Article

Effects of Aging under Stress on Mechanical Properties and
Microstructure of EN AW 7075 Alloy

Seyed Vahid Sajadifar 1-*
and Thomas Niendorf !

check for

updates
Citation: Sajadifar, S.V.; Kroo8, P;
Frock, H.; Milkereit, B.; Kessler, O.;
Niendorf, T. Effects of Aging under
Stress on Mechanical Properties and
Microstructure of EN AW 7075 Alloy.
Metals 2021, 11, 1142. https://
doi.org/10.3390/met11071142

Academic Editors: Elisabetta
Gariboldi and Sunghyuk Park

Received: 24 June 2021
Accepted: 15 July 2021
Published: 20 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Philipp Kroo8 1, Hannes Frock 27, Benjamin Milkereit 2-3(7, Olaf Kessler >3

Institute of Materials Engineering, University of Kassel, MonchebergstrafSe 3, 34125 Kassel, Germany;

krooss@uni-kassel.de (P.K.); niendorf@uni-kassel.de (T.N.)

Faculty of Mechanical Engineering and Marine Technology, University of Rostock, Albert-Einstein-Str. 2,

18059 Rostock, Germany; hannes.froeck@uni-rostock.de (H.E.); benjamin.milkereit@uni-rostock.de (B.M.);

olaf kessler@uni-rostock.de (O.K.)

3 Competence Centre CALOR, Department of Life, Light and Matter, University of Rostock,
Albert-Einstein-Str. 25, 18059 Rostock, Germany

*  Correspondence: sajjadifar@uni-kassel.de; Tel.: +49-561-804-2949

Abstract: In the present study, microstructural and mechanical properties of EN AW 7075 following
stress-aging were assessed. For this purpose, properties of stress-aged samples were compared with
values obtained for conventionally aged counterparts. It is revealed that the strength and hardness of
EN AW 7075 can be increased by the presence of external stresses during aging. Precipitation kinetics
were found to be accelerated. The effects of conventional and stress-aging on the microstructure
were analyzed using synergetic techniques: the differently aged samples were probed by differential
scanning calorimetry (DSC) in order to characterize the precipitation processes. DSC was found to be
an excellent screening tool for the analysis of precipitation processes during aging of this alloy with
and without the presence of external stresses. Furthermore, using electron microscopy it was revealed
that an improvement in mechanical properties can be correlated to changes in the morphologies and
sizes of precipitates formed.

Keywords: high strength aluminum alloy; stress-aging; DSC; heat treatment; thermo-mechanical treat-
ment

1. Introduction

Since many years, attempts have been made to substitute steels with alloys of low
density to eventually reduce the weight of manufactured components. Among these so-
called light alloys, high strength aluminum alloys were found to be outstanding candidates
for this purpose [1-3]. Mechanical properties of high strength aluminum alloys can be
tailored via heat treatment and thermo-mechanical processing [4-6]. Highest ultimate
tensile strength (UTS) for common commercial high strength aluminum alloys was reported
for EN AW 7075 alloy in T6 condition [6]. Generally, the UTS of EN AW 7075 alloy in
T6 condition was found to be in the range of 490-580 MPa [7-9]. In combination to high
strength, EN AW 7075-T6 has an acceptable formability being characterized by elongation
at failure above 10% [8,9]. Thus, steels in many engineering applications could be generally
replaced by high strength EN AW 7075 alloy, as this alloy features exceptional mechanical
properties and, thus, can meet the demands needed for envisaged applications.

In recent years, efforts have been made to increase the strength of aluminum alloys by
the employment of different thermo-mechanical processing routes. In these studies, the fo-
cus remained on precipitation hardening /aging since this heat treatment allows to establish
parts with high strength and adequate ductility. Precipitation hardening not only improves
the strength but also the fracture toughness of EN AW 7075 alloy [10]. The improvement in
the fracture toughness of aged alloys can remarkably enhance crash resistance. Conven-
tional aging treatments have been used for decades to modify mechanical properties of
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aluminum alloys. Recently, aging under stress, termed creep aging or stress-aging, has
drawn significant attention [11-16]. Stress-aging can be defined as precipitation hardening
in the presence of external stress. The application of stress during aging strongly affects the
precipitation kinetics [15]. Basically, stresses/strains during the aging treatment can result
in a significant increase in nucleation sites for precipitates [11]. Further, volume changes
due to precipitation interact with external stresses/strains [17]. Thus, the loading direction
during stress-aging has an influence on the orientation and/or kinetics of the evolving
precipitates [18]. Based on the results achieved in previous studies, it could be possible
to change the orientation of precipitate plates by external stress and, thus, re-design the
mechanical properties of manufactured parts. Thus, it is expected that this technique has an
outstanding potential for many applications, e.g., in aerospace and automotive industries.
Due to the unprecedented potential of stress-aging for increasing the material strength,
this process was already employed for the production of complex stiffened aircraft panels
made of EN AW 7475 [19].

Precipitation sequences during aging of a supersaturated solid solution (SSS) and
important factors affecting the formation of different types of precipitates were already
studied for EN AW 7075 and other alloys of the 7000 series [20-23]. The generalized
precipitation sequence during aging treatment of this alloy is displayed in Figure 1. A
heat treatment scheme with changes in aging time, aging temperature and cooling rate
from the initial temperature level of solution heat treatment (SHT) is shown in Figure 1.
Guinier—Preston (GP) zones and 1’ usually nucleate in the material at aging temperatures
between 100 °C to 200 °C. At aging temperatures above 200 °C and increased aging times,
respectively, 1 (MgZn,) phase can be formed along the grain boundaries (GBs), subgrain
boundaries or even in the grain interior, while higher temperatures and longer duration
further promote coarsening of the precipitates [20]. Another important parameter in age
hardening of this alloy is the cooling rate from SHT. It is well-documented that quenching
this alloy in water (high cooling rate) typically results in the formation of the SSS [24].
However, a low cooling rate from SHT, less than about 30 K/s, can promote the formation
of the coarse 1 precipitates even prior to aging [25]. Thus, aging temperature, duration
and cooling rate from SHT are critical parameters in the precipitation process of aluminum
alloys eventually allowing to directly design microstructure and final mechanical properties.
However, the impact of external stresses during aging on the precipitation sequence of EN
AW 7075 is not fully understood yet.
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Figure 1. Precipitation sequence during artificial aging of EN AW 7075 alloy and schematic ranges
related to nucleation of different precipitates with varying aging temperatures, durations and cooling
rates from solution heat treatment (SHT) in EN AW 7075 alloy.
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Differential scanning calorimetry (DSC) is a powerful method to characterize the
solid phase transformation in-situ during heating as well as cooling of various materials,
including aluminum alloys, over a wide temperature and scanning rate range [26]. During
heating of age hardening aluminum alloys, various precipitates are formed and dissolved
upon further heating to a level above their dissolution temperature. In general, dissolu-
tion reactions can be characterized as endothermic, while precipitation reactions proceed
exothermic [27]. A few studies focused on DSC analysis of precipitates formed during
stress-aging of aluminum alloys [28-31]. However, more comprehensive investigations of
the impact of stress-aging on the microstructural evolution are crucially needed in order to
gain a better understanding of the underlying mechanisms.

As detailed before, mechanical properties and resulting microstructure of stress-aged
EN AW 7075 alloy are not yet well understood. Thus, the present investigation aims on es-
tablishing the correlation between details of thermo-mechanical processing, microstructural
evolution and mechanical performance of stress-aged EN AW 7075. Hardness measure-
ments and tensile testing were used to assess mechanical properties of both, conventionally
and stress-aged counterparts. The microstructural evolution is captured by synergetic
analytical techniques. Most importantly, thorough DSC analysis is used to characterize
the precipitation kinetics in both, conventionally and stress aged EN AW 7075 samples.
Finally, the obtained results provide pathways to realize superior components made of
high strength aluminum alloys.

2. Materials and Methods

Extruded bars of EN AW 7075 in T6 condition with a diameter of 15 mm were received
with the chemical composition as listed in Table 1. The chemical composition was determined
via optical emission spectroscopy (OES) and is in accordance with the standard EN 573-3.

Table 1. Chemical composition of EN AW 7075 alloy determined by OES.

Element Si Fe Cu Mn Mg Cr Zn Ti Zr Al
EN AW 7075 (wt %)  0.10 0.11 149  0.03 2.38 020 557 0.03 0.04  Balance

Cylindrical dogbone shaped samples with dimensions highlighted in Figure 2a were
machined from the as-received bars. Solution heat treatment was conducted in a roller
hearth furnace at 480 °C for 30 min. SHT temperature and the soaking time were cho-
sen based on previous studies [8,20,32-34]. After solution heat treatment, samples were
quenched in water at a temperature of 20 °C. Afterwards, these samples were immediately
mounted in the stress-aging rig to avoid natural aging. The stress-aging setup, including
systems for controlled induction heating, as well as gas cooling and a process scheme are
depicted in Figure 2¢,d, respectively. Two aging temperatures of 105 °C and 120 °C, three
aging times, i.e., 2 h, 15 h and 24 h, as well as a load free reference and two tensile stress
values of 50 MPa and 200 MPa, were chosen to systematically address the impact of the
process parameters in the stress-aging process on the final material properties. Stress values
were selected in order to have different conditions namely, conventionally aged (0 MPa),
stress-aged under low (50 MPa) and stress-aged under high (200 MPa) stresses. Whereas
the lower stress level of 50 MPa is clearly below yield strength of 7075 T6 even at 200 °C, the
higher stress level of 200 MPa approaches yield strength at 200 °C [35,36]. A thermocouple
was attached to every sample by springs to measure temperature during experiments. The
stress and elongation during stress-aging were determined using a conventional load cell
and an extensometer, respectively.
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Figure 2. (a) Miniature flat samples cut from the initial gauge section for subsequent testing, (b) cylin-
drical dogbone samples used for stress-aging, (c) photograph showing the stress-aging setup and
(d) schematic detailing the process.

Following the stress-aging process, miniature flat dogbone samples with a gauge
length of 8 mm (Figure 2a) were electro-discharge machined (EDM) from the large samples
(Figure 2b). The loading axis of the miniature sample was set parallel to the loading direc-
tion of the stress-aged sample as shown in Figure 2a. Before tensile testing, the miniature
flat samples were ground to remove the EDM affected surface layers. Tensile experiments
were carried out on the miniature samples at room temperature with a crosshead speed
of 2 mm/min. Three tests were conducted for each condition and the average and scatter
values are reported. An extensometer directly attached to the sample gauge length was
used to measure the strain.

Vickers hardness tests were performed on the samples applying a force of 29.4 N
(HV3) and 15 s indentation duration at room temperature. The reported hardness values
for each condition are the average of 5 indents obtained from 5 various locations of the
sample. Nanoindentation measurements were carried out using an Anton Paar NHT3 tester
(Anton Paar GmbH, Graz, Austria). A Berkovich diamond indenter with a tip diameter
of 100 nm was utilized. Maximum force, loading and unloading times were 10 mN and
30 s, respectively. Instrument approach and retract speeds were chosen as 2 pm/min.
Nanoindentation experiments were conducted at room temperature.

DSC heating experiments were performed and evaluated as described in Refer-
ence [37]. The DSC measurements were performed using a Perkin-Elmer Pyris Diamond
calorimeter equipped with a Huber TC 125W-MT cooler. Nitrogen gas was purged to
provide a protective gas 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 samples,
which were composed of the remains of the cylindrical dogbone samples after cutting the
miniature flat samples, i.e., semi-circular pieces, Figure 3. These pieces were loosely placed
next to each other in a pure aluminum crucible and covered with a pure aluminum lid. The
assembled samples had a mass of about 40 mg. Pure Al samples of similar mass were used
as reference samples. Heating was applied from 30 °C to 490 °C at a constant rate of 1 K/s.
At least two individual measurements and one baseline measurement were recorded for
each condition. In the results section, the mean curve determined from the individual DSC
measurements is shown.
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Figure 3. Differential scanning calorimetry (DSC) samples stemming from remains of the cylindrical
dogbone samples after electro-discharge machining (EDM) cutting of the miniature flat samples.

Microstructural evolution was characterized using an optical microscope (OM) and a
scanning electron microscope (SEM) (Zeiss ULTRA GEMIN], Jena, Germany) equipped
with an electron backscatter diffraction (EBSD) unit operating at a nominal voltage of 20 kV.
Both back-scattered electron (BSE) and secondary electron (SE) modes were employed to
analyze the microstructure of the EN AW 7075 in various conditions. For microstructural
studies, samples were first ground to 5 pm grit size and polished utilizing a colloidal silica
suspension. Finally, these samples were further vibration-polished for 16 h using a colloidal
silica solution with a particle size of 0.05 pm.

3. Results and Discussion
3.1. Mechanical Properties

The tensile properties of the as-received sample are summarized in Table 2. The EN
AW 7075 alloy was received in T6 condition. UTS and elongation fulfill the standard EN
755-2, whereas YS is slightly below given values.

Table 2. Tensile properties of as-received material; standard deviations are reported in the table.

Material YS (MPa) UTS (MPa) Elongation (%)
EN AW 7075 (T6) 4474 +£ 3.5 5773 £2.7 112+ 09

+15]The mechanical properties of EN AW 7075 being stress-aged at 105 °C for var-
ious times under superposition of two external stress levels are shown in Figure 4. For
comparison, samples were also aged for equal times without superimposed stress. As can
be deduced from Figure 4, the external stress applied at 105 °C results in an accelerated
aging as well as an improvement of strength almost without loss of ductility. It is worth
noting that the highest strength and hardness values are obtained for the samples being
stress-aged at 105 °C for 24 h at 200 MPa. Such an effect is thought to stem from the
accelerated nucleation and growth of precipitates [38]. External stress/strain leads to the
generation of dislocations and, hence, additional heterogeneous nucleation sites promoting
precipitation [11,39].
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Figure 4. Mechanical properties of EN AW 7075 alloy aged at 105 °C with and without superimposed
stress for various times: (a) yield strength, (b) ultimate tensile strength, (c) elongation at failure,
(d) hardness; in (e) selected stress-strain curves are highlighted.

In order to gain a better understanding of the stress-aging process and to assess the
effect of aging temperature, the EN AW 7075 samples were also aged at 120 °C. Except for
the aging temperature, equal aging parameters i.e., aging times and external stresses were
employed in order to allow for a meaningful comparison between both aging temperatures.
Hardness and tensile properties of conventionally and stress-aged EN AW 7075, the latter
being aged at 120 °C applying different aging times are depicted in Figure 5. Obviously,
hardness, YS and UTS of both, conventionally and stress-aged samples, increase until
reaching a peak at an aging time of 15 h. A variation of the aging duration in smaller steps
may result in even higher maximum values. It must be noted that the strength and hardness
values of the stress-aged samples are slightly higher than that of conventionally aged ones.
This again can be attributed to the effect of external stress on the precipitation kinetics [15].
By comparing the evolution of mechanical properties for both aging temperatures, i.e.,
105 °C and 120 °C, it becomes apparent that at 120 °C the precipitation kinetics are sig-
nificantly increased, even in the load free aging condition (Figure 5). Furthermore, both
conventionally and stress-aged conditions exhibit an over-aging at an aging temperature
of 120 °C, applying an aging time of 24 h.
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Figure 5. Mechanical properties of EN AW 7075 alloy aged at 120 °C with and without superimposed
stress for various times: (a) yield strength, (b) ultimate tensile strength, (c) elongation at failure,
(d) hardness; in (e) selected stress-strain curves are highlighted.

3.2. Microstructural Evolution

The microstructures of the as-received (T6), conventionally aged and stress-aged
samples are shown in Figure 6. A bimodal microstructure composed of some equiaxed
and recrystallized grains as well as columnar grains is seen (Figure 6a). Such a bimodal
microstructure in the as-received condition can be linked to the initial hot extrusion process.
Generally, inhomogeneous recrystallization during hot extrusion can lead to the formation
of both, recrystallized regions consisting of fine grains and non-recrystallized regions
with coarse columnar grains [40,41]. It is also worth noting that the texture of the non-
recrystallized regions is near <101>, whereas recrystallized regions are characterized by
a random texture. The thermal treatments utilized in the present study had a small
effect on the grain size distribution of the EN AW 7075 (Figure 6b,c). Microstructures
of different conditions were examined by OM. Two exemplary micrographs are shown
in Figure 6. Solution heat treatment and subsequent aging steps were already reported
to have only minor influence on the overall grain sizes of EN AW 7075 [8,42,43]. In the
present study, solution heat treatment parameters of all conditions were equal. During
solution heat treatment of EN AW 7075, high-angle and low-angle grain boundaries as
well as dislocations can be pinned based on the Zener pinning mechanism, at least prior to
dissolution of precipitates [44,45]. Migration of low-angle boundaries and annihilation of
point defects and dislocations are known to be the main mechanisms in case of recovery
of aluminum alloys [46,47]. Motion of high-angle grain boundaries is reported to be the
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main mechanism promoting recrystallization and subsequent grain growth [48,49]. As will
be revealed in the remainder of the present work, based on DSC analysis, Zener pinning
should not be effective during solution treatment as all precipitates are dissolved at this
point. Thus, recovery diminished the driving force for recrystallization already in the as-
received (T6) condition such that minimum changes in the grain sizes are seen here. Due to
the high stacking-fault energy of Al alloys, a sufficient degree of recovery is expected [50].

~ o T o 001 101
Hot-extrusion direction

Loading direction in stress aging

4
A

Figure 6. (a) EBSD inverse pole figure (IPF) map with superimposed image quality (IQ) of the
as-received (T6) condition; optical micrograph of the samples aged at 120 °C (b) with 0 MPa for 2 h
and (c) 50 MPa for 24 h. The optical micrographs were captured at the same magnification (see text
for details).

For the visual assessment of coarse precipitates formed during the conventional and
stress-aging procedures, BSE micrographs are shown in Figure 7. From this figure, it can
be deduced that coarse precipitates along the grain boundaries (GBs) are formed in case
of all conditions examined. Heterogeneous precipitation takes place at GBs since they are
preferred nucleation sites [51,52]. It should also be pointed out that precipitates formed
along the GBs coarsen with the increase of aging temperature and time, respectively. Higher
aging temperature are known to significantly enhance solute diffusion along GBs [53].
Based on previous studies on EN AW 7075 alloys reported in literature [23,54-56], it can be
expected that the coarse precipitates formed along the GBs are n-phase (Zn,Mg).
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Figure 7. Back-scattered electron (BSE) contrast images of samples aged under different conditions. All images were

captured at the same magnification (see text for details).

In order to assess the influence of GB precipitation in EN AW 7075, nanoindentation
measurements were performed on the sample aged at 105 °C under 200 MPa for 15 h. To
evaluate the localized effects of precipitate size and type on the mechanical properties, mea-
surements were performed in the grain interior and along a grain boundary. The depth of
penetration as a function of the applied load and location of the indent is shown in Figure 8.
The results imply that the depth of penetration was slightly higher for the measurements
conducted alongside the grain boundary, eventually indicating lower hardness and lower
strength, respectively, of the material in the direct vicinity of GBs. As is known from
literature, the formation of a precipitate free zone (PFZ) takes place, being rationalized by
the migration of solute elements and the accompanying growth of precipitates alongside
the GBs. Eventually, this kind of localized microstructure evolution consumes the alloying
elements needed for precipitation from the surrounding volume. Such PFZs are known to
promote low hardness in aluminum alloys on the local scale [57,58].
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Figure 8. Nanoindentation measurements conducted focusing on the sample aged at 105 °C under
200 MPa for 15 h at various points (P). Locations of points are displayed on the right (see text
for details).

3.3. DSC Measurements

The DSC heating curves (see Figure 9) show clear differences in the dissolution and
precipitation behavior between stress-free and stress-aged samples. The peaks of the heat-
ing curve have been named in alphabetical order in accordance to Reference [27] for clarity
to ease discussion. Dissolution Peaks are named in capital letters while presipiation Peaks
are described in lower case letters. During the heating process, a first endothermic peak
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(A) appears from approx. 100 °C being associated with the dissolution of GP-zones [59].
This first endothermic peak is very similar in peak value and shape for all heating curves
of the different conditions. Subsequently, a large endothermic peak (B) is resolved from
170 to 250 °C, corresponding to the dissolution of i’ [60]. During this dissolution reaction,
the precipitates that have formed during the previous aging treatment are dissolved. Thus,
on the basis of the appearance of this peak the precipitation process promoted by the
initial stress-aging treatment conducted in present work can be assessed. It is important
to mention that all heating curves were recorded with the same heating rate. Thus, any
biasing effect induced by differences in dynamic suppression of individual reactions due to
different heating rates can be excluded. Only based on such strict experimental boundary
conditions individual peaks can be compared with each other [37].

EN AW-7075 EN AW-7075

excess ¢, in J/(g*K)

014

-0.24

0.3+

0.2+

0.1+

0.0+

Sample aged at 105 °C with 200 MPa for 15 h Sample aged at 120 °C with 200 MPa for 15 h

Sample aged at 105 °C with 0 MPa for 15 h 3 Sample aged at 120 °C with 0 MPa for 15 h
B E 3 B E
D 021
:,
£
a 014
endo A e endo A
§ 0.0+
exo 3 exo
0.1+ d
cd 024 c
0 260 350 460 560 0 160 260 360 460 5(30
temperature in °C temperature in °C
(a) (b)

Figure 9. DSC heating experiments conducted using the samples aged at (a) 105 °C and (b) 120 °C for 15 h with and without
superimposed stress of 200 MPa.

The results obtained for the two different aging temperatures can be directly compared
with each other. It can be seen that the peak (B) in the heating curves is more pronounced
after aging at 120 °C for 15 h than after aging at 105 °C for 15 h. Furthermore, it can be
seen that (at each aging temperature) in case of the superposition of the tensile stress, the
dissolution peak (B) in the heating curves is more pronounced than in the stressless case.
Above 250 °C, the exothermic double peak (c + d) is seen in all heating curves. It is related
to the precipitation of 1 from the solid solution after having dissolved n’ as well as the
direct transformation of ' — 1 [60]. Peak (c) is characterized by almost the same intensity
and course for all examined conditions. Clear differences can still be seen in case of peak
(d). The heating curves after aging at 120 °C are characterized by the same course for
peak (d), while peak (d) is much more pronounced after stress-aging at 105 °C. The results
obtained based on DSC analysis will be further discussed in the following chapter. The
final endothermic peak (E) shows dissolution of n. This peak follows the same course for
all conditions considered here.

3.4. Heat Treatment-Microstructure-Property Relationships

The DSC heating curves of the different conditions show clear differences in disso-
lution and precipitation behavior, i.e., in case of the (at different temperatures) stressless
and stress-aged conditions (Figure 9). First, the impact of aging temperature is considered:
Obviously, the endothermic peak (B) for dissolution of i’ is more pronounced after aging
at 120 °C for 15 h than after aging at 105 °C for 15 h (for both stressless and stress-aged
conditions). From this observation, it can be concluded that a larger fraction of strengthen-
ing 1’ precipitates has been formed during aging at 120 °C during aging at 105 °C. This
is confirmed by higher yield strength as well as higher hardness after aging at 120 °C for
15 h as compared to the condition obtained by aging at 105 °C for 15 h (compare Figures
4 and 5). It should also be noted that the increase in the strength of the alloy is not only
linked to the volume fraction of introduced precipitates but also their morphology [23,61].
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It was previously reported that precipitates with various morphologies can be introduced
by different heat treatments and thermo-mechanical processing of EN AW 7075 alloy.
Obviously, the DSC heating curves not only are affected by the aging temperature
but also by the superimposed tensile stress applied during the aging process. The first
dissolution peak (B) is more pronounced in the heating curves of the stress-aged conditions
compared to stressless aged conditions (for both aging temperatures, however, most
pronounced after aging at 105 °C for 15 h). From this finding it can be concluded that the
application of tensile stress is effective to promote precipitation processes and, eventually,
a higher fraction of strengthening n’ precipitates is formed during stress-aging. This is also
confirmed by the higher yield strength found after stress-aging as compared to stressless
aging (Figures 4a and 5a). Figure 10 details the correlation between yield strength and
integrated dissolution heat of peaks (A) and (B), i.e., dissolution of GP and 1. Clearly, the
yield strength increases with increasing dissolution heat, the latter thus being related to
initial presence of these strengthening precipitates. In conclusion, DSC heating experiments
can be systematically applied to survey the success of previous stress-aging procedures.

120°C15h
stress-aged

stress-
stress- aged
less

RS N S
N w N
o o o
1 1

410 A

yield strength in MPa

stressless

400 T T T

6 7 8 9 10 11 12
dissolution heat peaks (A) + (B) in J/g

Figure 10. Correlation between yield strength and the summated dissolution heat of peaks (A) and
(B), i.e., dissolution of GP and n’; stressless and stress-aged samples were considered, superimposed
stresses were 0 MPa and 200 MPa, respectively.

Due to the strong overlap of the exothermic peaks (c) and (d), both being related the
precipitation of 1, an in-depth interpretation of these peaks is difficult. It can be seen that
the heating curves after aging at 120 °C for 15 h are characterized by a kind of similar
appearance of peaks (c) and (d) regardless of the superimposed tensile stress applied
during aging. However, the heating curves deviate significantly after aging at 105 °C for
15 h in the temperature range of 270 °C to 300 °C, see peak (d) in Figure 9a. This has to be
investigated in more detail in future. It may be correlated with the precipitation of 1 from
solid solution after having dissolved n’ or the direct transformation fromn’ to 1 [60].

As elaborated earlier (Figures 4 and 5), the superposition of stress during aging con-
siderably influences the precipitation kinetics [15]. Thus, as verified by DSC measurements
(Figure 9), aging treatments with superimposed external stresses provide for a higher
fraction of nucleation sites for precipitation in aluminum alloys [11,39]. In general, external
stresses/strains and changes in volume induced by the phases evolving during precipita-
tion affect microstructure and mechanical properties of the material [17]. A higher fraction
of fine and dispersed precipitates in the stress-aged condition can be named as the main
reason for the higher hardness as well as the superior YS and UTS values compared to
those of the conventionally aged condition [19,62]. Previous studies already indicated that
stress-aging causes the formation of a higher fraction of fine precipitates in aluminum
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alloys (others than EN AW 7075) due to the generation of dislocations acting as nucleation
sites [63-65]. Two different superimposed stress levels were applied during the aging
treatment of the EN AW 7075 alloy in order to assess the impact of the absolute value
of stress on the final microstructure and the mechanical properties. Even at a relatively
low level of stress (50 MPa in the present study), the mechanical properties of this alloy
are altered. It was previously reported that aging even under an elastic tensile load of
only 25 MPa already promotes a more rapid formation of secondary phases in EN AW
7075 [66]. However, the present study aimed to explore a wider range of external stresses
up to 200 MPa in order to establish profound heat treatment-microstructure-property re-
lationships for this alloy. The existence of stress fields during aging is known to enhance
the diffusion rates of the solute atoms, e.g., Zn, Mg and Cu, within the bulk promoted by
vacancies. With the increase in the external stress value from 50 MPa to 200 MPa, further
enhancement in terms of generation of dislocations is expected to take place additionally.
Thus, faster precipitation kinetics were expected for the samples aged superimposed by
such a high external stress level [11]. However, it should be noted that precipitation kinetics
are only expected to be further accelerated up to a certain combination of temperature and
stress. Especially at the relatively high aging temperature considered here, the precipitation
kinetics already are very fast despite the additional employment of superimposed stress. In
addition to the impact of superimposed external stresses on the sizes and morphologies of
precipitates, stress-aging leads to the reduction of lateral dimensions of PFZs as reported in
previous studies [18,67,68]. In these studies, all focusing on Al-Cu-Mg-Ag and Al-Cu alloys,
high degrees of strain during stress-aging were employed resulting in the introduction of
dislocations as preferential sites for the nucleation of second phases. Finally, this led to
the formation of fine and disperse precipitates and, hence, reduction in the width of PFZs.
Creep aging can further result in a preferential orientation of the precipitates. Although
changes in the orientation of n precipitates due to the stress-aging were not evident in
EN AW 7075 [15], an aligned precursor 6” /6’ precipitate structure has been found in an
aluminum-copper alloy [18].

Mechanical properties and microstructural features obtained and discussed in the
present study clearly reveal that DSC is a reliable screening tool for the evaluation of
the effect of any kind of heat treatment including stress-aging in high-strength Al alloys.
DSC analysis verified that the improvement in the mechanical properties of EN AW 7075
alloy enabled by the stress-aging can be linked to the formation of a higher fraction of
strengthening  precipitates.

4. Conclusions

The effect of artificial aging under superimposed external stresses on the mechanical
properties and microstructure of EN AW 7075 alloy was explored in present work. The
following conclusion can be drawn based on the results obtained:

(i) Hardness and tensile tests revealed that stress-aging led to an enhanced peak strength
of EN AW 7075 alloy. Aging under stress was capable of accelerating the kinetics of
the precipitation process.

(ii) The DSC measurements clearly show that the increase in the strength of stress-aged
EN AW 7075 alloy can be rationalized based on both volume fraction and morphology
of introduced precipitates. On the one hand, a higher volume fraction of strengthening
N’ precipitates has been formed during aging at 120 °C as compared to aging at 105 °C
for the same duration. On the other hand, it is shown that an applied tensile stress of
200 MPa during aging leads to a higher fraction of strengthening n precipitates as
stressless aging. Dissolution heat of peaks being related to GP and 1’ precipitates is
in good agreement to yield strength of all material conditions including those after
stress-aging.

(iii) In addition, DSC hints on an influence of stress-aging on the course of further n
formation. This has to be investigated in more detail in the future.
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(iv) Insummary, DSC proved to be a good screening tool for the assessment of the impact
of any kind of heat treatment including stress aging in EN AW 7075 alloy.
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