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Abstract

The aim of this work is to conduct a comprehensive examination of the anisotropic
plastic behavior of a sheet of commercial Zn-Cu-Ti alloy, undergoing different
quasi-static deformation paths at room temperature. Various mechanical tests
are performed, including uniaxial and bi-axial tensile tests, Meuwissen and shear
tests, obtaining homogeneous and heterogeneous strain fields. It was observed
that under monotonic loading, the material behavior, i.e. stress evolution and
ductility, is very sensitive to the loading direction. During reverse loading, the
material displays a high Bauschinger effect, with behavior that is strongly de-
pendent on the forward shear direction. For the Meuwissen-like tests, it has
been found that the force-displacement curve as well as the maximum ductility
are very sensitive to the in-plane anisotropy. The yield parameters are identified
by direct comparison of the experimental results with classical anisotropic yield
models. Finally, the plastic anisotropic behavior of the investigated zinc sheet is
simulated for various mechanical tests using Finite Element Analysis to identify

the related hardening parameters.
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1. Introduction

Zinc alloys rolled sheets present the advantage of aesthetic quality with ex-
cellent visual appearance, long life with minimal maintenance, reduced cost and
adaptability which enable them to be widely used in a variety of civil engineer-
ing applications such as the fabrication of roofing products, cladding, flashings,
rainwater down-pipes disposal applications and also for more innovative archi-
tectural designs. They also find several other uses, from electrical components
to table tops, in addition to specialized applications such as in photoengraving
surfaces. Because of this wide range of applications, Zinc and Zinc alloys have
already found a great interest in the scientific community. But much of the
published literature on rolled sheets of zinc-based alloys has focused on their
corrosion resistance (e.g. [1, 2, 3, 4]). This is understandable, given that the
primary application for these materials is in the field of civil engineering, where
the Zn sheets are generally exposed to highly aggressive environments.
Anisotropy in metals may arise due to various reasons, for example, the earliest
observation by Hill [5] of the formation of Liiders’ bands in annealed mild steels
that was unable to be modeled using the von Mises yield criterion. Hexagonal
Close Packed (HCP) materials show significant anisotropy in their mechanical
properties due to their initial marked textures, deformation mechanisms and
critical shear stresses, which in turn are dependent on the activated slip sys-
tems (e.g. basal or pyramidal) as well as the sense of the applied stress (e.g.
asymmetry of twin activation). Zinc and its alloys are typical metals with HCP
lattice structure with a c¢/a (=1.856) ratio higher than that of an ideal structure
(i.e. 1.633), on account of which they have relatively few independent slip and
twinning systems [6, 7, 8].

Generally, HCP materials exhibit several types of twinning. However, for zinc

based materials, deformed at isothermal or comparable temperature, twinning



along the {1 0 -1 2} planes is the dominant mechanism that allows for inelastic
shape changes along the c-axis [9]. Since the c¢/a ratio for zinc-based materials
is greater than the ideal value, the direction of shear due to twinning activation
is [1 0 -1 -1] [10, 11] and twinning occurs under compression parallel to the
c-axis, but also under uniaxial tension along the transverse direction for split
basal texture in Zn-based rolled sheets.

The earliest work on the macroscopic mechanical behavior of Zn-Cu-Ti alloy
rolled sheets was by [12] in 1968, using uniaxial tensile tests along different ori-
entations with respect to the rolling direction (RD). They estimated initial yield
stresses and strain ratios and the response to biaxial loading was studied using
the circular bulge test. Hill’s theory of plasticity with orthotropic symmetry [5]
was unable to predict the stress-strain curve under biaxial loading, hinting that
the significant anisotropic behavior of these materials could not be described by
this theory.

[13] examined the anisotropic plastic behavior of zinc rolled sheets at the crystal-
lographic scale using pole figures and metallographic observations. The material
was deformed using uniaxial tensile loading along the rolling and transverse di-
rections, and the circular bulge test. The active deformation mechanisms were
identified, and tensile yield stresses and strain ratios (i.e. Lankford r-values)
were predicted considering slip along the identified systems according to the
maximum shear stress criterion. These were in reasonable agreement with the
experimental values. According to the authors, the macroscopic theory of plas-
tic anisotropy was based on two main assumptions (at the time): variations
of the strain-hardening characteristics with orientation were not taken into ac-
count, and the constitutive relation was not affected by the sign of the stress,
which was known to be untrue in case of deformation twinning. This led them
to conclude that the macroscopic theory of plastic anisotropy was inadequate.

[14, 15, 16] studied the microstructure and relationship between texture, com-
position and bendability. Kataoka et al [17] analyzed the dry deep drawability
of a pure zinc sheet using ceramic tools (Alumina, Zirconia, Silicon nitride and

Silicon carbide). The authors observed early cup failure when using the classical



alloyed tool steel. Conversely, they pointed out the good adaptability of zinc
to ceramic dies since the LDR (ratio of maximum blank diameter to the punch
diameter) was significantly promoted for such tools, with silicon nitride dies
showing a greater improvement. In 2007 Pantzapoulos et al [18] investigated
the effect of welding Zn-Cu-Ti rolled sheets on their failure resistance.

Some other recent literature [19, 20, 21, 22, 23, 24] including our own previ-
ous work [25] has focussed on linking the evolution of the mechanical behavior
and/or anisotropy with the initial microstructure.

The ever-increasing list of applications of this class of materials necessitates the
development of accurate numerical simulations of their forming processes. Due
to their significant anisotropy, the experimental forming set up that allows for
the stamping to produce the desired (usually complex) 3D shapes is time con-
suming and judicious sequences of several forming steps should be achieved in
order to reach the desired forms. The optimization of such sequences can be
readily accomplished based on numerical simulation using suitable phenomeno-
logical models for these materials.

To the best of the authors’ knowledge, relatively less attention has been given
to the mechanical and macroscopic modeling of the anisotropic behavior of zinc-
based alloys under several loading paths in spite of the continuing widespread
use of these materials. A few papers on modeling of the anisotropic behavior of
zinc alloys are based on micro-mechanical approaches.

In 1994, [26] investigated crack occurrence in bending tests by studying the mi-
crostructure and texture evolution during cold rolling of Zn-Cu-Ti alloy sheets.
They used the Relaxed Constraint Taylor micro-mechanical model and com-
pared it with results obtained using other micro-mechanical models (Sachs, Full
Constraint Taylor) for the prediction of texture evolution at large rolling re-
duction. The authors concluded that the most important factor controling the
predicted behavior was the accuracy of the model of the physical mechanisms
involved, with consistent identification of the critical shear stresses for the ac-
tivated systems. Fundenberger et al [27] modeled the mechanical properties in

terms of in plane initial yield strength and plastic strain ratio distribution for



Zn-Cu-Ti alloy rolled sheets. Through a reliable determination of the main ac-
tive systems and the corresponding critical resolved shear stresses, the authors
had succeeded in accurately predicting the texture evolution and mechanical
properties using micro-mechanical models (constrained and relaxed variants of
Taylor model). These models were chosen for their ability to predict the de-
formation mechanisms (i.e. frequency of occurrence) obtained as a result of a
statistical study carried out at the optical and microscopic scales. The initial
anisotropic yield surface was therefore determined in the sheet plane. Research
similar to [26] for the case of asymmetric rolling was recently proposed by [28].
Our previous contribution [25] involved uniaxial tensile tests along 3 directions
(0°/RD, 45°/RD and 90°/RD) for comparing the experimental data with the
predictions of a multi-scale Visco-Plastic Self-Consistent approach [29].

The aim of the present paper is to provide the results of a comprehensive investi-
gation of the anisotropic behavior of rolled Zn-Cu-Ti sheet under monotonic and
reverse loadings at moderate strain levels using both homogeneous and hetero-
geneous mechanical tests. The results shown here are intended to complement
those obtained on the exact same material (albeit with a different thickness of
0.65 mm) in our previous work related to micro-mechanical modeling of rolled
zinc alloy sheets.

The paper is divided into six main and complementary sections. The next sec-
tion presents the experimental procedure and the material description. The
third section describes the experimental results, with comments and discussion.
The fourth section presents the constitutive phenomenological (macroscopic)
model for the material that has been adopted in this work. The fifth and sixth
sections detail identification of the material yield and hardening parameters re-
spectively along with Finite Element simulations for the stress-strain response
and the initial yield surface. The paper ends with concluding comments and

recommendations for future work.



2. Material and experimental techniques

In this section we describe the material being characterized along with the

main experimental tests used in this work.

2.1. Material description

The present work concerns rolled sheets of a commercial Zn-Cu-Ti alloy. The
chemical composition is given in Table 1 and meets the EN988:1997 standard
requirements.

This alloy possesses a good balance of mechanical properties including forma-

Alloy Cu Ti Al Zn

Zn-Cu-Ti >0.08 >006 — — — remainder
< 1.0 <0.2 <0.015

Table 1: Chemical composition (%m/m) of the rolled Zn-Cu-Ti commercial zinc alloy.

bility, tensile strength and creep resistance. The material is delivered in sheet
form with 1 mm thickness.

From EBSD observation, the material is seen to be fully recrystallized with
equi-axed grains of uniform size and the as-received material does not display

any twinning.

2.2. Mechanical characterization

Mechanical characterization typically involves several mechanical tests like
uniaxial/bi-axial tensile/compression tests, forward/reverse shear tests, inden-
tation in order to identify the parameters of some chosen constitutive mechanical
model.

For all the mechanical tests carried out in the present work, the reproducibility
was checked by repeating them up to three times each. The mechanical tests
were performed under quasi-static loading at fixed strain rate along different
orientation with respect to the rolling direction (RD) in order to thoroughly

examine the material in-plane anisotropy.



For all tests, several images were taken for the purpose of measuring the dis-
placement fields using an optical device (2 megapixel cooled camera 4096 grey
level, placed in front of the specimen surface) and the strain fields are calculated
using digital image correlation (DIC) with VIC2D software. For the Digital Im-
age Correlation (DIC) [30, 31, 32], the specimen was prepared by spraying a
thin coat of matt black paint on its surface, followed by a white coat in order
to create a speckle pattern on the gauge area. The spatial resolution of the
DIC technique depends on the quality of the speckle. In this study, the pattern

resolution of 32x32 pixels has been used.

2.2.1. Uniaxial tension
Tensile test specimens (figure 1) have a geometry according to the ISO 80/20
norm (80 mm length and 20 mm width in the gauge area), cut out from the

as-received sheets by hyperbar water jet.

]

Figure 1: Uniaxial tensile test specimen according to the ISO 80/20 norm
All tensile tests have been conducted at constant true strain rate of 1073571
in order to guarantee that the tests are quasi-static. The uniaxial tensile tests are
performed at various orientations with respect to the rolling direction, namely
0°, 15°, 30°, 45°, 60°, 75° and 90°. The deformation is controlled by a high-
resolution extensometer on a rather short measuring base. Full field displace-
ment measurements are performed in order to determine full strain distribution
with the gauge area and to examine the strain anisotropy along different orien-
tations with respect to the rolling direction over a wide range of plastic strain.
The orientations 0°, 45° and 90° with respect to the rolling direction have al-

ready been studied in a previous study (for sheets with a thickness of 0.65 mm)



[25] but other orientations have been considered here to study the anisotropy of

the considered Zinc alloy.

2.2.2. Simple shear

Planar simple shear testing has proved to be a very efficient technique to
evaluate the mechanical properties of flat samples [33]. In contrast with the
commonly used uniaxial tensile test, the simple shear test has many advantages
such as simplicity of the sample geometry (e.g. rectangular shape) and the
ability to achieve large homogeneous strains and rotations. Moreover, in cyclic
tests the loading direction can be easily reversed during the experiment by
simply changing the displacement direction of the clamps, without modifying
the clamps or re-machining the sample. More details can be found in [34, 35].
All the tests were conducted at a constant and controlled equivalent tensile
strain rate of 1073s~!. High-resolution optical technique, which involves optical
acquisition with a CCD camera, was used to determine the shear strain v = 2¢15
in the central part of the specimen. Monotonic and Bauschinger simple shear
tests for different amount of forward shear prestrain 10%, 20% and 30% are
performed in order to examine the stress-strain anisotropy, the Bauschinger
effect. It is worth noting that the simple shear loading induces large texture
rotation and yields to different anisotropic behavior compared to the classical

uniaxial tensile test.



2.2.3. Equi-biazial tensile test

100

Figure 2: equi-biaxial tensile specimen geometry and dimensions.

In order to characterize the plastic anisotropy of the material, equi-biaxial
tests were carried out on the specimen shown in figure 2, obtained using a hyper-
bar waterjet. The displacement rate is 0.02mm/s along both rolling direction
(RD, direction 1) and transverse direction (TD, direction 2) at the same time
till the rupture. Since the gauge area is a 20 x 20mm? square, the strain rate is
around 1073571,

2.2.4. Meuwissen tensile test

This mechanical test is a non standard tensile test proposed by [36, 37] in
order to have heterogeneous strain fields. In the present study, the Meuwissen
sample geometry is however modified in order to optimize the strain gradient
temporal distribution and higher heterogeneous stress/strain fields, as shown in
figure 3. The sample geometry is complex, and is obtained using a hyperbar

waterjet. The load is applied using a standard uniaxial tensile-testing machine.
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Figure 3: Specimen used for Meuwissen tensile test

The specimen is loaded under displacement control by moving the upper
clamp upwards whereas the lower clamp is fixed. Two loading directions are
adopted: rolling and transverse directions (respectively 0° and 90° with respect
to the rolling direction). The experiments are carried out at room temperature
and the crosshead velocity is 0.066 mm/s corresponding to an average strain

rate of 1.71073s~ 1.

3. Experimental results

3.1. Uniazial tensile test

True stress versus true strain curves are depicted in Figure 4(a). The ma-
terial displays strong in-plane anisotropy. The loading along rolling direction
corresponds to the lowest stresses for all the plastic strain, whereas transverse
direction, displays the highest stress level. The relative variation in stress be-
tween the lowest and the highest values is about 37.7% at a true strain of 15%
and demonstrates the large degree of planar anisotropy in this material. The
amount of total uniform elongation reaches the highest level (more than 35%) for
loading along the rolling axes and decreases when the loading direction moves
away from this direction (less than 20% for transverse direction). Overall, the
uniform elongation under monotonic loading remains relatively high. The work-

hardening evolution is also sensitive to the direction of loading. The initial yield
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stresses estimated for an offset of 0.1% plastic strain clearly denote considerable

initial in-plane stress anisotropy (see Figure 4(b)).
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Figure 4: (a) True stress vs true strain for different monotonic uniaxial tensile tests along

different directions with respect to the rolling direction (b) Initial yield stresses

The work-hardening evolution # normalized by the elastic shear modulus g
(=~ 30GPa) is given as a function of the increase in yield stress i.e. 0 —o¢ in Fig-
ure 5(a). For low values of plastic strain (and thus o —oy), the work-hardening is
very high 6/ > 1/5, and significant variation of 8/p with respect to the loading
direction is observed. However, as (o — 0¢) increases, the material appears to
experience similar work-hardening irrespective of orientation and 6/ decreases

rapidly below 1/30 to reach a steady state value of ~ p/150.
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Figure 5: (a) Work-hardening vs amount of stress increase for different monotonic uniaxial
tensile tests along different directions with respect to the rolling direction (b) Variation of

r-value with orientation and comparison with data from literature on similar material

Anisotropy is determined by calculating the r-values (Figure 5(b)) and their
evolution with plastic strain (an example is given in Figure 6(a) for tension
along 0°, 45° and 90° orientations).

All the plotted data correspond to an average over three measured for each
orientation. For comparison purpose, data previously obtained by [12, 27] on
similar material, are indicated on Figure 5(b). Substantial variation in r-value
is observed, denoting the high in-plane strain anisotropy of the material. The
degree of planar anisotropy in the zinc is very different from that existing in
other HCP materials (e.g. pure titanium [38], magnesium based materials). The
r-values are very low and below unity. It is worth noting that r-values greater
than unity indicate higher material resistance to thinning when subjected to
biaxial tensile stresses in the sheet plane and therefore better drawability. Such
behavior is favorable to good performance for forming processes when different
parts of the blank are subjected to stretch-forming and radial drawing. As the
studied Zn-Cu-Ti rolled sheet displays r-values lower than unity, this material
has low resistance to thinning, at least under monotonic loading. The high

uniform elongations observed under uniaxial tensile test indicate that the de-
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formation is mainly compensated by significant thickness reduction along the

whole gauge area.
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Figure 6: (a)Shear strain evolution for uniaxial tensile test along different orientations with
respect to the rolling direction, (b)R-value evolutions with longitudinal true plastic strain

along 0°, 45° and 90°, model corresponds to equation (1)

Finally the material anisotropy is examined by analyzing the evolution of
shear component for the different loading directions. Figure 6(a) indicates the
distribution of the shear component 15 versus the longitudinal strain €17 for the
different tensile tests. We note that the shear strain component £15 is almost
zero when loaded along the rolling (RD) as well as the transverse directions
(90°/RD). However, 15 increases by 0.1 for every 2° rotation of the loading
axis about the RD, reaching a maximum value when the loading axis is along
45°/RD. It bears mentioning that this behavior cannot be properly explained
using the classical yield models [5], including those adapted to Hexagonal ma-
terials [39], the reason being that the yield parameters themselves vary with
increasing plastic strain (as seen in figure 6(b)), i.e. as the test progresses.

In order to describe the measured r-values as seen in figure 6(b), noting the

shape of the curve, we introduce the following evolution law:
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Ta(EP) = rePi 4 a4 (e — 1) (1)

where r¢*P:*

is the initial experimental r-value for tensile test along «a, &7 is the
equivalent plastic strain, a, and C, are 2 material parameters that need to be

identified (see Table 2).

Parameter 0° 45°  90°

. 0.186 0.22 0.45
Ca 1/6 05 25

Table 2: Material parameters for the description of the evolution of r(a).

The law in (1) has also been plotted in Figure 6(b), for o = 0°, 45° and 90°.

3.2. Simple shear test

Forward and reverse shear tests give information about loading-related anisotropy
and kinematic hardening in the material. From a micro-structural point of view,
this could be due to de-twinning or dislocation pile-ups during the unloading
stage.

The reverse simple shear tests were carried out on specimens cut out from the
as-received material at various angles to the rolling direction, namely 0°, 45°
and 90°. These tests were conducted up to a forward amount of shear strain
of about 10%, 20% and 30% followed by reversed shear up to -40% (which
corresponds respectively to ~ 34.6%, 46% and 57.7% von Mises equivalent ac-
cumulated true strain, which is higher than the uniform elongation observed
in uniaxial tension). The stress-strain curves are used in order to analyze (i)
the work-hardening evolution at large strain, (ii) the Bauschinger effect and
its evolution as function of amount of forward prestrain, (iii) the occurrence of

transitory regime under stress reversal.
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Figure 7: Stress-strain curves for reverse simple shear loading along three directions with

respect to the rolling direction (0°, 45° and 90°). The tests are performed for three levels of

forward amount of shear strain 10%, 20% and 30%.

Overall, the results obtained, by repeating each test 3 times, are fairly con-

sistent. The stress-strain curves are shown in Figure 7 where the vertical axis

indicates the shear stress and the horizontal axis refers to amount of shear strain.
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Figure 8: Absolute shear stress versus accumulated absolute amount of shear strain curve for

simple shear loading.

To examine the anisotropic behavior under simple shear loading, the stress-
strain curves are plotted using an accumulated amount of shear strain and
plotted for similar amount of forward shear strain (Figure 8). Similar to the
uniaxial tensile test, the material displays significant stress anisotropy. Note
that upon strain reversal, the loading along 45° /RD displays the highest stress
level. When the amount of forward shear strain is low (i.e. 10% in the present
case), material work hardening is observed along the reverse loading (i.e. the
shear stress increases after strain reversal). However, some stress saturation is

clearly observed for 30% amount of forward shear strain.
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Given that at 10% strain, the material ductility is highest along 0°/RD and
lowest along 45°/RD under shear loading we would expect the opposite under
uniaxial tensile loading. However, as shown in figure 4, this is not the case, in-
dicating that the activation of physical mechanisms is load dependent ergo the
ductility is highly dependent on loading condition (in terms of loading direction
and level of forward shear strain).

There is some anisotropy before the load reversal as can be seen from the figure
8. The material is stiffer along 0°/RD compared to along 45°/RD and 90°/RD
which seems to contradict the result obtained during uniaxial tensile tests but
in fact demonstrates the equivalence of tensile loading along 0 and shear loading
along 45°/RD.

The extreme variation of behavior between 0 and 90°/RD after load reversal
is due to anisotropic physical mechanisms, in particular, the activation of the
twinning mode (which is not reversible) after unloading and reloading [25].

It bears mentioning that Butcher, Abedini and others [40, 41, 42] have suggested
the Logan-Hosford model for the shear to equivalent stress ratio to describe the
yield in anisotropic materials where the plastic deformation involves twinning
(such as Magnesium). Inverse analysis using the above model to fit our experi-
mental data is a potential area of future work.

Furthermore, the Bauschinger effect is relatively high, thus implying significant

kinematic hardening.

3.3. equi-biaxial tensile test

Figure 9 shows the force-displacement curves for equi-biaxial tensile tests.
As in uniaxial tensile test, the material response shows a highly anisotropic be-

havior and the rolling direction corresponds to the softer direction.
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Natural zinc (1mm)

Force (kN)

Speed 0.02 mm/s
10%s"

0 0.5 1 1.5 2 2.5 3
Displacement (mm)

Figure 9: Force versus displacement curves of equi-biaxial tensile tests.

Figures 10(a) and 10(b) show the full field strain distribution for two differ-
ent displacment increments corresponding to (a) t = 10s just before the begin-
ning of the heterogeneous strain field distribution and (b) t = 50s. In Figure
10(a), the strain distributions are almost homogeneous (< 0.5%) in longitudi-
nal, transverse as well as shear. Even though it seems that shear strain is more
concentrated in the corners of the sample, the strain level is quite low (around
0.2%). However, as seen in the figure 10(b), the homogeneous area decreases a
lot with only a small square in the centre of gauge area retaining a low homo-
geneous strain level, which is 2% in longitudinal, 2.4% in transverse and 0.3%
in shear. Meanwhile, it is easy to observe that the longitudinal, transverse and
shear strains reaches high values of : 4.5%, 5.9% and 3% respectively in the

corners of the gauge area.

18
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Figure 10: Full field strain distribution for the equibiaxial test (top left: longitudinal strain,
top right: transverse strain and bottom left: shear strain) (a) at t = 10s (end of the homoge-

neous strain distribution) and (b) at t = 50s

Figure 11 shows the true stress versus true strain curves in the gauge area.
The work hardening evolution is different from what was observed in the simple

shear and uniaxial tensile loading tests. Similar work-hardening evolution is
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observed along both directions (RD and TD).
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Figure 11: True stress vs. true strain in gauge area during equi-biaxial tensile test.

3.4. Heterogeneous strain fields using Meuwissen geometry

The force-displacement curves are given in Figure 12 for both loading direc-
tions (i.e. tension along RD or TD direction). The corresponding strain fields
are given in Figures 13(a), 13(b) and 13(c) before rupture. As for the homoge-

neous tests, the material response is highly anisotropic.
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Figure 12: Force-displacement curves for Meuwissen test, tension along RD or TD.

The maximum longitudinal strain (Figure 13) is about 0.4 to 0.5 true strain
when the loading is along the rolling direction and decreases to 0.2 when the

loading is along the transverse direction.

Figure 13: Meuwissen geometry, tension along RD. Experimental (a) longitudinal, (b) trans-

verse and (c) shear strain distribution. RD: Rolling direction, TD: Transverse direction.
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4. Constitutive mechanical model

The material flow characteristic is governed by the initial anisotropy in addi-
tion to other material properties. Phenomenological plasticity theories consider

initial anisotropy through a yield criterion and strain hardening laws.

4.1. Yield surface

In the present work, in addition to the isotropic von Mises yield criterion, two
anisotropic yield surfaces description have been considered: the classical [5] and
a non quadratic [39] criterion developed for a better description of significantly

anisotropic materials. For [5], its general form is given by:
SH:X=(0'-X):H: (¢! - X) =0 (2)

where ¥ = o’/ — X is the effective deviator stress tensor, oy is the flow stress,
H is a purely deviatoric tensor corresponding to the quadratic Hill criterion
described by 6 components F, G, H, L, M and N, X is the back stress tensor
(kinematic hardening) and o’ is the deviatoric part of the Cauchy stress tensor

o. When no kinematic hardening is present, this simplifies to:
2 2 2 2 2 2 _ 2
F(oy —0.)"+ G(0, —0,)" + H(0x — 0y)” + 2Lo,, +2Mo3, +2Noy, = oy (3)

where x, y and z are the axis of orthotropy (e.g. in case of sheet material,
the rolling, the transverse and the normal directions). o; is the normal stress
component according to the i axis and o;; is the shear stress component of the
stress tensor o.

The success of this criterion is associated to its numerical simplicity, identifi-
cation easiness and its availability in several commercial FE codes. It is worth
noting that in case of sheet materials, through thickness mechanical charac-
terization of the material anisotropy is a hard task. Therefore, in the criteria
investigated in this work, the related material parameters (L and M in this case)
are fixed at their values in case of isotropic behavior. To describe yielding of
orthotropic materials, [39] developed an original approach based on the general-

ization to orthotropy of the J; and J3 invariants of the deviatoric stress tensor
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o’. Such generalized invariants are used in the [43] isotropic criterion in order

to introduce the anisotropy:

(J2)° = e(J3)? = 27(oy /3)° (4)
where
Jg(a) = g(am - Uy)2 + %(Uy 02)2%(‘700 - 02)2 + a4‘732;y + a5U§:z + aGUzz (5)
and

1 1 1
0 _ 3 3 3
J3 (O’) = 727 (b1 —|— bg)O’z —|— 727(1)3 + b4)0'y + 727(2b1 + 2b4 = bQ — bg)O’z

1 1 1
_§(b10'y + bQO'Z)O'i — §(b3CTZ —+ b40’z)0'§ — §[(b1 — b2 + b4)0’z
2
+(b1 — b3 +ba)aylo? + §(b1 +ba)oy0y0,
2 2

g Oy
— ;Z [2byoy — bgo, — (2bg — bg)o] — TJ[%IOUZ —bsoy — (2b19 — b5) 0]
0.2
—%[(bﬁ aF b7)0m — b60'y — b70’z] + 2b110’wyO'$ZO'yz (6)

x, y and z are the directions of the orthotropic frame. This criterion involves 18
material parameters c,b;...b11,a;...a¢ for general 3D anisotropy (with b;...b11
and aj...a¢ reducing to unity under isotropic conditions). For sheet metal
anisotropy where only the in-plane stresses are non-zero, the 18 parameters
reduce to 11 : ¢, by...b5,b10, a1...a4, with the rest of the parameters retaining

their isotropic values (i.e. = 1).

4.2. Strain hardening

The hardening is described using Voce isotropic hardening as given below:
oy (€pr) = Yo + Rsat(1 — emerrt) (7)

where Yj is the initial yield stress, Cr and Rg,; are the rate and the saturation

value of the isotropic hardening, respectively.
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5. Inverse parameter identification, part I : Yield parameters from

experiments

The first step of material parameters identification concerns the description
of the initial material anisotropy. For the Hill criterion [5], the parameters are
determined following the classical methodology using only the experimental r-
values rq, r45 and rgg and 08 for the initial yielding using the relation oy =
f(o11, @), where 1 is the tensile direction, o1; is the tensile true stress and « is
the angle between the tensile direction and the orthotropic axes x. The results
are shown in Table 3.

The identification of the Cazacu and Barlat (CB2001) [39] anisotropy parame-
ters (Table 4) is complex and a special in-house code (DD3MAT) developed for
this purpose was used to guarantee the best fit to the experimental data [44].
The identification of the constitutive parameters involved: (i) uniaxial tensile
tests with samples taken at intervals of 15° orientation with respect to the rolling
direction and (ii) monotonic simple shear tests with samples taken at 0°, 45°
and 90° orientations with respect to the rolling direction. This means that 17
experimental results were used to identify the parameters (seven r-values, seven
uniaxial and three simple shear initial yield stresses).

For comparison purpose, the material parameters for the Hill criterion [5] are

F G H N

using only 79, 745,790,095 0.31 0.84 0.157 0.85
using all 00,04%..08°%,00° 046 126 023 1.26

and 79, 715,730-.775,790

Table 3: Material parameters for Hill criterion [5]

c ay as a3 as by by b3 by b5 b

-0.906 1.27 -0.02 08 099 -06 87 39 -21 04 0091

Table 4: Material parameters for Cazacu and Barlat criterion [39]
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also identified using all the experimental data listed above. The identified ma-

terial parameters are given in Table 3 for Hill [5] and Table 4 for [39].

06 *
05} 2
[Bramley and Mellor, 1968] -1
0.4
@ [Fundenberger et al.,1997]
0.3

P
- Present work

[Hil, 1948]\ ;
'#K[Oazaqu
Barlat, 2001]

0.z

0.1

L L L L L L L L ]
0 10 20 30 40 50 60 70 80 90
o (%)

Figure 14: r-value prediction using (0'87 ro,T45,790) for the identification of F', G, H and N or
the set of all experimental data (present work). The results obtained using the Cazacu-Barlat
criterion [39] are also indicated. For comparison purpose, data from Bramley and Mellor [12]

and Fundenberger et al [27] are provided.

Figure 14 and Figure 15 indicate that the r-value as well as the initial yield
stresses evolutions are relatively well described by both [5] and [39], however,
the corresponding yield surfaces are radically different (Figure 16), which high-
lights the difference in modeling the anisotropic behavior using these two yield
criteria. Significant differences are observed along biaxial loading which seems
to be required for a better assessment of the efficiency of the adopted models in

describing the behavior of zinc sheet material.
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Figure 15: Initial yield stresses described using the Hill [5] and the Cazacu-Barlat [39] criteria
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Figure 16: Yield surface description. Hill48(ref) corresponds to the model using material
data parameters identified with (08,7“0,7*45,7“90). Hill48 refers to the model using material
data parameters identified with all experimental data. CB2001 is the yield surface obtained

using Cazacu and Barlat’s criterion [39].
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Figure 17: Predicted strain-stress response for uniaxial tensile test along transverse direction

using material parameters identified on uniaxial tensile test along rolling direction.

Figure 15, while showing good agreement with the experiments, shows only
the initial yield stresses. The agreement between the experimental and pre-
dicted curves needs to be examined in terms of stress and work-hardening evo-
lution. An example is provided in figure 17 for the prediction of the stress-strain
response during the uniaxial tensile test along TD using data identified on uni-
axial tensile test along RD. Note that these predicted curves were obtained
assuming that the material parameters in the description of the yield surface
remain constant.

On can notice that the Hill criterion [5] fails to correctly describe the highly
anisotropic material behavior along 90°. In fact, for the investigated material,
even more advanced yield criteria [39] (specially adapted to hexagonal materi-
als) appear to fail to describe the observed behavior along 90°. As previously
shown in Figure 6, the measured evolution of the r-values indicates that their
sensitivity to the plastic strain can be very high, particularly along 90°. This
sensitivity needs to be taken into account during the identification of the mate-

rial parameters for Hill criterion [5] as proposed by Nixon et al [45].
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6. Inverse parameter identification, part II : hardening parameters

using Finite Element simulation

Finite element simulations have been performed in order to model the me-
chanical tests carried out on the material under investigation (uniaxial tension,
equi-biaxial tension and Meuwissen tension). In all these simulations, the pa-
rameters of the yield criterion are kept constant (Hill [5]) as calculated from
the Lankford coefficients in section 5. However, the Voce hardening parameters
Rsat, Cr as well as the initial yield stress Y adopted in the isotropic hardening
law (equation 7) are identified by a second inverse analysis to get the best fit
for the tensile test’s force-displacement or stress-strain material response. The
hardening parameters are the same for all three tests (uniaxial, equi-biaxial and

Meuwissen test).

6.1. Uniaxial tension

Figure 18 shows the geometry of the specimen (as used in the experimental

test), the FE-mesh, loading conditions and displacement constraints.

30

20
10

96

Figure 18: Geometry of the specimen (top), FE-mesh of the upper right quarter of the speci-

men, and boundary condition in modeling the uniaxial tension, length unit is mm.

Assuming symmetrical loading conditions, the FE-simulation is performed
on a quarter of the piece, with thickness 1 mm, under uniaxial tension along
0°/RD, 45° /RD and 90°/RD. The displacement of the bottom and right bound-

aries are imposed, the vertical displacement of bottom is fixed while the right
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boundary is moved to a maximum displacement of 4 mm at a rate of 0.2 mm/s.
Horizontal displacement of the surface on the left is blocked. The model has
been discretized by 2831 4-noded bilinear plane stress elements with reduced
integration of type CPS4R (implemented in ABAQUS). Triangular elements,
different orders of integration as well as mesh sizes have been tested to ensure
the convergence of the FE-mesh, i.e. the results are mesh-independent.

The mechanical behavior of the material is composed of two distinct portions:
a linear isotropic elastic part and a plastic hardening part. The elastic portion
of the material behavior is described by Hooke’s law (E = 81GPa, v=0.33).
As for the plastic behavior, isotropic Voce hardening has been assumed since
this law is often used for describing plastic deformation for alloys which exhibit
a saturation stress-strain state at high strain levels which is observed for the
current Zinc alloy. The three Voce hardening parameters in equation (7) need
to be identified using optimization and inverse analysis.

Let x* € R3 represent the vector of three material parameters to be identified,
then the optimization problem may be posed as:

Find : x* = Arg min J (x)
xERS3

— Argmin [0 G [ea50 (O] + [eaoe ()|
x€ER3 3

(8)

where the objective function 7 (x) is the mean of the absolute values of the er-
rors €go (X), €450 (x) and €gge (x) between the simulated and experimental tensile
curves along 0°/RD, 45°/RD and 90°/RD respectively.

The optimization strategy we have adopted is a combination of the Genetic
Algorithm and the Simplex algorithm implemented in MATLAB. In the first
phase, we use a Genetic Algorithm to maximize our chances of obtaining a
global converged result. The GA result is then selected as a starting point for
the second phase, a Simplex search to find the closest local minimal function
value. The GA parameters are set as follows: starting point (185.90 199 1370.1);
population size 50; crossover fraction 0.8; mutation 0.01. After 66 generations

the GA is stopped since the objective function tolerance is less than le-6 while
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the objective function value from equation (8) is 21.55.

The settings for the Simplex are: starting point (101.11 180.24 1585.27), x
tolerance le-6; objective function J tolerance le-6. After 116 generations the
optimal solution is seen to converge with an objective function value of 19.83.

The iteration history for both phases of the identification is given in Figure 19.

1600 1 { Optimal solution: 19.8273
optimal value 21.5478 o
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Figure 19: Iteration history of the GA (first phase) and Simplex (second phase) procedures

Hill coefficient F G H N L M

Value 0.31 0.84 0.157 0.85 1.5 1.5
Voce parameter Yo Rgut Cgr
Value 100.93 MPa 174.19 MPa 2107.94

Table 5: Identified Hill yield and Voce hardening parameters (using uniaxial tensile testing).
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Figure 20: Comparison of force-displacement curves obtained by FE simulation and experi-

mental tests for uniaxial tension along 0°/RD, 45° /RD and 90° /RD.

The optimal solution to the inverse problem, i.e. the best choice for the three
hardening parameters for the chosen hardening law, that can simultaneously ap-
proximate the uniaxial force-displacement responses along 0°/RD, 45°/RD as
well as 90°/RD, is given in Table 5. The associated force-displacement curves
are shown in Figure 20. There is a reasonably good agreement between the

simulated and the experimental curves with the optimal solution J(x*) = 19.83.

6.2. Equi-biazial test

The main interest of the equi-biaxial test lies in the strain field observed
in the middle of a specimen from an isotropic homogenous material, similar
to the uniaxial tensile test. The finite element mesh and loading conditions
are described in Figure 21. The four arms of the specimen are subjected to
a maximum displacement of 4 mm at a displacement rate of 0.2 mm/s. The
model has been discretized by 12201 4 noded bilinear plane stress elements
with reduced integration (type CPS4R in ABAQUS). The mesh is refined in the

central region since the deformation is primarily in this region, based on our
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experimental results. We have tested different sizes of mesh to ensure mesh-

independency of our results.

Figure 21: FE-mesh and boundary conditions (right).

Just as in the case of the uniaxial tensile test, the isotropic linear elastic do-
main of the studied material is described using the Hooke’s law with the same
values for the Young’s modulus and Poisson’s ratio, while its anisotropic non-
linear behavior is given by the Hill criterion [5] with Voce isotropic hardening
(parameters Yy, Rsq: and Cr). The material parameters used are those that
have been obtained in the previous subsection using inverse identification and
tensile testing along the three directions, and are given in Table 5.

‘We observe in figure 22 that the simulated force-displacements are in good agree-
ment with the experimental data for both 0°/RD and 90°/RD. It can be ob-
served that the yield point is well predicted along 90°/RD while the plastic sim-
ulated response is higher than that experimentally observed, this phenomenon

could be attributed to the onset of damage in the experimental specimen.
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Figure 22: Force and displacement curves by FE simulations and experiments

As can be seen in Figure 23, the FE results are almost similar to the experi-
mental ones. The strain distributions (longitudinal, transverse and shear strain)
have a similar trend as the experimental values, though they may not have the
same exact values. At this stage, the identification procedure performed assum-
ing a phenomenological constitutive law seems to be well adapted for estimating

the behavior of the Zinc based alloy studied here.

6.3. Meuwissen test

In order to test the validity of the chosen constitutive laws and associated
parameters, the Meuwissen test is considered, since it creates heterogeneous
strain fields in the specimen as mentioned in section 2.2.4. This test is espe-
cially adapted in this work due to the anisotropy of Zinc based materials. The
finite element mesh, loading and boundary conditions are described in Figure
24. The displacements of the left and right edges of the specimen are imposed :
on the left, the longitudinal displacement is blocked while, on the right, a lon-
gitudinal displacement of 4mm is imposed at a rate of 0.2 mm/s. The physical

domain has been discretized by 8281 4-noded bilinear plane stress elements with
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0.0046 0.0135 0.0223 0.0312

-0.0196 -0.0071 0.0055 0.0180

Figure 23: Strain fields for £11,€22 and €12 obtained by FE simulation and experiments at

t=50 seconds.

34



reduced integration (type CPS4R in ABAQUS), the mesh is refined in the vicin-
ity of the "notches”, since the deformation is primarily located in this region
based on our experimental results. Different mesh sizes have been considered to
ensure mesh independence of our results.

The mechanical behavior is the same as that assumed in the two previous tests,

Displacement

Figure 24: FE-mesh of the specimen, and boundary conditions used for modeling the Meuwis-

sen test.

with the associated material parameters having been obtained in the identifica-
tion procedure on the different tensile tests and given in Table 5.

Figure 25 shows that by using these parameters, the experimental results in
term of force-displacement are well predicted by the simulation until the onset

of necking.
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Figure 25: Comparison of Force-Displacement curves from the FE simulation and the experi-

mental tests, for Meuwissen tension along RD and TD.
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Figure 26: The strain distributions obtained by FE simulation using the identified parameters

In addition to the macroscopic material response, the simulated strain fields
€11 and €35 (1 refers to the loading direction and 2 to the transverse direction)

are shown in figure 26 and, as expected, heterogenous fields are observed.

6.4. Comments and discussion

In summary, we first identified the three Voce hardening parameters using
inverse analysis, next the finite element simulations of uniaxial tension, equi-
biaxial tension and Meuwissen tension tests were performed with the previously
identified hardening parameters. Despite the relatively straight-forward model
used for the fitting, we obtain a good agreement between the numerical pre-

dictions using the identified Voce hardening parameters and experimental data.
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In addition, for the equi-biaxial test, the experimentally obtained longitudinal
strain distribution has been compared with the model predictions (before the

onset, of necking) and for different values of imposed displacements.

Conclusions

The aim of this work was to contribute to a comprehensive investigation of
the anisotropic plastic deformation of pure zinc at the macroscopic scale. In the
experimental portion, a variety of mechanical tests were carried out on sheet
metal specimens, including uniaxial/biaxial tension, shear and Meuwisen tests
along the rolling and transverse directions, to experimentally investigate the
plastic anistropy. The main findings were : similar work-hardening at higher
plastic strains under monotonic loading, very low values of the Lankford coeffi-
cients despite the high ductility, and a prominent Bauschinger effect and residual
ductility seen during reverse loading, that strongly depend on the forward shear
direction and strain amount in forward loading. The Meuwissen tests also re-
vealed that the force-displacement curve and maximum ductility are both very
sensitive to the in-plane anisotropy. This was followed by FE modeling to simu-
late the plastic anisotropic behavior for various mechanical tests using classical
macroscopic phenomenological anistropic yield and hardening models, for the
characterization portion. The characterization was done in two stages: first
identifying the yield parameters, and next identifying the Voce isotropic hard-
ening parameters using the FE simulations. All constitutive parameters were
identified solely from the three uniaxial tensile tests, however, they were still
able to give reasonably good agreement between the experimental and simulated
results for all the other mechanical tests, indicating the efficacy of the approach
for highly anisotropic materials, despite its ease of application.

It is clear that highly anisotropic materials need better-adapted constitutive
models with significantly more attention to determining the associated model
parameters. Since one could conceivably predict completely different yield pa-

rameters and Lankford coefficients despite fitting a single experimental test to
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the simulated result, the characterization would require sufficient data to cor-
rectly identify the material model for accurate FE modeling of such materials.
Simple mechanical tests are obviously limited in the amount of data they could
generate. One "work around” would be using multi-scale VPSC type models
as in our previous work [25], where the initial crystallographic texture was con-
sidered with SEM investigation and multi-scale modeling to better understand
the physical mechanisms behind the macroscopic anisotropic behavior. This
approach does not, in the authors opinion, appear to be justified save for very
specific applications. As an example, the VPSC approach has been applied in
the literature to Titanium alloys [46, 47], which are widely used in aerospace
applications.

A second approach would be using a battery of experimental tests, including
equi-biaxial loading in tension/compression, to generate a massive set of data
for the inverse analysis. This is also understandably impractical since it would
be time consuming. A third more realistic option would include ”heterogenous”
tests (like the Meuwissen) that attempt to capture the multi-directional plastic
behaviour in a single test. This test would then be used alongside a complex
model (like Cazacu) in an inverse analysis between the experimental and FE
simulated strain fields as well as load-displacement curves.

As was pointed out by [48], more complex i.e. non-quadratic yield criteria, as
well as more complex hardening relations, should be considered for hexagonal

materials in future works.
Data availability

The raw/processed data required to reproduce these findings cannot be
shared at this time as the data also forms part of an ongoing study.
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