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Abstract: A new material model of magnesium alloys, combining both Hill’48 yield function and
Cazacu’06 yield function, was developed and programmed into LS-DYNA using user subroutine, in
which both slip dominant and twinning/untwinning dominant hardening phenomena were included.
First, a cyclic load test was performed, and its finite element analysis was carried out to verify the
new material model. Then, the deformation behaviors of the magnesium crash box subjected to the
compressive impact loading were investigated using the developed material model. Compared with
the experimental results, the new material model accurately predicted the deformation characteristics
of magnesium alloy parts. Additionally, the effect of the thickness distribution, initial deflection and
contact friction coefficient in simulation models on deformation behaviors were investigated using
this validated material model.

Keywords: material model; magnesium; finite element method; strength analysis; automobile parts

1. Introduction

Nowadays, magnesium alloys have been used in transportation, electronics, medical
industries due to their good lightweight properties, machinability, corrosion resistance,
shock absorption, dimensional stability and impact resistance. For example, in automotive
applicants, low-temperature components like brackets, covers, cases of modern automotive
are made of magnesium alloys [1–7]. In biomedical applications, bioimplants, which are
devices that replace the affected or damaged part of the human body and assist in the
normal functioning of the human body with a high degree of physiological acceptance,
were made by magnesium alloys [8–11]. For example, Amerinatanzi et al. performed a
prediction of the biodegradation of magnesium alloy implants [12]. With good application
prospects and great potential, magnesium alloys have become one of the hot issues of new
materials in the future [13,14].

Numerical simulation is an important procedure for the design and optimization of
magnesium alloy structures. The reliability of numerical analysis depends on the accuracy
of the material model. Developing a constitutive model of the magnesium alloys, however,
is a rather challenging task compared to cubic metals because magnesium alloys have a
hexagonal lattice structure, which affects the fundamental properties of these alloys. The
hexagonal structure limits easy dislocation motion to the close-packed direction on the
basal planes, and plastic deformation of the hexagonal lattice is more complicated than in
cubic latticed metals like aluminum, copper and steel. A material model for magnesium
alloys should be able to describe these anisotropy, asymmetry and temperature-dependent
behaviors [15–22].
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For quite some time, many researchers have been working on the simulation of magne-
sium behavior. Saniee et al. [23] considered the flow behaviors of several magnesium alloys
in tension and compression. On the other hand, Agnew et al. [24] validated an elastoplastic
self-consistent polycrystal model that was used to simulate the macroscopic flow curves
and internal strain developments within the distinctly textured magnesium alloy samples.
Staroselsky et al. [25] also applied a constitutive model hexagonal close-packed (HCP)
material deforming by slip and twinning to magnesium alloy AZ31B. In the application
aspect, Zhu et al. [26] put forward two optimization-based methodologies to calibrate
material parameters for the application of AM60B magnesium alloy material model to
structure component crush analysis. A three-dimensional finite element model (FEM) was
established by Shen et al. [27] to simulate the temperature distribution, flow activity, and
deformation of the melt pool of selective laser melting (SLM) AZ91D magnesium alloy
powder. Samuha et al. [28] improved formability for the commercial magnesium AZ80
alloy through the application of the high-rate electromagnetic forming (EMF) technique.
Ma et al. [29] developed a temperature-dependent anisotropic material model combined
with the Hill48 yield function for the warm-drawing of magnesium alloys. A new extrusion
process for Mg–Al–Mn–Ca magnesium alloys using rapidly solidified powders produced
very fine grains was also developed by Ma et al. [30].

Kim et al. [31] proposed a constitutive model that combined both Cazacu’06 yield
criterion [32] and Hill’48 yield criterion [33] to describe the temperature-dependent asym-
metric cyclic behavior of magnesium alloy with the concept of the dominant deformation
mode twinning (T), untwinning (U) and slip (S) in 2013. Although effective, this theory
was complex to be realized in a computation program.

Therefore, this paper develops a new material model facing practical industry ap-
plication based on Kim’s theory [31] in LS-DYNA. First, we performed a cyclic loading
test and employed a one-shell element model to verify the accuracy of the new material
model. Then, this new material model was applied to predict the deformation behavior
of magnesium alloy made crash box. The simulation results showed good agreement
with the experiment. Several factors were investigated, such as wall thickness, friction
coefficient and initial deflection, to try to find which factor led to the deviation between
the simulation results and the experiment results. It was found that the initial deflection,
friction coefficient and thickness of the wall may be the considerable and reasonable factors
that led to the error.

2. Materials and Methods

To describe the material properties of an HCP metal and alloys, Cazacu et al. pro-
posed a yield function (Cazacu’06) [32] that can capture the asymmetric yield surface of
magnesium alloys. The asymmetry of the yield condition of magnesium alloy was caused
by deformation based on twinning and untwinning. Schematic stress–strain curves in
tension–compression and then compression–tension is shown in Figure 1.

For the accurate simulation of the deformation of the HCP material, considering the
effect of the twinning was important. Kim et al. [31] introduced an idea that considered
three modes as twinning, untwinning and slip, to describe the cyclic loading behavior of
magnesium alloys by using the combination of the Hill’48 [33] and Cazacu’06 [32] yield
functions. To conduct a finite elment analysis (FEA) simulation based on the constitutive
model, which considered twinning, untwinning and slip modes, the introduced model was
implemented to commercial FEA code LS-DYNA by using a user material subroutine. The
new material model focused more on the practical application. Hence, some parts of Kim’s
model were simplified to reach high-efficiency with acceptable accuracy. The Hill’48 [33]
yield function was used for describing the slip-dominant deformation. For simplification,
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plane stress conditions and only transverse anisotropy were assumed. Then, its effective
stress was given by:

σS =

√
σ2

11 + σ2
22 −

(
2r

1 + r

)
σ11σ22 + 2

(
1 + 2r
1 + r

)
σ12σ21 (1)

where r was the average Lankford value. σ11, σ22, σ12 and σ21 were normal components
of the Cauchy stress in the loading direction. The slip deformation was dominant in
the tensile-loading condition without twinning history. On the other hand, the twinning
deformation was dominant in the compression loading condition. Cazacu’06 [32] yield
function was used for the twinning and untwinning dominant deformation. Assuming the
plane stress condition and planar isotropy; then, effective stress is given by:

σt =
β + 1

2β

[{
|σ1| −

(
β− 1
β + 1

)
σ1

}a
+

{
|σ2| −

(
β− 1
β + 1

)
σ2

}a] 1
a

(2)

where a was the exponent of the yield function, and β was the parameter of stress ratio. σ1
and σ2 were the in-plane principal values of the Cauchy stress. In this study, exponent a was
set 2.0. β was the parameter of the stress ratio, which was defined by using compressive
yield stress σ̂t and tensile yield stress σ̂u for the twinning and untwinning dominant
deformation in Equation (3):

β =
σ̂u

σ̂t
(3)
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During the tensile deformation with twinning history, if the following condition
Equation (4) was satisfied, the constitutive equation was computed as untwinning defor-
mation was dominant.

Cε
p
t − ε

p
u > 0 (4)

where C was the scale value, ε
p
t was effective plastic strain by twinning deformation and ε

p
u

was effective plastic strain by untwinning deformation.
Then, how the new material model works in the plane stress state is shown in Figure 2a.

The thick gray line shows the normalized yield surface used in this research, which is the
combination of the Hill’48 [33] and the Cazacu’06 [32] yield functions. Numerical_TEST1
and Numerical_TEST2 were the verification points at different stress ratios.
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Let σm be the mean stress defined as below:

σm = (σ11 + σ22 + σ33)/3 (5)

When the tension, σm ≥ 0 and Cε
p
t − ε

p
u ≤ 0, yield stress was under slip control, the

Hill’48 [33] yield function was used for elastic-plastic calculation. When compression,
σm < 0, yield stress was controlled by twinning, and the Cazacu’06 [32] yield function was
used for elastic-plastic calculation. When tension, σm ≥ 0 and Cε

p
t − ε

p
u > 0, yield stress

was controlled by untwinning, so in the elastic-plastic calculation, the Cazacu’06 yield
function could be used.

As an example of the validation of the new material model, tension–compression–
tension loading tests using AZ91 and numerical calculations were carried out. Their results
are shown in Figure 2b. The strain was set as 0% → +3% → −3% → +3% and strain
rate was 0.1. For the comparison, the calculation result of the fundamental elastic-plastic
model (von Mises, V-M) is also included in Figure 2b. The new material model considered
two stress–strain curves; one was a stress–strain curve for slip deformation, the other one
was a stress–strain curve for twinning deformation as input data. The yield stress during
untwinning dominant deformation was described by using yield-stress based on twinning
and the stress ratio parameter β. This result was consistent with the result given by Kim’s
model. In this study, parameter β was treated as a constant value for the simplification.
Specifically, parameter β was set as 0.5 in the validation example; how this was determined
is introduced in Section 4. When the stress ratio β could be defined as nonconstant data,
the relation between twinning and untwinning dominant yield stress could be reproduced
more flexibly.

3. Experiments

The research object was a crash box, which was an energy-absorbing device installed
in order to reduce the repair costs in low-speed vehicle collisions. The overall size of the
crash box is shown in Figure 3. The nominal wall thickness was 2.00 mm.
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Figure 3. Dimensions of crash box.

The experimental setup of the impact load experiment is shown in Figure 4a. An
autograph of 100 kN was used, and the loading speed was 10 mm/min. The bottom of the
frame was fixed to prevent lateral movement, and the top of the frame was free. Finally,
reaction forces and stroke data were measured from the autograph. Figure 4b gives the
deformation mode of the experiment, and Figure 4c plots the experiment data of reaction
force versus stroke. The impact tests were repeated four times. All of the crashed samples
showed similar features, so we chose the most representative one.
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4. Numerical Analysis
4.1. Mesh and Boundary Condition

The FE model consisted of 7906 shell elements with a thickness of 2.00 mm. Two main
parts of the crash box model were connected by the welded flanges (the green parts), while
the welding strength was not considered in this model (Figure 5). The bottom nodes of the
model were fixed to a rigid surface. The impact load in the Y direction was applied by a
shell surface moving in the Y direction with a constant speed, which equaled 100 mm/s.
The dynamic and statistical friction coefficient between the shell surface and the box were
both 0.1.
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4.2. Thickness Measurement

To measure the wall thickness used in this structure, one small test piece, measuring
86.48 mm × 52.16 mm, was cut from the crash box, and the thickness of the test piece was
measured by Vernier calipers. Finally, we got 16 sets of data. Figure 6 is a diagram of the
measured area.
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The measured thickness data at different locations are summarized in Table 1.
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Table 1. Thickness measurement data.

No. Thickness (mm) No. Thickness (mm)

1 1.97 9 1.95
2 1.96 10 1.96
3 1.96 11 1.97
4 1.97 12 1.97
5 1.97 13 1.97
6 1.94 14 1.95
7 1.94 15 1.95
8 1.94 16 1.96

Average Thickness (mm) 1.96

As can be seen from this table, there was some error between the actual size and the
design size. According to the calculated average thickness of the test piece, the thickness of
shell elements in the finite element model was set to 1.96 mm as true thickness.

4.3. Material Properties

In this research, magnesium alloy AZ91 was used, and the material properties are
shown in Table 2. a was an exponent of the Cazacu’06 yield function, refer to Equation (2),
and β was yield stress ratio of twining and untwinning, refer to Equation (3). C was a scale
value that determines the untwinning condition refer to Equation (4).

Table 2. Material properties.

Density
(g/mm3)

Elastic Modulus
(MPa) Poisson’s Ratio Bulk Modulus

(MPa)
Shear Modulus

(MPa)

1.8× 10−3 41,000 0.3 34,167 15,769
a β C

2.0 0.5 0.5

According to Equations (6) and (7), the bulk module bk and shear module g could be
calculated by:

bk =
E

3(1− 2v)
(6)

g =
E

2(1 + v)
(7)

Hence, the next step was to determine the value of parameters β and C in this research.
As mentioned in the new material model introduction, β was the ratio of compressive yield
stress σ̂t and tensile yield stress σ̂u. Intuitively, β determined the first turning point in the
process of changing from compression to tension, which presents the twinning-dominant
turning to untwinning-dominant in the stress–strain curve. C determined the second
turning point in the process of changing from compressive strain to tensile strain. Three
different values of β and C are given in Table 3.

Table 3. Values for beta and C.

β C

0.3 0.5
0.5 0.5
0.7 0.5
0.5 0.3
0.5 0.5
0.5 0.7
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For the simulation, we created a 10 mm × 10 mm square shell element and gave it
a one-direction loop displacement from −0.3 mm to 0.3 mm. The loading condition was
tensile, compression, then tensile. The order was different from the experiment because the
input data of the tensile-compression curve in the simulation was measured in the process
of compression first.

Figure 7 clearly shows how could β affect the stress–strain curve result. For example,
when β equaled to 0.5, untwinning dominant tension stress was 100 MPa and twinning
dominant compression stress was −200 Mpa, which was described in Equation (3). When
β equaled to 0.3, untwinning dominant tension stress decreased to 60 MPa, and the range
of untwinning dominant became wide. On the contrary, when β was 0.7, untwinning
dominant tension stress increased to 140 MPa, and the range of untwinning dominant
becomes narrow. Hence, through Figure 7, we could find that when β = 0.5, the simulation
result was the closest to the experiment stress–strain curve. Hence, it was reasonable to set
β as 0.5 in the next step of the simulation. On the other hand, C only affected the region
of untwinning dominance. When C was small, the region of the untwinning dominance
would be narrow. In Figure 8, the suitable value of C was 0.5.
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The stress–strain curve for slip deformation and stress–strain curve for twinning
deformation are shown in Figure 9. The stress–strain curve for slip deformation was
derived from cyclic loading test results’ tension part. The stress–strain curve for the
twinning deformation used compression side stress–strain curves after tension as input
data. Based on the slopes of the curves, extrapolated points were included in these
curve data.
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4.4. Simulation Results

The results of the simulation were evaluated in terms of deformation mode, von Mises
effective stress (Figure 10), effective plastic strain (Figure 11) and reaction force vs. stroke
curve (Figure 12). The standard model was the model that was optimized by the real shell
thickness (1.96 mm) and proper friction coefficient (0.1), and the designed model was that
the one employed designed shell thickness (2.00 mm) and friction coefficient (0.2).
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Figure 10 presents the von Mises effective stress results of the standard and designed
models. It is clear that the two models had different deformation modes. There was
more deformation that appeared at the top of the structure in the standard model, but
the designed model showed more like a symmetry wavy deformation. The thinning of
the wall thickness led to a decrease in local stiffness, which caused local yield before the
load causes the overall yield. With the decrease of stiffness, deformation became easy
to happen and also, the stress decrease. Then as shown in Figure 11, large deformation
caused large strain, and the standard model’s strain concentration was stronger than the
designed model’s strain concentration. Figure 12 shows the experiment deformation mode
and reaction force of the two models. The experiment deformation mode was consistent
with the standard model’s deformation mode presenting a convex–concave–convex trend.
In the elastic period of the reaction force versus the stroke figure, there was no significant
difference between the two models; both of them demonstrated a good fit in terms of
stiffness of the structure. However, when it came to the plastic period, in the designed
model, the stress–strain curve showed a strong work hardening. This brought a maximum
reaction force of about 10% higher than the experimental data and the standard model.
The standard model had the same level of the maximum reaction force as the experiment.
Factors that may affect this result would be discussed in the next section.
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5. Case Study of Magnesium Material Models and Manufactured Shape Error

When modifying the designed model, we found that there were several factors that
could affect the results of the simulation results at the same time. In order to figure out the
relationship between these factors and simulation results, we performed the following case
studies, as shown in Table 4.

Table 4. Summary of the case study parameters.

Case Effect Factor Thickness (mm) Friction
Coefficient

Initial
Deflection

1 Thickness

(a) 2.00

0.20 none(b) 1.96
(c) 1.90
(d) 1.80

2
Friction

coefficient
1.96

(a) 0.05
none(b) 0.10

(c) 0.20

3 Initial deflection 1.96 0.20
Type1
Type2

5.1. CASE_1: Effect of Shell Thickness

In real industrial production, there are dimensional errors. Therefore, this point needed
to be considered in the simulation calculation. In this research, the wall thickness could be
an important parameter that could affect the simulation results. In order to understand the
effect of plate thickness on simulation results, four models—including designed thickness
(a), measured thickness (b), −5% thickness (c) and −10% thickness (d)—were compared in
this section. Table 5 presents the detailed information of four models.

Table 5. Models with different wall thickness.

Model (a) (mm) (b) (mm) (c) (mm) (d) (mm)

Thickness 2.00 1.96 1.90 1.80

Looking into the three models of thickness change, it was easy to find that all of these
four models showed the same features in Figure 13. As the wall thickness decreased, the
degree of deformation in the middle of the structure increased. It was also notable that
changes in the reaction force curve were proportional to changes in thickness and kept the
same characters (Figure 14). Although the thickness could affect the simulation results, the
work hardening had not been weakened. Hence, the thickness was the main factor that
caused the change of strength in the entire structure and kept features of the reaction force
at the same time.
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5.2. CASE_2: Effect of Friction Coefficient

As shown in the photos of low-speed impact load experiments (Figure 4b), there were
some very interesting phenomena. In some conditions, a slight slide occurred in the contact
surface of the impactor and structure. This reminded us that the contact condition of the
impactor and crash box might play important roles in effect simulation results. Hence,
we discussed the three conditions of statistic fraction (FS) and a dynamic fraction (FD) in
Table 6; These two values were usually given from 0.01 to 0.2.

Table 6. Models with different friction coefficients.

Model (a) (b) (c)

Friction coefficient 0.05 0.10 0.20

Due to the decrease of friction coefficient, the deformation mode changed. The slide
on the contact surface made deformation at the contact part become bigger than before
(Figure 15). These models presented the decrease in reaction force, and the smaller the
friction coefficient was, the smaller the reaction force in Figure 16. This was because when
the friction coefficient decreased, the deformation at the connecting part became larger,
which could be concluded by measured top expansion length in Table 7. This made the
axial compression shift and then led to the stiffness being weakened. Finally, the reaction
force decreased. Model (a) showed a lower value of maximum reaction force; both models
performed similarly in tendency. The decrease of friction coefficient changed the deformation
mode locally and decreased the maximum reaction force as well. In such a contact condition,
0.1 was a more reasonable value than 0.05 when setting the friction condition.
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Table 7. Top expansion length of models.

Model (a) (b) (c)

Length 209.831 mm 177.012 mm 157.495 mm

5.3. CASE_3: Effect of Initial Deflection

In addition to the above factors, we speculated that the initial deflection might also
affect the stiffness of the structure, according to the former experience. It can also be
another reason for the slip, as same as the friction coefficient. To figure this out, two types
of initial deflection types were put forward, and the deformation at the peak was up to
0.5 mm, which was considered to be an acceptable error in engineering, as shown in
Figure 17. Type 1 was a arched type. Type 2 was a wavy type. Other deformation values of
points in the surface were fitted by a linear function.
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Different from the designed model, the deformation of the initial deflection model was
concentrated in the upper part of the structure. This may because that the initial deflection
made the upper part become easier to bend, and instability appeared earlier. Deformation
was also much stronger at the contact part in initial deflection models than in the standard
model (Figure 18). The deformation characteristics of the two models were a little bit
different from each other; the deformation peak of the wavy type was closer to the contact
part. This was because the peak of initial deflection in wavy type was more than that in arc
type. As shown in Figure 19, there was little difference between the tendency of the two
initial deflection types, except the appearance of the maximum reaction force was a little
bit earlier in arc type. However, the maximum reaction force of the two types was almost at
the same level. This was because the wavy type made the model more prone to instability
and earlier to reach the maximum reaction force. According to the comparison, the initial
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deflection should be a considerable and reasonable factor that affected the simulation
results.
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6. Conclusions

Following the comparison of the traditional material model and investigations of
the influence on impact simulations that may be caused by several factors such as wall
thickness, friction coefficient and initial deflection, the following conclusions can be drawn:

� The new material model based on a combination of the Hill’48 yield function and
the Cazacu’06 yield function indeed had a better ability to describe the behavior of
magnesium alloy material and also raised the accuracy of impact load simulation results;
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� The simplification in the new material model by using parameter β and C could
satisfy the accuracy need in practical industry application;

� The increase of the wall thickness results in the increased reaction force, however, has
little influence on the deformation mode.

� The friction coefficient and initial deflection have significant influence on the local
strength of the structure and the deformation mode.

� All these three factors should be considered in simulating deformation behaviours of
practical parts under impact loading.

Author Contributions: Data curation, W.H., T.A., Y.M. and K.T.; Formal analysis, W.H. and T.A.;
Investigation, W.H., Y.M. and T.H.; Methodology, T.A. and N.M.; Project administration, N.M.;
Software, T.A.; Validation, W.H., T.A. and K.T.; Writing—review & editing, W.H., N.M. and Y.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Luo, A. Magnesium: Current and potential automotive applications. JOM 2002, 54, 42–48. [CrossRef]
2. D’Errico, F.; Plaza, G.G.; Giger, F.; Kim, S.K. Final Assessment of Preindustrial Solid-State Route for High-Performance Mg-System

Alloys Production: Concluding the EU Green Metallurgy Project. JOM 2013, 65, 1293–1302. [CrossRef]
3. Palanivel, S.; Nelaturu, P.; Glass, B.P.; Mishra, R.S. Friction stir additive manufacturing for high structural performance through

microstructural control in an Mg based WE43 alloy. Mater. Des. 2015, 65, 934–952. [CrossRef]
4. Zhang, L.-J.; Zhang, X.-J.; Ning, J.; Zhang, J.-X. Modulated fiber laser welding of high reflective AZ31. Int. J. Adv. Manuf. Technol.

2014, 76, 721–733. [CrossRef]
5. Zhang, N.; Wang, W.; Cao, X.; Wu, J. The effect of annealing on the interface microstructure and mechanical characteristics of

AZ31B/AA6061 composite plates fabricated by explosive welding. Mater. Des. 2015, 65, 1100–1109. [CrossRef]
6. Sen, R.; Choudhury, S.P.; Kumar, R.; Panda, A. A comprehensive review on the feasibility study of metal inert gas welding. Mater.

Today Proc. 2018, 5, 792–801. [CrossRef]
7. Bu, Y.; Gardner, L. Finite element modelling and design of welded stainless steel I-section columns. J. Constr. Steel Res. 2019, 152,

57–67. [CrossRef]
8. Luo, A. Applications: Aerospace, automotive and other structural applications of magnesium. In Fundamentals of Magnesium

Alloy Metallurgy; Elsevier: Amsterdam, The Netherlands, 2013; pp. 266–316.
9. Luo, A.; Sachdev, A.K. Applications of magnesium alloys in automotive engineering. In Advances in Wrought Magnesium Alloys;

Elsevier: Amsterdam, The Netherlands, 2012; pp. 393–426.
10. Hermawan, H.; Dube, D.; Mantovani, D. Degradable metallic biomaterials for cardiovascular applications. In Metals for Biomedical

Devices; Elsevier: Amsterdam, The Netherlands, 2010; pp. 379–404.
11. Yu, W.; Sun, R.; Guo, Z.; Wang, Z.; He, Y.; Lu, G.; Chen, P.; Chen, K. Novel fluoridated hydroxyapatite/MAO composite coating

on AZ31B magnesium alloy for biomedical application. Appl. Surf. Sci. 2019, 464, 708–715. [CrossRef]
12. Amerinatanzi, A.; Mehrabi, R.; Ibrahim, H.; Dehghanghadikolaei, A.; Moghaddam, N.S.; Elahinia, M. Predicting the Biodegrada-

tion of Magnesium Alloy Implants: Modeling, Parameter Identification, and Validation. Bioengineering 2018, 5, 105. [CrossRef]
13. Dehghanghadikolaei, A.; Ibrahim, H.; Amerinatanzi, A.; Elahinia, M. 9-Biodegradable magnesium alloys. In Metals for Biomedical

Devices; Woodhead Publishing Series in Biomaterials; Woodhead Publishing: Cambridge, UK, 2019; pp. 265–289.
14. Wu, Y.; Wang, Y.; Zhao, D.; Zhang, N.; Li, H.; Li, J.; Zhao, Y.; Yan, J.; Zhou, Y. In vivo study of microarc oxidation coated Mg

alloy as a substitute for bone defect repairing: Degradation behavior, mechanical properties, and bone response. Colloids Surf. B
Biointerfaces 2019, 181, 349–359. [CrossRef]

15. Easton, M.A.; Beer, A.G.; Barnett, M.R.; Davies, C.H.J.; Dunlop, G.; Durandet, Y.C.; Blacket, S.; Hilditch, T.; Beggs, P.D. Magnesium
alloy applications in automotive structures. JOM 2008, 60, 57–62. [CrossRef]

16. Luo, A.; Pekguleryuz, M.O.; Neelameggham, N.R.; Beals, R.S.; Nyberg, E.A. (Eds.) Magnesium Technology 2008; TMS: Warrendale,
PA, USA, 2008; pp. 3–10.

17. Easton, M.; Davies, C.H.J.; Barnett, M.R.; Pravdic, F. Effect of Solidification Grain Refinement on the Development of Wrought
Mg Alloys. Mater. Sci. Forum 2007, 539–543, 1729–1734. [CrossRef]

http://doi.org/10.1007/BF02701073
http://doi.org/10.1007/s11837-013-0705-1
http://doi.org/10.1016/j.matdes.2014.09.082
http://doi.org/10.1007/s00170-014-6303-8
http://doi.org/10.1016/j.matdes.2014.08.025
http://doi.org/10.1016/j.matpr.2018.06.104
http://doi.org/10.1016/j.jcsr.2018.03.026
http://doi.org/10.1016/j.apsusc.2018.09.148
http://doi.org/10.3390/bioengineering5040105
http://doi.org/10.1016/j.colsurfb.2019.05.052
http://doi.org/10.1007/s11837-008-0150-8
http://doi.org/10.4028/www.scientific.net/MSF.539-543.1729


Materials 2021, 14, 454 16 of 16

18. Majhi, J.; Mondal, A.K. Microstructure and impression creep characteristics of squeeze-cast AZ91 magnesium alloy containing Ca
and/or Bi. Mater. Sci. Eng. A 2019, 744, 691–703. [CrossRef]

19. Kim, N.J. Critical Assessment 6: Magnesium sheet alloys: Viable alternatives to steels? Mater. Sci. Technol. 2014, 30, 1925–1928. [CrossRef]
20. Bohlen, J.; Wendt, J.; Nienaber, M.; Kainer, K.U.; Stutz, L.; Letzig, D. Calcium and zirconium as texture modifiers during rolling

and annealing of magnesium–zinc alloys. Mater. Charact. 2015, 101, 144–152. [CrossRef]
21. Kim, D.W.; Suh, B.-C.; Shim, M.-S.; Bae, J.H.; Kim, N.J. Texture Evolution in Mg-Zn-Ca Alloy Sheets. Met. Mater. Trans. A 2013, 44,

2950–2961. [CrossRef]
22. Khatkar, S.K.; Suri, N.M.; Kant, S.; Pankaj. A Review on Mechanical and Tribological Properties of Graphite Reinforced Self

Lubricating Hybrid Metal Matrix Composites. Rev. Adv. Mater. Sci. 2018, 56, 1–20. [CrossRef]
23. Fereshteh-Saniee, F.; Barati, F.; Badnava, H.; Nejad, K.F. An exponential material model for prediction of the flow curves of several

AZ series magnesium alloys in tension and compression. Mater. Des. 2012, 35, 1–11. [CrossRef]
24. Agnew, S.; Brown, D.; Tome, C. Validating a polycrystal model for the elastoplastic response of magnesium alloy AZ31 using in

situ neutron diffraction. Acta Mater. 2006, 54, 4841–4852. [CrossRef]
25. Staroselsky, A.; Anand, L. A constitutive model for hcp materials deforming by slip and twinning: Application to magnesium

alloy AZ31B. Int. J. Plast. 2003, 19, 1843–1864. [CrossRef]
26. Zhu, F.; Chou, C.C.; Yang, K.H.; Chen, X.; Wagner, D.; Bilkhu, S. Application of AM60B magnesium alloy material model to

structural component crush analysis. Int. J. Veh. Saf. 2012, 6, 178–190. [CrossRef]
27. Shen, H.; Yan, J.; Niu, X. Thermo-Fluid-Dynamic Modeling of the Melt Pool during Selective Laser Melting for AZ91D Magnesium

Alloy. Materials 2020, 13, 4157. [CrossRef] [PubMed]
28. Samuha, S.; Kahana, E.; Nof, E.; Shneck, R.Z. Improved Formability of Mg-AZ80 Alloy under a High Strain Rate in Expanding-

Ring Experiments. Materials 2018, 11, 329. [CrossRef] [PubMed]
29. Ma, N.; Amaishi, T.; Sugitomo, N.; Ito, H. Analysis of Steel Hot Stamping and Magnesium Warm Drawing. J. Jpn. Soc. Technol.

Plast. 2016, 57, 258–263. [CrossRef]
30. Ma, N.; Elsayed, A.; Kondoh, K. Measurement of Anisotropic Work-Hardening Properties and Deformation Behavior Analysis of

Extruded Magnesium Alloys Using Rapidly Solidified Powders. J. Jpn. Soc. Technol. Plast. 2017, 58, 587–592. [CrossRef]
31. Kim, J.H.; Kim, D.; Lee, Y.-S.; Lee, M.-G.; Chung, K.; Kim, H.-Y.; Wagoner, R.H. A temperature-dependent elasto-plastic

constitutive model for magnesium alloy AZ31 sheets. Int. J. Plast. 2013, 50, 66–93. [CrossRef]
32. Cristescu, N.D.; Plunkett, B.; Barlat, F. Orthotropic yield criterion for hexagonal closed packed metals. Int. J. Plast. 2006, 22,

1171–1194. [CrossRef]
33. Hill, R. A theory of the yielding and plastic flow of anisotropic metals. Proc. Soc. Lond. A 1948, 193, 281–297.

http://doi.org/10.1016/j.msea.2018.12.067
http://doi.org/10.1179/1743284714Y.0000000596
http://doi.org/10.1016/j.matchar.2015.02.002
http://doi.org/10.1007/s11661-013-1674-2
http://doi.org/10.1515/rams-2018-0036
http://doi.org/10.1016/j.matdes.2011.08.036
http://doi.org/10.1016/j.actamat.2006.06.020
http://doi.org/10.1016/S0749-6419(03)00039-1
http://doi.org/10.1504/IJVS.2012.049025
http://doi.org/10.3390/ma13184157
http://www.ncbi.nlm.nih.gov/pubmed/32962085
http://doi.org/10.3390/ma11020329
http://www.ncbi.nlm.nih.gov/pubmed/29495313
http://doi.org/10.9773/sosei.57.258
http://doi.org/10.9773/sosei.58.587
http://doi.org/10.1016/j.ijplas.2013.04.001
http://doi.org/10.1016/j.ijplas.2005.06.001

	Introduction 
	Materials and Methods 
	Experiments 
	Numerical Analysis 
	Mesh and Boundary Condition 
	Thickness Measurement 
	Material Properties 
	Simulation Results 

	Case Study of Magnesium Material Models and Manufactured Shape Error 
	CASE_1: Effect of Shell Thickness 
	CASE_2: Effect of Friction Coefficient 
	CASE_3: Effect of Initial Deflection 

	Conclusions 
	References

