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Abstract

The flow stress model of AZ80 Mg alloy, whose grain size is approximately 30 pum, is created by interpreting the ex-
perimental results with the inverse analysis. Compression tests were conducted at temperatures of 523, 573 and 623 K and
at strain rates of 0.01, 0.1 and 1 s™'. On the basis of the test results, the flow stress model of the Mg alloy was determined.
As candidates of the flow stress model, three equations were selected and the coefficients in those equations were deter-
mined by using the inverse analysis and optimization process. In the optimization process, the measured and calculated
loads were compared and the difference between them was minimized as objective functions. Consequently, the flow
stress equation was chosen and the coefficients were determined. Reasonably good agreements of measured and calculat-
ed results were obtained with the equation which can be taken into account not only the softening but also the saturation

of the flow stress due to the dynamic recrystallization.
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1. INTRODUCTION

Mg alloys have the lowest density among all
conventional structural metal materials and they are
characterized by a very high specific strength. Nota-
bly, among all Mg alloys, Mg-Al-Zn alloys (AZ
alloys) are one of the most widely-used materials
and especially AZ80 Mg alloy is known to have an
attractive balance of strength, plasticity and tough-
ness (Zhou et al., 2010). On the other hand, Mg is
extremely chemically active and possesses a very
high reactivity, and the wide and practical usage of
Mg alloys has been limited (Ambat et al., 2000). In
order to improve the corrosion resistance of Mg
alloys, a number of processes have been proposed.
However, problems still remain to be solved e.g.
difficult surface treatment prior to the process, non-
uniformity of the coating and negative effect on the
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environment (Gray et al., 2002). Therefore, better
and promising processes have been expected, which
can improve the corrosion resistance of Mg alloy. To
break through this current status, the present authors
developed a new process of coating Mg alloys with
a thick Al layer by a conventional hot extrusion
method using a convex die (Tokunaga et al., 2012).
The process enables us to obtain Mg alloy bars and
plates covered with Al layer and they exhibit the
excellent corrosion resistance of Al. It is expected
that this new coating process can provide the appli-
cation of Mg alloys in a broad range of areas. How-
ever, a huge number of trial and error will be inevi-
table to design and optimize the process parameters
for the application of this process to individual cases
with different materials properties and extrusion
conditions. Thus, numerical simulation can be used
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as a cost-effective way in both aspects of time and
energy. To implement simulations, accurate flow
stress model of the material is indispensable. The
flow stress model for AZ80 Mg alloy has been stud-
ied and some models were proposed (Qua et al.,
2011; Quan et al., 2013; Zheng et al., 2010; Zhou et
al., 2010). However, in those works, the models
were directly obtained from the mechanical test,
therefore, the models may be affected by the exper-
imental errors such as effects of friction and inho-
mogeneities of strain, stress and temperature. Thus,
in the present study, the flow stress model of AZ80
Mg alloy was developed with inverse analysis,
which is capable of describing real properties of
materials, independently of the disturbances affect-
ing the tests (Szeliga et al., 20006).

Additionally, the above works were conducted
only with as-cast alloys whose grain diameter is over
100 wm, which is very coarse for Mg alloys. Mg
alloys are known to have very low formability at
room temperature with the hexagonal close-packed
crystal structure and because of the drawback, they
are often required to have fine grains (Kang et al.,
2007). Therefore, the AZ80 Mg alloy with finer
grain size is chosen for the model in the present
study.

2. EXPERIMENT

2.1. Material and test conditions

In the present study, to get the plasticity proper-
ties of the AZ80 Mg alloy, a compression test was
conducted, because it is the simplest method.

A commercially extruded bar of a Mg-8.2
mass% Al-0.56 mass% Zn-0.44 mass% Mn alloy
with a diameter of 42 mm was extruded into a rod
having a diameter of 12 mm, and then it was me-
chanically machined to make specimens of 8 mm
diameter and 10 mm height. The specimens were
solution—treated at 673 K for 5 h, and then precipita-
tion-treated again at 623 K for 1 h. The grain size of
the Mg alloy after those treatments was 28 pum.

The constant strain rate tests were performed
with the Gleeble 3800 simulator at temperatures of
523, 573 and 623 K and at strain rates of 0.01, 0.1
and 1 s”. The ram speed was constantly adjusted
during the compression tests to obtain the constant
strain rates. Two specimens were used for each con-
dition of the tests in order to confirm the repeatabil-
ity. The compression direction corresponds to the
extrusion direction. Temperature was measured with

a thermocouple spot-welded to the side surface of
the specimens at centre of the height.

2.2. Results

Figure 1 shows the load-displacement curves ob-
tained from the compression tests. From the figures,
it can be seen that the flow stress decreases as the
compression-test temperature increases, but increas-
es as the strain rate increases. Figure 2 shows the
temperature changes monitored during the tests.
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Fig. 1. Loads measured in the uniaxial compression test of AZ80
Mg alloy at a strain rate of (a) 0.01 s, (b) 0.1 s" and (c) 1 5.
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From the figure, it can be said that reasonably stable
temperatures were maintained in the tests at lower
strain rates (0.01 and 0.1 s™). On the other hand, in
the tests at higher strain rate (1 s™), a significant
temperature drops were observed at the last stage of
the tests. This temperature change is due to the heat
generation by deformation, heat transfer to the envi-
ronment and automated control by the Gleeble 3800
simulator.

This research was undertaken as a result of
a concern that the direct interpretation of the materi-
al data from the plasticity test may result in inaccu-
rate flow stress models due to the inhomogeneities
of temperatures and stress and strain fields. There-
fore, in order to minimize the influence of those
inhomogeneities, inverse analysis was applied. The
inverse analysis allows us to obtain values of the
material parameters independently of the inhomoge-
neities occurring in the plasticity tests (Szeliga et al.,
2000).
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Fig. 2. Temperatures monitored during the tests.

3. INVERSE ANALYSIS

The inverse analysis was performed in the pre-
sent study with the two-step algorithm (Szeliga et
al., 2006) consisting of “Preliminary inverse ap-
proach” (Step 1) and “Identification” (Step 2). Since
detailed explanation of the two-step algorithm can
be found elsewhere (Szeliga et al., 2006), only the
brief explanation is given below.

3.1. Preliminary inverse approach (Step 1)
3.1.1. Methodology

In Step 1, stress-strain curves were obtained by
searching for the minimum of the following objec-
tive function:

Fm_pC 2
@ = LI LT () ] (1)
where N, is number of tests, N, is number of load
measurement sampling points in one test and F™ and
F* are measured and calculated loads, respectively.
The measured temperatures shown in figure 2 were
used as a boundary condition of calculations in both
Step 1 and Step 2 of the inverse analysis.

3.1.2. Results

The stress-strain curves obtained as the results of
Step 1 are shown in figure 3. The curves were ob-
tained from the load-displacement curves based on
the experimental data and the effect of disturbances
such as inhomogeneities of strain, stress and temper-
ature is taken into account. Therefore, the curves
show the material parameters independently of the
inhomogeneities.

However, those curves show the material proper-
ties only under the conditions where the compres-
sion tests were conducted and to perform simula-
tions, flow stress models should be fit in wide ranges
of temperature and strain rate continuously. There-
fore, in order to obtain a model, which can be ap-
plied under the wide range of conditions, the flow
stress model is developed in Step 2 of the inverse
analysis. In following sections, three equations are
selected as candidates of the flow stress model and
the most appropriate model is determined.

3.2. Identification (Step 2)
3.2.1. Methodology

As mentioned in the previous section, three flow
stress models are selected as candidates and those
equations are introduced in this section.
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Fig. 3. Stress-strain curves determined in Step 1 of the inverse
analysis at a strain rate of (a) 0.01 s ) 0.1s"and (¢) 157

It is known that Mg alloys are prone to have dy-
namic recrystallization (DRX) during hot defor-
mation (Zhou et al., 2010). Therefore, it is necessary
to consider the influence of DRX, which causes
softening of the material. The tendency of DRX
depends on process conditions and is described by
the Zener-Hollomon parameter (Bhattacharya &
Wynne, 2012):

Z = éexp (%) )

where € is strain rate, Qg 18 activation energy for
deformation, R is gas constant and 7 is temperature.
The higher the Z value, the higher tendency of DRX
exists.

One of the attempts to describe flow stresses in a
hot forming process taking into account DRX is
Hansel and Spittel equation (Mehtedi et al., 2014,
Tang et al., 2013):

0p = 9169269 exp{—ga(T — 273)}exp(=gse) (3)

where £1s strain, g1, 2, 23, g4 and g5 are coefficients.

This model is one of the most well-known mod-
els which can describe both hardening and softening
effects. However, due to its strong softening effect,
flow stress calculated from this equation can con-
verge to zero as the strain takes larger value (Me-
htedi et al., 2014; Tang et al., 2013). This is inap-
propriate and is the main drawback of this model. In
the case of real materials, the flow stress gradually
decreases due to DRX, reaches saturation and con-
sequently remains constant (Sellars, 1979). There-
fore, the flow stress model which can consider both
the softening and saturation was also considered
with following equation (Gavrus et al., 1996):

oy = V3 [Whlshzexp (_Th‘*) +
(1 —W)hsexp (%)] (\/§é)h3 4)

where W = exp(—h7£), ]’l1, ]’l2, ]’l3, h4, hs, h6 and
h7 are coefficients.

The terms multiplied by # and (1-W) indicate
the hardening and softening, respectively. As is clear
from the equation, the contribution of softening term
increases when the strain increases.

The following equation (Davenport et al., 1999;
Kowalski et al., 2000) was selected as the most ad-
vanced model in this study:

1

op =0p + (O‘SS(e) - 00) [1 —exp (— sir)]E —R (5
where
R =
0 < &
£—¢g. 1%
(O'SS(e) - 055) [1 —exp <— [ﬁ] ) £E> &,
XTr c
1 1
0o = miosinh‘1 (Aio)n", Oss = aisssinh‘1 (é)n”,

1
1 . v _1( Z \nsse
Oss(ey = ——sinh™? (E)n“e

Asse
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Exs—&c
1.98 ’

N¢ 7 \Nx
) and &, — &, = C, (2—) .

ass(e)

& = 3_123 [ql + CIz(O'SS(e))Z], Exr — Ec =

VA
Sczcc( 2

Uss(e)

0o, Ossep & &, & and & are characteristic stress or
strain which are defined in stress strain curves. Ao,
Asyy Agser N0, Ngsy Nsger Qo sy Chiser 15 G2, Ney Ny, Ce
and C, are coefficients.

Similarly to equation (4), equation (5) is capable
of describing softening followed by saturation. Since
it contains 16 coefficients, equation (5) is more flex-
ible to temperature and strain rate than equation (4).

The coefficients in the equations (3), (4) and (5)
were determined by using the optimization process.
In the optimization process, the minimum of the
following objective function, ®,, was searched.

g Ly <)2] ©

(DZ = Ny &i=1 N_s ol

N; is number of tests, N, is number of stress sam-
pling points in one test from Step 1 and ¢, ¢ are
calculated stresses from Step 1 and calculated stress-
es with each equation, respectively. Detailed process
of the calculation can be found elsewhere (Pietrzyk,
2000) and is not repeated here. Friction coefficient
was determined as 0.12 in our preliminary investiga-
tion for the hot compression tests performed with the
Gleeble 3800 simulator. In the present calculation,
the coefficient was used in the friction model pro-
posed by Chen and Kobayashi (1989):

Av
T = moparctg — 7

where m is friction coefficient, Av is relative slip
velocity and ¢ is a constant. The value of ¢ was

assumed to be 1.0-10 in the present work. We
assume that the friction coefficient is not affect-
ed significantly by test temperature and strain
rate based on Gontarz et al. (2011).

Equations (3), (4) and (5) were fit to the stress-
strain curves obtained from Step 1 and the obtained
coefficients were used as starting point for the opti-
mization of @,. This process saves the computing
time significantly.

3.2.2. Results

The coefficients and objective function ®, ob-
tained from the optimization process are given in
table 1. The objective function @, represents the
accuracy of the model and smaller the function is,
the better accuracy the model has. The coefficient
QOqer for equation (5) indicates the activation energy
in equation (2).

3.3. Validation of the model

In order to confirm the validities of the models,
the forces measured in the tests and calculated by
using the FE code with the selected model imple-
mented in the constitutive law were compared. Fig-
ures 4, 5 and 6 show comparisons between experi-
mental and calculated results in each equation (3),
(4) and (5), respectively. Analysis of the results re-
vealed that perfect accuracy was not reached for the
whole ranges of strain rate and temperature with all
the equations. However, a good agreement between
measurements and calculations was obtained for
equation (5), which showed the lowest value of the
objective function @, in table 1. Also, reasonably

Table 1. Coefficients in equations (3), (4) and (5) and the objective functions obtained from the inverse analysis.

Equation (3) D, =0.1257
81 &2 83 84 85 - -
3724.4 0.274 0.158 0.00832 1.061 - -
Equation (4) D, =0.1097
h hy hy hy hs he hy
5.923 0.538 0.1592 2313.4 0.444 2820.7 5.304
Equation (5) D, =0.079
Ay n0 o Ajgge Ngge s Ay, Ny
0.302-10" 480.6 0.0445 0.167-10" 6.344 0.0064 0.41-10" 7.622
O 9 9 C. Ne G Ny Quier
0.008 0.369 1x10-10 0.0698 0.0304 0.0008 0.358 145700
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good agreement was obtained for equation (4).
Therefore, it was found that equation (4) which is
simpler was the most appropriate as the flow stress
model of the AZ80 Mg alloy.
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Fig. 4. Comparison of measured forces (with filled markers)
with forces calculated by using the FE code with equation (3)
implemented in the constitutive law (with open markers). The
strain rates are (a) 0.01 s, (b) 0.1 s and (¢) 1 s7.
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Fig. 5. Comparison of measured forces (with filled markers)
with forces calculated by using the FE code with equation (4)
implemented in the constitutive law (with open markers). The
strain rates are (a) 0.01 s, (b) 0.1 s and (c) 1 5.
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4. CONCLUSIONS

Flow stress model for AZ80 Mg alloy has been
developed on the basis of the inverse analysis of
compression tests. The following conclusions were
obtained.

1. Although perfect agreement was not obtained in
the whole investigated ranges of temperature
and strain rate, reasonably good agreements of
measured and calculated results were obtained
with equations which can take into account not
only the softening but also the saturation of the
flow stress due to the dynamic recrystallization.

2. The best agreement between measurements and
calculations was obtained with an equation with
16 coefficients. However, a simpler equation
was eventually selected as the flow stress model
of AZ80 Mg alloy because it is simpler and ex-
hibited the reasonably good accuracy.
Consequently, the flow stress model obtained for

AZ80 Mg alloy in this study is:

o, =V3 [exp(—5.304 - £) - 5.9230-538

(—2313.4)
exp T
+ {1 — exp(—5.304-¢)}- 0.444

exp (@)] (\/56')0'1592

where € is strain, 7T is temperature and € is strain
rate.
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WYZNACZANIE MODELU NAPREZENIA
UPLASTYCZNIAJACEGO DLA STOPU MAGNEZU
AZ80

Streszczenie

Model naprezenia dla stopu magnezu AZ80 o wielkosci
ziarna okoto 30 um opracowano na podstawie interpretacji
danych doswiadczalnych za pomoca rozwigzania odwrotnego.
Proby Sciskania probek osiowosymetrycznych przeprowadzono
w temperaturach 523, 573 i 623 K z predkosciami odksztalcenia
0.01, 0.1 i 1 s Uzyskane wyniki postuzyly do opracowania
modelu. Przy budowie modelu wybrano trzy rownania i wspot-
czynniki w tych rownaniach wyznaczono za pomoca rozwigza-
nia odwrotnego. W procedurze optymalizacyjnej pordéwnywano
zmierzone i obliczone sity a réznica miedzy nimi byta minimali-
zowana jako funkcja celu. W konsekwencji wybrano rownanie
najlepiej opisujace zachowanie si¢ materialu i wyznaczono
wspotczynniki w tym réwnaniu. Rownanie to uwzglednia za-
réwno umocnienie materialu jak i migkniecie w wyniku dyna-
micznej rekrystalizacji oraz stan ustalony przy wigkszych od-
ksztatceniach. Uzyskano dobra zgodno$¢ migdzy obliczonymi
i zmierzonymi sitami w probie $ciskania.
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