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The paper presents the simulations of texture evolution of the AZ31B Mg alloy subjected
to equal channel angular pressing (ECAP) and rotary swaging (RS) processes. It is shown that
using the crystal plasticity (CP) parameters obtained by curve fitting conducted on simple
mechanical tests with the aid of the evolutionary algorithm, it is possible to correctly predict
the texture evolution in both processes. The influence of the initial texture as well as the CP
parameters is discussed.
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1. Introduction

Magnesium (Mg) and its alloys are of interest for contemporary industry
due to their high specific strength. For instance, application of such materials
leads to lowering the mass of the vehicle thus decreasing the fuel consumption.
However, one of the main drawbacks to these materials is their low ductility.
Therefore, it is crucial to find a way for its improvement without decreasing the
strength. The properties of the materials can be improved by changing their
microstructure. For example, Fu et al. [1] managed to obtain simultaneously
high strength and ductility in Mg-Li alloy. The authors used ultrahigh pressure
combined with high temperature to obtain densely hierarchical double contrac-
tion nanotwins. Among the possible methods useful for improvements of prop-
erties by modification of microstructure are severe plastic deformation (SPD)
processes.

The crystal plasticity (CP) theory directly accounts for dislocation glide on
slip systems although in a continuous fashion as opposed to discrete dislocation
dynamics or even lower scale models. The twinning phenomenon is treated as
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a pseudo slip. Magnesium and its alloys possess hexagonal close packed (HCP)
lattice. Due to a higher number of possible slip and twinning systems, simula-
tions of such materials are typically more challenging than for highly symmetric
face centered cubic (FCC) materials such as copper or aluminum. Nevertheless,
there have been so far many efforts to simulate the response of such materials
using the CP theory, see [2–8]. From the computational point of view, the CP
simulations of SPD processes are even more demanding due to extremely large
deformations present in such processes.

One example of severe plastic deformation (SPD) is the equal channel angular
pressing (ECAP) process [9, 10], which consists of pressing a billet of material
through an angular channel. Deformation in a single pass can be approximated
as a simple shear, see Fig. 1. Usually, to obtain significant grain refinement and
high strength of the material, the process is conducted multiple times. However,
even a single pass introduces large amount of strain and leads to considerable
evolution of texture.

Fig. 1. Schematic showing the simple shear as applied in ECAP [10].

The evolution of microstructure of Mg and its alloys subjected to ECAP
was experimentally investigated in a number of papers, see [11–25]. The CP
simulations of microstructure response were also carried out and presented in
some papers [12, 16, 17, 19, 21, 26], in every case using the visco-plastic self-
consistent (VPSC) model [27–29]. The reason for using the VPSC model for
coupling the responses of individual grains is its robustness when it comes to
anisotropic plasticity and large deformations. Simulating the ECAP process for
HCP material using, e.g., the crystal plasticity finite element method (CPFEM),
see [30, 31] would be much more challenging, primarily due to large element
distortions. Although some promising ideas of using the remeshing and solution
mapping in the Lagrangian approach were discussed [31] and solving the problem
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in the Eulerian setting in [32], their application to HCP materials was not carried
out yet. Thus, in line with the literature, the simulations presented in this paper
have also been performed using the VPSC approach.

The rotary swaging (RS) is a forming process similar to conventional swag-
ing, but where the billet is uniformly compressed along its periphery, see [33, 34].
So far, there have been some experimental investigation of microstructure evo-
lution in Mg and its alloys subjected to RS. Knauer et al. [35] investigated the
grain refinement and texture evolution in AZ31 Mg alloy subjected to room-
temperature rotary swaging. Microstructure and mechanical properties of pure
Mg subjected to rotary swaging were investigated in [36]. The properties of Mg
alloy WE43 subjected to RS were investigated in [37]. Although the cited stud-
ies present valuable experimental results, no comprehensive micromechanical
modeling of microstructure evolution of Mg and its alloys subjected to RS was
presented. One of the aims of this paper is to fill this gap.

After this introductory section, the modeling framework is presented. Sec-
tion 3 presents the results of simulations of ECAP and RS processes. Finally,
Sec. 4 provides the discussion, and Sec. 5 presents a summary and conclusions.

2. Modeling

The well-known visco-plastic self-consistent code [28, 29, 38] was applied in
this research. The code was additionally supplied with the probabilistic twin
volume consistent (PTVC) reorientation model and hardening laws account-
ing for slip-slip, slip-twin, twin-slip and twin-twin interactions [39, 40]. Similar
model was already applied e.g. in [6, 7, 41, 42]. For the sake of conciseness, the
model shall be briefly outlined in the following.

In the CP theory, the velocity gradient is usually additively decomposed into
elastic (index e) and plastic (index p) parts:

(2.1) l = le + lp = ωe + lp.

Since the elastic stretching is very small, it is neglected and thus the elastic
part of the velocity gradient is equal to the elastic spin ωe. The Schmid tensor
mr ⊗nr for a given system r is used to calculate the plastic part of the velocity
gradient:

(2.2) lp =

2M+N∑
r=1

γ̇rmr ⊗ nr,

where M is the number of slip systems and N is the number of twinning systems.
The rate of shearing on a given system is equal to [43]:

(2.3) γ̇r = γ̇0

(
τ r

τ rc

)n
.
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In this equation, n is the power-law exponent and γ̇0 is the reference value of
the shear rate equal to 0.001. The resolved shear stress (RSS) τ r = 〈mr ·σ ·nr〉
(〈·〉 ≡ 1

2((·) + | · |)) on system r is characterized using its plane normal nr and
direction mr. The evolution of the RSS’s critical value – the critical resolved
shear stress (CRRS) is described using the hardening law [39, 40].

Following [44, 45], twinning is treated as pseudo-slip. The volume fraction of
twinning is related to the rate of shearing on the given twinning system by:

(2.4) ḟ r =
γ̇r

γTW
,

where γTW is the characteristic twin shear. The PTVC scheme [39, 40] ensures
that this volume fraction is consistent with the fraction of reoriented grains.

The CRSSs of slip and twinning systems evolve with the accumulated slip
and twin volume fraction according to the laws developed in [39, 40]. The CRSS
of slip systems due to slip and twinning is governed by the equation:

(2.5) τ̇ rc = τ̇ r+Mc = Hr
(ss)

M∑
q=1

h(ss)rq γ̇
q

+Hr
(st)

2M+N∑
q=2M+1

h(st)rq γ̇
q,

where γ̇q = γ̇q + γ̇q+M . The submatrices h(αβ)rq = q(αβ) + (1 − q(αβ))|nr · nq|,
where q(αβ) describe the latent hardening on a given system α due to activity
on system β. The coplanarity of systems is taken into account through the term
|nr · nq|. The hardening moduli Hr

(ss) (hardening of slip due to slip) and Hr
(st)

(hardening of slip due to twinning) are defined as follows:

(2.6) Hr
(ss) = hss0

(
1− τ rc

τ rsat

)β
, Hr

(st) =
hst0
τ rc

(
fTW

fstsat − fTW

)
.

In the preceding equation, fTW is the total volume fraction of twins while
hαs0 , β, τ

r
sat, and fαtsat are material hardening parameters. The hardening laws

of twinning systems due to slip and twinning activity are analogous (see e.g. [7]
for details). In addition, the parameter µ is used in the formulation. Its function
is to multiply the CRSSs of the systems in twin-reoriented grains which accounts
for the fact, that twins have different mechanical properties than the matrix,
see [46].

3. Results

3.1. ECAP

The simulation of one pass through an ECAP channel was simulated and
compared to experimental data available in [21]. The experiment was performed
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in room temperature. Five sheets were stacked to make the square cross-section,
see Fig. 2a. The material used for creating the sample was obtained using the
twin roll casting technique. Figure 2b shows the fracture of the material reported
in the cited paper. The authors concluded that material was not subjected to
simple shear on one shear plane being the bisector of the channel angle, but
rather was sheared on two planes. Thus, instead of simulating single ECAP pass
with channel angle φ = 90◦, two passes of ECAP with channel angle φ = 135◦

were modelled. Here, the same approach is adopted. Vectors n and s describing
the planes of simple shear for two parts of the ECAP pass are as follows:

n(1) = (cosφ/2, 0,− sinφ/2) , s(1) = (sinφ/2, 0, cosφ/2) ,

n(2) = (sinφ/2, 0,− cosφ/2) , s(2) = (cosφ/2, 0, sinφ/2) .
(3.1)

a) b)

Fig. 2. The schematic showing: a) the stacking of sheets in the channel, b) the fracture of the
material. The figure also shows the vectors describing the direction and plane of shearing in

two simple shear used for modeling the material’s deformation.

Since in [21] the experiment was conducted on AZ31B sheets, the set of
the optimized CP model parameters is taken from [8], where it was established
by fitting the stress-strain curves of AZ31B sheets subjected to tension and
compression using the evolutionary algorithm. For the reader’s convenience, the
parameters are given in Table 1.

Figure 3 shows slip and twinning system activities obtained in the simulation
of the ECAP process using the VPSC model. The first simple shear is dominated
by the activity of basal slip. One can then easily notice sudden change connected
with changing the direction of shearing. The second-order pyramidal 〈c + a〉 slip
is the most active one at the beginning of the second simple shear, and afterward
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Table 1. The parameters of the hardening model for AZ31B sheets [8].

q

System Interaction
τc0

[MPa]
h0

[MPa] β
τsat/fsat
[MPa]/–

µ
– prism. basal

twin
pyr. II

prism. slip-slip 67.11 638.5 1.0 168.02 0.77 1.4 1.4 1.4

slip-twin — 1.04 — 0.75 — 1.19

basal slip-slip 6.76 115.78 1.0 103.15 0.8 1.4 1.4 1.4

slip-twin — 1.14 — 1.49 — 1.19

pyr. II slip-slip 85.87 1303.56 1.0 117.22 1.5 1.4 1.4 1.4

slip-twin — 1.02 — 0.67 — 1.19

twin twin-slip — 44.25 1.0 0.0 — 1.19 1.19 1.19

twin-twin 35.86 0.94 — 0.87 0.83 1.19

Fig. 3. Slip and twinning system activities in the simulation of one ECAP pass.

it is gradually replaced by basal slip. Twinning is active at the beginning of the
process leading to the reorientation of about 15% of grains.

Figure 4 shows pole figures for the texture: (a) initially supplied in the simu-
lation, (b) after one ECAP pass. The initial texture is generated so that it is as
similar as possible to the experimental one, see Fig. 2a in [21]. In the simulation
of one ECAP pass, a similar texture to the experimental one is obtained, though
some differences are present too, see Fig. 4b and Fig. 2b in the cited paper. Ex-
perimental {0001} pole figure can be characterized by one broad fiber, whereas
the simulated one is gathered in two narrow fibers. It seems that the pole figures
in [21] were produced using the convention where the y axis is parallel to one
of x1, x2 or x3 axes, while here the convention where the x axis is parallel to
one of x1, x2 or x3 axes is used. For discussion of HCP conventions in use see the
Appendix in [6] or the Appendix in [42]. Due to different choice of conventions
the

{
1120

}
pole figures presented here (in Fig. 4) should be compared with{

1010
}

pole figures in [21]. The authors of the cited paper managed to simulate
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a)

b)

Fig. 4. {0001},
{
1010

}
and

{
1120

}
pole figures plotted for the texture: a) initially supplied

in the simulation, b) after one ECAP pass. The texture has been plotted using the MTEX
software [47].

texture evolution such that their PFs were more in line with the experimental
data, but one should note that:

• the authors of the cited paper pointed out that the modeling results are
very sensitive to the initial texture. They used experimentally obtained
texture as the initial one in the simulation. There is no doubt that such
texture represents the initial experimental texture better than the texture
generated here,

• the cited paper presents fitting rather than prediction since the parameters
of the model were chosen to obtain the texture similar to the experimental
one. Here, the parameters were identified by fitting the stress-strain curves
obtained in simple mechanical tests.

Bearing this in mind, one can state that reasonably good ECAP texture
prediction is done using the VPSC model in the present paper.

3.2. Rotary swaging

Since the RS experiment reported in [35] was performed for an AZ31B rod, it
was simulated using the parameters established in [7]. For convenience, the pa-
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rameters are given in Table 2. They were established for AZ31B rods compressed
at changing loading paths. Similarly as in [8], the parameter optimization was
done using the evolutionary algorithm. Rotary swaging results are presented
only up to 1.45 strain since in [35] the authors concluded that at 1.90 strain the
dynamic recrystallization can have a decisive influence on the resulting texture
and such phenomenon is not considered in the model applied here. The pre-
dicted texture in the form of inverse pole figures (IPFs) is shown in Fig. 5. The
predicted IPF after η = 0.54 agrees very well with experimental data presented
in Fig. 5 of [35]. As concerns larger strain, the prediction is also satisfactory,

Table 2. The parameters of the hardening model for AZ31B extruded rods [7].

q

System Interaction
τc0

[MPa]
h0

[MPa] β
τsat/fsat
[MPa]/–

µ
– prism. basal

twin
pyr. II

prism. slip-slip 32.42 422.04 1.0 132.03 0.82 1.42 1.37 1.6

slip-twin — 1.22 — 1.32 — 1.5

basal slip-slip 8.7 502.04 1.0 114.8 1.15 1.08 1.33 1.25

slip-twin — 1.45 — 1.39 — 1.45

pyr. II slip-slip 113.67 1813.53 1.0 137.67 1.36 1.4 1.79 1.51
slip-twin — 1.23 — 1.06 — 1.67

twin twin-slip — 94.0 1.0 — — 1.14 1.46 1.37

twin-twin 45.33 0.55141 — 0.58 0.62 1.34

Fig. 5. Inverse pole figures of the wire axis direction obtained in the simulation of rotary
swaging after various amounts of strain (η = 0 means the initially supplied texture). The

texture has been plotted using the MTEX software [47].
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although minor deviation in the form of a slight shift of the predicted maxi-
mum towards the [0001] pole is present. The slip system activities are shown
in Fig. 6. One can see that according to the simulation, the prismatic slip was
the most active, while considerable portion of strain was also accommodated by
pyramidal II 〈c + a〉 slip. Twinning was not activated.

Fig. 6. Slip and twinning system activities in the simulation of rotary swaging.

4. Discussion

To investigate the influence of the initial texture, another simulation of sin-
gle pass ECAP with same material parameters as in Subsec. 3.1 but with initial
random texture was carried out. Figure 7 presents the slip and twinning sys-
tems activities, and Fig. 8 presents the resulting texture. The predicted slip
and twinning activities are considerably affected by changing the initial texture.
The most important differences are the increased activities of the pyramidal and
prismatic slips and diminished activity of the basal one. The activity of twinning
is similar. As a result, the texture is no longer in agreement with experimental
data presented in Fig. 2 of [21]. In principle, the (0001) maximum close to ED
moves closer to ND, and the smaller local (0001) maximum moves from ND

Fig. 7. Slip and twinning system activities in the simulation of one ECAP pass
simulated using the initial random texture.
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Fig. 8. {0001},
{
1010

}
and

{
1120

}
pole figures plotted for the texture after one ECAP pass

simulated using the initial random texture. The texture has been plotted using the MTEX
software [47].

to ED. This change can also be clearly seen in
{

1010
}

and
{

1120
}

pole figures.
To conclude, one can confirm the statement of [21] that the initial texture has
a very strong influence on the resulting texture.

To show the influence of CP parameters on the resulting texture prediction,
two additional simulations were performed. The only difference with respect to
the results presented in Sec. 3 was a mutual exchange of the CP parameters,
that is the ECAP was now simulated with the parameters established for the
rod and the RS was simulated with the parameters established for the sheet.
The texture predicted for the ECAP using the rod parameters is presented in
Fig. 9. One can see that the agreement with experimental texture presented
in Fig. 2b in [21] is still satisfactory. The texture predicted for RS with the
sheet parameters with η = 1.45 is shown in Fig. 10. It can be clearly seen that
the prediction is no longer correct. Activities of systems are not presented here
due to limited space, but it can be said that such a texture evolution is the
result of deformation mainly by the pyramidal II 〈c + a〉 slip. This is easily
understandable when one compares τc,0 of this system for both materials, see
Tables 1 and 2. One can wonder why the ECAP texture is not so much affected

Fig. 9. {0001},
{
1010

}
and

{
1120

}
pole figures plotted for the texture after one ECAP pass

simulated using the parameters established for AZ31B rod (Table 2). The texture has been
plotted using the MTEX software [47].



TEXTURE EVOLUTION OF MAGNESIUM ALLOY AZ31B. . . 347

Fig. 10. Inverse pole figures of the wire axis direction obtained in the simulation of rotary swag-
ing after applied strain η = 1.45 using the parameters established for AZ31B sheet (Table 1).

The texture has been plotted using the MTEX software [47].

by the change of CP parameters. The point is that in the case of ECAP, the
main plastic deformation carrier is the basal slip with some aid provided by the
pyramidal slip, see Fig. 4. The rod parameters specify much lower CRSS for
the prismatic slip and somewhat higher for the basal slip. The result is that
in the first simple shear there is a drop in basal slip activity compensated by
the prismatic slip. However, in the second simple shear the final activity of the
systems is very similar to the simulation with sheet parameters, which suggests
that the saturated CRSS are similar. This is why the texture changes only
moderately and the overall result is still consistent with the measurements.

Besides strong texture evolution, SPD processes can lead to considerable
grain refinement. While this is an important issue, the two-scale self-consistent
crystal plasticity model applied here cannot provide any information about phe-
nomena on the scale lower than a grain scale. In addition, Mg and its alloys
possess very low dynamic recrystallization temperature. Dynamic recrystalliza-
tion (DRX) in Mg leads to 30◦ rotation around the “c” axis [21, 48, 49]. Gu
and Toth [21] concluded that during one ECAP pass, DRX was active but the
resulting texture is the B-fiber, of which the fibre axis is the “c” axis. There-
fore the rotation associated with DRX does not influence the resulting texture.
Due to the activation of the DRX, the 3SCP model developed for FCC met-
als [50] and applied later for titanium [42] and stainless steel [51] is probably
not able to capture grain refinement in AZ31B. In the case of this material,
such phenomenon should be treated with other models, such as, e.g., cellular
automata [52].

5. Summary and conclusions

The paper presents the simulations of texture evolution in two SPD pro-
cesses, namely the ECAP and rotary swaging. The parameters of the model
were calibrated in previous studies, thus all the results presented here are pure
predictions. Both the resulting textures and the slip and twinning system ac-
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tivities leading to their development are shown. This provides the insight into
the microstructural mechanisms active in both processes. Based on the obtained
results, the following conclusions can be drawn:

• the initial texture has non-negligible effect upon the final texture in ECAP,
• the crystal plasticity model can be successfully applied to simulate the

rotary swaging process applied to AZ31b Mg alloy; note that, to the best
of author’s knowledge, this is a first study presenting the crystal plasticity
simulation of rotary swaging,

• crystal plasticity model parameters established by matching stress-strain
curves with the help of an evolutionary algorithm [7, 8] can be applied to
predict texture evolution in material subjected to severe plastic deforma-
tion and provide good agreement with experimental data.
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