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ARTICLE INFO ABSTRACT

Keywords: In view of developing a physics-based constitutive material model for AA7075-T651, the mechanical behavior
Aluminum alloys and microstructure evolution of the material has been studied through compression tests using Gleeble thermo-
Characterization

mechanical simulator. The tests were performed at wide range of temperatures (room temperature (RT), 100,
200, 300, 400 and 500 °C) with two constant strain rates (0.01 and 1 s™). The true stress-strain curves depicted
an increase in the flow stress with increase in the strain rate and decrease in the deformation temperature, with
an exception at RT. The effects of softening mechanisms, such as adiabatic heating, dissolution of precipitates,
dynamic recovery (DRV) and dynamic recrystallization (DRX), on the flow stress level, strain rate sensitivity
(SRS) and temperature sensitivity over the entire range of temperatures were analyzed. Pertaining to the
microstructure analysis, the intermetallic particles present in the initial as-received (AR) material were identified
as (Al,Cu)e(Fe,Cu) and SiO, with the help of back-scattered electron (BSE) imaging and energy dispersive X-ray
spectroscopy (EDS). The microstructure of the material after the deformation processes were analyzed and
compared with that of the AR state using inverse pole figures (IPF), grain orientation spread (GOS) and grain
boundary rotation maps generated from electron back-scattered diffraction (EBSD) scans. DRV was observed for
deformation at 300 °C, whereas a combination of DRV and incomplete DRX took place for 400 and 500 °C
depending on the strain rate. The fraction of recrystallized grains was higher in case of deformation at higher
temperature and lower strain rate. Furthermore, the difference in microstructure evolution on different surfaces
of the deformed samples as well as at different locations on individual surfaces was also investigated.

Stress/strain measurements
Electron back-scattered diffraction (EBSD)
Dynamic recrystallization (DRX)

1. Introduction (ii) Age-hardening: Solution heat treated material is artificially aged
at 120 °C for 24 h.

Aluminum alloy 7075 (AA7075) is one of the strongest, heat- T651 temper signifies that the material is first T6 heat treated and
treatable, wrought aluminum alloys belonging to the Al-Zn-Mg-Cu then stress relieved by stretching to 0.5-2% [3]. Many researchers
family (7xxx series). This material attains its peak strength via precipi- have analyzed the effects of temperature and holding time for SHT
tation hardening during T6 and T651 heat treatment processes. The T6 and age-hardening steps on the final microstructure and mechanical
heat treatment consists of the following two steps [1,2]: properties of the AA7075 alloy in order to determine the optimized

condition for its T6 heat treatment [4-7].
(i) Solution heat treatment (SHT): The alloy is heated up and held at

high temperature (usually around 460-490 °C) for a suitable During the aging process of AA7075, finely dispersed MgZn, pre-
period of time causing the dissolution of second phases in the Al cipitates are formed in the matrix according to the usual sequence fol-
matrix to create a single-phase alloy and then quenched rapidly to lowed by Al 7xxx series [8-10]:

room temperature (RT), forming a super saturated solid solution o

(SSSS). SSSS (a-phase) => Guinier-Preston (GP) zone => Metastable MgZn, (1))

phase => Stable MgZn, (1) phase.
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Table 1
Chemical composition of AA7075-T651 alloy.
Element Zn Mg Cu Cr Fe Mn Si Ti Al Ref.
5.1-6.1 2.1-29 1.2-2 0.18-0.28 <0.5 <0.3 <0.4 <0.2 87.1-91.4 [15]
Weight % 5.56 2.36 1.57 0.19 0.23 0.12 0.17 0.07 89.73 [55]
5.26 2.72 1.41 0.16 0.08 0.06 0.1 0.07 90.13 EDS

The metastable n’ precipitate is the main constituent strengthening
factor in peak-aged (T6 and T651) AA7075 [11-13] due to its existence
in abundance and strong pinning effect on dislocations which
strengthens the material [4,6]. On account of the extraordinary com-
bination of properties manifested in the T6 condition such as high me-
chanical strength, light weight, dimensional stability, machinability,
good vibration-damping characteristics and specific stiffness, AA7075 is
widely used in this temper state for structural applications in aerospace,
military and automobile industries, for example, in aircraft fittings, fuse
parts, shafts and gears, missile parts, regulating valves, worm gears,
sensor and guidance components for flight and satellite systems, etc.
[14-16].

The efficiency and life span of these structural components depend
on their constituent material properties and mechanical state at the end
of the manufacturing processes as well as during the in-service operating
conditions. The mechanical state of a component experiencing different
conditions of strain rate and thermal gradient is usually predicted by
models incorporating the flow behavior and properties of the constitu-
ent material. Many researchers have endeavored to simulate the me-
chanical response of AA7075 during hot deformation with the help of
empirical models that are based on fitting the flow stress curves obtained
from the mechanical tests to the model equations [17-28]. On the
contrary, the literature study so far revealed only a few physics-based
models developed for AA7075 alloy which include the actual underly-
ing physical mechanisms such as dynamic recrystallization (DRX),
dislocation density evolution, grain growth, dynamic strain aging (DSA),
etc. that take place during the deformation and significantly influence
the flow stress behavior of the material [29-32]. On that account, the
ultimate goal of our project is to develop a physics-based constitutive
model for AA7075 peak-aged at T651 temper which can be used in finite
element simulation of manufacturing processes such as machining and
friction stir welding (FSW) in order to predict the final state of the
material.

Developing the model requires both calibrations using experimental
flow stress curves and knowledge about the underlying deformation
mechanisms and the microstructure evolution. AA7075 alloy in its peak-
aged temper has been reported to consist of three types of second phase
precipitates: (a) strengthening particles, (b) dispersoids, and (c) in-
termetallics. Due to their very small size, strengthening particles (2-80
nm [9,11,33-35]) and dispersoids (20-500 nm [9,16,36,37]) are nor-
mally identified under transmission electron microscope (TEM),
whereas intermetallic particles, which are comparatively larger in size
(2-20 pm [4,37,38]), can be observed using scanning electron micro-
scope (SEM) as well. As already mentioned, the strengthening particles
are generated during age-hardening process. Dispersoids are formed in
the microstructure due to the reaction of Cr with the alloying elements
Zn, Mg and Cu during homogenization. They control the grain size and
degree of recrystallization (RX) in the alloy by pinning the grain
boundaries [16,36,37]. The irregular shaped intermetallic particles are
usually created during the manufacturing processes due to the interac-
tion between alloying elements and impurities present in the alloy [37]
and they influence the strength and hardness of the material [4,5]. These
second phase precipitates play an important role in the evolution of
microstructure during the high temperature deformation of
AA7075-T651.

Mechanical tests at varied conditions of strain rates and tempera-
tures provide the base for calibration of the model. The flow stress

behavior of AA7075 alloy in its different states has been extensively
studied for deformation at RT — 580 °C with strain rates ranging between
in the order of 102 s and 105! [18-21,25-29,39-50]. Conventionally,
the flow stress for the alloy increases with strain rate and decreases with
deformation temperature. However, exceptions to this behavior have
been observed at quasi-static strain rates (in the order of 10°-10* s'l),
where the flow stress increased with increase in temperature from RT to
100 °C [51,52]. Similar exceptional behavior has been detected and
attributed to DSA effect when the alloy was first solution heat treated at
300-475 °C and then deformed with 10°-10" s [31,32]. Character-
istically, the effect of temperature on the flow stress behavior of the alloy
has been observed to be more pronounced than that of the strain rate.
Furthermore, the material has been reported to have undergone defor-
mation mechanisms such as lattice-diffusion controlled dislocation
climb [19], formation of shear bands via localized plastic deformation
[19,20,45], micro cracking at material inhomogeneity [45,48], lubri-
cated flow [39], etc. during compression at 10310 5! strain rates within
different temperature ranges. From the microstructure evolution
standpoint in case of hot deformation of AA7075 within the
above-mentioned strain rates, dynamic recovery (DRV) has been re-
ported to be the governing softening mechanism at high temperatures
up to 350 °C [29,41]. Whereas, DRX takes over in case of deformation
temperatures between 350 °C and 550 °C via: (a) continuous dynamic
recrystallization (CDRX) [30,39,41,43] which, conventionally, is the
dominant mechanism for materials having high stacking fault energy
(SFE) such as Al alloys, o-iron, titanium and its alloys [53], and (b)
geometrical dynamic recrystallization (GDRX) [39,41] which is pro-
moted by initial elongated columnar grain structure generated from
one-directional manufacturing processes, such as rolling and extrusion.
Even though usually rapid DRV takes place in high SFE materials during
high temperature deformation and thereby prevents discontinuous dy-
namic recrystallization (DDRX) [53], Rokni et al. [39] reported DDRX in
AA7075 in case of deformation with low strain rate above the solidus
temperature of the material. Compared to the low strain rates discussed
above, the literature comprises fewer research works examining the
deformation behavior of AA7075 in its different states at higher strain
rates in the order of 10>-103 s [24,26,27,44,46,50,52,54].

Out of all the studies reported in the previous paragraph about the
deformation behavior of AA7075 alloy in its different states, only a few
of them are based on the T651 state [46,52,54], which is the material
under investigation in the current study. Furthermore, these studies
focused on different ranges of temperatures, thereby leaving quite many
areas in between with scopes for more investigation, such as flow stress
behavior of the alloy at lower deformation temperatures (< 250 °C),
sensitivity of the flow stress with respect to strain rate and temperature
as well as effects of various softening mechanisms over the entire tem-
perature region ranging from RT to 500 °C, etc., which have been
attempted to address to in the current study. More importantly, in spite
of all the microstructural features reported in the literature, there is still
a lack of better microscopic demonstration through electron
back-scattered diffraction (EBSD) analysis pertaining to the effects of
temperature, strain rate and sample location on the DRX taking place
during the deformation of AA7075-T651, which is crucial in developing
a physics-based material model and that is why the primary focus of our
current research.

To summarize, our current study deals with the low strain rate
deformation and microstructure characterization of AA7075-T651, as a
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Fig. 1. Graphical representation of a sample before and after deformation, its different surfaces prepared for EBSD scans, and different locations on the surfaces

where EBSD scans were taken.

steppingstone to develop a physics-based constitutive model which will,
in turn, be implemented in simulation of manufacturing processes for
predicting the final state of the material.

2. Experimental details
2.1. Material

In our research, we have used AA7075-T651 alloy provided by
Alumeco [55]. The starting material was extruded circular bars of
AA7075 alloy which were drawn to 10 mm diameter. Then the round
bars were aged to T651 temper condition. Table 1 displays the chemical
composition limits for AA7075 alloy recommended by Aerospace
Specification Metals Inc. (ASM) [15] and the compositions that we
received from Alumeco as well as from energy dispersive X-ray spec-
troscopy (EDS) analysis. It is to be noted that EDS is best described as
“semi-quantitative” in capability [56]. The table shows that the alloy
compositions from the manufacturer and the EDS results are consistent
with the standard recommendations.

2.2. Mechanical characterization

Mechanical behavior of the AA7075-T651 alloy was studied by
performing compression tests at RT (~23 °C), 100, 200, 300, 400 and
500 °C with two constant strain rates of 0.01 and 1 s\. The tests were
carried out using cylindrical samples with 12.5 mm length and 10 mm
diameter inside a Gleeble-3800 thermo-mechanical simulator with
compression direction parallel to the extrusion direction of the material.
0.125 mm thick graphite foils with nickel paste were used as lubricant to
reduce the friction between the anvils of the machine and the specimens.
For deformation at elevated temperatures, the samples were first heated
up to the intended deformation temperature at a heating rate of 10 °C/s
and held for 10 s to ensure a homogeneous temperature distribution
throughout the specimen. Then they were compressed up to a true strain
of ~0.6 with the selected strain rates. The temperature of the specimens
was measured using K-type (Chromel-Alumel) thermocouple welded on
to the center of the curved surface of the samples. The stress and strains
developed in the material were obtained using the measurements from
the L-gauge fitted inside the compression chamber of the Gleeble ma-
chine. The tests were repeated in order to secure consistent results.

2.3. Microstructural characterization

The as-received (AR) and deformed specimens were sectioned in the
middle along a direction parallel to the compression axis. One half of the
cut specimens was prepared to observe the microstructure on the surface
perpendicular to the compression axis and the other half was prepared
for observation on the surface parallel to the compression axis. For
simplicity of expression, hereafter, we name these two sample surfaces
as transverse direction (TD) and longitudinal direction (LD), respec-
tively. In order to investigate any probable variations in the micro-
structure at different locations on a deformed specimen, electron back-

500 T T T T T T T

RT@1s"

FRT @ 0.01 57
100°C@1s"
100°C @ 0.01 s

—200°C@1s"

200 °C @ 0.01 571
—300°C@ 15"
300°C @ 0.01s

————————— —400°C @15

e 400°C @0.015" |

- —500°C@1s™

500 °C @ 0.01 5™

400t/
/

300

200

True stress (MPa)

100

0.6 0.7 0.8

True strain

Fig. 2. True stress-strain curves of AA7075-T651 at different temperatures and
strain rates. Black arrows indicate humps in the flow stress level.

scattered diffraction (EBSD) images were captured at: (a) the approxi-
mate center, (b) towards the edge, and (c) in between center and edge,
on the two surfaces of the samples. Fig. 1 portrays a better visual idea
about specimen before and after deformation as well as the different
sections and locations where the microscopic observations were carried
out.

The specimens were mechanically ground with P400 and P1200 grit
SiC paper followed by polishing using 3- and 1-pm diamond paste and
then with 0.05-pm colloidal silica (OPS) solution. In order to obtain
comprehensive EBSD patterns, the samples were electro-polished using
a solution of 78 ml perchloric acid (60%), 730 ml ethanol (96%), 100 ml
butoxyethanol and 90 ml distilled water. The electro-polishing was
conducted at 12-15 V, depending on the surface area, for 10 s.

The polished samples were analyzed using FEI-Nova NNS 450 and
JEOL-IT300 SEM in back-scattered electron (BSE) imaging mode for
better visualization of the microstructure. The compositions of the ma-
trix and the constituting particles were obtained using EDS scans run at
20 kV using a BRUKER detector. EBSD maps were captured using an
EDAX detector in the FEI- SEM with 15 kV beam voltage, 1 pm step size
and 200x magnification. The scans were run at a distance of minimum
300 pm inside from the border of the samples in order to avoid the
possibility of drifting very close to the border.

Orientation Imaging Microscopy (OIM) software was used to analyze
the EBSD images. First of all, a “grain” was defined by setting the grain
tolerance angle to 15°, the minimum grains size to 10 pixels and the
minimum confidence index (CI) to 0.1. For better presentation of im-
ages, the inverse pole figures (IPF) shown in this work do not incorpo-
rate the grain definition. However, all other analyses such as grain
orientation spread (GOS) and grain boundary rotation maps are
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Fig. 4. Variation of flow stress as a function of test temperature at a true strain
of 0.4.

obtained by considering only the grains that satisfy the pre-defined
conditions.

3. Results
3.1. Flow stress behavior

Fig. 2 shows the true stress-strain curves obtained from the Gleeble
tests. The following characteristic feature could be observed from this
figure:

(i) Flow stress level increases with strain rate and decreases with
deformation temperature. However, an exception can be noticed
in case of RT deformation where the flow stress is higher for 0.01
s1thanat1s?.

The degree of softening in case of the two strain rates at different
deformation temperatures can be comparatively studied from the
negative slopes of the flow stress curves after the peak stress level.
Simply put, steeper the slope in this region, greater is the extent of
softening. Therefore, the slopes of the individual flow stress curves
(shown in Fig. 2) at a true strain of 0.4 were calculated, and their
magnitudes were plotted against the test temperatures as shown in

Materials Science & Engineering A 822 (2021) 141615
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Fig. 5. True stress and measured temperature vs true strain curves for defor-
mation with 0.01 s™strain rate at 300 °C.

Fig. 3. It displayed the following characteristic behaviors:

(ii) In case of deformation up to 200 °C, the material experiences
more softening at 1 s,

(iii) Whereas, for deformation at and above 300 °C, the degree of
softening is larger for the lower strain rate of 0.01 s™1.

In order to study the manner in which the flow stress varied with
temperature, a graph was plotted with flow stress at true strain of 0.4 as
a function of test temperature for the two strain rates, which is shown by
the primary vertical axis in Fig. 4. The secondary vertical axis in the
figure indicates the corresponding difference between the flow stress
levels at each test temperature. The figure displayed the following trends
which are our next characteristic features:

(iv) The decrease in the flow stress is enhanced in the temperature
region of 200-300 °C for both strain rates.

(v) The strain rate sensitivity (SRS), which can be roughly estimated
by the increase in the flow stress level with increase in strain rate
at a constant strain and deformation temperature, is negative at
RT, becomes positive and increases with increase in temperature
from RT to up to 300 °C and then decreases with further increase
in the temperature.

The explanations behind all the above observations are discussed in
detail in Section 4.1.

Furthermore, the true stress-strain curves at a strain rate of 0.01 s!
displayed a distinct hump in the flow stress level for temperatures at and
above 200 °C, as indicated by arrow marks in Fig. 2. These humps did
not follow any particular trend with respect to temperature or strain.
Comparison between these stress-strain curves and the corresponding
temperature profile acquired from the thermocouple readings revealed a
fluctuation in the temperature level (< +2%) during the deformation
process right over the period when the abrupt jump in the flow stress
level occurred. An example of such observation at the deformation
temperature of 300 °C is displayed in Fig. 5. Dynamic Systems Inc. (DSI),
the manufacturer of the Gleeble machine, confirmed that it is common
to obtain this kind of fluctuation in the temperature from the chiller
cycling i.e., when the chiller system reaches its control limit. This ex-
plains the occurrence of small humps in the flow stress curves for lower
strain rate deformation at elevated temperatures. It was inferred that the
effect of this temperature fluctuation on the final microstructure after
deformation can be neglected since the fluctuation was small and took
place during a short time.
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Fig. 9. IPF images obtained at central location on TD surface (a) of AR material, and after deformation with (b) 0.01 s at 300 °C, (¢) 0.01 s at 400 °C and (d) 0.01 s~

1 at 500 °C.

3.2. Microstructure characterization

3.2.1. Microstructure of AR material

Fig. 6 shows the BSE image of the matrix of AR AA7075-T651 alloy
on two different surfaces. The microstructure on TD surface (Fig. 6 (a))
reveals bright and dark colored irregular shaped intermetallic particles
with size ranging between 2 and 10 pm distributed throughout the entire
matrix. The LD surface (Fig. 6 (b)) displays that these constituent par-
ticles are broken up and dispersed along the extrusion direction.
Elemental map analyses were performed on number of bright and dark
particles in order to determine their type and constitution, which
exhibited consistent results. The analyses from representative particles
of each type, bright particle inside the blue rectangle and dark particle
inside the green rectangle in Fig. 6 (a), are shown in Fig. 7 and Fig. 8,
respectively.

From the EDS elemental maps shown in Fig. 7, it can be inferred that
the bright intermetallic is rich in Fe as the Fe content is substantially
higher in the particle compared to its surrounding matrix. In such Fe-
rich intermetallic phases, Cu and Zn can substitute Al while Mn and
Cr can substitute Fe [37], which has been indicated by white and yellow
arrows respectively in Fig. 7. The average composition of this bright
particle obtained from EDS scans at points B; and B, was found out to be
75.39% Al, 3.59% Zn, 1.68% Mg, 4.58% Cu, 12.37% Fe, 0.71% Mn and

0.34% Cr with Cu:Fe ratio of 0.37 and Al:Fe ratio of 6.09. This could be
verified as (AlL,Cu)g(Fe,Cu) phase from its resemblance with the stoi-
chiometric composition reported by Ayer et al. [37]. It is to be noted that
Gao et al. [57] have identified the stoichiometric formulae for the same
phase as AlpsCuFe4. The difference in the formula results from the
different sources used by the authors in their respective studies.

EDS elemental analysis in Fig. 8 depicts that the dark colored particle
is rich in Si and O contents with partial substitution by Mg. The EDS
point scans at locations D, Dy and D3 resulted in an average of 14.12%
Si and 19.36% O with Si:O ratio of 0.72. It is identified as SiO5 phase, as
also indicated by other researchers [37,57]. This Si-oxide phase might
be argued to be a surface contaminant introduced during the sample
preparation. But the studies by Park and Ardell [11] and Ayer et al. [37]
reported that the oxide phase is present in the alloy even after
ion-milling, suggesting that it is not a contaminant, rather a constituent
phase. However, it is not certain if this phase is formed during the alloy
melting operation or is already present as an impurity prior to melting.

The intermetallics identified in our AA7075-T651 material are fairly
supported by the TEM analyses reported by other researchers [11,37,
57]. However, there is a little variation in the composition of the par-
ticles that we measured and the ones that are available in the literature.
This is due to partial substitution or partitioning of alloying elements
within the intermetallics [37,57], as indicated by arrow marks in Fig. 7
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Fig. 10. GOS maps obtained at central location on TD surface (a) of AR material, and after deformation with (b) 0.01 s at 300 °G, (c) 0.01 st at 400 °C, (d) 0.01 st

at 500 °C, (e) 1 s at 400 °C and (f) 1 s™* at 500 °C.

for instance. Furthermore, as already mentioned in Section 2.1, the
chemical composition obtained from EDS analysis is only a
semi-quantitative presentation without more standardization. Addi-
tionally, the results from EDS point scans on intermetallics can also
exhibit a contribution from the Al matrix due to the fact that the inter-
action volume of the electron beam for EDS is larger than the size of the
intermetallics.

Some researchers have reported many other intermetallics such as

A17C112Fe [4,5,37,58,59], A13Fe [59], FeAlgsiz [59], Allee;;Si [37], a
modified AlgFe [37] and Mg5Si [4,5,371], but, in the as-cast and solution
heat treated states of AA7075, which we did not observe in our
peak-aged AA7075. Although Al;CusFe and Mg»Si particles have also
been reported in the peak-aged state before [38,60], the literature lacks
validation by TEM analysis.
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400 °C, (d) 0.01 s at 500 °C, (e) 1 s at 400 °C and (f) 1 s at 500 °C.

3.2.2. Microstructure evolution on TD surface

Fig. 9 comprises the IPF images of AA7075-T651 in its AR state and
after deformation with 0.01 s”! strain rate at 300, 400 and 500 °C. These
images correspond to the EBSD scans captured at the central location on
the TD surface. All the grains in the AR material are seen to be oriented
closely along (100) and (111) directions (Fig. 9 (a)). When the material
was deformed with 0.01 s at 500 °C, orientation of the grains changed
conspicuously, as can be seen from Fig. 9 (d).

Fig. 10 displays the corresponding GOS maps of the IPF images

shown in Fig. 9 along with the ones obtained from the material deformed
with 1 s strain rate at 400 and 500 °C. In these maps, the blue colored
grains with orientation spread between 0 and 2 represent recrystallized
grains. The green colored grains with orientation spread between 2 and
5 and the red colored grains with orientation spread between 5 and 35
represent the deformed and heavily deformed grains, respectively. The
grains which have GOS values greater than 35 were not included in the
analysis and appear “white” in the maps. The black regions represent the
grains that did not fit into the definition of a grain as mentioned in
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Fig. 12. GOS maps obtained from the TD surface of the material deformed at 500 °C with strain rates of 0.01 st (top row) and 1 s (bottom row). Images taken on
the deformed specimens at locations: (a), (d) center, (b), (e) middle, and (c), (f) edge.

Section 2.3. The AR microstructure in Fig. 10 (a) manifests large fraction
of deformed and heavily deformed grains and a very small fraction of
recrystallized grains developed in the material during the extrusion
process. When the material was deformed at 300 °C with 0.01 5! (Fig. 10
(b)), no new recrystallized grains were formed. On the other hand,
originally deformed grains in the AR state became heavily deformed
after the process. As the deformation temperature was increased to 400
and 500 °C for the same strain rate, as shown in Fig. 10 (c) and (d)
respectively, new recrystallized grains were formed. When the material
was deformed at 400 °C with 1 5! (Fig. 10 (e)), fraction of the deformed
grains in the AR state turned into heavily deformed grains with no new
recrystallized grain formation. However, as the temperature was
increased to 500 °C (Fig. 10 (f)), a few new recrystallized grains were
formed at the expense of the originally heavily deformed grains.
Furthermore, comparison between Fig. 10 (c) and (d) respectively with
Fig. 10 (e) and (f) indicates that at a constant temperature, deformation
with lower strain rate produced a higher number of recrystallized grains.

Fig. 11 presents the grain boundary rotation maps corresponding to
Fig. 10 in order to support the microstructural behavior inferred from
the GOS maps. In these maps, the red and green colored lines with
boundary rotations between 2° and 15° represent the low angle grain
boundaries (LAGB). The LAGB are indicative of sub-grain boundaries
formed by arrays of geometrically necessary dislocations (GND) [61].
The blue lines with boundary rotations greater than 15° represent the
high angle grain boundaries (HAGB). The black regions are the pores
observed on the sample surface along with the grains that did not fit into
the definition of a grain as mentioned in Section 2.3. The AR micro-
structure in Fig. 11 (a) contains both LAGB and HAGB which are
developed during extrusion process. When the material was deformed at
300 °C with 0.01 s™! strain rate (Fig. 11 (b)), fraction of LAGB increased
and that of HAGB decreased indicating formation of new LAGB. As the

deformation temperature was increased to 400 °C (Fig. 11 (c)), the
fraction of both LAGB and HAGB increased as compared to that in the AR
microstructure. Deformation at 500 °C with 0.01 s (Fig. 11 (d)
resulted in decrease in LAGB and a simultaneous increase in the HAGB.
When the material was deformed with 1 s! at 400 °C (Fig. 11 (e)), new
LAGB were formed. Whereas deformation with 1 s at 500 °C (Fig. 11
(f)) displayed an increase in the fraction of HAGB with more or less same
fraction of LAGB as compared with the AR state. Furthermore, com-
parison between Fig. 11 (c) and (d) respectively with Fig. 11 (e) and (f)
reveals that at a constant elevated temperature, deformation with lower
strain rate produces more HAGB. Increase in the HAGB indicates the
formation of new recrystallized grains, thus, their trend with respect to
temperatures and strain rates observed from the grain boundary rotation
maps in Fig. 11 strongly corroborates with that predicated from the GOS
maps in Fig. 10.

The variation in microstructure at different locations was studied by
capturing EBSD images at different sites on the same sample surface. The
GOS maps obtained from the EBSD scans on the samples deformed at
500 °C with 0.01 and 1 s strain rates are displayed in the top and
bottom rows of Fig. 12, respectively. The images on the left, middle and
right side of the figure represents the center, middle and edge of the
surface, respectively. It can be observed that, in case of both strain rates,
the recrystallized grains’ fraction increases as we move from the center
of the sample towards the edge. Although the RX is not completed, the
recrystallized grains start to appear homogeneously towards the edge,
conspicuously in case of the material deformed with 0.01 s (Fig. 12
(c)). The fraction of recrystallized grains at a particular location is found
to be higher in case of lower strain rate.

3.2.3. Microstructure evolution on LD surface
From the microstructure characterization on the TD surface of the
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deformation with (b), (e) 0.01 s at 500 °C and (c), (f) 1 s at 500 °C. Yellow arrows indicate the formation of new refined grains within the initial columnar grains.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

deformed material, it was observed that the extent of RX seems to be
comparatively higher at 500 °C. Therefore, the microstructures on the
LD surface of the material in its AR state and after deformation at 500 °C
were analyzed, which are shown in Fig. 13. The IPF images (top row in
Fig. 13) and their corresponding grain boundary rotation maps (bottom
row in Fig. 13) were taken at the central location on LD surface. The AR
material has a columnar grain structure elongated along the extrusion
axis with grains oriented in different directions as shown in Fig. 13 (a).
Similar to the TD surface, the LAGB and HAGB in Fig. 13 (d) are intro-
duced in the material during the extrusion process. When the material is
deformed at 500 °C, the grains are still extended along the extrusion
direction (Fig. 13 (b) and (c)), however, unlike the TD surface, there is
no conspicuous transformation of the grain orientation from the initial
microstructure. Furthermore, refined grains are developed within the
initial elongated grains as indicated by yellow arrows in Fig. 13 (e) and
(f). On comparing these two figures, it is found that deformation with
lower strain rate generated higher fraction of HAGB indicating forma-
tion of more recrystallized grains.

Similar to the TD surface, the variation in microstructure at different
sites on LD surface was studied from the GOS maps of the samples
deformed at 500 °C with 0.01 and 1 s’ strain rates which are displayed
in the top and bottom rows of Fig. 14, respectively. The images on the
left and right side of the figure represents the center and edge of the
surface, respectively. The grain structure is elongated along the extru-
sion direction similar to as shown in Fig. 13. At a constant strain rate, the
grains at the central location can be observed to be thicker than those at
the edge. Furthermore, the center of the specimen is more heavily
deformed than the edge in both the cases. On comparing Fig. 14 (a) and
(b) respectively with Fig. 14 (c) and (d), the fraction of recrystallized
grains at a particular location is found to be higher in case of lower strain
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rate. However, unlike in case of TD surface, here the recrystallized grain
fraction does not significantly increase towards the edge of the
specimen.

4. Discussion
4.1. Flow stress behavior

Conventionally, the flow stress increases with strain rate and de-
creases with temperature. However, as mentioned in characteristic
feature (i) in Section 3.1, our experimental results depicted a lower flow
stress for higher strain rate in case of deformation at RT. In order to
investigate the reason behind such behavior, the temperature histories
obtained from the thermocouple readings were analyzed, which
revealed a continuous increase in the temperature of the material during
deformation with 1 s for all test temperatures. Fig. 15 shows such rise
in temperature in case of compression with 1 s at RT and 300 °C. The
temperature attained a maximum of 68 and 314 °C, respectively, for
these two test temperatures. On the other hand, no such rise in tem-
perature is observed for deformation with 0.01 s. The appearance of
small temperature fluctuation in the curve corresponding to compres-
sion with 0.01 s at 300 °C in Fig. 15 has already been discussed in
Section 3.1.

It is well-known that most of the plastic deformation gets converted
in to heat during the process. When the material is deformed with higher
strain rate, less time is available for dissipation of the heat before the
deformation process is completed. The temperature of the material rises
due to this “adiabatic heating”, as shown in Fig. 15, and the material
experiences thermal softening, which is the reason behind the excep-
tional behavior mentioned for issue (i) above. Similar adiabatic heating
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effect for deformation at RT has also been reported by other researchers
[27,44].

A similar rise in the temperature takes place during deformation with
1 s at elevated temperatures as well. However, at higher deformation
temperatures, the flow stress level becomes lower, thereby leading to a
lower accumulated heat energy from plastic deformation [49]. As a
result, the increase in temperature becomes smaller for higher defor-
mation temperatures, as can be compared between the curves for RT and
300 °C in Fig. 15. Thus, the thermal softening effect arising from adia-
batic heating is only significant at lower deformation temperatures. This
explains our characteristic feature (ii) which stated that at RT, 100 and
200 °C, higher degree of softening is observed for deformation with
higher strain rate of 1 s,

When peak-aged AA7075 is deformed at or above 300 °C, most of the
strengthening particles are dissolved in the matrix [10,33,35] reducing
the resistance against moving dislocations. Furthermore, DRV and DRX
become more pronounced in this temperature regime [29,30,39,41,43].
Unlike in case of higher strain rate, the material deformed with lower
strain rate has enough time to undergo both of the above phenomena.
Thus, for deformation at and above 300 °C, the material experiences
greater extent of softening at lower strain rate which is our characteristic
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observation (iii).

Engdahl et al. [35] reported that the GP zones are dissolved in the Al
matrix at around 150 °C in the presence of more stable precipitates.
Delasi and Adler [33] have shown that the dissolution of GP zones is
accompanied by formation and growth of n’ precipitates under 217 °C.
The n/ precipitates dissolve in the matrix within a temperature range of
217-271 °C with simultaneous formation and growth of the stable
precipitates. And these 1 precipitates dissolve in the Al matrix above a
temperature of 271 °C. The progressive coarsening, transformation and
dissolution of all these strengthening precipitates lead to the softening of
the alloy which can account for the enhanced drop in the flow stress at
around 200 and 300 °C, as mentioned in the characteristic feature (iv).
Additionally, it can also be observed from Fig. 4 that the flow stress
follows quite similar pattern with respect to the deformation tempera-
ture for both the strain rates, which indicates that the temperature
sensitivity of our material is independent of the strain rate. Similar
behavior of flow stress has also been reported for deformation at strain
rates different than ours [24,47].

The negative SRS for deformation at RT is attributed to the adiabatic
heating effect which has been discussed above. Previously researchers
have reported that the SRS of AA7075 becomes more pronounced when
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Fig. 15. Temperature profile from thermocouple readings during deformation
at RT and 300 °C.

deformation temperature is increased up to 300 °C [21,29]. Whereas, as
already mentioned, softening due to dissolution of precipitates, DRV and
DRX starts to progressively dominate over the effect of hardening
beyond this temperature. Therefore, the SRS is negative at RT, increases
up to 300 °C and decreases thereafter, as pointed out in attribute (v).
Similar trend of SRS can be observed in the study by Zhou et al. [31]. In
contrast, Taheri et al. [47] has reported a continuous increase in SRS
with increase in deformation temperature from 100 to 500 °C.

4.2. Effect of temperature and strain rate on DRX

The fraction of the recrystallized grains from the GOS maps shown in
Fig. 10 and the fractions of LAGB and HAGB from the grain boundary
rotation maps shown in Fig. 11 have been consolidated in Fig. 16.
Extrusion process induces dislocations in the material that rearrange
themselves to form subgrains with LAGB [36], whose fraction is shown
for the AR state in Fig. 16. The corresponding fraction of HAGB depicts
the initial grains including the recrystallized ones produced during the
extrusion process. When the material is deformed with 0.01 s at 300 °C
and with 1 s at 400 °C, the fraction of LAGB is increased which in-
dicates formation of sub-grains within the original grains via rear-
rangements of GNDs, implicating DRV mechanism. The corresponding
HAGB fractions do not vary much from that of the AR state, suggesting
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the absence of DRX for the above two deformation conditions, which is
also supported by the more or less same fraction of recrystallized grains
in the respective states. The mobility of the grain boundaries is not high
enough at 300 °C to activate DRX. Moreover, the presence of undis-
solved strengthening precipitates and dispersoids also restricts the grain
boundary mobility, thereby preventing DRX from taking place at these
deformation conditions. Whereas, when the deformation is carried out
with 0.01 s at 400 °C, it can be deduced that DRYV is still going on via
formation of subgrain clusters, thus, increasing the fraction of LAGB. In
addition, at this reduced strain rate of 0.01 s!, the material has enough
time for the stable strengthening particles to get dissolved. As the
deformation temperature is further increased to 500 °C for both 0.01
and 1 s strain rates, the dispersoids, that are usually found in the
peak-aged states of AA7075, also get dissolved in the matrix [5,6,36].
The dissolution of these second phase precipitates lead to weakening of
the grain boundary pinning effect in the above three deformation con-
ditions. Furthermore, the thermal energy developed at these higher
temperatures significantly enhances the diffusion of atoms within the
material stimulating the dislocation mobility. The reduction in grain
boundary pinning and promotion of dislocation mobility together lead
to subgrain rotation, supposedly via grain boundary sliding (GBS) [43]
and absorption of dislocations into subgrain boundaries [30,41]. Thus,
subgrains having LAGB are continuously transformed into new recrys-
tallized fine grains, shown as an increase in the fraction of HAGB as well
as that of recrystallized grains for the material deformed with 0.01 s at
400 and 500 °C, and with 1 s at 500 °C. This progressive trans-
formation of LAGB into HAGB depicts the typical characteristic of CDRX
phenomenon [53,62-64].

When a material is manufactured by large deformation in one-
direction, in our case extrusion, significant grain elongation takes
place along the deformation direction with thinning of grains along the
radial direction, which can be observed in Fig. 13 (a). When the material
is then deformed, DRV acts as the dominant softening mechanism at
lower deformation temperatures since the mobility of HAGB is too low
to migrate to form serrations [53]. As the deformation temperature in-
creases, it significantly promotes the diffusion of atoms. Also, the second
phase precipitates start to dissolve in the matrix and the grain boundary
pinning effect is reduced. As a result, the initial elongated grain
boundaries become more and more serrated as the deformation pro-
gresses. When the strain produced in the material is sufficient, the
serrated boundaries are pinched off to form new refined grains, as can be
observed in Fig. 13 (e) and (f), depicting a typical GDRX phenomenon
[53,62,64].

The continuous transformation of LAGB into HAGB in case of CDRX
and the serration and migration of original grain boundaries in case of
GDRX need sufficient time to take place [41]. When the material is
deformed with lower strain rate, more time is available for the thermally
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activated mechanisms to take place and drive the DRX mechanisms to
greater extent. Therefore, at a given deformation temperature, lower
strain rate produces higher degree of DRX, as depicted in all the GOS and
grain boundary rotation maps reported in this study. Consequently, the
degree of softening is higher for 0.01 s when compared to 1 s at
deformation temperatures of 300 °C and above, which is reflected in the
flow stress behavior.

4.3. Effect of location on microstructure evolution

The greater number of deformed and heavily deformed grains dis-
played by the GOS maps in Fig. 10, Fig. 12 and Fig. 14 indicates that DRX
was not completed during the deformation. Furthermore, the inhomo-
geneous distribution of the refined grains in these figures suggests that
the RX took place in local areas depending on local plastic deformation.
Different locations within the material sample experience different local
strain levels due to the “barreling” caused by the friction at the contact
surfaces between the anvils of the machine and the sample. More
generally, the material points can experience different local stress and
strain states depending upon their positions on the planes perpendicular
to the compression direction, which is demonstrated below.

The increasing degree of RX towards the edge on the TD surface, as
shown in Fig. 12, can be explained with the help of Fig. 17. It consists of
a schematic representation of maximum shear strain distribution in the
material during the deformation and a histogram distribution of GOS
fractions from three different approximate locations on the TD surface
after deformation with 0.01 s at 500 °C (corresponding to the GOS
maps in the top row of Fig. 12). The schematic diagram of inhomoge-
neous strain distribution on LD surface is a derivative of the simulation
of the shear bands formation during the compression tests reported by
other researchers [65-68]. When a deformed specimen is selected for
EBSD observation on TD surface (cross-sectional plane to the LD surface,
as indicated by dashed line in Fig. 17), the metallographic sample
preparation is started with mechanical grinding at plane “A” and is
finished with electropolishing at round about plane “B”. When the EBSD
scans are run at three different locations on the TD surface “B”, the
central location supposedly corresponds to a region with comparatively
less shear strain. The middle position lies in the proximity of the strain

distribution, thereby experiencing a bit more local deformation
compared to the center. Whereas the edge of the specimen is located
more or less within the spread and experiences comparatively the largest
shear strain. As the location is gradually shifted from the center to the
edge position, the histogram displays a corresponding increase in the
fraction of the recrystallized grains that are represented by GOS value
between 0 and 2. Previously, researchers have shown that the extent of
DRX increases with increase in the strain produced in AA7075 during
hot deformation [29,41,43], which justifies our observation of
increasing fraction of recrystallized grains with increasing shear strain
towards the edge of the sample.

The LD surface in Fig. 14 displayed that the elongated grains are
thicker at the center of the deformed samples. This microstructure was
imparted during the initial “drawing” process, and this distribution of
grain morphology was maintained even after the hot deformation.

5. Conclusions

The mechanical and microstructural behavior of AA7075-T651 alloy
during deformation with 0.01 and 1 s strain rates at different tem-
peratures from RT up to 500 °C have been studied and analyzed using
Gleeble thermo-mechanical simulator and SEM. The following conclu-
sions have been drawn from the current research work:

e The flow stress increases with strain rate and decreases with tem-
perature as expected. However, the flow stress for deformation at RT
is lower at higher strain rate due to adiabatic heating.

The material experiences greater extent of softening for higher strain
rate up to a temperature of 200 °C. Whereas, at elevated tempera-
tures of 300 °C and above, the extent of softening is more in case of
lower strain rate.

The significant changes in the microstructure with respect to the
strengthening precipitates result in an enhanced decrease in the flow
stress for both strain rates at around 200-300 °C.

SRS is negative at RT, becomes positive and increases with increase
in temperature from RT up to 300 °C and decreases afterwards.
Observation with SEM revealed two types of intermetallic particles
in the AR material: (Al,Cu)g(Fe,Cu) and SiOs.
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e DRV is the major softening mechanism for deformation with 0.01 s
at 300 °C and 1 s at 400 °C. Both DRV and DRX are found to be
occurring simultaneously for deformation with 0.01 s at 400 °C.
Deformation at 500 °C exhibits DRX for both the strain rates.

e DRX observed in this research is incomplete and takes place in local

areas as a combination of CDRX and GDRX mechanisms. Further-

more, the degree of DRX is found to increase in case of deformation
with higher temperature and lower strain rate.

Depending on the location on the specimen, different material points

experience different degree of local plastic strain and thereby cor-

responding degree of DRX.

The current study covers the flow stress behavior with respect to
strain rate and temperature sensitivity at 0.01 and 1 51 strain rates over
the entire range of temperature between RT and 500 °C. In addition, the
EBSD analysis gives a better understanding about the effects of tem-
perature and strain rate on the microstructure evolution after the
deformation. The results obtained from both mechanical and micro-
structural characterizations will be used to develop a physics-based
material model for AA7075-T651 that can predict the final state of the
material at the end of the manufacturing chain.
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