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Abstract: ECO-ALI alloys are introduced as a game-changer for the aluminum industry and it is of utmost importance to
determine the role of alloying elements in their processing characteristics. In this study, the effects of Cr on the hot
deformation behavior of newly-developed ECO-7175 alloy were investigated. ECO-7175 samples with and without Cr
were hot-compressed using a Gleeble simulator (temperature range of 350—500 °C and strain rates of 0.001-1 s™"). The
results were used to study the constitutive equations, the processing maps, and the microstructural evolution of the
alloys. In Cr-containing alloy, the analysis of the deformation activation energy reveals that the rate-controlling
mechanisms of the deformation change gradually from self-diffusion of Al (or diffusion of Mg in Al) to diffusion of Cr
in Al by decreasing the Zener—Hollomon parameter. The analysis of the processing maps of Cr-containing alloy shows
that the dynamic recrystallization (DRX) zone is limited to the deformation at high temperatures and low strain rates
and expands with increasing applied strain. On the other hand, it is found that the self-diffusion of Al (or Mg in Al) is
the only rate-controlling mechanism during hot deformation of Cr-free alloy in all processing conditions and its DRX
zone is independent of the plastic strain.
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that the cleanness of the melts during the casting of

1 Introduction

ECO-7175 is a variant of standard 7175 alloy
made using ECO-Mg (Mg—Al,Ca) instead of Mg
during the manufacture of the alloys. The controlled
oxidation of Mg during the casting of Al alloys in
the ECO approach provides cleaner metal with
fewer oxides and inclusions [1-3]. This also
reduces the cost of production by minimizing the
use of fluxes and expensive protective gases like
SF¢ during melting and casting. The term “ECO”
indicates that the alloy is environmentally friendly
and more economical. Previous studies revealed

ECO-7175 alloy provides higher tensile properties
and longer fatigue life than the standard 7175
alloy [1]. After casting, the ingots are generally
subjected to a variety of thermo-mechanical
processes (hot forging, rolling, or extrusion) that
affect the microstructural characteristics and
properties of the alloy [4]. Therefore, understanding
the hot deformation behavior of this alloy is of great
importance.

Evaluation of the hot deformation of
Al-Zn—Mg—Cu alloys has been the subject of many
studies [5—12]. Dynamic recovery (DRV) and the
dynamic recrystallization (DRX) are reported as the
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main controlling mechanisms during the hot
deformation of the 7xxx alloys. Although DRV is
the main softening mechanism [10], it is reported
that the decrease of strain rate and increase of
deformation temperature transform the softening
mechanisms from DRV to DRX [5,8,13]. Also, it is
reported that the dynamic precipitation and/or
coarsening during the hot deformation of 7xxx
alloys leads to flow softening at deformation with
a high value of the Zener—Hollomon parameter
(2) [6]. JIN et al [6] also showed that the decrease
of Z causes more DRXed microstructure with
coarser recrystallized grains. On the other hand,
grain boundary sliding (GBS) can play a key role in
the evolution of fine grains during hot compression
of 7xxx aluminum alloy [14], as well as the
appearance of super-plasticity during the hot
deformation of an unrecrystallized coarse-grained
7475 alloy [15].

The kinetics of DRV and DRX significantly
affects the flow behavior of alloys during hot
deformation. The main constitutive models for the
study of the deformation behavior of metallic
materials can be categorized as phenomenological,
physically-based and artificial neural network
models [10]. A hyperbolic sine-type equation is
frequently used for the description of the hot
deformation behavior of 7xxx alloys [5,6,8,16]. It is
reported that the peak stress of Al-Zn—Mg—Cu
alloys decreases with the increase of deformation
temperature [5,6] and decrease of the strain rate [6].
JIN et al [6] represented the peak stress of 7150
alloy by a hyperbolic-sine equation with an
activation energy (Q) of 229.75kJ/mol. The
literature study [6,8,16] shows that the deformation
activation energy of A1-Zn—Mg—Cu alloys depends
on the presence of second phase particles and the
solute drag effect. While the deformation activation
energies of 141-162 and 143—156 kJ/mol are
reported for aged and overaged 7012 and 7075
alloys, respectively [16], close to the self-diffusion
activation energy of pure Al (142 kJ/mol), those of
solution-treated 7012 and as-quenched 7075 alloys
are 195-225[16] and 256.6—300 kJ/mol [8,16],
respectively.

The processing maps based on dynamic
material model (DMM) are able to predict the
microstructural evolution, deformation mechanisms
and flow instability during hot deformation. LU
et al [17] used isothermal uniaxial tension tests to

find the hot deformation behavior and processing
map of T6-7075 sheets and suggested that the
temperature range of 300—407 °C and strain rates of
0.368—0.81 s and also 422—450 °C and 0.05—1 s
are the optimum hot working conditions for the
alloy. YANG et al [18] investigated the anisotropy
of the hot flow behavior of extruded 7075 bars
through hot-compression in different loading
directions from the axis of the bars. They reported
that regardless of loading angle, the optimum
hot-working occurs at 480 °C and strain rate of
0.1s™".

Alloying elements like Sc [19,20], Zr [19-21],
and V [22] play key roles in the hot deformation
behavior of 7xxx aluminum alloys. Our previous
work [23], demonstrates that the elimination of Cr
from the chemical composition of the ECO-7175
resulted in the removal of Zener pinning agents
(Cr-rich ¢ precipitates (AlisMgsM, (M=Sc, Ti, Cr,
Mn, and Zr)) from the microstructure, which
significantly affects the microstructure evolution
during hot deformation. Since establishing a
reliable constitutive model, processing map and
determination of the softening mechanisms is of
crucial importance for the new ECO 7175, in the
present work, the effect of the elimination of Cr on
the hot deformation behavior of this alloy is
investigated through isothermal hot compression
tests conducted within the temperature range of
350—500 °C and strain rate of 0.001—1 s™".

2 Experimental

In this study, two versions of as-extruded
ECO-7175 alloy were used to investigate the effect
of the elimination of Cr on the flow behavior,
processing and instability maps. The chemical
compositions of the examined alloys
determined by optical emission spectrometry (OES),
as given in Table 1. Both Cr-containing and Cr-free
ECO-7175 alloys contain a small amount of
AlCa [24] and were produced by direct chill (DC)
casting of billets with a diameter of 127 mm. The
billets were homogenized at 450 °C for 6 h and then
extruded (extrusion temperature: 400 °C, extrusion
ratio of 100:1, ram speed: 1 mm/s) to produce bars
with a diameter of 12.7 mm. The bars were air
cooled after extrusion.

The cylindrical specimens (H=15mm and
d=10 mm) were machined from the extruded bars.

Were
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Table 1 Chemical compositions of tested alloys (wt.%)
ECO-7175 alloy

Element
Cr-containing (CC) Cr-free (CF)

Si 0.05 0.05
Fe 0.18 0.17
Cu 1.37 1.38
Mn 0.01 0.01
Mg 2.44 2.42
Cr 0.22 -
Zn 5.63 5.65
Ti 0.02 0.02
Ca 0.03 0.03
Al Bal. Bal.

Uniaxial hot compression test was conducted by
a Gleeble 3500 thermo-mechanical simulator at
strain rates of 0.001-1s' and temperatures of
300, 350, 400 and 450°C to analyze the flow
behavior of the alloys. Figure 1 schematically
depicts the deformation condition (strain rates and
temperatures) of the hot compression tests.

The samples were heated to the compression
temperature at a heating rate of 10 °C/s, held for
3min to provide homogeneous temperature
distribution through the samples, deformed to the
total true strain of 0.6 and finally quenched by high
pressure cold air to the room temperature. Both
sides of the hot compression test samples were
lubricated by 0.25 mm-thick graphite film to
minimize the friction between the sample and the
tools. The temperature of test specimens was
monitored during the test by a K-type thermocouple
embedded inside the specimens. For this, a hole
with a diameter of 0.6 mm and a depth of 3 mm was
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Fig. 1 Experimental conditions of hot compression tests

drilled at the mid-height of the specimens. The
sequences of the hot compression test, specimen
geometry and the position of the thermocouple are
shown in Fig. 2.

After the compression tests, the samples were
cut, ground and polished according to the standard
metallography procedure. Then, the samples were
electro-etched (with Barker’s reagent: 200 mL of
H>O + 5 mL of HBF, and power supply of 20—25 V
for 60—120 s) and the microstructure of the samples
was studied by the polarized mode of Nikon
MA200 optical microscope equipped with UPA
polarization filter.

3 Results and discussion

3.1 Flow behavior

Figure 3 represents the true stress—strain
curves of Cr-containing and Cr-free alloys
compressed at 350, 400, 425, 450, 475 and 500 °C
and strain rates of 0.001, 0.021, 0.0046, 0.01, 0.1
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Fig. 2 Representation of hot compression testing sequences (a), and representation of dimensional change during hot

compression and location of sampling for microstructural studies (b) [23]
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Fig. 3 True stress—strain curves of Cr-containing (solid lines) and Cr-free (dotted lines) ECO-7175 alloys deformed at
different temperatures and strain rates: (a) 0.001 s7'; (b) 0.0021 s7'; (¢) 0.0046 s '; (d) 0.01 s'; (€) 0.1 s7; () 1 s7!

and 1s™'. The strain hardening and dynamic flow
softening are the two competitive phenomena
during hot deformation, which controls the flow
behavior of the alloys. The two major controlling
mechanisms in the hot deformation of aluminum
alloys are DRX and DRV [25-28]. At the early
stage of compression, the dramatic accumulation of
dislocations and crystal defects contributes to a
rapid increase in the flow stress [29,30], which is

clear in Fig. 3. The accumulation of crystal defects
increases the driving force of dynamic softening
mechanisms and consequently increases the
softening rate until the peak stress [30].
Subsequently, the flow stress reaches a steady-state
(regardless of the test temperature and strain rate)
when the rates of work hardening and dynamic
softening (DRX and/or DRV) are almost the
same [27,29,31-33]. Both the temperature and
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strain rate have major impacts on the flow stress. At
a given strain rate, the increase of the temperature
(i.e., thermal activation) enhances the flow
softening mechanisms and facilitates the dislocation
slip mechanisms, and thus decreases the flow stress.
Also, at a given temperature, the decrease of the
strain rate decelerates the dislocation multiplication
rate and extends the softening phenomena, and
thus reduces the flow stress [5,6,30,31,34]. Also,
it can be seen that the increase of deformation
temperature and the decrease of strain rate, decrease
the flow stress of both alloys. Figure 3 also reveals
that the differences between the steady-state flow
stresses of both alloys decrease with the increase of
deformation temperature. Furthermore, in all test
conditions, the flow stresses of Cr-containing
samples are higher than those of Cr-free samples.
This is probably due to the role of Cr in the solid
solution strengthening (according to MURRAY [35],
the solubility of Cr in Al increases from 0.02 to
0.1 at.% by increasing the temperature from 350 to
500°C) and also the presence of uniformly
dispersed fine &-Al;sMgsCr, particles that impede
the movement of dislocations and increase the
steady-state flow stress of the alloy by dispersion
strengthening [21,23,28].

Microstructural examination of as-extruded
Cr-containing and Cr-free alloys in our previous
work [23] revealed elongated grains along the
extrusion direction in both alloys. Also, the TEM
equipped with energy-dispersive X-ray spectro-
scopy (EDS) and selected area electron diffraction
(SAED) analysis exhibited the presence of Zn-rich
n/n’ Mg(Al,Zn),, Mg(Cu,Zn,Al),, Mg(Cu,Ali—)2)
particles in the Al matrix in the alloys. The TEM
analysis of as-extruded Cr-containing alloy reveals
the a(Al) grains decorated by the platelets &
(Al1sMgzM, (M=Sc, Ti, Cr, Mn and Zr) particles,
and such particles are within  the
microstructure of the Cr-free alloy.

absent

3.2 Constitutive model

The Sellars—Arrhenius constitutive equation
(Eq. (1)) [36] is used to describe the relationship
between the Zener—Hollomon parameter, Z,
steady-state or peak stress, o, of the alloys at
elevated temperature:

Z = A[sinh(00)]" (1)

where 4 (s7'), a (MPa™') and n are material

constants and Z is expressed as [28]
: 0
Z =E£exp| — 2
p(RT 2

where £ (s7") is strain rate, T (K) is deformation
temperature, Q (J/mol) is the apparent activation
energy of deformation and R (=8.314 J/(mol-K)) is
molar gas constant. The deformation activation
energy reflects the difficulty of the hot deformation
of the material [28,29]. Combining Egs. (1) and (2)
and taking the natural logarithm gives Eq. (3) for
the deformation of metallic materials which can be
simplified in Eq. (4):

., O .
Iné+ RT In A + nin[sinh(aoc)] (3)

In A+ nlin[sinh(ao)], for all ao
lné‘+2: In A"+ nlno, for low ao (4)
In A"+ oo, for high ac
where A'=a"A4, A"=A/2" and a'=na. The values of n

and o' can be calculated by Egs. (5) and (6),
respectively:

n=(dIné/dno), ®))
o' =@mé/dc), (6)

Therefore, the value of a can be calculated by
Eq. (7):

az(alngj [Eﬂnej 7
do );/ \dlno ),

At a given strain rate, Q is proportional to the
slope of In[sinh(ac)]—1/T plot (Eq. (3)) and is given
in Eq. (8) [30]:

d In[sinh(axo)]
3(1/T)

QZHR[ (8)

Alternatively, the combination of Egs. (1) and
(2) can also be written in the form of Eq. (9)
(compared with Eq. (3)):
In [sinh(ao)]" _ o 1
£ RT
From Eq. (9),
proportional to the slope of In{[sinh(ao)]"/€}—1/T
plot and can be calculated by Eq. (10):

" d(In{[sinh(ac)]" /£})
B o(1/T)

n A (9)

the value of Q is also

(10)

It is of great importance to note that the
calculation of @ by Eq.(8) involves taking
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the average of the ( values determined for
each ¢ [10,17,25,30,37-46]. However, Eq. (10)
proposed in the present research gives a single Q
value for all & and does not require to take the
average of O values.

Finally, the value of 4, can be determined by
linear regression of Eq. (1) in the natural logarithm
form (In Z=In A+nln[sinh(ao)]), where InZ=Q/
(RT)+Iné.

According to Eq. (5), the average slope of the
linear fitting of Iné—Ino plots at low stresses
(where a linear relationship is observed) in Fig. 4(a)
gives the value of n for Cr-free alloy (ncg=4.74).
Also, according to Eq. (6) the average of slope of
the linear fitting of Iné& —o plots at high stresses
with linear relationship in Fig. 4(b) gives the value
of a' for Cr-free alloy (a'cr=0.109). Thus, Eq. (7)
gives OCF—O ,CF/I’ICF:0.023 MPa_l.

The In€ —-Ino and Iné& —o plots of the Cr-
containing samples are presented in Fig. 5. From
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Fig. 5(a), while the Iné —In o data from 350 and
400 °C can be described by a single fitted line,
the data correspond to 450 and 500 °C are more
accurately described by two fitted lines. Since the
slopes of fitted lines in Fig. 5(a) represent the stress
exponent, n, it seems that at temperatures higher
than 400 °C and strain rate less than 0.01 s™!, the
deformation mechanism of the Cr-containing alloys
is changed. The precise evaluation of the changes in
the deformation mechanism is studied by adding
eight new conditions (the triangles in Fig. 1) and
will be discussed later. From Fig.5(a), it is
clear that there are two different deformation
mechanisms with different stress exponents n,
where at low temperatures and high strain rates (1st
deformation regime) ncc=4.30 and otherwise
(2nd deformation regime) ncc=2.07. Furthermore,
the slope of Iné —o plots in Fig. 5(b) gives acc=
0.122. Therefore, =0.018 MPa™! and
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According to Eq. (10) the activation energy, O,
is the linear proportion factor of In{[sinh(ac)]"/&}
vs 1/T multiplied by molar gas constant, R.
The In{[sinh(ac)]"/€} vs temperature plot in
Fig. 6(a) gives the apparent activation energy of
130.5 kJ/mol for Cr-free alloy which is close
to the activation energy of lattice self-diffusion
of pure Al (142 kJ/mol) [18], diffusion of Mg in
Al (120.5-130.4 kJ/mol) [47] and Zn in Al
(116.1-121.4 kJ/mol) [47]. Figures 6(b, c) show the
In{[sinh(ac)]"/&} vs reciprocal temperature plots
of the Cr-containing alloy by using the materials
constants (7 and a) obtained for the first and second

7
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=
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Fig. 6 In{[sinh(ac)]"/&} vs temperature (from Eq. (10))
plots of Cr-free (a), and Cr-containing (b, ¢) ECO-7175

deformation regimes, respectively (see Fig.5). In
Fig. 6(b), the data points of the first deformation
regime follow a linear relationship, while the data
points of the second deformation regime deviate
from the linear relationship. Similarly, the data
points of the second deformation regime in Fig. 6(c)
follow a linear relationship, while the data points of
the first deformation regime show a deviation from
the fitted line. The slopes of the fitted lines in
Figs. 6(b, c) give the apparent activation energy of
152.3 and 180.7 kJ/mol for the first and second
deformation regimes, respectively. The apparent
activation energy of the Cr-containing alloy in the
Ist regime (152.3 kJ/mol) is close to that of
lattice self-diffusion of pure Al (142 kJ/mol) [18].
Therefore, it is reasonable to conclude that in
the 1st regime (high Z, high strain rates and low
temperatures), the dominant rate-controlling
mechanism of the alloy is the lattice self-diffusion.
On the other hand, in the 2nd regime (low Z, low
strain rates and high temperatures), the considerably
higher apparent activation energy of the Cr-
containing alloy suggests that the lattice self-
diffusion of Al is not the dominant rate-controlling
mechanism. According to our previous study [23],
the presence of minor amounts of Cr in the
chemical composition of ECO-7175 alloy results in
the formation of Cr-rich ¢ precipitates that act as
Zener pining agents at low temperature and inhibit
the SRX and DRX during hot deformation.
However, according to the thermodynamic
modeling of the equilibrium phases of 7175 alloy in
Ref. [23], by increasing the temperature above
400 °C, the ¢ precipitates start to dissolve, which in
turn decreases the effect of Zener drag. Since the
dissolution of & precipitates is a diffusional process,
lower strain rates of hot deformation increase the
extent of dissolution (by providing longer time),
which increases the concentration of the Cr solved
in the Al matrix. The diffusion of solute atoms (Cr)
into the dislocations (the solute atmosphere at the
vicinity of dislocations) increases the lattice friction
and retards the movement of dislocations by slip
mechanisms or thermally activated recovery [6,48],
which increases the energy required for dislocation
movement [6,48,49]. Also, the segregation of solute
atoms into the grain boundaries can effectively
decrease the grain boundary movement during
recrystallization by exerting a drag force [50] and
change the kinetics of DRX. In these circumstances,
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the activation energy of grain boundary movement
is a complicated quantity and depends on the solute
concentration, temperature and grain boundary
velocity [51]. It is very well known [52,53] that
the presence of alloying elements changes the
activation energy of the grain boundary movement.
Hence, the activation energy of the grain boundary
movement would be between the activation energy
of the grain boundary self-diffusion of the base
metal (142 kJ/mol for Al) and that of diffusion of
the solute atoms (261.9 kJ/mol for diffusion of Cr in
Al [54]) [50,51]. Therefore, the apparent activation
energy of 180.7 kJ/mol suggests that the diffusion
of Cr in Al is the rate-controlling mechanisms
during the hot deformation of Cr-containing alloy in
low Z regime (2nd deformation regime).

Taking natural logarithm from both sides of
Eq. (1) gives

InZ =In A+ nln[sinh(ao)] (11)

Therefore, the values of InA4 and n are the
intercept and slope of the fitted line in InZ vs
In[sinh(ao)] plots in Fig. 7. The fitted lines in
Figs. 7(b, c¢) also show the linear relationship of the
data points from high and low Z regimes,
respectively.

The classification of different hot deformation
tests by their rate-controlling mechanisms is
depicted in Fig. 1. As discussed in the previous
section, while most of the deformation conditions
fall in the 1st deformation regime in which the
self-diffusion of Al (or diffusion of Mg in Al
matrix) is the rate-controlling mechanisms of the
hot deformation, at low strain rates and higher
temperature, the diffusion of Cr in Al matrix is the
rate-controlling mechanism. Also, the transition
between the 1st and the 2nd regimes is represented
by a hypothetical line (In Z=19.5). In other words,
the 1st deformation mechanism is dominant at high
values of Z (In Z>19.5) and the 2nd deformation
mechanism is dominant at low values of Z
(In Z<19.5).

The values of material constants of the
examined alloys are summarized in Table 2. The
values in this table are used for prediction of the
steady-state stress of the examined alloys. The
comparison of the predicted and experimental
steady-state stress values is presented in Fig. 8 and
it is revealed that the proposed equations (based on
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In[sinh(ao)], for Cr-free (a), and Cr-containing (b, c)
alloys

Table 2 Material constants for Cr-fee and Cr-containing
alloys used for prediction of steady-state stress

Cr-containing alloy

Cr-free
Constant ¢ (highZ)  2nd (low 2) alloy
regime regime
n 4.30 2.07 4.74
a/MPa™! 0.018 0.059 0.022
O/kJ-mol™") 1523 180.7 130.5
In 4 22.43 22.63 18.77
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Fig. 8 Predicted vs experimental values of steady-state
flow stress for Cr-free (a) and Cr-containing (b) ECO-
7175 alloys

the calculated material constants) predict the
steady-state flow stress of the alloy with very good
accuracy.

The standard Arrhenius plots of o (in
logarithmic scale) vs temperature may be used to
simply derive the apparent activation energy of
deformation which is employed for Cr-containing
alloy, at different strains and strain rate of 0.001 s
(shown in Fig. 9). The plots in Fig. 9 exhibit two
different kinetic rates for low (<425 °C) and high
temperature (=425 °C) deformations. At low-
temperature deformation, the fitted lines of different
strains are almost parallel and show similar
apparent activation energy (line slopes). On the
other hand, at high-temperature deformation, the
slopes (i.e., the apparent activation energy) of the
fitted line at low strain are considerably different
from the slope of the fitted lines at high strain
(e=0.2, 0.3, 0.4, 0.5, 0.6 and steady-state strain).
From Fig. 9, it can be seen that the fitted line for

peak strain at high temperature is parallel to the
fitted lines of the low-temperature regime, which
indicates a similar kinetic rate equation with the
same apparent activation energy. Also, it can be
seen that at the high-temperature deformation, the
activation energy is increased by applying further
strain. This indicates that in the high-temperature
regime, the deformation mechanism is gradually
changed by increasing the strain. The gradual
increase of the apparent activation energy at high
temperatures and lower strain rates can be
explained through the fact that applying plastic
strain at low strain rates provides enough time for
the diffusional dissolution of & precipitates that
promote the solute drag effects. To apply a given
strain, a period of time elapses and at this time the
solute drag mechanisms would be activated. In fact,
applying more strain with elapsing more time, the
more the dissolution of the precipitates is, the
stronger the solute drag effect is. This explains the
increase of the apparent activation energy with the
increase of the strain.

60
50

1
30E

20f

o/MPa

% £=0.6
+ ¢at steady-state stress

5800 7%5 75IO 755 7(I)0 6&5 65IO 625 600
Temperature/K

Fig. 9 Standard Arrhenius plot of o vs temperature for

Cr-containing alloy at & =0.001 s' and £=0.1, 0.2, 0.3,

0.4, 0.5, 0.6, at peak stress and peak strain

3.3 Processing maps

The principles of DMM were used to construct
the 3D processing maps for the evaluation of the
hot deformation behavior and workability of the
examined alloys. In DMM, the instantaneous total
power dissipated during deformation (P) is divided
into two complementary parts, i.e., G (temperature-
related or power dissipated by plastic work) and J
(microstructure-related or microstructural evolution
mechanisms that dynamically dissipate power) [55]
according to Eq. (12):
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. & . o .
P:ag_G+J_joadg+jogda (12)
where ¢ and & are flow stress, and true strain,
respectively.

For a given strain and deformation temperature,
the flow stress can be expressed as

o =kemETo) (13)

where k is a material constant and m is strain rate
sensitivity index and can be expressed by
_dJ _9d(lno) Alno

"9  9(né)  Alne (14

Consequently, the value of J can be derived as

o moe

J=| édo=—— 15

'[ 0 m+1 (13)
where m (=1) represents an ideal dissipation state
and results in Jnx= 0€/2. Accordingly, the
efficiency of power dissipation of material, 1, can
be written as [29]

2m

J
T,e,6)=——=—"— 16
n(T.e€)=——=""7 (16)

max

Furthermore, according to the extreme

principle of irreversible thermodynamics proposed

by ZIEGLER [56], the flow instability
(dimensionless parameter ¢), is defined as
p
) ln( m J
E(e)=—2" 1 4 m<o (17)

dlné

where the distribution of m is obtained by a
numerical differentiating based on Eq.(14) and
then, the values of # and & can be calculated by
Egs. (16) and (17).

The 3D power dissipation and flow instability
maps of examined alloys are presented in Fig. 10, in
which 350 °C < T <500 °C, 0.1 < £< 0.6, and
0.001 s'< £<1s" In Figs. 10(a, b), the regions
with high 7 represent the conditions that lead to the
good workability of the examined alloys [15,57,58].
However, it should be noted that the area with the
high n does not necessarily guaranty the ideal
workability due to the occurrence of local flow
instability [15,57] associated with adiabatic shear
bands, deformation bands and flow localization [59].
Furthermore, the regions with high 7 also represent
the conditions that may lead to the microstructural

evolution such as DRV, DRX [60,61], and
superplasticity [59,62,63]. It is reported [62,63]
that the efficiency (7) of DRX and DRV is
20%—30% and 35%—45%, respectively. According
to PRASAD [59], the typical microstructural
evolution mechanisms, such as DRV and DRX,
can be determined by n values. Figures 10(c, d)
represent the processing condition under which the
deformation of the examined alloys is predicted to
be unstable (i.e., £ < 0). In this condition, the flow
localization, adiabatic shear banding, or cracking
may occur and lead to the formation of
inhomogeneous defect-containing microstructure
during hot working. Therefore, this regime should
be avoided in designing a hot working process [58].

For the Cr-containing alloy (Fig. 10(a)),
the domain with the high power dissipation
efficiency (1>30%) [64] occurs at low strain rates
(0.001-0.01 s™") and high temperatures (>425 °C).
It can be seen that 7 distribution of the Cr-free alloy
in Fig. 10(b) is basically similar to that of the
Cr-containing alloy in Fig. 10(a). However, the
domain associated with n>30% is larger for the
Cr-free alloy. Therefore, it can be concluded that
the microstructure of Cr-free alloy evolves by DRX
in all processing conditions except those with
low temperature (<400 °C) and high strain rate
(>0.1s™"). Comparison of Figs. 10(c) with 10(d)
reveals that high strain rates (>0.1s™') and low
temperatures (<400 °C) results in flow instability in
both alloys. However, the increase of the strain
decreases the severity of flow instability.

A closer examination of the power dissipation
efficiency and flow instability is conducted by
sectioning and combining the 3D 7 and ¢ maps of
the examined alloys at €=0.1—0.6 and the results are
presented in Figs. 11 and 12. Both figures reveal
the presence of triangular-shaped regions at high
temperatures and low strain rates at which the DRX
could occur (regions with n>0.3).

By comparing Figs. 11 with 12, it is clear that
the DRX region in Cr-free alloy is larger than that
in Cr-containing alloy. In fact, Fig. 12 shows that
except a triangular-shaped region located at high
strain rates and low temperatures, DRX occurs at all
deformation states and strains. Also, it can be
concluded that the DRX region of Cr-free alloy is
independent of the strain. On the other hand,
comparison of Figs. 11(a—f) shows that the increase
of the plastic strain enlarges the triangular-shaped
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containing (c) and Cr-free (d) alloys

DRX region in Cr-containing alloy. Outside this
region, DRX does not occur and it seems that this is
due to the presence of Cr-rich ¢ precipitates that can
cause Zener drag [23,65—67].

According to our previous study [23], the
dissolution of & precipitates above 425 °C may
encourage the DRX in the Cr-containing alloy.
Since the dissolution of the Cr-rich ¢ precipitates
requires time due to its diffusional nature, the
deformation at low strain rates (longer time to reach
a specific strain) provides the time required for the
dissolution of precipitates. On the other hand, the
dissolution of precipitates at higher strain rates
(shorter period of time) requires a larger thermal
activation and therefore, higher temperatures.

Figure 11 shows that at the beginning of the
deformation, the ¢ precipitates are not fully
dissolved due to the time limitation, which makes
the DRX less favorable at small strains. However,
continually applying the plastic strain for a longer
period of time (higher strains) escalates the
dissolution of the precipitates and reduces the Zener
drag effect. In other words, it can be seen from
Fig. I1 that the increase of the applied strain
expands the DRX region and the processing map of
Cr-containing alloy highly depends on the strain.

These findings are in accordance with our
previous study related to the effect of Cr
elimination on the microstructure evolution at
high temperatures [23]. Figures 13 and 14 show the
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microstructure of Cr-containing and Cr-free alloys
after hot deformation (at 400 and 500 °C and
strain rates of 0.001 and 1s'), respectively. From
Fig. 13(a), it is clear that the hot deformation of
Cr-containing alloy at 400 °C and strain rate of
1s' did not result in DRX and the sample has
retained its original as-deformed microstructure.
Comparison of the micrographs in Fig. 13 shows
that the increase of the hot deformation temperature
and/or decrease of the strain rate increased the
tendency for DRX in a way that the sample
deformed at 500 °C and strain rates of 0.001 s
shows the features of partial DRX. On the other
hand, the micrograph of Cr-free sample deformed at
low temperature and high strain rate (400 °C and
1s7") in Fig. 14(a) shows the original as-extruded
microstructure along with fine DRXed grains.
Similar to Cr-containing alloy, the increase of
temperature and/or decrease of strain rate increased
the tendency for DRX and a fully recrystallized
microstructure of the Cr-free sample deformed at
500 °C and strain rate of 0.001 s™' is presented in
Fig. 14(d). In general, the Cr-free alloy shows a
higher tendency for DRX than the Cr-containing
one due to the elimination of second phase
precipitates by removal of Cr from its chemical
composition. As discussed previously [23], these
precipitates act as Zener pining agents and prevent
DRX. However, it must be noticed that the hot
deformation of the Cr-containing alloy at high
temperatures (higher than dissolution temperature
of Cr-containing precipitates, 425 °C) and low
strain rates (that provide the required time for
precipitates dissolution) facilitates the way for
recrystallization of this alloy. The occurrence of the
DRX and its dependency on temperature and strain
rate is predictable from the processing maps of
examined alloys. In Fig. 12, there is a large DRX
zone (1>30%) for Cr-free alloy at all processing
conditions except those with low temperatures and
high strain rates. However, the relatively small
DRX zone of the Cr-containing alloy is limited to
high temperatures and low strain rates. Therefore,
there is a very good agreement between the
processing maps of the examined alloys (Figs. 11
and 12) and their corresponding microstructure
(Figs. 13 and 14). In Cr-containing alloy, the DRX
zone is extended with the increase of the applied
strain. In fact, at temperatures higher than the
dissolution of Cr-containing precipitates (425 °C),

the increase of the applied strain provides enough
time for precipitates dissolution, which in turn
encourages the DRX and extends the DRX zone in
the processing map. As shown in Fig. 9, the
dissolution of Cr-containing precipitates at higher
temperatures changes the activation energy. In other
words, the increase of applied strain facilitates the
dissolution kinetics of Cr-containing precipitates.
This phenomenon diminishes the Zener effect and
encourages the DRX and results in the change of
rate-controlling diffusional mechanisms due to the
release of Cr atoms within the matrix.

4 Conclusions

(1) The hyperbolic sine constitutive equation
can successfully describe the hot deformation
behavior of the Cr-free alloy. The calculated
activation energy of this alloy is comparable to the
activation energy for the self-diffusion of Al or
diffusion of Mg in Al matrix.

(2) The flow behavior of Cr-containing alloy is
described by a bimodal hyperbolic sine constitutive
equation whereas the activation energies of the
deformation with low and high Zener—Hollomon
parameters (Z) are 180.7 and 152.3 kJ/mol,
respectively. It is found that the self-diffusion of
Al or diffusion of Mg in Al matrix is the
rate-controlling mechanism at high Z deformations.
However, it seems that the rate-controlling
mechanism at low Z is the diffusion of Cr in Al
matrix.

(3) In Cr-containing alloy, the Cr-rich
precipitates act as Zener pining agents and prevent
DRX. At temperatures higher than the dissolution
temperature of Cr-containing precipitates and low
strain rates, the dissolution of the precipitates
promotes the DRX. Comparison of the processing
maps of examined alloys shows that the elimination
of the Cr extends the DRX region. On the other
hand, by dissolving the Cr-containing precipitates,
the solute Cr atoms develop a solute drag effect that
changes the rate-controlling mechanisms of hot
deformation from the Ist to the 2nd regime.

(4) The processing map of Cr-containing alloy
shows a strong dependency of power dissipation
parameter to the strain. On the other hand, the
power dissipation parameter of Cr-free alloy shows
a weak dependency on the strain. In hot
deformation of Cr-containing at high temperatures
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(higher than the dissolution temperature of Cr-
containing precipitates), the kinetics of Cr-rich
precipitates dissolution progresses with the increase
of applied plastic strain and elapsed time. The
precipitates  dissolution with increased strain
encourages the DRX and extends the DRX zone in
the processing map.
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# E: W Cr TENHIF AN ECO-7175 & HATAT AN . KA Gleeble HAEMMLNTE Cr FIAE Cr
) ECO-7175 FEREATHIECRE A 350~500 °C. FAZHAN 0.001~1 s7), HIFEGERIAMITIE. N LEAZH
HLUHAS . W RTBOSREM TR, & Cr &4 bt R B Al 1A BEk Al B Mg 9 802 W
A2 ALH Cr B9 #L, H Zener—Hollomon 248/ X Cr &8 MM CERISHRE, ZEHLEROR)X
PR T i M R AR % R AT, BB RSN K. S —J7H, K AL A S HEL AL H Mg 190
Je TR A G AEFTA I T 26 AF R R T P2 o — 53 R 4% il HL], L DRX X 5PN AR TE 6
RBIR: AR AW INTE: ECO-7175 44
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