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Abstract

Work hardening behavior of flow curves of aluminum alloy AA7075 under tensile and compressive loading at room
temperature was addressed. The Kocks-Mecking (K-M) and Crussard-Jaoul (C-J) models were applied to analyze the work
hardening behavior. Constitutive models, i.e., Hollomon, Ludwigson, Swift, Ludwik, and Voce, were used to predict the flow
stresses during tensile/compressive loading. All models were validated, and the empirical parameters were determined by
experimental data. The sum of squares of deviations of the prediction (Chi-square, %), coefficient of correlation (R?) and the mean
absolute percentage error (MAPE) were calculated to validate simulated flow stresses. It was found that the flow curves exhibited
a positive work hardening rate. The K-M plot (work hardening rate versus true stress) showed the work hardening of stage 111 with
asingle negative slope value. All models excellently predicted flow stresses with very low MAPE. Moreover, a piecewise regression
was a meaningful method for accuracy improvement of the models.
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1. Introduction

Aluminum alloy is a light metal with a one-third
density of the ferrous metal. Therefore, it is one of the most
important metals, a candidate to replace steels where weight is
a concerning issue. Moreover, aluminum alloys possess many
attractive properties, i.e., corrosion resistance, formability, high
recycling potential. Consequently, aluminum alloys are
selected in various industries, i.e., aerospace, automotive,
defense, and petrochemical industries. High-strength aluminum
alloys in the AA7xxx series were heat-treatable and widely
used, especially aluminum alloy AA7075 (Davis, 1993;
Lumley, 2011; Polmear, 2005). The principal alloying elements
in aluminum alloy AA7075 were zinc (Zn), magnesium (Mg),
and copper (Cu). After appropriate precipitation hardening,
primary coherent precipitates ' (MgZnz) were distributed and
embedded in the aluminium matrix. They obstructed the
dislocation movement resulting in strength and hardness
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enhancement (Davis, 1993; Mason et al., 2019; Park & Ardell,
1983; Polmear, 2005). The strength and deformation behavior
of aluminum alloys are crucial for manufacturing process,
especially for a forming process. However, formability and
fracture properties of aluminum alloy AA7075 at room
temperature were inferior resulting in part forming limitation in
the automotive industry (Lee et al., 2020; Palumbo & Tricarico,
2007). Thus, the mechanical properties and work hardening
behavior were essential for engineering design and forming
process (Embury, Poole, & Lloyd, 2006; Poole, Embury, &
Lloyd, 2011). From this point of view, the deformation
behavior of the aluminum alloy AA7075 is of particular
interest. Understanding the deformation behavior was a path to
create a constitutive equation for the flow curve prediction,
which is recently much more important in a computer
simulation. Currently, many constitutive models were
introduced to predict the flow curve. Therefore, in this research,
tensile and compression tests were performed on the aluminum
alloy AA7075-T651 at room temperature. Flow curves were
shown, and work hardening behavior was analyzed using the
K-M (Kocks & Mecking, 2003) and C-J models (Crussard &
Jaoul, 1950). Flow curves were predicted using constitutive
models, i.e., Hollomon, Ludwigson, Swift, Ludwik, and Voce.
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The empirical parameters and equations calculated from
experiments were shown. The Chi-square, 2, R? and the MAPE
were calculated to validate the constitutive models.

2. Materials and Methods

The aluminum alloy AA7075-T651 was delivered as
an aluminum plate with a thickness of 75 mm. The chemical
compositions of this alloy are 5.72 Zn, 2.48 Mg, 1.55 Cu, 0.19
Cr, 0.17 Fe, 0.06 Si, 0.02 Mn, 0.02 Ti, and Al balance (all
values in wt.%). Specimens with 6x6 mm, and a gauge length
of 25 mm were prepared following ASTM E8 for tensile tests.
For compressive tests, cylindrical specimens with a diameter of
6 mm, and a height of 13.45 mm were prepared following
ASTM E9. The tensile/compressive loading direction
corresponds to the rolling direction. Tensile/compressive tests
were performed at a constant strain rate of 10- s using a
universal testing machine of the Instron, model 5969,

True stress-strain curves of tension and compression
were analyzed. The true plastic strain was determined by
subtracting the elastic strain from the true total strain. The
plastic deformation was analyzed using Hollomon, Ludwigson,
Swift, Ludwik, and VVoce models. The work hardening behavior
was described using K-M and C-J models based on the Ludwik
model. All mathematical models and MAPE are shown in
Equation (1) — (9) as below.

Hollomon (Hollomon, 1945):
0 =kye™ 1)

Inoc=Inky +nylne (2)

Ludwigson (Ludwigson, 1971):
0 =kie™ + eke gM® ()

Ludwik (Ludwik, 1909):

o =0f + ke (4
Crussard—Jaoul (Crussard & Jaoul, 1950):

do/de = doy/de + kne™! 5)
In(do/de) = In(kn¢;) + (ng; — 1) Ine (6)

Swift (Swift, 1952):
o =kg(gy+ &)™ ©)

Voce (Voce, 1948):
o= 00(1 — Ae‘ﬁs) 8)

where ¢ is the true stress, ¢ is the true plastic stress, n is the
work hardening exponent, and oo, k, A, and B are material
constants.

Mean absolute percentage error:
1 E;—P;
MAPE = -3, |E—| x 100 )

where E is the data from experiments, P is the data from the
prediction.

3. Results and Discussion

3.1 Flow curves and work hardening behavior

The true stress-strain curves of the aluminum alloy
AAT7075-T651 were shown in Figurel. Yield stresses of about
579 and 483 MPa were measured for tension and compression,
respectively. The work hardening rate (do/de) were calculated
and then plotted versus true stress as K-M plot in Figure 2. After
the elasto-plastic transition, the work hardening rate of stage 111
exhibited a single negative slope value for both tension and
compression. It linearly decreased with increasing flow stress
until an instability (for tension), where the work hardening rate
was equal to the flow stress (do/de = o) ( Kang, Kim, Kim,
Kwon, & Kim, 2014; Kocks, 1976). It could be mentioned that
the plastic deformation was principally associated with the
dislocation movement in a single phase because of the single-
slope value in the work hardening rate in stage 11 (Embury et
al., 2006; Kocks & Mecking, 2003; Mondal, Singh,
Mukhopadhyay, & Chattopadhyay, 2013; Poole et al., 2011;
Sharma, Sree Kumar, Nageswara Rao, & Pathak, 2009). The
negative slope in the work hardening rate in stage Il indicated
that the dynamic recovery occurred concurrently with
dislocation generation during the plastic strain even though at
room temperature (Embury et al., 2006; Poole et al., 2011). For
multiple phase alloys, i.e., dual-phase steels (ferrite-martensite)
or carbon steels (ferrite-pearlite), multiple slope values were
observed (Colla et al., 2009; Jha, Avtar, Dwivedi, &
Ramaswamy, 1987; Mejia, Maldonado, Benito, Jorba, & Roca,
2006). The work hardening behavior could also be described by
plotting the work hardening rate versus the true strain or using
the C-J model in Equation (6), in which a natural logarithm of
the work hardening rate was plotted as a function of a natural
logarithm of the true plastic strain, as shown in Figure 3 and
Figure 4. The slope of the C-J plot revealed the work hardening
exponent, ncy, in Equation (6). The C-J plot exhibited the single
slope value in the work hardening rate in the stage Il until
reaching the instability as well as necking (for tension). From
these results, it could be mentioned that the plastic deformation
(dislocation movement) of the aluminum alloy AA7075-T651
occurred in a single phase of aluminum matrix embedded with
fine precipitates in a peak-aged condition (Embury et al., 2006;
Poole et al., 2011).

3.2 Flow curve prediction

The flow curves of tension and compression at room
temperature were analyzed using various constitutive models.
From Equation (2), the nu of Hollomon model can be
determined by the slope of the plot of the natural logarithm of
true stress versus the natural logarithm of true plastic. Figure
5(a) illustrated one linear trendline fitting the experimental data
from the tensile test. The nn of about 0.043 was determined
with »? of 66.142 and R? of 0.922. Flow stresses as a function
of plastic strain in Equation (1) were calculated and plotted in
Figure 5(b). However, from Figure 5(b), a high deviation of the
Hollomon model was observed because of the nonlinear
relation in the diagram in Figure 5(a). The nonlinear relation of
the natural logarithm of true stress and true plastic strain
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Figure 5. Hollomon analysis and flow curve prediction of aluminum alloy AA7075 under tensile loading: a) determination of n-value using linear
regression, b) flow curve prediction using n-value from linear regression, c) determination of n-values using piecewise regression, and
d) flow curve prediction using n-values from piecewise regression
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indicated that the work hardening behavior at slight strain was
different. Thus, the piecewise linear function with two
segments in Equation (10) and (11) was applied to fit the
nonlinear curve of tensile experimental data in Figure 5(a). It
was found that the piecewise regression method considerably
improved a fitting accuracy, as shown in Figure 5(c) compared
with ordinary linear regression in Figure 5(a). Different
strength coefficients, kn: and kw2 and work hardening
exponents, nx1 (0.015) and nH2 (0.070) were determined using
the piecewise regression technique. The lower work hardening
exponent, nm1 was detected at low plastic strain and
corresponded to the planar glide of dislocations. The secondary
state with higher work hardening exponent, nH2  was
corresponded to cross slip of dislocations (Ludwigson, 1971).
The transition of the planar glide dislocation to cross slip
depending on the dislocation's ability to undergo cross slip
(referred to as the stacking fault energy of materials) and
temperature. For metallic materials with high stacking fault
energy, e.g., aluminum and aluminum alloys, cross slip
occurred more easily (Ludwigson, 1971), and the range of the
transition should be restricted. For the compression of
aluminum alloy AA7075 at room temperature, its plastic
deformation behavior was comparable to the tension. Hollomon
model for the compression was analyzed and plotted in Figure
6(a)-(d). All strength coefficients and work hardening
exponents, #?, R%, and MAPE of Hollomon model with and
without piecewise regression were summarized in Table 1.

Piecewise linear function with two segments:

Inky; +nylne, e<¢g
Ino = (10)

Inky, +nyylne, € > ¢

In kHZ =In kHl + (nH1 - nHz) In & (11)

J. Sci. Technol. 44 (3), 662-667, 2022 665

Table 1. Parameters, empirical constants, #?, R?, and MAPE of various

models
Model and parameters Tension Compression
Hollomon Kn 743.560 685.594
N 0.043 0.055
X2 66.142 32.608
R? 0.922 0.980
MAPE 1.33% 0.68%
Hollomon Knz 638.684 596.916
with piecewise Nh1 0.015 0.031
regression & 0.013 0.007
Kz 810.985 710.899
Nh2 0.070 0.066
X? 3.197 3.606
R? 0.998 0.998
MAPE 0.20% 0.22%
Ludwigson kq 1016.896 1218.780
N 0.706 0.590
ka 6.341 6.142
n, -1.251 -4.327
X? 2.106 1.008
R? 0.998 0.999
MAPE 0.19% 0.09%
Ludwik 00" 565.770 439.740
ke 542.899 363.318
no 0.600 0.311
X? 2.353 2.540
R? 0.998 0.998
MAPE 0.21% 0.16%
Swift €0 0.022 0.004
ks 883.498 728.466
ns 0.113 0.076
X? 0.776 0.496
R? 0.999 0.999
MAPE 0.10% 0.09%
Voce oo 713.200 604.700
A 0.194 0.196
B 18.131 36.040
X2 0.119 8.541
R? 0.999 0.995
MAPE 0.05% 0.41%
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Figure 6. Hollomon analysis and flow curve prediction of aluminum alloy AA7075 under compressive loading: a) determination of n-value using
linear regression, b) flow curve prediction using n-value from linear regression, ¢) determination of n-values using piecewise regression,
and d) flow curve prediction using n-values from piecewise regression
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Ludwigson, Ludwik, Swift, and VVoce were excellent
constitutive models to fit experimental data of tension and
compression of the aluminum alloy AA7075 at room
temperature. The model parameters, empirical constants, »2, R?,
and MAPE of investigated models were determined and
summarized in Table 1. Predicted flow curves were plotted and
compared with experimental data of the tension and
compression of the aluminum alloy AA7075, as shown in
Figure 7.

4. Conclusions

In the current investigation, the work hardening
behavior of the aluminum alloy AA7075-T651 at room
temperature was analyzed. Flow curves were predicted using
various constitutive models. Conclusions can be summarized as
follows:

1. The aluminum alloy AA7075-T651 exhibited the
work hardening rate of stage Il and Il with a single negative
slope value (dynamic recovery) for both tension and
compression at room temperature.

2. Hollomon model exhibited high deviation because
of the nonlinear relation of the natural logarithm of true stress
and true plastic strain of tension and compression of the
aluminum alloy AA7075-T651 at room temperature.

3. The piecewise regression was a helpful method to
improve the fitting accuracy of the Hollomon model if the
natural logarithm of true stress and true plastic strain revealed
the nonlinear relation.

4. Constitutive models, Ludwigson, Swift, Ludwik,
and Voce excellently predicted the flow curves of tension and
compression at room temperature of the aluminum alloy
AA7075-T651.
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