
ORIGINAL RESEARCH ARTICLE

Texture-Based Optimization of Crystal Plasticity
Parameters: Application to Zinc and Its Alloy

KAROL FRYDRYCH, ANNA JARZĘBSKA, SAKETH VIRUPAKSHI,
KATARZYNA KOWALCZYK-GAJEWSKA, MAGDALENA BIEDA,
ROBERT CHULIST, MONIKA SKORUPSKA, NORBERT SCHELL,
and KRZYSZTOF SZTWIERTNIA

Evolutionary algorithms have become an extensively used tool for identification of crystal
plasticity parameters of hexagonal close packed metals and alloys. However, the fitness
functions were usually built using the experimentally measured stress–strain curves. Here, the
fitness function is built by means of numerical comparison of the simulated and experimental
textures. Namely, the normalized texture difference index is minimized. The evolutionary
algorithm with the newly developed fitness function is tested by performing crystal plasticity
parameter optimization for both pure zinc and zinc-magnesium alloy. These materials are
promising candidates for bioabsorbable implants due to good biocompatibility and optimal
corrosion rate. Although their mechanical properties in the as-cast state do not fulfill the
requirements, they can be increased by means of hydrostatic extrusion. The developed modeling
approach enabled acquisition of the crystal plasticity parameters and analysis of the active
deformation mechanisms in zinc and zinc-magnesium alloy subjected to hydrostatic extrusion. It
was shown that although slip systems are the main deformation carrier, compressive twinning
plays an important role in texture evolution. However, the texture is also partially affected by
dynamic recrystallization which is not considered within the developed framework.
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I. INTRODUCTION

THE macroscopic properties of metallic materials are
related to their microstructure, in particular in the case
of plastic behavior. However, understanding this rela-
tionship is not trivial, especially in the case of the
hexagonal close packed (HCP) metals, with many
potential slip and twinning systems. The crystal plastic-
ity (CP) theory offers great help in this task. Among
HCP metals, the particular attention was recently paid
to titanium[1,2] and magnesium[3–5] due to their high

specific strength. Also zirconium (cf. e.g.,[6,7]) was
studied extensively thanks to its application as fuel
cladding in nuclear power plants.
On the other hand, HCP zinc and its alloys received

considerably less attention. However, they are impor-
tant industrial materials, as steel elements are often
coated with zinc for protection against corrosion. It
should be also noted that good biocompatibility and
optimal corrosion rate have made zinc and its alloys
promising candidates for producing bioabsorbable
implants e.g., stents.[8,9] Such implants should dissolve
gradually in the physiological environment after fulfill-
ing their mission to support damaged tissue during its
recovery process. Furthermore, generated corrosion
products need to be safely metabolized by human body
without any harmful response. Temporary implants
could prevent patients from chronic inflammatory,
thrombogenicity and endothelial dysfunction. The main
disadvantage of zinc and its alloys, limiting their
applications for those purposes are low mechanical
properties, in particular the yield strength, ultimate
tensile strength and total elongation. It was recently
reported that improvement in both strength and plas-
ticity of pure zinc can be achieved by alloying with
magnesium and by subjecting material to hydrostatic
extrusion.[10–12] Those papers focus mainly on
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experimental studies relating microstructure with
mechanical properties of pure zinc and low-alloyed zinc
with addition of 1 wt pct of Mg.

As already noted, there are not many crystal plasticity
studies for Zinc and its alloys (see[13] for an extensive
overview), especially as compared with other HCP
materials. Moreover, the CP parameters provided in
the literature are considerably scattered. Therefore, their
identification for these materials is particularly chal-
lenging. This task in the case of HCP metals and alloys
was usually performed either interactively by researchers
(a given person would simulate a given test and visually
compare the simulated stress–strain curve or texture
with the experimental results until obtaining satisfactory
agreement) or using some numerical optimization pro-
cedure, as e.g., in Reference 14. In the second case the
objective function to be minimized was in most cases the
difference between the simulated and experimental
stress–strain curves.

In the paper of Solas et al.[15] the N-site visco-plastic
self-consistent (VPSC) model was applied to model the
texture evolution of high purity zinc subjected to
channel die compression. In addition the static recrys-
tallization occurring at post-deformation annealing was
modeled using the Monte-Carlo method. Although the
study is very interesting and the resulting overall texture
evolution seems to be consistent with experiments, the
crystal plasticity (CP) modeling framework was not very
advanced. In particular, very simple linear hardening
law was assumed and single linear hardening modulus
was taken for each slip system. The power law exponent
used was equal to 5. The values of critical resolved shear
stress (CRSS) for the three slip system families consid-
ered were chosen approximately without clear justifica-
tion of the particular values. Twinning was not
considered.

The crystal plasticity modelling within both Tay-
lor-type and crystal plasticity finite element method
(CPFEM) of zinc-based coating was presented in
Reference 16. The dislocation slip on basal, prismatic,
pyramidal p1 and pyramidal p2 as well as deformation
twinning were accounted for. However, it was concluded
that the activity of prismatic and pyramidal p1 slip
systems was barely present. The parameters were taken
from the relevant literature.

Spherical indentation of zinc single crystal was
modelled in Reference 17 in the framework of CPFEM.
Dislocation slip on basal, pyramidal and prismatic slip
was considered, and basal slip was set as much softer
than the other two. Twinning was not considered in the
cited paper. The set of parameters was chosen based
on[16] so as to obtain both agreement with measured
uniaxial anisotropic behavior as well as reasonable
hardness values.

In Reference 13, the VPSC model was applied to
study the behavior of rolled sheets of Zn-Cu-Ti alloy
subjected to uniaxial tension. Covariance matrix adap-
tation evolution strategy (CMA-ES) was used to obtain
the set of material parameters based on the experimental
stress–strain curves obtained in tension in 3 directions.
Contrary to the previous papers, twinning was also
considered. Unfortunately, the authors assume the

activity of the tensile twinning 10�12
� �

10�11
� �

, while
for zinc having the c/a ratio equal to 1.856, the
10�12
� �

10�1�1
� �

twinning mode should be considered
rather as a compressive twinning (i. e. activated when
the c axis of the crystal is being compressed) because its

c/a ratio is greater than the ideal value of
ffiffiffi
3

p
.[18] Taking

this into account, it is hard to say if their modeling
approach provides reliable results.
Similarly to op. cit., also in the present paper the

evolutionary algorithm (EA) is used in order to identify
the CP parameters. Such an approach is chosen mainly
due to considerable number of parameters. The in-house
python implementation of the EA based on the one
described in Reference 19 was already used to optimize
the crystal plasticity hardening parameters using both
VPSC[3,4,20] and sequential elasto-viscoplastic self-con-
sistent (SEVPSC)[21] models. However, in each case the
cost function was built by summing the values of stress
in the discrete strain points. In some cases, also the
secants to the stress–strain curve were taken into
account. Here we propose another approach. In Refer-
ence 22, the least squares error between the simulated
and experimental orientation distribution function was
used as a cost function in the manual optimization of
two critical resolved shear stress values. Here we
propose to apply similar technique but combine it with
the EA. This way it is possible to establish not just two
CRSSs but the entire set of crystal plasticity hardening
parameters for three slip and one twinning modes.
The paper is structured as follows. In this introduc-

tory section, the properties of Zn and its alloys, their
modeling using the CP theory as well as optimization of
CP parameters have been briefly reviewed. In the
following two sections, the experimental methods and
the analysis of experimental orientation and texture data
from EBSD and synchrotron measurements are
included. The fourth section presents the CP framework
and the applied evolutionary algorithm with newly
developed texture-based fitness function. In the follow-
ing two sections, the results are collected and discussed.
Finally, the paper presents conclusions. In addition, an
appendix contains the MTEX function for numerical
comparison of two textures.

II. EXPERIMENTAL PROCEDURES

Studied materials were high purity zinc (99.99 pct)
and high purity zinc alloyed with 1.5 pct wt. of
magnesium (99.99 pct), prepared by gravity casting.
Ingots were hot extruded at 250�C with extrusion ratio
R = 5.8 and subsequently subjected to multi-pass
hydrostatic extrusion (HE) realized in four subsequent
passes. As a result, rods with diameter 5 mm and
cumulative true strain 3.6 were obtained. Afterwards,
samples for microstructural investigation were cut from
the received rods so as to observe longitudinal cross-sec-
tion to extrusion direction. The samples were ground on
sand papers with gradation up to 7000 and polished
with the use of diamond suspension up to 1

4 lm. Finally,
the samples were electropolished on Struers LectroPol-5
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machine at condition 25 V for 15 seconds in C1 Struers
electrolyte. Microstructural experimental data analysis
was performed using SEM/ EBSD results. Quanta 3D
FEG scanning electron microscope equipped with
EDAX TSL OIM system was applied for collecting
diffraction patterns. EBSD measurements were analyzed
using TSL OIM Analysis 7 software. In order to obtain
high-quality statistics, EBSD data were acquired with a
different step and map size, depending on the materials’
condition. In the case of materials after hot extrusion, a
step of 1lm and a size of 1280 � 1280 lm was selected.
A step of 0.2 and 0.1 lm and map size 256 � 256 lm and
128 x 128 lm were used, for a material after first and
consecutive steps of hydrostatic extrusion, respectively.
Analysis was performed only for points indexed as a-Zn
phase. Second phase of Mg2Zn11 particles[10] is marked
by black color on EBSD maps. It was assumed that at
least 5 measurement points surrounded by continuous
grain boundary with misorientation angle 15 degree is
required to fulfill the grain definition. The average grain
size (AGS) was determined based on the weighted
average grain diameter, where the weight is the grain
size (average area fraction). Schmid factor maps were
obtained based on the acquired orientation data from
TSL OIM analysis for each slip system separately.

The texture of the HE processed materials was
measured by high-energy synchrotron radiation (k =
0.142342 Å) using the HGZ beamline (P07B) located at
PETRA III at DESY in Hamburg. For investigation the
10 mm long specimens were cut from rods. All surfaces
were ground with abrasive paper up to 7000 gradation.
In order to ensure a good statistics, the specimens were
continuously rotated, i.e., individual measuring points
were recorded in the angular range x from �2:5 to 2.5
pct. The obtained Debye–Sherrer rings were trans-
formed into pole figures by StressTexCalculator. For a
comparison, EBSD and texture analysis were conducted
for pure Zn and Zn-1.5Mg alloy after hot extrusion and
after each pass of HE.

III. EXPERIMENTAL RESULTS

In general, hydrostatic extrusion (HE) could be
modeled including the entire geometry of the process.
However, here we assume that deformation of the

material point near the axis of specimen’s symmetry can
be approximated using the constant velocity gradient
with the following components in the basis ik with the
direction i3 along the extrusion direction (ED) (see
Figure 1 for the coordinate system):

Lij ¼ Dij ¼
� 1

2 0 0

0 � 1
2 0

0 0 1

0

B@

1

CA: ½1�

One HE pass corresponds to 1.0 cumulative strain*, two

HE passes to 2.0 strain and four HE passes to 3.6 strain.
In the following, the Schmid factor (SF) maps calculated
based on the experimental results for pure Zn will be
shown for the initial state and after 1 and 4 HE passes.
The orientation maps are also presented. In the case of
Zn-1.5Mg alloy only the SF maps before HE and after
first and second passes will be shown. The dominant
mechanism of microstructure evolution after more than
two HE passes was significantly changed for this alloy
and investigation of this particular phenomenon is
outside the scope of the paper.
Figures 2 and 3 present EBSD data analysis using

TSL OIM ANALYSIS 7 software. SF maps were
obtained for the longitudinal cross sections (LCS) to
the extrusion direction using orientation data and the
stress deviator of the same form as the strain rate tensor
given by Eq. [1]. For each map average grain size was
calculated. In the case of pure zinc, the largest reduction
of the grain size was observed after the first pass and
microstructure with equiaxed grains was obtained. After
next passes only slight difference was observed in the size
and shape of grains. The initial microstructure of
Zn-1.5Mg alloy is considerably different, namely, two
phases are present: a-Zn and eutectic composed of a-Zn
and Mg2Zn11 intermetallic phase. The grains are
elongated in the extrusion direction. The a-Zn grains
are larger than eutectic grains but they are much smaller
than the grains present in pure Zinc. Further reduction
of grain size can be seen in the second HE pass. The
small equiaxed grains of a-Zn are separated by eutectic
bands, which are also getting narrower after additional
passes of extrusion.
The partition fraction of Schmid factor value exceed-

ing 0.4 for each slip system is presented on the graphs in
Figures 2(b) and 3(b) for each pass for pure Zn and
Zn-1.5Mg alloy, respectively. The correlation between
AGS, elongation to fracture �f and Schmid factor for
different slip systems is also presented. In the case of
hydrostatic extrusion the calculated Schmid factor on
slip systems other than basal is high. This can lead to
their activation provided that also the critical value of
the resolved shear stress (RSS) at a given temperature
for those systems is sufficiently low. In the case of pure
Zn, the compressive twinning presents significantFig. 1—HE scheme (according to Ref. 23) along with the coordinate

system.

*The true strain is considered here and calculated as � ¼ ln A0

Ac

� �
,

where A0 is the initial cross-section of the rod and Ac is the
cross-section after a given number of passes.
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(a)

(b)

Fig. 2—(a) EBSD maps of the Schmid factor for the basal, pyramidal <c+a> 11�22
� �

�1�123
� �

and prismatic slip systems and crystallographic
orientation[10] for different passes for pure Zn. Note that the scale changes for different passes. (b) Partition fraction of map points for which
Schmid factor> 0.4 with corresponding evolution of average grain size (AGS) and elongation to fracture �f.
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Schmid factor in the first HE pass but it decreases in
subsequent passes. The pyramidal <c+a>
11�22
� �

�1�123
� �

and prismatic slip systems can be char-
acterized as possessing significantly high values of the
Schmid factor, especially in the case of Zn-1.5Mg alloy.
However, according to the literature (cf.[13,15–17] and
references cited therein), the critical resolved shear stress
for basal slip for Zn and its alloys is the lowest. Taking
into account both the value of SF and the CRSS, it
seems that in the case of pure zinc the basal slip should
be the most active system after second pass.

Figure 4 shows the pole figures obtained from the
texture measured for the initial texture (after hot
extrusion but before HE) of (a) pure Zn and (b)
Zn-1.5Mg alloy. These pole figures (and all the other
pole figures presented next) were plotted using the
MTEX software.[24] One can see that the initial texture is
close to the ring texture with the basal planes being
parallel to the extrusion direction. However, the circular
symmetry is not observed, as some localization of the
basal planes can be seen. The prismatic planes show
even more localization. Judging from our previous
results for a-Ti[1] it can be surmised that the prismatic
slip could be the primary deformation mechanism in the
course of the initial hot extrusion. Verfication of this
observation is however outside the scope of the present
paper.

Figures 5 and 6 show the pole figures obtained from
the textures after HE measured for pure zinc and the
Zn-1.5Mg alloy, respectively. One can see that the
texture of pure Zn after the 1st HE pass (Figure 5(a))
can be characterized by the basal plane normals being
inclined about 70 degree to the rod axis. Contrary to the
initial texture, the poles are distributed quite uniformly
around ED. In addition, there is a local (0001) maxi-
mum corresponding to grains having the basal plane
normal nearly aligned with ED. It seems to result from
the activity of twinning and this view will be discussed
later. The texture after second (Figure 5(b)) and fourth
(Figure 5(c)) HE passes is similar but lacks the central
maximum. The origin of its disappearance is not
obvious and shall be discussed later. The texture for
Zn-1.5Mg (Figure 6) is similar, but the two main fibres
are present in different proportions. Clearly, after the
first HE pass (Figure 6(a)) the central (0001) maximum
is more intense than the 70 degree inclined ring. This
changes after second pass where the ring fibre is more
intense. However, the central component does not
disappear as it was the case for pure Zn.

IV. MODEL

A. The Mean Field Crystal Plasticity Model

The crystal plasticity model and implementation is
exactly the same as in Reference 1. It will be however
described here for the sake of completeness. The
multiplicative decomposition of the deformation gradi-
ent into elastic and plastic parts results in the additive
decomposition of the velocity gradient l:

l ¼ le þ lp; ½2�

where the indices e and p refer to elastic and plastic
parts. Since the elastic stretches are disregarded, the
elastic part of the velocity gradient is equal to the lat-
tice spin:

le ¼ xe: ½3�

As usual in crystal plasticity, twinning is considered as
a pseudo-slip, cf.[25–27]:

_cl ¼ cTW;l _fl; ½4�

where _fl is the rate of the volume fraction increase of
the l-th twinning system and cTW;l is its characteristic
twin shear. Moreover, the characteristic twin shear of
the 10�12

� �
10�1�1
� �

compressive twinning can be calcu-
lated as[18]:

cTW ¼ ðc=aÞ2 � 3
ffiffiffi
3

p
ðc=aÞ

; ½5�

which yields the value of 0.138 for zinc where the c/a
ratio is equal to 1.856.
The plastic part of the velocity gradient is a sum of

shears on slip and twinning systems:

lp ¼
X2M

k¼1

_ckmk � nk þ
XN

l¼1

_clml � nl ; ½6�

where _ckðlÞ � 0 is the rate of shearing on the k(l)-th slip
or twinning system, M and N are the number of slip and
twinning systems (note that in the sum 2M and N is used
to account for the unidirectionality of twinning).
The rate of shearing on a given system (slip or

twinning) r is obtained as:

_cr ¼ _c0
sr

src

	 
n

; ½7�

where _c0 is the reference shear rate equal to 0.001. sr is
the non-negative resolved shear stress calculated using:

sr ¼ <mr � r � nr> ;where< �> 	 1

2
ðð�Þ þ j � jÞ ½8�

r is the Cauchy stress, mr is the system’s r direction
vector and nr is its’ plane normal vector.
The viscoplastic self-consistent (VPSC) code[28,29] in

the VPSC-7 version[30] is applied. The code was enriched
by implementation of the probabilistic twin volume
consistent (PTVC) reorientation scheme[31] and modified
hardening laws.[32] The aim of the PTVC scheme is to
ensure the consistency between the volume fraction of

twins _fl calculated using the Eq. [4] and the volume
fraction of the reoriented grains. This is performed in a
statistical fashion.
The hardening model governs the evolution of the

critical resolved shear stresses (CRSSs) src due to self and
mutual slip-twin interactions. The hardening law for slip
(r 
 M) and twinning (r>2M) are defined as follows:
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(a)

(b)

Fig. 3—(a) EBSD maps of the Schmid factor for the basal, pyramidal <c+a> 11�22
� �

�1�123
� �

and prismatic slip systems and crystallogrphic
orientation for different passes for Zn-1.5Mg alloy. Note that the scale changes for different passes. (b) Partition fraction of map points for
which Schmid factor> 0.4 with corresponding evolution of average grain size (AGS) and elongation to fracture �f.
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_src ¼ _srþM
c ¼ Hr

ðssÞ
XM

q¼1

hðssÞrq
_�cq þHr

ðstÞ
X2MþN

q¼2Mþ1

hðstÞrq _cq; ½9�

where

_�cq ¼ _cq þ _cqþM

and

_src ¼ Hr
ðtsÞ
XM

q¼1

hðtsÞrq
_�cq þHr

ðttÞ
X2MþN

q¼2Mþ1

hðttÞrq _cq; ½10�

respectively. The self-hardening moduli Hr
ðabÞ present

in Eqs. [9] and [10] are defined in the following way
for hardening of slip ða ¼ sÞ or twin ða ¼ tÞ systems
due to activity of slip (s):

Hr
ðasÞ ¼ has0 1� src

srsat

 !b

½11�

and as follows due to actvity of twinning (t):

Hr
ðatÞ ¼

hat0
src

fTW

fatsat � fTW

 !

: ½12�

The latent hardening on coplanar and non-coplanar
systems is distinguished:

hðabÞrq ¼ qðabÞ þ ð1� qðabÞÞjnr � nqj: ½13�

As can be deduced from the equations, the evolution of
CRSSs due to twin has an S-shape, while the evolution
of CRSSs due to slip is exponential. It should be stressed
that the present formulation does not take into account
the influence of temperature variation during the process
on the material behavior. Dynamic recrystallization
phenomenon is also beyond the scope of model appli-
cability. Nevertheless the model is able to predict
activity of subsequent slip and twin systems as well as
texture evolution induced by the applied plastic defor-
mation process.

B. Evolutionary Algorithm

The comprehensive review of evolutionary algorithms
can be found e.g., in Reference 33 or 34. In general, the
genotype and phenotype can be distinguished in EA.
The genotype in this case would be a long list of zeroes
and ones which should be then translated into the
phenotype, that is the hardening parameters. The
present implementation is however based on the paper
of Skippon, Mareau and Diamond[19], where the binary
genotype is omitted. Instead, all genetical operations are
directly applied to the phenotype. Although this
approach is less mathematically sound as there are no
theorems that could prove its efficiency or supply the

Fig. 4—The initially measured texture of (a) pure zinc and (b) Zn-1.5Mg alloy. ED is normal to the plane of the image. The pole figures were
plotted using the MTEX[24] software.
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bounds of the parameters of the algorithm itself, it is
relatively simple in implementation and provides satis-
factory results.

The evolutionary algorithm code has been written in
the Python programming language. Similar EA imple-
mentation was already described in References 3, 20, and
21 and the only crucial difference is the fitness function
used here. For convenience of the reader, the EA is again
described in the following. First, the minimum and
maximum values of the parameters have to be specified.
The ranges of parameters for both pure zinc and
Zn-1.5Mg alloy are given in Table I. The program
randomly generates 7 hardening parameters for every
slip mode and 5 hardening parameters for the compres-
sion twinning. In addition, four latent hardening

parameters are randomly generated for each mode. This
procedure is performed for each of the Nind individuals.

Then, the program performs the VPSC simulations by
calling the external VPSC executables. This step is done in
parallel which greatly increases the computational effi-
ciency. Then, the evaluation of the fitting of each
individual is conducted. Contrary to[3,20,21], the evalua-
tion is done by comparing the simulated texture with the
experimental one. This is also done in parallel, this time
using the Matlab toolbox MTEX.[24,35] Using the soft-
ware, the ODFs of both textures are first generated based
on the discrete orientation sets. Then, the texture index of
the difference between the ODFs is calculated. This
number is dived by the texture index of the experimental
ODF thus yielding the normalized texture index of the

Fig. 5—The texture of the pure Zn measured after (a) 1.0, (b) 2.0 and (c) 3.6 strain. ED is normal to the plane of the image. The pole
figures were plotted using the MTEX[24] software.
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ODF difference (NTID). The whole function for com-
paring the textures is presented in Appendix. Sum of
NTIDs at specified strain points (e.g., for pure zinc the
NTID was calculated after 1.0, 2.0 and 3.6 strain) serves
as the cost value. After evaluation of individuals, the set
containing Nhri highest ranked individuals (HRI) is
selected by choosing individuals with lowest values of
the cost function.

Contrary to the parameters of the individuals belong-
ing to the first generation, the parameters of the
individuals belonging to the second generation (and

every other out of Ngen generations) are selected using
crossover and mutation. The crossover is performed as
follows. For each individual, two parent individuals are
randomly selected from the set of HRI. Then, the
number a from the range 0 to 1 is generated. Each
hardening parameter of the child is then calculated as
follows:

HPchild;i ¼ a �HPparent1;i þ ð1� aÞ �HPparent2;i; ½14�

where obviously HPchild;i, HPparent1;i and HPparent2;i is the
i-th hardening parameter of the child and 1st and 2nd

Fig. 6—The texture of the Zn-1.5Mg alloy measured after (a) 1.0 and (b) 2.0 strain. The pole figures were plotted using the MTEX[24] software.
ED is normal to the plane of the image.

Table I. The Ranges of the VPSC Model Parameters Specified for the Optimization for the Both Materials

System Interaction
sc0 h0 ssat=fsat l b q
[MPa] [MPa] [MPa]/– – –

Basal slip-slip 1.0 1.0-50.0 1.0-10.0 1.0-5.0 1.0-10.0 0.5-2.0
slip-twin — 0.0-1.0 0.1-2.0 —

Pyram. slip-slip 2.0-15.0 1.0-100.0 2.0-30.0 1.0-10.0 1.0-20.0 0.5-2.0
slip-twin — 0.0-1.0 0.1-2.0 —

Prism. slip-slip 4.0-30.0 1-200.0 4.0-60.0 1.0-20.0 1.0-40.0 0.5-2.0
slip-twin — 0.0-1.0 0.1-2.0 —

C1 twin-slip — 1.0-10.0 — 0.5-2.0 — 0.5-2.0
twin-twin 1.0-10.0 0.0-2.0 0.3-1.0 —

Abbreviations: Pyram. – Pyramidal p2 hcþ ai, Prism. – Prismatic. n ¼ 20, _c0 ¼ 0:001 1
s is assumed.
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parent, respectively. We should note here that the simple
EA does not account for the individual’s sex, that’s why
parent1 and parent2 notions are used, rather than father
and mother which would be the case in the reproduction
of mammals or birds. The individual can be however
related to some hermaphrodite species such as certain
snails.

The important part of the EA is also mutation. After
the crossover is finished, each hardening parameter can
be again randomly generated from the initially supplied
parameter ranges. This is done every time the randomly
generated number from the interval 0 to 1 is lower than
the specified mutation probability Pmut. Accounting for
the mutations enables to overcome local minima and
diminish the possibly negative effect of badly chosen
initial set. Choosing the value of Pmut is a delicate issue.
Too low value makes it more probable to converge to
some local minimum, while too high value increases the
probability of reaching the maximum specified number
of generations Ngen before converging to the solution.

In simulations, we assume that both pure Zinc and its
alloy with magnesium deform plastically by dislocation
glide on 3 slip systems, namely basal 0001f g 2�1�10

� �
,

pyramidal <c+a> 11�22
� �

�1�123
� �

and prismatic

10�10
� �

�12�10
� �

. Plastic deformation is also partially

accommodated by 10�12
� �

10�1�1
� �

compressive twinning.
As a result, 43 hardening parameters (including 16 latent
hardening parameters) are employed in the single crystal
model. This is the main reason why applying the EA
optimization is a good choice here. It should be noted
that only relative values of the hardening parameters are
established here (s0 ¼ 1:0 MPa is prescribed for the
basal slip family). However, using the yield stress
obtained for the raw material, the exact values of the
hardening coefficient could be simply obtained by
scaling the hardening parameters using just one number
so that the simulated and measured yield stress match.

The following parameters of the algorithm were
applied: number of individuals Nind ¼ 100, number of
highest ranked individuals in each generation Nhri ¼ 20,
maximal number of generations Ngen ¼ 200 and prob-
ability of mutation Pmut ¼ 0:1. In addition the algorithm
would stop if the mean standard deviation of the fitness
values of the set of HRIs was lower than 0.002. The
reason why we account for the HRIs and not the entire
population itself is the occurrence of relatively frequent
mutations and the fact that only the HRIs are selected to
reproduce in subsequent populations. Therefore, even if
there are individuals that have significantly different (but
higher than those of the HRIs) values of the fitness
function they will not lead to any improvement of the
parameter set. The VPSC’s input texture was obtained
by discretization of the measured texture into 1000
orientations using the ATEX software.[36] The dis-
cretized initial texture is presented in Figure 7. Com-
paring this texture to the original one presented in
Figure 4 one can see that only moderate differences are
present.

V. RESULTS

A. Pure Zinc

In the case of pure Zinc, the EA achieved almost
uniform population after 114 generations. The resulting
set of parameters is shown in Table II. The resulting
texture is presented in Figure 8. It can be compared with
the experimental texture (Figure 5). The texture after 1.0
strain (one HE pass) is fitted reasonably well. The most
important features of the texture after 2.0 (two HE
passes) and 3.6 (four HE passes) are also fitted correctly.
Especially, the strong ring near the periphery of the
(0001) pole figure and strong maximum in the centre of
the (10�11) pole figure together with a weaker ring
around it are present. Unfortunately, the maximum in
the center of the (0001) pole figure is present not only
after 1.0 (as is the case in the measured texture) but also
after 2.0 and 3.6. The appearance of this maximum is the
result of twinning. Its disappearing after further passes
observed in experiments could be the result of either
detwinning or destruction of twins be means of some
recrystallization processes. However, detwinning does
not seem to be a viable explanation, because the process
does not involve strain path changes. Thus, more
probable explanation seems to be the recrystallization
not accounted for in the present modeling framework.
This shall be further discussed in the Discussion section.

Figure 9 presents the relative activities of the slip and
twinning systems during the simulation of HE applied to
pure zinc. It can be seen that initially only the basal slip
and twinning are activated. The twin volume fraction
(blue line) quickly achieves around 45 pct and saturates.
Then the pyramidal and prismatic systems are activated.
However, their CRSSs quickly increase and their activ-
ity drops. Finally, some steady state seems to be
achieved, when the ratios of the activities of basal,
pyramidal and prismatic slip are more or less constant.
In general, these results are consistent with the SF

results presented in Figure 2. As the SFs for the basal
and pyramidal slip systems in the initial material are
high, their activities are also considerable. Of course,
basal slip shows more activity due to its lower CRSS.
Also the high initial activity of twinning is consistent
with its high SF. On the contrary, prismatic slip is
activated to a limited extent, due to its low SF in most of
the grains. In subsequent passes, the SFs for the basal
and pyramidal slip are nearly constant and this is also
reflected in their nearly steady-state activities. Due to the
nature of twinning, it cannot be activated any more after
the TVF reaches saturation. Also, its SF in subsequent
passes decreases. In addition, it is often argued that
twinning is difficult to activate in small grains and there
is a considerable grain refinement in subsequent HE
passes. The SF for the prismatic slip system in the
second and following passes is higher than in the first
one, but it is still lower than in the case of basal and
pyramidal systems. Nevertheless, very high CRSS and
strain-hardening moduli predicted by EA for this system
lead to its almost negligible activity.
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B. Zn-1.5Mg Alloy

In the case of the alloy, only textures after 1.0 (one
HE pass) and 2.0 (two HE passes) were used for the
fitting. 50 generations were sufficient for the code to
obtain almost uniform set of HRI. The obtained set of
parameters is presented in Table III. It should be noted
that only the a-Zn phase is considered. This approach is
fully justified as also in the texture measured experi-
mentally only this phase is taken into account. The
resulting texture is presented in Figure 10. It can be seen
(by comparing with Figure 6) that the overall texture is
correctly fitted although some features clearly differ. In

general, the texture after 1.0 is fitted better than the one
after 2.0. Especially, the VPSC model again failed to
predict the diminishing of the maximum in the centre of
the (0001) pole figure.

The slip system activities are shown in Figure 11.
These results are similar to the pure zinc, however, the
saturated TVF is somewhat smaller and the activities of
pyramidal and prismatic slip systems relative to the
basal slip are larger. In addition, in the final stage of the
process no steady state is observed. On the contrary, the
basal slip activity drops down and the activity of the
prismatic slip increases. Comparing with the results for

Fig. 7—The measured initial texture of (a) pure zinc and (b) Zn-1.5Mg alloy discretized into 1000 orientations. ED is normal to the plane of the
image. The pole figures were plotted using the MTEX[24] software.

Table II. The Hardening Parameters of the VPSC Model Established Using the EA Algorithm for Pure Zinc

System Interaction
sc0 h0 ssat=fsat l b q
[MPa] [MPa] [MPa]/– — — —

Basal slip-slip 1.0 32.12 8.06 3.95 2.47 1.28 1.18 1.19
slip-twin — 0.53 0.76 — — 0.96

Pyram. slip-slip 7.15 56.6 11.86 3.42 15.97 1.13 1.27 1.35
slip-twin — 0.43 0.78 — — 1.17

Prism. slip-slip 10.49 105.59 20.34 8.26 27.95 1.22 1.40 1.21
slip-twin — 0.43 0.38 — — 1.20

C1 twin-slip — 4.39 — 1.09 — 1.17 1.24 1.01
twin-twin 6.99 0.76 0.67 — — 1.02

n ¼ 20, _c0 ¼ 0:001 1
s is assumed.
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Fig. 8—The simulated texture of pure Zn after (a) 1.0, (b) 2.0 and (c) 3.6 strain. The pole figures were plotted using the MTEX[24] software. ED
is normal to the plane of the image.

Fig. 9—The simulated slip and twinning systems activities in the simulation of HE applied to pure Zn.
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pure Zn and the SF results shown in Figure 3 it can be
stated that the resulting differences are mainly due to
different crystallographic orientations. As the SFs for
the pyramidal and prismatic slip systems are higher than
in the case of pure Zn, also their predicted activities are
higher. Especially, while in pure Zn, the SFs did not
change much in subsequent HE passes, the SFs of the
alloy after two HE passes are considerably different
from those after the first pass. This seems to be the
reason for the lack of steady-state in this case. Clearly,
the decrease of the basal slip activity in the second pass
corresponds to its decreasing SF. This decrease is

assisted by the increase of the activity of the prismatic
slip—the increase of its Schmid factor can be clearly
observed in Figure 3.

VI. DISCUSSION

The first question to be discussed is the origin of the
0001h i||ED fibre. To show that its appearance results
from the reorientation related to twinning, the simula-
tion with the same parameters but without considering
twinning was carried out for Zn-1.5Mg alloy. The

Fig. 10—The simulated texture of Zn-1.5Mg alloy after (a) 1.0 and (b) 2.0 strain. The pole figures were plotted using the MTEX[24] software. ED
is normal to the plane of the image.

Table III. The Hardening Parameters of the VPSC Model Established Using the EA Algorithm for Zn-1.5Mg Alloy

System Interaction
sc0 h0 ssat=fsat l b q
[MPa] [MPa] [MPa]/– — — —

Basal slip-slip 1.0 21.73 8.62 4.71 4.07 1.31 1.35 1.22
slip-twin — 0.27 0.56 — — 1.26

Pyram. slip-slip 7.39 41.25 15.12 7.90 13.03 0.95 1.11 1.40
slip-twin — 0.66 1.13 — — 1.41

Prism. slip-slip 9.76 131.58 22.61 1.87 20.52 1.12 1.43 1.31
slip-twin — 0.63 0.37 — — 1.29

C1 twin-slip — 3.25 — 1.45 — 1.02 1.26 0.97
twin-twin 8.27 1.01 0.75 — — 1.21

n ¼ 20, _c0 ¼ 0:001 1
s is assumed.
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resulting texture after one HE pass is presented in
Figure 12. It can be clearly seen that in such a case, this
component is not present. Thus, its twinning-related
origin is confirmed.

The main disagreement of the presented modeling
results as compared to the experimental results is too
strong 0001h i||ED fibre after 2nd and subsequent passes.
The probable reason for its disappearance observed in
experiments shall be discussed in the following. In the
paper of Solas et al.[15] the static recrystallization of high
purity zinc was studied both experimentally and using
the Monte Carlo approach. The authors concluded that
the nucleation occurs in highly deformed grains and
then it proceeds by growth into the less deformed grains.
The grains with their ’c’ axis nearly perpendicular to the
channel die compression axis are hard to deform by the
easy basal slip. As a result they do not deform much,
their stored energy is relatively low and they are
consumed by other growing crystallites. Here, the
central (0001) maximum corresponds to grains whose
’c’ axis is nearly aligned with ED. The Schmid factor of
an ideal 0001h i||ED orientation for basal slip with
respect to the stretching force along ED is:

m ¼ cos 0 deg � cos 90 deg ¼ 0: ½15�

Therefore, the analyzed component is also the ‘‘hard’’
orientation in the understanding of Solas et al. Here, we
do not apply any direct recrystallization modeling. In
addition, op. cit. deals with static recrystallization

occurring during the post-deformation annealing. How-
ever, as long as the conclusions drawn there are correct,
the most probable reason behind the disappearance of
the 0001h i||ED maximum seems to be the discontinuous
dynamic recrystallization. This does not mean that
dynamic recrystallization does not lead to other phe-
nomena important for texture evolution. Detailed inves-
tigation of the effect of dynamic recrystallization on
microstructure evolution is, however, outside the scope
of the present paper.
As the paper presents the optimization of material

parameters by comparing only the simulated texture, it
is interesting to investigate the sensitivity of the
approach to different parameter values. This issue was
investigated in the Electronic Supplementary Material.
It was revealed that the proposed fitness function is
sensitive to such parameters as s0, ssat, fsat and l, so they
could be identified with a good accuracy. On the other
hand, it is not much sensitive to b, h0 and latent
hardening parameters. Therefore, to assess the accuracy
of these parameters more experimental data would be
necessary. To this end the proposed fitness function can
be also combined with the classically used functions
based on mechanical testing, cf. e.g., Reference 3.
It should be acknowledged that approximating the

HE simulation as a simple extrusion is highly simplified.
However, one should note that in order to perform the
EA optimization, the single simulation should be very
computationally efficient. Therefore, the uniform VPSC
simulation was the best choice here. In the future, one

Fig. 12—The simulated texture of Zn-1.5Mg alloy after 1.0 strain (one HE pass) with disabled twinning. The pole figures were plotted using the
MTEX[24] software. ED is normal to the plane of the image.

Fig. 11—The simulated slip and twinning systems activities in the simulation of HE applied to Zn-1.5Mg alloy.
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can use the obtained set of parameters in order to
simulate the whole process using e.g., the finite element
method.

It would be interesting to validate the optimized sets
of parameters by simulating other plastic deformation
process. However, a true validation was not possible due
to lack of additional experimental data for the investi-
gated materials of precisely the same composition and
deformation history. Nevertheless, we have simulated
rolling of pure zinc with the same amount of strain as in
Reference 16 and compared the resulting texture
(Figure 13) with the experimental one as presented in
Figure 6(d) in op. cit. Reasonable agreement between
the simulated and experimental textures has been found.

VII. CONCLUSIONS

In the paper, the evolutionary algorithm supplied with
a newly developed texture-based fitness function was
applied in order to establish the crystal plasticity
parameters of pure Zn and Zn-1.5Mg alloy subjected
to hydrostatic extrusion. The active deformation modes
were thus revealed and discussed. It was shown that the
predicted slip and twinning system activities are consis-
tent with Schmid factors calculated based on EBSD
measurements. In addition to the best of the authors
knowledge, this is the first study where the texture
evolution of pure Zn with as much as 3.6 strain (4 HE
passes) was simulated and where the reorientation due
to 10�12
� �

10�11
� �

compressive twinning was taken into
account.

Based on the acquired results, it can be concluded
that:

– The EA optimization with the fitness function based
on numerical texture comparison is a viable tool to
obtain the hardening parameters of the VPSC model
of pure zinc and zinc-magnesium alloy.

– The basal 0001f g 2�1�10h i and pyramidal <c+a>
11�22f g �1�123h i slip systems are the main plastic

deformation carriers in Zn and its alloy subjected
to HE, but reorientation due to 10�12f g 10�11h i
compressive twinning plays an important role in
texture evolution of both pure zinc and zinc-magne-
sium alloy in the course of first HE path.

– The dynamic recrystallization (not considered in the
applied modeling framework) is partially responsible
for some texture evolution effects.
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Fig. 13—The simulated texture of pure zinc subjected to rolling with 93 pct thickness reduction as in Ref. 16. The pole figures were plotted using
the MTEX[24] software.
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APPENDIX

The MTEX function for comparing two textures is
presented here. The function is called by the Python EA
code. Note that the weights are used only for the
simulated texture (fsim) because the experimental data
contains equally weighted orientations.

SUPPLEMENTARY INFORMATION

The online version contains supplementary material
available at https://doi.org/10.1007/s11661-021-06285-7.
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