatures, dura-
tions, and cooling rates from solution heat treatment were pre-
sented in a recent work published by some of the present
authors.!"”! It is well known that GP zones and #’ precipitates
can considerably improve the strength of EN AW-7075 alloy,
while coarse 5 precipitates detrimentally affect the hardening
of this alloy.”>**! Additionally, during the growth of coarse 7 pre-
cipitates, the flux of solute atoms toward formed precipitates
occurs, resulting in the depletion of alloying elements in the
vicinity of coarse precipitates and eventually the formation of pre-
cipitate-free zones (PFZs) in the microstructure.">' Tt was
reported that these PFZs can adversely affect the mechanical
properties of EN AW-7075 alloy.[*!

The precipitation process in Al alloys can successfully be ana-
lyzed in situ using differential scanning calorimetry (DSC) at var-
ious temperatures and scanning rates.'"”?”! During heating of
precipitation-hardened Al alloys in solution-heat-treated and
quenched condition, second-phase particles are formed and dis-
solved according to the temperature changes. Dissolution and
precipitation in Al alloys can be distinguished as endothermic
and exothermic peaks, respectively.*® Several researchers con-
centrated on the assessment of second-phase particles formed
during stress aging treatment using DSC measurements.'”->"~2%
Results indicate that DSC is a powerful tool for characterizing
precipitates formed upon stress aging. Previously, DSC measure-
ments confirmed that the enhancement in the strength of the EN
AW-7075 alloy induced via aging under stress is connected to the
increased fraction of strengthening 5’ precipitates formed."”)

Numerous components are subjected to cyclic loading while
in service; hence, investigating the fatigue performance of parts
is essential. Several studies concentrated on the fatigue perfor-
mance of high-strength Al alloys.**~**! Most recently, a few stud-
ies focused on the cyclic response of a thermomechanically
treated EN AW-7075 alloy.**® An enhancement in the crack
nucleation resistance due to grain refinement was found in this
alloy, while the ultrafine-grained microstructure was prone to
crack propagation.*”! Low-cycle fatigue (LCF) behavior of parts
thermomechanically treated with different temperatures was
further studied.*® Accordingly, components formed with tem-
peratures below 200 °C exhibited an excellent cyclic response.

Up to now, only a few investigations have studied the impact
of second-phase particle type and morphology on the cyclic defor-
mation responses (CDRs) of thermomechanically treated Al
alloys.’*# As discussed earlier, stress aging of high-strength
Al alloys as a novel thermomechanical treatment can alter the

Table 1. Chemical composition of the alloy determined via OES.
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microstructure and, thus, influence the mechanical properties
of these alloys under cyclic loading. To the best of the authors’
knowledge, the CDR of stress-aged EN AW-7075 alloy has not
been studied yet. Therefore, the present study aims to close
this research gap by exploring the mechanical properties of
stress-aged EN AW-7075 alloy under cyclic loading. Data
acquired can be employed to establish relationships between
stress response, fatigue life, and the microstructural evolution
of the high-strength Al parts upon stress aging. In this regard,
fatigue performance and microstructural evolution of this
alloy upon stress aging are discussed by analysis of CDRs,
Masing Dbehavior, as well as related microstructural
investigations.

2. Experimental Section

2.1. Materials

The as-received material was present in form of EN AW-
7075 bars with a diameter of 15mm and a length of
3000 mm. The material was received in peak aged (T6) condition.
The chemical composition (in wt%) of the as-received material
was analyzed by optical emission spectroscopy (OES) and is sum-
marized in Table 1. It agrees with the specification according to
the standard EN 573-3.

2.2. Stress Aging Treatment

Similar to a previous study,”! cylindrical dogbone-shaped speci-
mens with dimensions shown in Figure 1b were machined from
the as-received bars. The cylindrical specimens were first solu-
tion heat treated in a furnace at 480°C for 30 min, followed
by water quenching. Then, specimens were aged at 120 °C for
2h and 24 h under 0 MPa (load free) and 200 MPa (cf. Figure 1c,
d). Temperatures were measured using a thermocouple in contact
with the surface of the cylindrical specimens attached by steel
springs. Stress and strain values were monitored by a load cell
and extensometer, respectively. From these stress-aged specimen,
minjature LCF specimens were manufactured according to
Figure 1a.

2.3. Characterization of Mechanical Properties

Monotonic mechanical properties of different conditions were
characterized by uniaxial tensile experiments at room tempera-
ture using a screw-driven MTS Criterion load frame with a max-
imum loading capability of 20 kN under displacement control
with a constant crosshead speed of 2 mm min~". Strain values
were measured by an extensometer. For each condition, three
repetitions were carried out. Strain-controlled LCF tests under
fully reversed push-pull loading (R=—1) were conducted
employing a digitally controlled servohydraulic load frame with

Element Si Fe Cu Mn

Mg Cr Zn Ti Zr Al

EN AW-7075 [wt%)] 0.08 0.13 1.40 0.03

2.30 0.20 5.50 0.02 0.05 Balance
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Figure 1. a) Miniature flat specimen electron discharge machined from the cylindrical specimen for LCF experiments, b) cylindrical dogbone specimens
utilized for stress aging, c) photograph displaying the stress aging setup, and d) schematic highlighting the process (Reproduced under terms of the
CC-BY license.'! Copyright 2022, S.V. Sajadifar et al., published by Metals).

a maximum force capability of 16 kN at total strain amplitudes of
Ag/2 =10.4%, Ae/2 =+0.6%, and Ae;/2 =+0.8% and a con-
stant strain rate of 0.006 s™*. A MTS miniature extensometer fea-
turing a gauge length of 5 mm directly attached to the specimen
surface was used to measure and control the strain values during
the LCF experiments. Vickers hardness measurements were con-
ducted on the specimens by application of 29.4 N (HV3) for 15 s at
ambient temperature. A Struers hardness tester was employed for
the hardness measurements.

2.4. Analysis of Microstructure

The microstructures of the material in different conditions were
studied by backscattered electron (BSE) imaging mode in a high-
resolution scanning electron microscope (SEM, Zeiss ULTRA

GEMINI, Germany) operated at 20kV. All measurements were
performed at the same working distance and magnification, that
is, 9mm and 10 kx, respectively. For BSE analysis, specimens
were gradually mechanically ground down to 4000 grit size using
SiC abrasive papers followed by polishing in colloid silica polish-
ing suspension. Morphology and fracture surfaces were analyzed
using the secondary electron (SE) imaging mode (SEM,
CamScan MV 2300, Electron Optic Services).

The microstructure and chemistry of materials in different
conditions on the nanolevel were further studied using a scan-
ning transmission electron microscope (STEM, ARM-20°CF,
JEOL Inc.) operated at 200kV and equipped with a high-
angle-annular dark-field detector (HAADF, Gatan Inc.) and
energy-dispersive X-Ray spectrometer (EDS, Centurion large
angle SDD, JEOL Inc.). The electron-transparent specimens

Table 2. Tensile and hardness properties of EN AW-7075 alloy in various conditions. Standard deviations are reported in the table.

120°C_24 h_0 MPa

120°C_2 h_200 MPa 120°C_24 h_200 MPa

Conditions T6 120°C_2h_0 MPa
Hardness [HV 3] 170.3+2.8 151.3+£2.8
YS [MPa] 448.7£3.4 397.0+2.8
UTS [MPa] 577.2+42 5411432

A [%] 82+09 12+£0.1

166.5 + 3.8 158.7+2.6 171.7£3.9
431.2+24 401.2£9.1 451.1+3.9
554.6+5.2 5426 +7.7 579.45+29
144+1.4 13.1+0.9 103 £1.1
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taken from the fatigued conditions for STEM studies were
prepared by punching 3 mm disks from regions close to
the edge of the fracture surface to analyze the area being char-
acterized by the highest accumulated cyclic strain. The disks
were mechanically thinned to 60 pm (Disc Grinder Mod. 623,
Gatan Inc.) and dimpled to 5 pm at the disk center (dimple
grinder Mod. 656, Gatan Inc.). The specimens were ion
milled by a precision ion-polishing system (PIPS Mod. 691,
Gatan Inc.) at 4.5keV and an incident angle of 8° until
perforation.

l « GB-precipitates
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2.5. Differential Scanning Calorimetry

DSC heating experiments were performed and evaluated as
described in another study.?” The DSC measurements were per-
formed using a Perkin-Elmer Pyris 8500 calorimeter equipped
with a Huber TC 125 W MT cooler. Nitrogen gas was purged
to provide an inert atmosphere. To prevent the measuring device
from icing and to keep a constant ambient condition, the device
was located under an acrylic glass box, this box being flushed
with dry air. DSC measurements were performed on specimens

‘ , S0

‘ Clj!tpl‘ec_ipifates_ A

Aprecipitate.s"_ :
(5 w8rie ‘

B gl
i‘:>-< lel—'p.rfcblpltates
e

i

Figure 2. BSE images of the as-received, conventionally, and stress-aged specimens; images were taken at the same magnification. Selected GBs and
precipitates are marked by dash—dotted yellow lines and yellow arrows, respectively. GB precipitates and precipitates in the grain interior were observed in

all conditions.

Adv. Eng. Mater. 2023, 25, 2300090 2300090 (4 of 13)

© 2023 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

95U9917 SUOWIWOD 9A 11810 3ot |dde auy Aq pausenob ae Ssjole O ‘9sh J0 S3InJ Jo Azeiq1 8UIIUO AS|IM UO (SUOTIIPUOD-PUR-SWUBIW0D A8 | IMALeiq1]BulJUO//:SdL) SUONIPUOD PUe SWis | 8U) 88S *[202/TT/90] U0 Akeiqauljuo AS|IM ‘06000€202 Wepe/z00T 0T/I0p/Woo" A3 1M Akelq1jeul|uoy/sdny wolj pepeojumod ‘ST ‘€202 ‘8v92.2ST


http://www.advancedsciencenews.com
http://www.aem-journal.com

ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

@6 x 1 mm, which were manufactured from the gauge lengths
of stress-aged specimens (Figure 1b). DSC samples were placed
in pure Al crucibles and covered with pure Al lids. The speci-
mens had masses of about 80 mg. Pure Al specimens of similar
mass were used as reference specimens. Heating was conducted
from 30 °C to 490 °C at a constant rate of 1 Ks~*. Four individual
measurements and two baseline measurements were recorded
for each condition. In Section 3, the mean curve obtained from
the individual DSC measurements is shown.

3. Results and Discussion

3.1. Mechanical Properties Under Monotonic Loading

Mechanical properties of conventionally and stress-aged speci-
mens under monotonic loading are summarized in Table 2.
Hardness and tensile results were comprehensively discussed
in a previous research work by some of the present authors.!”!
Here, the mechanical properties of conventionally and stress-
aged EN AW-7075 are briefly summarized. Regardless of exter-
nal stress, aging of this alloy for a longer time increases yield
strength (YS), ultimate tensile strength (UTS), and hardness.
At longer aging times, solute atoms have enough time to diffuse
from SSS to form strengthening precipitates, for example, ”.1*” Tt is
also worth noting that higher hardness, YS, and UTS values were
obtained with external stress during aging. External stress/strain
during aging results in dislocation multiplication and, thus, addi-
tional nucleation sites facilitating precipitation.!*”)

EN AW-7075
Sample aged at 120 °C for 2 h at 0 MPa

o
w

71— Sample aged at 120 °C for 2 h at 200 MPa
E

Excess ¢, in J/(g*K)

c
100 200 300 400 500
Temperature in °C
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3.2. Microstructural Evolution upon Stress Aging

The BSE images of EN AW-7075 alloy in different conditions are
shown in Figure 2; grain boundaries (GBs) are highlighted by
dash—dotted yellow lines for better visibility. As can be observed,
GB precipitates are present in all conditions examined. Coarse
precipitates along the GBs and in the grain interior presumably
represent the 75 phase.[‘“] Some coarse precipitates may be
quench-induced precipitates and some may form during aging
of the SSS for a long time.*”! Such coarse precipitates can hardly
improve the strength of EN AW-7075 alloy since they result in a
large interparticle spacing and eventually easy movements of dis-
locations.”" It must be noted that precipitates formed within the
grain interior are coarser for the specimens aged for 24 h com-
pared to those aged for 2 h. The growth of precipitates with the
increase in aging duration is connected to the sufficiency of time
for diffusion of alloying elements toward second-phase par-
ticles.*”! From the BSE images shown, the effect of external
stress during aging on the size and morphology of precipitates
can hardly be discussed. Therefore, transmission electron micros-
copy (TEM) studies (shown in the following section) were carried
out to fully understand the effect of superimposed stress during
aging on microstructural evolution.

The DSC heating curves of specimens aged with and without
the presence of external stress are shown in Figure 3. A sequence
of endothermal dissolution and exothermal precipitation reac-
tion occurs, which, according to ref. [17], can be correlated with
certain transformations: dissolution of GP-zones (A), dissolution

EN AW-7075

—— Sample aged at 120 °C for 24 h at 0 MPa
0.3 7—— sample aged at 120 °C for 24 h at 200 MPa

o
)
N

=]
-
L

£ 004

.

o

.
L

Excess ¢, in J/(g*K)

=
N
)

o
w

100 200 300 400 500
Temperature in °C

(c)
460 -
—8-105°C 15h 200 200
450 { —8—120°C 2h 0 _-°
- ~8-120°C 15h
S 440 | —e—120°C 24h
£ 0
£ 430 - o
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[
& 420 -
ke
[
S 410 4 0
200
40010 _—* 0 or 200
stressin MPa
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Figure 3. DSC heating experiments on specimen aged at 120 °C with and without the presence of external stress of 200 MPa: a) 120°C 2 h, b) 120 °C 24 h,
and c) correlation between dissolution heat and YS.
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of n” (B), precipitation of #-Zn,Mg (c+ d), and dissolution of 5
(E). Stress aging at 200 MPa and 120 °C for 2 h causes a signifi-
cantly larger peak A compared to stressless aging (Figure 3a).
More strengthening GP zones have been formed during stress
aging. A similar behavior can be observed for stress aging of
200 MPa at 120 °C for 24 h (Figure 3b). In this case, dissolution
and precipitation reactions strongly overlap, and the cumulative
DSC curve is shifted to solely endothermal. Dissolution heat of
peaks A + B from this work and from ref. [17] have been corre-
lated with the corresponding YS in Figure 3c. It becomes obvious
that for all investigated aging parameters the dissolution heat of
peaks A + B and the YS increase after stress aging. Therefore, the
higher YS and UTS of stress-aged specimens compared to those
of conventionally aged counterparts (cf. Table 2) can be rational-
ized by the higher fraction of strengthening precipitates.
Dissolution heat of peaks A + B could not be properly evaluated
after stress aging at 200 MPa d 120°C for 24 h, because the
cumulative DSC curve shows no clear finish temperature of dis-
solution peak B.

Bright-field (BF) and dark-field (DF) STEM micrographs of the
as-received (T6) specimen are shown in Figure 4. The GB pre-
cipitates (1), which resulted in the formation of PFZs, are present

www.aem-jou rnal.com

in the microstructure of the as-received specimen. Formation of
PFZs can be related to the migration of the alloying elements
from the surrounding to assist the growth of the GB precipi-
tates."” The width of the PFZ was measured to be about
20nm. Furthermore, as a result of the T6 heat treatment, in
the grain interior fine and dispersed " are formed.

BF and DF STEM micrographs of the specimen aged at 120 °C
for 24 h at 200 MPa are shown in Figure 5. At lower magnifica-
tions, dislocation tangles are evident (cf. Figure 5a-—d).
Dislocation tangles observed in the microstructure of this
stress-aged specimen may stem from the presence of external
stress during aging (cf. Figure 5a,b). As discussed earlier, the
presence of a stress of 200 MPa during aging at 120 °C can lead
to dislocation multiplication. It is also worth noting that some
pile-ups are formed in the vicinity of GBs (cf. Figure 5¢,d). It
was previously reported that GBs are effective obstacles to dis-
location motion in high-strength Al alloys.[**! Images captured
at higher magnifications provide more information about sec-
ond-phase particles formed within the grain interior and along
the GBs. Itis evident that stress aging could not fully eliminate
PFZs in the vicinity of the GBs (cf. Figure 5e,f). However, the
width of the PFZ was measured to be even less than 15nm

Figure 4. a,c) BF and b,d) DF STEM images of the as-received (T6) specimen.

fine and dispersed 1" in the grain interior can be observed.

Dislocation tangles

Figure 5. a,c,e,g) BF and b,d,f,h) DF STEM images of the specimen aged at 120 °C for 24 h at 200 MPa. GBs, dislocations, and precipitates are marked by
yellow arrows. GB precipitates (), dislocation tangles, and fine and dispersed 5" in the grain interior can be seen in this condition.
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which is narrower than that measured in the as-received (T6)
counterpart (about 20 nm). The formation of such narrow
PFZs can be attributed to additional nucleation sites for pre-
cipitations in the stress-aged specimens. This observation was
double checked in different regions. The 5" precipitates were
captured in the grain interior, while some coarse 7 precipitates
were detected in both the grain interior and along the GBs.
The sizes of " and # precipitates observed (cf. Figure 5g,h)
are less than 10 nm and larger than 50 nm, respectively.

BF STEM and corresponding EDS elemental mappings of the
specimen aged at 120 °C for 24 h at a stress of 200 MPa are shown
in Figure 6. EDS analysis indicates that GB precipitates are rich
in Mg and Zn. It was reported that GB precipitates represent 5
precipitates with the stoichiometry of MgZn,.** Fine and dis-
persed precipitates in the grain interior are also rich in Mg
and Zn. These fine precipitates are presumably ;" precipitates
featuring a stoichiometry of MgZn.[*!]

BF Al

www.aem-journal.com

3.3. Mechanical Properties Under Cyclic Loading

CDRs of conventionally aged and stress-aged specimens
obtained at different total strain amplitudes are displayed in
Figure 7. Scatter in LCF is less pronounced. Regardless of mate-
rial conditions, an increase in stress amplitudes and a decrease in
fatigue life can be observed with an increase in the total strain
amplitude. Due to an increasing total strain amplitude, fatigue
crack nucleation and propagation can be promoted.?®*>*¢) At
total strain amplitudes of Ag;/2 =+0.4% and Ae/2 =+0.6%,
cyclic stability with no traces of cyclic hardening and softening
is evident. However, an interesting cyclic hardening can be
observed for the specimens being conventionally and stress-aged
for a short time (2 h) during fatigue at a total strain amplitude of
Ag/2 = +0.8%. The condition of the specimens aged for 2h can
be considered as an underaged condition. Mechanical properties
of this condition obtained under monotonic loading already indi-

ZnK c———50 nm Mg K

Figure 6. BF STEM and corresponding EDS elemental mapping of the specimen aged at 120 °C for 24 h under a stress of 200 MPa; a single GB, PFZs, and
the grain interior depicting their corresponding chemical composition analysis can be seen in this figure. Precipitates were found to be rich in Mg and Zn

alloying elements.
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Figure 7. CDRs of EN AW-7075 in various conditions fatigued at different total strain amplitudes of a) Ae/2 =+0.4%, b) Ag,/2 ==+0.6%, and
) Ag;/2 =10.8%; d) total specimen lifetime (cycles to failure) for all LCF experiments carried out. Information on the actual condition and the total
strain amplitude applied is provided in each subimage. Increasing stress amplitudes and decreasing specimen lifetime can be seen with an increase in
strain amplitude. A considerable cyclic hardening can be observed in case of the specimens being conventionally and stress aged for a short time (2 h)
during fatigue at a total strain amplitude of Ag;/2 =+0.8%.
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cated that the specimens aged for 2 h feature an underaged con-
dition as they were characterized by reduced hardness and
strength values. During cyclic deformation of underaged Al
alloys, dynamic strain aging (DSA) may occur, resulting in cyclic
hardening.*”! At a total strain amplitude of Ag,/2 = +0.8%, the
strain level, that is, the actual level of plastic strain, seems to be
high enough to promote the DSA phenomenon. In case of the
DSA phenomenon, due to the formation of vacancies during
cyclic deformation, highly mobile solute atoms (Mg and Zn)
can diffuse from the SSS to pin dislocations in the underaged
specimens. Furthermore, GP zones can also be formed in an
underaged Al alloy with an increase in the concentration of
vacancies and diffusion of solute atoms during cyclic deforma-
tion.*®* Therefore, DSA and an increase in the volume fraction
of GP zones can be responsible for the cyclic hardening observed
for the specimens aged for 2 h in the present study. For the speci-
mens aged for a longer time of 24 h, neither cyclic hardening nor
cyclic softening can be observed. The absence of cyclic hardening
or softening indicates merely elastic deformation and/or concur-
rent generation and cancellation of dislocations.*®! The impact of
external stress during aging on the CDRs is not pronounced. In

www.aem-journal.com

the following section, the microstructural evolution is elaborated
using TEM studies following the fatigue experiments.

It should also be worth noting that the stress amplitudes are
slightly lower in the stress-aged specimens compared to those in
the conventionally aged counterparts. This may be imputed to
the difference in the dislocation densities and the alighment
of precipitates in the stress-aged specimens. In the final subsec-
tion, these aspects are schematically discussed.

Figure 8 shows half-life hysteresis loops of EN AW-7075 in
various conditions plotted in relative coordinates. Relative stress
and strain values were calculated from the actual values in order
to plot the start and end points of the half-life hysteresis loops in
the origin (0, 0). With an increase in total strain amplitude, hys-
teresis loops are more open, indicating a higher energy dissipa-
tion per cycle and, eventually, dislocation generation.*® By
comparing different material conditions, it can be deduced that
specimens aged for 24 h show narrower hysteresis loops indicat-
ing superior fatigue performance. After the hysteresis loops are
plotted in relative coordinates, the Masing/non-Masing behavior
of different conditions can also be evaluated. The Masing/non-
Masing behavior of specimens aged for 24 h can only hardly be
discussed as these conditions are characterized by narrow and
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Figure 8. Half-life hysteresis loops of a) 120°C_2h_0 MPa, b) 120°C_2 h_200 MPa, c) 120°C_24 h_0 MPa, d) 120°C_24 h_200 MPa, and e) T6. All
hysteresis loops are plotted in relative coordinates of stress and strain. With an increase in total strain amplitude, hysteresis loops reveal an increased

contribution of plastic strain.
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elastic hysteresis loops at all strain amplitudes considered. For
the specimens aged for 2h, a perfect Masing behavior cannot
be observed. This leads to the conclusion that severe dislocation
activity, depending on the actual loading amplitude, is taking
place.?%*! The effect of external stress during aging on the shape
and characteristics of hysteresis loops is not significant.
However, halflife hysteresis loops of stress-aged specimens
(especially at higher strain amplitudes) seem to be slightly wider
than those of conventionally aged counterparts. By comparing
results obtained in quasistatic and cyclic regimes, it can be con-
cluded that stress aging allows for the improvement of the mono-
tonic mechanical properties of this alloy without deteriorating the
alloy performance in the LCF regime. Since the highest accumu-
lated plastic strains are applied to the material in the LCF regime,
cyclic microstructural stability of a given condition is stressed to
the highest degree possible.

A comprehensive three-parameter model based on hysteresis
energy has been recently developed for an Al-Si alloy in order to
predict fatigue life in the LCF regime.*? This model proposes an
appropriate form of a criterion for fatigue damage evaluation.

www.aem-journal.com

Experimental results obtained herein can also be used to predict
and evaluate fatigue life in the LCF regime. However, the present
study is focused on the effect of superimposed stress on the
cyclic properties of the EN AW 7075 alloy using LCF experi-
ments. Therefore, the elaboration of a fatigue damage criterion
and assessment of the fatigue life is beyond the scope of the pres-
ent research work and, thus, will be addressed in a follow-up
study.

3.4. Microstructural Evolution upon Cyclic Deformation

BF and DF STEM images of the specimen aged at 120 °C for 2h
at 200 MPa and fatigued at Ag,/2 = +0.8% are shown in Figure 9.
At lower magnifications, dislocation tangles and coarse # precip-
itates can be observed. It is difficult to conclude whether dislo-
cation tangles are formed due to cyclic deformation or previous
stress aging treatment. At higher magnifications, not only # pre-
cipitates but also 5" precipitates can be seen in the grain interior.
Basically, fine " precipitates are responsible for strengthening of

Figure 9. a,c,e,g) BF and b,d,f,h) DF STEM images of the specimen aged at 120 °C for 2 h at 200 MPa and fatigued at A¢;/2 = £0.8%. GBs, dislocations,
and precipitates are marked by yellow arrows. GB precipitates (i), dislocation tangles, and fine and dispersed 5" precipitates in the grain interior can be

seen for this specimen.

———— 100 nm BF ———— 100 nm

ALK Ul] nm

‘ ZnkK 1IJnm . Mg K

Figure 10. BF STEM and corresponding EDS elemental mapping of the specimen aged at 120 °C for 2 h at 200 MPa and fatigued at Ae,/2 = 1+0.8%; a
single GB, PFZs, and the grain interior depicting their corresponding chemical composition analysis can be seen in this figure. Precipitates were found to

be rich in Mg and Zn.
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| 1200C_24h_200MPa_0.4% |

v
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\

Figure 11. Fracture surfaces of conventionally and stress-aged specimens upon cyclic deformation at different strain amplitudes. Yellow traces sche-
matically indicate fatigue crack nucleation and growth. Striations are marked by yellow arrows. Fatigue cracks were initiated close to the subsurface layers.
A larger crack propagation area can be observed for the specimens fatigued at a lower strain amplitude of Ag,/2 = £:0.4%. Higher-magnification micro-
graphs of the fracture surfaces are shown to the right.
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this alloy.'”! Fatigue-induced microstructure changes have not

yet been resolved by STEM.

The specimen aged at 120 °C for 2 h under a stress of 200 MPa
and fatigued at Ae,/2 = +0.8% was also studied via EDS elemen-
tal mapping, as shown in Figure 10. Similar to the stress-aged
specimens before cyclic loading, GB precipitates and fine precip-
itates in the grain interior are rich in Zn and Mg, pointing at the
formation of " (MgZn,) and 1 (MgZn) precipitates, respectively.

3.5. Fracture Analysis

Fracture surfaces of selected conventionally and stress-aged
specimens upon cyclic deformation at total strain amplitudes
of Ae;/2 =240.4% and Ae,/2 = 10.8% are shown in Figure 11.
Evidently, fatigue cracks were initiated near the subsurface
layers. Nucleation of cracks from near-surface layers can be
related to cyclic slip irreversibility.**>*** During forward load-
ing, many dislocations appear at the free surface of the specimen
and afterward, they do not return into the material in the reverse
loading direction and, thus, leave irreversible slip behind.
Accumulation of irreversible slip can cause the formation of
defects and, hence, crack initiation from subsurface layers.
Generally, fracture surfaces shown reveal well-known features
of a fatigued specimen, that is, areas of fatigue crack initiation
and propagation (featuring submicrometer fatigue striations),
as well as an overload final fracture region. It is also worth noting
that a larger crack propagation area can be observed for the speci-
mens fatigued at a lower strain amplitude of Ae,/2 = +0.4%.
This could be related to the low fatigue crack propagation rate
at a lower strain amplitude.?® Besides, the fatigue crack propa-
gation rate can be traced by the striations observed at higher mag-
nifications. By comparing fracture surfaces of conventionally and
stress-aged specimens upon cyclic deformation, it can be
deduced that the appearances of the fracture surfaces of both
conditions are very similar to each other. This observation is
in line with the almost identical mechanical properties in the
examined regime.

www.aem-journal.com

3.6. Process—Property—Microstructure Relationships

For a better understanding of the results presented, the relation-
ships between process, microstructure, and property are sche-
matically summarized in Figure 12. Results obtained in the
present study revealed that the aging time has a substantial effect
on the microstructure and LCF behavior of the EN AW 7075
alloy. As discussed earlier, cyclic hardening occurred during
the cyclic deformation of this alloy in the underaged condition
(2h). Such cyclic hardening can be linked to the DSA phenome-
non. As schematically detailed, highly mobile solute atoms of Mg
and Zn can segregate around dislocations in the underaged con-
dition. Thus, these solute atoms pin dislocations and impede
their motions.*** On the other hand, after a longer aging time
of 24 h, a higher volume fraction of precipitates can be formed
compared to those aged for only 2 h. Thus, the amount of solute
atoms in the matrix of specimens aged for 24 h is considerably
reduced compared to those aged for 2 h. Taking these points into
consideration, dislocation—precipitate interactions are expected
to govern mechanical properties in the specimens aged for 24 h.

The effect of the presence of external superimposed stress
during aging on the microstructure, CDRs, and hysteresis loops
of EN AW 7075 alloy is schematically displayed in Figure 13.
Results obtained in the present study indicate that the stress
amplitude values were slightly lower for the stress-aged speci-
mens in comparison to the conventionally aged counterparts.
Besides, the halflife hysteresis loops of the stress-aged speci-
mens are relatively wider than those of the conventionally aged
specimens, eventually indicating a higher share of plastic defor-
mation per cycle in the stress-aged condition. From a microstruc-
tural perspective and the experimental analysis in the present
study (Figure 5), stress-aged specimens are supposed to have
a higher dislocation density before the start of cyclic deformation.
As mentioned earlier, the presence of external superimposed
stress during aging at 120 °C is expected to cause dislocation mul-
tiplication.*® It should also be noted that the presence of super-
imposed stress can also result in a preferential alignment of
precipitates.”®>>!  The aligned precipitates may facilitate

Item Aging for 2 h

Aging for 24 h

6 Amp.

CDR

Cycles Cycles

6 Amp.

Microstructural evolution

<¢¢ng Jr>

Solute atom .
Dislocation
Precipitate V4

Figure 12. Schematic illustration highlighting the effect of aging time on the CDR and microstructural evolution of EN AW 7075. Differences in the CDRs
of specimens aged for 2 and 24 h are highlighted. The DSA phenomenon and dislocation—precipitate interactions in a grain are highlighted.
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Figure 13. Schematic illustration highlighting the effect of presence of external superimposed stress during aging on the CDRs, hysteresis loops, and

microstructure of the EN AW 7075 alloy.

dislocation motion during cyclic loading.”® The formation of
parallel precipitates during aging under stress might be the main
reason for the higher cyclic plastic deformation per cycle and
lower stress amplitudes in stress-aged specimens. For experi-
mental proof of the presence of aligned precipitates,
in-depth microstructural studies via high-resolution TEM have
to be carried out in follow-up studies.

4, Conclusion

In the present study, mechanical properties of conventionally
and stress-aged EN AW-7075 were investigated under monotonic
and cyclic loading in the LCF regime. The following conclusions
can be drawn. 1) By comparing the results of conventionally and
stress-aged specimens, it can be concluded that aging under
superimposed external stress could improve the mechanical
properties of EN AW-7075 alloy. Superimposed external stress
accelerates the precipitation kinetics. 2) BSE analysis revealed
the formation and growth of precipitates in the matrix. STEM
studies showed that superimposed external stress could lead
to the formation of a higher fraction of strengthening n” precip-
itates. The formation of 5 precipitates was observed both in the
grain interior and along the GBs, while 5" precipitates were only
formed in the grain interior. The width of the PFZ in the stress-
aged specimen was measured to be less than 15nm, thus,
smaller than in the reference condition. 3) Stress aging causes
significantly larger dissolution peaks A (GP-zones) and B (1)
in subsequent DSC heating experiments compared to stressless
aging. Thus, a higher fraction of strengthening precipitates have
been formed during stress aging. Dissolution heat of peaks
A + B could be correlated with the YS. 4) CDRs and half-life hys-
teresis loops of conventionally and stress-aged EN AW-7075 alloy
revealed that regardless of the material condition, the stress
amplitude and energy dissipation were increased and fatigue life
was degraded with an increase in strain amplitude. Cyclic hard-
ening observed for the specimens aged for 2 h at the highest total

Adv. Eng. Mater. 2023, 25, 2300090 2300090 (12 of 13)

strain amplitude considered (Ag,;/2 = £0.8%) was attributed to
DSA. Stress amplitudes of specimens aged with the presence
of superimposed stress were found to be marginally lower than
those aged conventionally. Hysteresis loops of stress-aged speci-
mens were slightly wider than those of conventionally aged coun-
terparts. 5) Based on the results presented, stress aging allows to
improve the monotonic mechanical properties of EN AW-7075
without deteriorating the alloy performance in the LCF regime.
As the LCF regime is characterized by highest accumulated plas-
tic strains, fatigue crack advance is thought to be of higher impor-
tance than crack initiation. Under these loading conditions, cyclic
microstructural stability of a given condition is stressed to the
highest extent possible. Future work will address fatigue regimes
being dominated by crack initiation.
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