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Abstract

To support vehicle crash simulation in lightweight automotive design, this study devel-
ops high-precision constitutive and fracture models for a giga casting Mg-7Al-1.5La-1Zn
magnesium alloy. Through mechanical testing and microstructural analysis, the plastic
hardening, strain-rate strengthening, and ductile fracture behaviors are systematically in-
vestigated. A weighted mixed hardening model combining the saturation-type Hockett—
Sherby and unsaturated Swift models is established. To overcome the limitations of the
classical Johnson-Cook (J-C) model in capturing strain rate—plastic strain coupling, a
modified dynamic increase factor incorporating equivalent plastic strain is proposed.
Comparative fitting with the Cowper-Symonds model confirms that the modified J-C
model better captures the twinning deformation mechanism under high strain rates and
achieves higher accuracy. Among three fracture models Johnson-Cook (J-C), Modified
Mohr-Coulomb(MMC), and Damage Initiation and Evolution Model (DIEM), the MMC
model, which incorporates both stress triaxiality and Lode angle, shows the best predic-
tive performance, with an average accuracy of 86.46% for fracture displacement across the
full stress range. Microstructural characterization reveals grain refinement and dispersed
AluLas precipitates that improve grain boundary properties. The established parameter
set and calibration methods provide a reliable reference for material card calibration in
crash simulation of giga casting magnesium alloy body structures.

Keywords: lightweight; magnesium alloy; plastic constitutive model; fracture model

1. Introduction

To achieve global carbon emission reduction targets, the transportation sector has
continuously promoted vehicle lightweighting [1]. According to the Energy-saving and
New Energy Vehicle Roadmap released by the China Society of Automotive Engineers, a
100 kg reduction in vehicle curb mass can reduce the energy consumption of battery elec-
tric vehicles by 0.4-0.5 kWh/100 km [2]. Vehicle lightweighting is mainly realized through
structural optimization and the adoption of lightweight materials, which include ultra-
high-strength steel, aluminum alloy, magnesium alloy and composite materials.
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Magnesium alloy has a density of 1.74 g/cm?. It features higher specific strength and spe-
cific stiffness than steel and aluminum alloys, and is far superior to engineering plastics.
As the lightest structural metallic material available today, magnesium alloy can reduce
the weight of vehicle body structures by approximately 40% compared with steel struc-
tures and by 20% compared with aluminum structures, as reported by Stephen Logan and
other researchers [3-6]. With rising aluminum prices and decreasing magnesium prices,
major Chinese automotive manufacturers have initiated extensive research and industrial
applications. For instance, Changan Automobile has developed distributed magnesium
alloy electric drive housings; Seres Auto in Chongqing has adopted magnesium alloys for
rear floor panels; and FAW Group has developed magnesium alloy seat frames and inner
tailgate panels [7-9]. Despite these advances, existing studies have predominantly fo-
cused on novel magnesium alloy material development and casting process optimization.
When magnesium alloys are employed in automotive structural components, they are
generally subjected to complex stress states involving combined tension, compression,
and shear during vehicle collisions. However, research on constitutive models tailored for
automotive crashworthiness simulations remains limited, which restricts the broader ap-
plication of magnesium alloys in load-bearing structural components.

Current research on constitutive models for magnesium alloys primarily follows two
main directions: macroscopic phenomenological models and microstructural-mechanism-
based crystal plasticity models. In engineering practice, macroscopic phenomenological
approaches dominate due to their high computational efficiency and relatively straight-
forward parameter calibration. The widely adopted macroscopic phenomenological mod-
els include the Johnson—Cook (J-C) model [10], the Modified Mohr—Coulomb (MMC) frac-
ture model [11], the Damage Initiation and Evolution Model (DIEM) [12], the Arrhenius-
type model, and the Fields-Backofen model. Among these, J-C, MMC, and DIEM are the
most extensively used constitutive frameworks for metallic materials in the automotive
engineering domain. Chen et al. [13] investigated the plastic deformation constitutive be-
havior of AZ80 alloy through multiple isothermal uniaxial hot compression tests at four
temperatures and strain rates ranging from 0.001 s to 1 s™, employing a modified Arrhe-
nius relationship to describe the pre-peak strain behavior and a modified ]J-C model for
the post-peak stage. Mirza et al. [14] established a modified J-C equation to predict the
flow stress of the extruded rare-earth magnesium alloy Mg-10Gd-3Y-0.5Zr based solely
on compression tests (strain rates from 0.0001 s to 0.1 s™), achieving a prediction stand-
ard deviation of approximately 1.8%. Li et al. [15] conducted uniaxial tension tests at var-
ious strain rates and proposed a rate-dependent M-J-C model to predict the plasticity and
fracture behavior of AZ31B magnesium alloy. Chang et al. [16] investigated the constitu-
tive models for AZ80 magnesium alloy under compression at different loading directions
and strain rates, and found that the log-M linear model provides higher accuracy than the
modified Johnson—Cook model. Solanki et al. [17] elucidated the complex interplay among
stress triaxiality, deformation rate, and microstructural mechanisms, revealing that load-
ing rate and stress state significantly influence deformation behavior: quasi-static loading
tends to induce twin—twin interactions, whereas dynamic loading at high strain rates pre-
dominantly triggers detwinning as the dominant mechanism.

Existing studies indicate that magnesium alloys exhibit sustained work hardening
accompanied by a progressively decreasing hardening rate at large strains. The Swift
(power-law) model and the Hockett-Sherby (saturation-exponential) model describe this
behavior from different perspectives; however, no single model achieves optimal fitting
accuracy across the full strain range. Sami [18] investigated the mechanical properties and
numerical simulation of Mg-ZM51M magnesium alloy. Liu et al. [19] proposed an im-
proved J-C model to eliminate the prediction limitations of the conventional model at high
temperatures and high strain rates. Yang et al. [20] proposed a global optimization
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method for magnesium alloys based on multi-stress-state experiments, overcoming the
limitations of conventional uniaxial tension data extrapolation.

Current research on magnesium alloy constitutive modeling suffers from three major
deficiencies: (1) Most existing constitutive studies are confined to simple stress states such
as uniaxial tension, uniaxial compression, or elevated-temperature tension. In contrast,
real service conditions such as automotive crashes involve multiaxial stress states, and
models calibrated under single stress states cannot accurately capture deformation behav-
ior [21]. (2) Most studies focus on wrought magnesium alloys (extruded or rolled), while
constitutive modeling of cast magnesium alloys, particularly high-pressure die casting al-
loys used in automotive applications, remains insufficient. Cast magnesium alloys exhibit
arandom grain orientation distribution and near-isotropic characteristics, with hardening
behavior fundamentally different from that of wrought alloys. (3) The extrapolation accu-
racy of different hardening models under large-strain conditions varies considerably.
Nevertheless, systematic comparative assessments of various hardening models across a
wide strain range and under multiple stress states are lacking in the magnesium alloy
literature. For instance, the J-C model intrinsically decouples strain hardening, strain-rate
strengthening, and thermal softening, making it difficult to accurately describe the com-
plex strain-hardening evolution of magnesium alloys, especially the hardening behavior
at large strains [22].

In view of the above limitations, this study investigates a self-developed giga casting
Mg-7Al-1.5La-1Zn magnesium alloy. A weighted mixed hardening constitutive equation
is established by combining the saturation-type Hockett-Sherby and the non-saturated
Swift hardening models. To overcome the deficiency of the classical J-C model in which
the strain-rate term fails to capture the coupling between plastic strain and strain-rate sen-
sitivity, a modified dynamic increase factor (DIF) coupled with a power term of equivalent
plastic strain is proposed. The fitting accuracies of the modified J-C model and the Cow-
per—-Symonds strain-rate model are compared, demonstrating that the modified J-C model
better accommodates the twinning deformation mechanism of magnesium alloys at high
strain rates and achieves superior fitting precision. Furthermore, fracture prediction capa-
bilities of ]-C, MMC, and DIEM are systematically evaluated across a full stress triaxiality
range from pure shear to high tension, with mesh convergence analysis performed. The
MMC fracture model, which accounts for both stress triaxiality and Lode angle, delivers
an average prediction accuracy of 86.46% for fracture displacement across the full stress
range, outperforming the J-C and DIEM. Microstructural characterization reveals grain
refinement and a dispersed distribution of rare-earth AliiLas precipitates, which effec-
tively optimize grain boundary properties. The complete set of high-precision constitutive
parameters, fracture parameters, and mesh calibration methods established in this paper
provides a theoretical foundation and engineering reference for the accurate calibration
of material cards used in crash simulation of giga casting magnesium alloy body struc-
tures.

2. Materials and Methods

The magnesium alloy investigated in this study is an independently developed ma-
terial with a chemical composition of Mg-7Al-1.5La-1Zn (see Table 1 for detailed compo-
sition). The alloy was cast into slab blanks with dimensions of 200 mm x 180 mm x 3.5 mm,
which were then cut and machined as required. The main casting process parameters were
set as follows: molten alloy temperature of 670 °C, mold temperature of 200 °C, and ap-
plied pressure of 30 MPa.

Table 1. Chemical composition of Mg-7Al-1.5La-1Zn (wt %).
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Alloy Designation Al La Zn Mn Mg
AE715 (Mg-7Al-1.5La-1Zn)  6.5-7.5 1.0-15 0.9-1.1 0.2-04 Bal.
Measured composition 6.84 1.41 1.02 0.34 Bal.

As shown in Figure 1, seven types of characteristic specimens were designed, includ-
ing quasi-static uniaxial tension, high-speed uniaxial tension, pure shear, tension—shear
combination, R20 notched tension, R5 notched tension and central hole tension. These
specimens cover the typical stress states encountered in vehicle collision conditions. The
stress triaxiality of pure shear specimens is 0, that of uniaxial tension specimens is 0.33,
R20 notched tension specimens is 0.45, R5 notched tension specimens is 0.74, and central
hole specimens is 0.5 [23].
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Figure 1. Specimens for mechanical tests of cast magnesium alloy. (a) Quasi-static tension specimen,
(b) high-speed tension specimen, (c) pure shear specimen, (d) tension-shear specimen, (e) R20

notched tension specimen, (f) R5 notched tension specimen, (g) central hole specimen. (unit: mm)

As shown in Figure 2, uniaxial and notched tensile specimens were tested using a
CMT5305 electronic universal testing machine (MTS Systems (China) Co., Ltd., Jinan,
China) combined with a non-contact digital image correlation (DIC) system, and the
force—-displacement curves under quasi-static conditions were obtained. Dynamic tensile
tests were carried out on a Zwick HTM5020 high-speed tensile testing machine (Zwick-
Roell GmbH & Co. KG, Ulm, Germany) at five strain rates of 0.001/s, 0.1/s, 10/s, 100/s and
500/s to obtain force—displacement curves at different strain rates.

The quasi-static tensile tests, shear tests and R10 notched tensile tests were conducted
in accordance with GB/T 228.1 [24], while high-speed tensile tests followed ISO 26203-2
[25]. All tests were repeated no less than three times. Load data were collected by the
testing machine, and digital images were captured via the DIC system. Surface
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displacement fields were calculated using post-processing software by tracking identical
speckles in the stochastic speckle patterns.

Specimens were cut from the as-cast magnesium alloy plate matrix. After sampling,
optical microscopy (OM) was adopted to observe the cross-sectional morphology of the
specimens. For metallographic sample preparation, the specimens were mechanically
ground step by step with SiC abrasive papers ranging from 200# to 2000# grit size, fol-
lowed by etching in picric acid solution (0.85 g picric acid, 2 mL glacial acetic acid, 2 mL
anhydrous ethanol and 10 mL distilled water) for 10 s. A ZEISS Axiovert 40 MAT optical
microscope (Carl Zeiss AG, Oberkochen, Germany) was finally used to characterize the
microstructure of the alloy.

Fracture morphologies of specimens after quasi-static and high-speed tensile tests
were observed using an Oxford Ultim Max 60 scanning electron microscope (SEM) (Ox-
ford Instruments NanoAnalysis, High Wycombe, UK). Fracture observation was per-
formed immediately after testing. Appropriate protection measures were adopted during
sampling to prevent oxidation and contamination of fracture surfaces, which may other-
wise have affected the observation results. Additionally, magnesium alloy chips were cut
from the specimens for X-ray diffraction (XRD) characterization using a D/max—2500PC
X-ray diffractometer (Rigaku Corporation, Tokyo, Japan). Cu Ka radiation was used for
XRD analysis at an operating current of 40 mA and an applied voltage of 40 kV. The scan-
ning range was set from 10° to 80° at a scanning speed of 2 °/min. All test data processing
and plotting were completed using Origin 9.0 (OriginLab Corporation, Northampton, MA,
USA). The constitutive model analysis and crash simulation were carried out via LS-
DYNA R11.0 (LSTC, Livermore, CA, USA).

Figure 2. Test equipment. (a) CMT5305 electronic universal testing machine, (b) high-speed tensile

testing machine, (c) full-strain field measurement system.

As shown in Table 2, quasi-static tests were implemented for constitutive model re-
search, and dynamic tests were conducted to analyze the strain-rate effect. Three speci-
mens were tested for each test condition.

Table 2. Test types and experimental conditions.

Type Strain Rate (/s)  Specimen Quantity Test Purpose
Quasi-static 0.001 5x3 Constitutive parameters
Dynamic 1/10/100/500 5x3 Strain-rate effect
3. Results

In the crash simulation of automotive magnesium alloy structural components, it is
essential to establish constitutive models and ductile fracture models for magnesium

https://doi.org/10.3390/met16070778



Metals 2026, 16, 778

6 of 28

alloys. Constitutive models characterize elastic behavior, plastic hardening, strain-rate ef-
fects, and temperature-dependent flow behavior, and quantitatively describe the intrinsic
stress—strain relationships under various loading conditions, serving as the fundamental
basis for mechanical calculations [26]. Combined with state parameters such as stress tri-
axiality and Lode angle, the fracture model depicts the whole process of damage initiation,
evolution and ductile fracture, and defines the critical failure conditions of materials.

As shown in Figure 3, the coupled constitutive—fracture framework can effectively
reveal the deformation and failure mechanisms of magnesium alloys under complex load-
ing conditions, including impact, tension, and shear. This study improves crash simula-
tion accuracy and provides important theoretical support for structural optimization, ser-
vice reliability assessment, and engineering applications of giga casting magnesium alloy

components.
Constitutive Model Research of Cast
Magnesium Alloys
e — e ooy
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Figure 3. Calibration process of material models for crash simulation of giga casting magnesium alloy.

3.1. Basic Mechanical Property Tests

Quasi-static and high-speed tensile tests were conducted on the giga casting magne-
sium alloy. As shown in Figure 4a, the alloy exhibits a yield strength of 147.3 MPa, an ulti-
mate tensile strength of 276.1 MPa and an elongation of 12.8%. After necking, no obvious
localized deformation is observed, and the specimen fractures rapidly. High-speed tensile
tests were performed at five strain rates: 0.001/s, 1/s, 10/s, 100/s and 500/s, and the results
are presented in Figure 4b. The test results indicate that the yield strength increases with the
rising strain rate, proving that the material has strain-rate sensitivity at a moderate level.
Meanwhile, the alloy maintains a relatively high fracture strain under high strain rates,
which means it possesses excellent energy absorption capacity under high-speed crash con-
ditions.
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Figure 4. Engineering stress—engineering strain curve of the giga casting magnesium alloy sheet. (a)

Quasi-static tension, (b) dynamic tension.

3.2. Fracture Property Tests

When the giga casting magnesium alloy is applied to automotive rear floors, it needs

to withstand complex service conditions such as side-pillar collision and rear-end collision.

To investigate its fracture properties under diverse stress states, tests were carried out on

pure shear, tension-shear, R20/R5 notched tension and central hole specimens. As shown

in Figure 5, all specimens under the four stress states fractured rapidly after the load

reached the peak value, with no obvious localized deformation prior to fracture.

1600 —
1400—-
1200—-
1000—-

800

600

400

200

0 T 4 T ¥ T * T ) T
0.0 0.2 0.4 0.6 0.8

Displacement (mm)

(a)

1.0

1.2

Force (N)

0.0

0.2

T T T T T T
0.4 0.6 0.8 1.0

Displacement (mm)

(b)

https://doi.org/10.3390/met16070778



Metals 2026, 16, 778 8 of 28
5000 5000
4000 4000 >
3000
—~ 3000+ -~
z z
w %]
£ 2 2000
£ 2000 =
— G-R20-1 1000
1000 —— G-R20-2 —G-R5-3
— G-R20-3 0
0 — t =~ & - & =~ + * I - I - T ™ T " T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8 0.0 0.2 0.4 0.6 0.8 1.0
Displacement (mm) Displacement (mm)
() (d)
7000

6000 —
5000
4000

3000

Force (N)

2000

1000

T v T z T T T y T . T z T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Displacement (mm)

(e)

Figure 5. Test results under different stress states. (a) Pure shear, (b) tension—shear, (¢) R20 notched

tension, (d) R5 notched tension, (e) central hole test.

4. Study on Plastic Constitutive Model

A mechanical constitutive model consists of a yield criterion and hardening criterion.
The yield criterion determines when the material reaches the yield surface, while the hard-
ening criterion describes the evolution of the yield locus during deformation. To balance
computational efficiency and predictive accuracy, isotropic constitutive models are
widely adopted in the automotive industry for simulating the deformation behavior of
magnesium alloy components. Accordingly, this study adopts the von Mises yield crite-
rion and an isotropic constitutive framework to investigate the plastic constitutive behav-
ior of the giga casting magnesium alloy.

4.1. Constitutive Relationship Under Uniaxial Stress

Based on the force-displacement curves obtained from tensile tests, engineering
stress is calculated by dividing the load by the cross-sectional area of the specimen’s par-
allel section, and engineering strain is derived from the displacement divided by the
gauge length. The true stress and true strain are calculated via Formulas (1) and (2), and
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True Stress (MPa)

the plastic strain is obtained using Formula (3) [27]. Figure 6 presents the true stress—true
strain curve and true stress—plastic strain curve of the magnesium alloy. The true stress—
true strain curve eliminates errors caused by geometric changes under large deformation
and accurately reflects the intrinsic mechanical properties of the material. Covering both
elastic and plastic deformation stages, it serves as the foundation for establishing consti-
tutive models. The true stress—plastic strain curve excludes elastic strain and retains only
plastic deformation information, enabling precise characterization of work-hardening be-
havior and making it suitable for hardening model extrapolation. Both curves share iden-
tical true stress values, while the total true strain is the sum of the elastic and plastic strain
components. In finite element modeling of magnesium alloys, the true stress—plastic strain
data are generally used to fit hardening equations, while the true stress—true strain curve
is applied to analyze overall deformation characteristics. This approach ensures high ac-
curacy in parameter calibration for constitutive and fracture models.
Calculation of true stress:

or=o0(l+¢) 1)
Calculation of true strain:
er=1In(1+¢) (2)

where o and ¢ denote engineering stress and engineering strain, respectively.
Calculation of plastic strain:

spzln(1+sT—§) (3)

where ¢ is plastic strain, et is true strain, o is engineering stress, and E is elastic modulus.
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Figure 6. True stress—strain curves and true plastic strain curves of giga casting magnesium alloy.

(a) True stress—true strain curve, (b) curves of true stress—true strain and true stress—plastic strain.

To accurately predict the large deformation behavior of automotive giga casting mag-
nesium alloy components in service, hardening models are required to extrapolate the
true stress—plastic strain curves. For metallic materials, commonly used hardening models
are divided into non-saturated models and saturated models.

The non-saturated model, also known as the unbounded model, features continu-
ously increasing stress with rising plastic strain without an upper limit, meaning
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hardening never terminates. Typical non-saturated models include the Swift model [28]
and Hollomon-Ludwik model [29].

For saturated models, the flow stress gradually stabilizes at a constant saturation
stress osar after the plastic strain reaches a certain level, and work hardening ceases even-
tually. Representative saturated models are the Hockett-Sherby model and Voce model.
Obvious differences exist among the true stress—plastic strain curves fitted by different
hardening models, as shown in Figure 7.

Swift constitutive equation:

n
or = K(sp+ so) 4)
or: True stress; K: strength coefficient (hardening coefficient); €,: equivalent plastic

strain; &,: initial plastic strain (offset strain); and n: material constant.
Hockett-Sherby constitutive equation

or = 6otA[1 — exp(—bel)] (5)

or: True stress; oy: initial yield stress; A is the saturation hardening amplitude; b is
the hardening rate coefficient; e5': equivalent plastic strain; and m is the strain-hardening
exponent.

Based on the isotropic mechanical behavior of giga casting magnesium alloy compo-
nents, a weighted hardening model (Equation (6)) is adopted. This model combines the
non-saturating Swift model and the saturation-type Hockett-Sherby model to extrapolate
true stress—plastic strain curves and reproduce the actual deformation behavior of com-
ponents. The weighting coefficient a satisfies 0 < a < 1. As presented in Figure 7, various
extrapolated true stress—plastic strain curves and force-displacement curves are obtained
by assigning different values to the weighting coefficient.

or = K(g, + )" + (1 — ) [og+a[l - exp(~bep)]] ©)

Multiple groups of parallel uniaxial tensile specimens are fabricated and tested to ob-
tain experimental peak forces. Finite element simulations are performed with different
weighting coefficients a to extract simulated peak forces. The prediction accuracy of each
single specimen is calculated by comparing the simulated peak force with the experimental
counterpart. The accuracy values of all parallel tensile samples under the same « are aver-
aged to acquire the average peak force accuracy under uniaxial stress corresponding to this
weighting coefficient. The weighting coefficient a ranges from 0.1 to 0.9 at an interval of 0.2,
covering five values: 0.1, 0.3, 0.5, 0.7 and 0.9. This coefficient adjusts the contribution ratio
of the Swift hardening term and the Hockett-Sherby hardening term in the coupled consti-
tutive equation. Simulations are conducted sequentially for each set of a. The force—dis-
placement curves and peak force data under all loading conditions are exported via LS-
DYNA. The overall mean absolute accuracy covering six stress states is calculated, and the
optimal weighting coefficient a applicable to uniaxial stress states is finally determined. For
multiaxial stress states, six types of specimen models are established, including pure shear,
tension—shear, uniaxial tension, R20 notched, R5 notched and central holed specimens. The
accuracy analysis procedure is similar to that of uniaxial tension.
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Figure 7. Hardening model with different weighting coefficients. (a) Engineering stress—strain

curves under different o; (b) engineering force—displacement curves under different a.

As shown in Table 3, when the weighting coefficient ot is 0.3, the fitting accuracy of
the average simulated force under uniaxial stress reaches a peak of 99.71%, which is the
optimal result within the range of the parameters in this group. Among them, parameter
K'is 770, €0is 0.0235, n is 0.4221, oo is 146.3, A is = 658,754, b is 0.0011, and m is 0.6254. This
high-precision fitting indicates that the flow-hardening behavior of the giga casting mag-
nesium alloy during loading is more consistent with the theoretical characteristics of the
saturated hardening model. With this weighting coefficient, the force—displacement curve
output by the model shows the best agreement with the experimentally measured curve,
verifying that the saturated hardening model can accurately characterize the plastic hard-
ening evolution of the giga casting magnesium alloy under quasi-static and dynamic loads.

Table 3. Accuracy of average maximum force under uniaxial stress.

Maximum Force Accuracy (%)

Hybrid Model Test-1 Test-2 Test-3 Average Absolute
Accuracy
a=0.1 99.46 99.87 99.73 99.69 £0.21
a=03 99.28 99.87 99.99 99.71 +0.38
a=05 99.08 99.86 99.75 99.56 + 0.42
a=0.7 98.9 99.86 99.49 99.42 +0.48
a=09 98.71 99.86 99.23 99.27 +0.57

4.2. Study on Constitutive Relation Under Complex Stress

Magnesium alloy components are generally subjected to combined tension—compres-
sion and shear loads with complex stress states during vehicle crash and impact events.
Dynamic variations in stress triaxiality and Lode angle significantly affect the hardening
response and fracture behavior of the material [30]. Conventional classical hardening
models established under a single stress state fail to accurately characterize the nonlinear
plastic evolution of materials. Accordingly, research on material constitutive relations un-
der complex stress conditions is of great theoretical and engineering significance. Based
on plastic flow theory, this study introduces a variable weighting coefficient to optimize
a hybrid hardening criterion, coupling the effects of stress state parameters on hardening
rate, plastic deformation, and damage evolution. It effectively addresses the limitation of
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traditional models that cannot adapt to complex stress states under multiple working con-

ditions.

As shown in Figure 8, for the hybrid hardening models with different weighting co-
efficients under complex stress states, the weighting coefficient of the isotropic hardening
model is defined as a function of stress triaxiality and Lode angle. This approach realizes
the continuous transition of hardening behavior from tension to shear and from low to
high multiaxial loading, and greatly improves the simulation accuracy of magnesium al-
loys under complex working conditions such as vehicle crash.
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Figure 8. Mixed hardening model with variable weighting coefficients under complex stress states.
(a) Pure shear test and simulation, (b) tension—shear test and simulation, (c) R20 specimen test and

simulation, (d) R5 specimen test and simulation, (e) central hole test and simulation.

As shown in Table 4, The predictive accuracy of the present fracture model remains
above 93% for all mechanical test conditions, demonstrating stable and reliable overall
performance. The uniaxial tension test achieves the highest prediction accuracy, while the
pure shear and tension-shear conditions exhibit relatively lower accuracy. With the in-
crease in the weighting coefficient «, the prediction accuracy slightly decreases without
significant deterioration. This indicates that the model is insensitive to parametric varia-
tion and possesses excellent stability and generalization capability under complex stress
states. When the weighting coefficient « is 0.1, the average fitting accuracy of simulated
force under complex stress reaches a maximum of 94.78%, which is the optimal result
within the tested parameter range. At this weighting coefficient, the force-displacement
curve predicted by the model shows the best consistency with the experimental data. The
hybrid hardening model can accurately characterize the plastic hardening evolution of the
giga casting magnesium alloy under complex quasi-static stress states.

Table 4. Average maximum force accuracy under complex stress with different coefficients.

Maximum Force Accuracy (%)

Test Type Mean Absolute Mean Absolute Ac- Mean Absolute Ac- Mean Absolute Ac- Mean Absolute Ac-
Accuracy (a=0.1) curacy (a =0.3) curacy (a=0.5) curacy (a=0.7) curacy (a=0.9)
Pure Shear 90.3 89.98 90.21 90.17 90.13
Tension-Shear 88.55 87.81 88.31 88.2 88.09
Uniaxial Ten- 99.69 98.72 99.56 99.42 99.27
sion
R20 Notched 95.94 94.84 95.55 95.38 95.23
Specimen
RS Notched 98.64 97.19 98.12 97.89 97.69
Specimen
Central Hole 95.55 95.21 95.47 95.43 95.39
Overall Aver- g 70+ 447 93.97 +4.22 94.54 + 4.4 94.42 +4.38 94.30 + 4.34

age Accuracy

4.3. Study on Dynamic Constitutive Relations
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As shown in the high-speed tensile engineering stress—strain curves in Figure 4b, the
ultimate tensile strength of cast Mg-7Al-1.5La-1.0Zn magnesium alloy increases with the
rise in strain rate, indicating that the strain rate exerts a significant influence on the defor-
mation behavior of this material. The true stress—strain curves at high strain rates dis-
played in Figure 9 exhibit identical deformation characteristics.

True Stress(MPa)
(]
=
|

1 T 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

True strain

Figure 9. True stress—strain curves under different strain rates.

During vehicle crash events, the strain rate can reach 500/s or higher, giving rise to
the strain-rate-hardening effect. Strain-rate hardening refers to the phenomenon that the
flow resistance of materials rises with increasing strain rate during plastic deformation,
which is recognized as a critical hardening mechanism in plastic deformation [31]. There-
fore, the influence of high strain rates must be incorporated into the constitutive model.
Based on the Swift-Hockett-Sherby mixed hardening constitutive model established in
Section 4.1, the effect of strain rate on the constitutive model is investigated, and a dy-
namic increase factor (DIF) is introduced into Equation (7).

or = {a-K(ep +8)" + (1 — ) - [op+A[1 — exp(—bel)|]} *DIF )

where DIF denotes the dynamic stress amplification factor. In constitutive modeling re-
search, the J-C model and its modified versions [32], as well as the Cowper-Symonds
equation [33], are widely adopted to characterize the strain-rate-hardening behavior of
metal sheets. In the complete J-C formulation, the equivalent stress is a function of plastic
strain, strain rate and temperature. For room-temperature tensile conditions of automo-
tive metal sheets, the temperature term can generally be neglected. The DIF coefficient can
be defined separately based on the modified Johnson—Cook equation and the Cowper—
Symonds equation, followed by fitting of relevant material parameters [34].

The proposed dynamic increase factor (DIF) formula is developed based on the
strain-rate logarithmic term of the classical Johnson-Cook (J-C) constitutive model. The
standard temperature-independent J-C Equation (3) is written as:
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— €
6=(A+Be})-|1+Cln | — (8)
€0
where the dynamic enhancement part DIF;.; =1+ Cln (i

) assumes decoupling be-
€0
tween strain hardening and strain-rate hardening, which cannot reflect the coupling in-
teraction between the equivalent plastic strain and strain-rate sensitivity of giga casting
magnesium alloys under large crash deformation.

To address this limitation, two modifications are conducted on the original J-C dy-

namic term:

(1) The constant offset “1” in the J-C DIF is removed, focusing on the strain-rate-induced
stress increment during plastic flow.

(2) A power term &Pt related to equivalent plastic strain is multiplied to couple the cu-

mulative plastic deformation level with the magnitude of strain-rate strengthening.

Finally, the modified DIF expression is obtained:

DIF=C-ln = ¢P1 9)
€0

In this formula, C inherits the strain-rate coefficient from the J-C model, € denotes
the quasi-static reference strain rate, and p1 is a newly introduced coupling constant to
characterize the influence of plastic strain on strain-rate-hardening behavior. The dynamic
flow stress is solved by o0a= 0s'DIF, where 0s= A + Bej is consistent with the quasi-static

hardening part of the J-C model.
The standard temperature-independent Cowper-Symonds Equation (10) is written as:

1
G= (1 + s—p)p oy (10)
C

The original Cowper-Symonds model only considers the strain-rate-strengthening ef-
fect with a constant offset term. To simultaneously describe the coupling effect of strain rate
and plastic strain on the dynamic flow stress of giga casting magnesium alloy, a modified
Cowper-Symonds dynamic increase factor (DIF), shown in Equation (11), is proposed in

‘\P
DIF=<§> By et an

where DIF denotes the dynamic increase factor; € is the equivalent plastic strain rate; €

this work:

| =

represents the equivalent plastic strain; and C, P, P, and P, are material fitting con-
stants calibrated from multi-strain-rate tensile test data.
As shown in Table 5, the modified Johnson-Cook equation achieves the best fitting

precision for the dynamic increase factor. In the DIF = C-In—- &Pt equation, the fitted
€o

material constants are C = 0.064 and P1=50.7925. Analyzed from the perspectives of math-
ematical formulation and microscopic deformation mechanism, the Johnson-Cook model
exhibits higher fitting accuracy than the Cowper-Symonds model under high-strain-rate
loading conditions. The Cowper-Symonds model adopts a power-law function to de-
scribe strain-rate strengthening, which predicts that flow stress rises steeply and continu-
ously with increasing strain rate. Nevertheless, giga casting magnesium alloys feature a
hexagonal close-packed (HCP) crystal structure. Extensive twin activation under high
strain rates weakens the strain-rate sensitivity, leading to a gradual slowdown in the
growth of flow stress [35]. Accordingly, the power-law expression substantially
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overestimates the dynamic flow stress. Furthermore, this model fails to capture the cou-
pling between plastic strain and strain-rate strengthening, leading to significant devia-
tions from experimental data under large deformations. In contrast, the logarithmic strain-
rate term of the J-C model is consistent with the trend of slowed strain-rate hardening for
magnesium alloys at high strain rates. Additionally, a power coupling term related to
plastic strain can be introduced on the basis of its intrinsic strain-hardening term to realize
bidirectional coupling between cumulative plastic deformation and strain-rate effects.
Benefiting from higher fitting degrees of freedom and better compatibility with the twin-
dominated plastic deformation mechanism, the modified DIF equation derived from the
J-C framework achieves superior agreement with experimental data across the full ranges
of strain.

Table 5. Fit of each strain-rate equation.

Strain-Rate Equation  0.001/s 1/s 10/s 100/s 500/s Average Fitting
]"hnson_fi(c’fk modi- ) 9919 0.9906 0.9887 0.9932 0.9959 0.9921 + 0.0027
Cowper-Symonds 0.9913 0.9905 0.9803 0.9934 0.9957 0.9902 + 0.0059

Figure 10 compares the simulated and experimental true stress—strain curves at var-
ious strain rates. It can be observed that favorable agreement exists between simulation
and experiment under identical strain rates.

400,

300

True stress(MPa)
no
8

100

— — Simulaton =~ —— Test

== 0.001/s 1/s 10/s 100/s 500/s

o
y

©
bard
v

0 0.03 0.06 0.09 0.12
True strain

Figure 10. True stress-strain curves: model fitting vs. experiment for multiple strain rates.

4.4. Study on Ductile Fracture Failure Under Complex Stress States

Under extreme dynamic loads such as vehicle collision, magnesium alloy compo-
nents are not subjected to pure tension or shear stress alone, but operate under complex
combined stress states dominated by stress triaxiality and Lode angle [36]. Their fracture
failure behavior exhibits a strong dependence on stress states. Traditional failure models
with constant failure strain fail to reflect the differences in the plastic deformation and
fracture threshold of materials under various stress states, which readily causes defects in
simulation results, including delayed fracture, inaccurate crack locations and biased en-
ergy absorption prediction.

Based on the continuum damage mechanics theory, this section investigates fracture
failure models for complex stress states. By coupling stress state parameters, strain-rate
effect and nonlinear damage evolution laws, the whole process of the magnesium alloy
from plastic accumulation and damage initiation to macroscopic fracture can be

https://doi.org/10.3390/met16070778



Metals 2026, 16, 778

17 of 28

K
ef(n. &) = c|G+

accurately described. Typical fracture models considering the influence of stress states in-
clude the J-C model, MMC model and DIEM.

(1) J-C Fracture Model [10,37]

Proposed based on the void growth theory, the J-C fracture model is widely applied
to characterize material fracture under plane stress conditions, as expressed in Equation
(12). In the formula, D1, D2, Ds, Ds and Ds are material constants, and & (1, g, T) are the
variables representing the critical equivalent plastic strain at the fracture of the material
under different stress states, strain rates and temperatures

. € T-T,
ef(n,&,T) = [D; + D,e(®>=W] |1+ D, In| =5 [1 + Ds ( - )] (12)
€p Tm - Tr

or metallic sheets used in automobiles; the temperature effect is generally neglected, so
the J-C fracture model can be simplified, as shown in Equation (13).

£
1+D,In (8—0) (13)

p

er(n, s) = [D; + D,e®sM]

In the J-C fracture model, the damage factor D is adopted to determine the failure
moment, and its calculation is given by Equation (14). Here, dep denotes the increment of
plastic strain. The material fails and cracks initiate when D = 1.

B de,
D= .fsf(n,é) (14)

The J-C fracture model can simultaneously account for the effects of stress state and

strain rate on material fracture properties, and delivers high prediction accuracy in re-
gions with high stress triaxiality.

(2) MMC Fracture Model [38]

In 2008, Bai Y and Wierzbicki T [39] proposed the MMC fracture model based on the
Mohr—Coulomb fracture mechanism. They replaced the relevant parameters in the origi-
nal Mohr—Coulomb model with stress triaxiality and Lode angle, as expressed in Equation
(15). In the formula, the variable represents the critical equivalent plastic strain at fracture
under different stress states, while K, C, f and n are material constants.

|
Sl

73 3

_i(l —C3) (sec(%e) - 1)] L+ cos(%e) + f<n + ésin(%e)> (15)

In the MMC fracture model, damage is assumed to accumulate linearly. The defined
damage factor D is expressed in Equation (16). The material fails and cracks emerge when
D=1.

de,

D= —— 16
fsf(n, 5 (1o

The MMC fracture model takes into account the influences of stress triaxiality and
Lode angle on material fracture properties, and achieves high prediction accuracy across
the full range of stress triaxiality.

(3) DIEM Fracture Model [40]

The DIEM fracture model considers the effect of stress state on material fracture per-
formance, as presented in Equation (17).

£f(M, Tmax) = €0 - € + ¢, - ® (17)
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where &¢(1, Tax) denotes the critical equivalent plastic strain at damage initiation; 1 is
the stress triaxiality; Tpax represents the maximum shear stress; and 0 is the normalized
Lode angle parameter. eo, e1 and f are three material constants calibrated by multiple me-
chanical tests under different stress states.

In the DIEM fracture model, damage is assumed to accumulate linearly. The damage
factor D is defined in Equation (18). The material fails and cracks initiate when D = 1.

B f de,
ef (T], Tmax)

The DIEM fracture model accounts for the effect of stress state on material fracture
properties and maintains high prediction accuracy over the entire range of stress triaxiality.

(18)

Figure 11 compares the simulated force-displacement curves predicted by the J-C,
MMC and DIEM fracture models with experimental measurements under six working
conditions. A comparative analysis was conducted on the fracture prediction accuracy of
the J-C, MMC and DIEM for magnesium alloys under complex stress conditions.

12.0 2.0
— « =G-A50-1 — - -G-CJ-1
— —=G-A50-3 1.849— —=G-CJ2
10.0 4 ===DIEM - - -GCJ3
a=—MMC 1.6 |===DIEM ~.
— @ J0hnson-Coo) e MMC = S
E 8.0 1 1.4 9| === Johnson-Cook _/ b S
=2 > £ ANAY Y
] oo Z 1.2 \ .
S - Nt .
S & A \ .
g 210 . .
4.0 - =081 /4 :
I
0.6 1
2.0 4 /
0.4 - /
02y
0 —
L] L] L] L] L} T O T T T T T T
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Displacement(mm) Displacement(mm)
(a) (b)
5.0
== =0l — - =G-R20-1
20q= —-GL2 - —=G-R202
© - - GLI3 - - - G-R20-3
e DIEM /\1 4.0 DM
e MMC :"-’*‘ v e MMC
1.5 == Johnson-Cook = . s J0hnson-Co
— %‘ 3.0
<10 :
o T =
o
5 S 204
=
0.54 104
0 4 0-
0.0 02 04 0.6 0.8 10 -02 00 02 04 06 08 10 12 14 16 18
Displacement(mm) Displacement(mm)
(0) (d)

https://doi.org/10.3390/met16070778



Metals 2026, 16, 778 19 of 28

0T --crs ik g I—
- TGRS2 | 7.04= —G-zXK-2
4,64° * * GR5=3 | .« « G-ZXK-3
e=DIEM . 6.0 ===DIEM
:_Il\gm(s:on-Co ! 5.0 :Jl\:l)h’vr[\(s:on—
= 3.0 1 | —
= | £ 401
2 2.0- | 2
s - I S 3.07
i 2.01
o] [ - -
0 - B i i El
: . . . . . 1.04— : . : . T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Displacement(mm) Displacement(mm)
(e) ()
Figure 11. Comparison between simulation and test results of different fracture failure models
under complex stress states. (a) Uniaxial tension: simulation vs. test; (b) pure shear: simulation vs.
test; () tension—shear: simulation vs. test; (d) R20: simulation vs. test; (e) R5: simulation vs. test; (f)
central hole: simulation vs. test.

Table 6 summarizes the mean absolute prediction accuracy of fracture displacement
for three fracture constitutive models, namely Johnson—Cook (J-C), MMC and DIEM, for
six specimens with distinct stress states: pure shear, tension—shear, uniaxial tension, R20
notched specimen, R5 notched specimen and central hole specimen. The overall average
accuracy and corresponding standard deviation across all loading cases are calculated to
quantitatively evaluate the prediction accuracy and stability of the three models under
various stress triaxiality conditions.

Table 6. Fracture displacement accuracy of different fracture failure models under complex stress
states.
Fracture Displacement Accuracy (%)
Test Type Mean Absolute Accuracy (J- Mean Absolute Accuracy Mean Absolute Accuracy
C Model) (MMC Model) (DIEM)
Pure Shear 89.86 94.71 69.14
Tension-Shear 87.22 80.52 88.55
Uniaxial Tension 95.95 97.37 96.10
R20 Notched Specimen 86.60 90.06 85.43
R5 Notched Specimen 72.82 81.51 94.35
Central Hole 76.29 74.56 23.16
Overall Average Accuracy 84.79 + 8.66 86.46 + 8.96 76.1 +27.66

All three models achieve optimal prediction performance under uniaxial tension: the
accuracy of the J-C model reaches 95.95%, the MMC model 97.37%, and the DIEM 96.10%.
All values exceed 95%, demonstrating that the three models can well characterize the frac-
ture behavior under simple uniaxial tension, among which the MMC model delivers the
highest prediction accuracy for uniaxial tension.

The MMC model exhibits remarkable superiority under pure shear loading, with a
prediction accuracy of 94.71%, far exceeding the J-C model (89.86%) and the DIEM
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(69.14%). This indicates that the DIEM fails to accurately describe fracture displacement
under pure shear conditions.

Obvious discrepancies are observed for R5 notched specimens: the DIEM achieves
an accuracy of 94.35%, which is substantially higher than the MMC model (81.51%) and
the J-C model (72.82%). This reveals that the DIEM has better adaptability for notched
specimens under high stress triaxiality. However, the DIEM only attains an accuracy of
23.16% for central hole specimens, leading to invalid predictions and far inferior perfor-
mance compared with the other two models. This manifests as the DIEM possessing ex-
tremely poor adaptability to diverse loading cases and only being valid for specific
notched specimens with high stress triaxiality.

For tension—shear and R20 notched specimens (two cases with moderate stress triax-
iality), the MMC model maintains a moderately high and stable prediction level without
extremely high or low errors.

The overall average prediction accuracy over the six test cases follows the order:
MMC model (86.46%) > ]-C model (84.79%) > DIEM (76.10%). In terms of overall average
accuracy alone, the MMC model provides the best overall predictive capability for frac-
ture displacement under multiple stress states, followed by the J-C model, while the DIEM
yields the lowest overall average accuracy.

Figure 12 illustrates the variation in equivalent plastic strain at fracture with stress
triaxiality for the three fracture models. The fracture strain of the J-C model decreases
linearly as stress triaxiality rises; the MMC model presents a flat curve with generally low
fracture strain and negligible variation range; the DIEM shows distinct characteristics,
with obvious peaks and troughs within the negative triaxiality range and drastic curve
fluctuations. Although the DIEM fully reproduces the evolution of fracture strain across
wide stress triaxiality and the J-C model reflects the linear attenuation of ductility, the
MMC model achieves the highest accuracy in peak force prediction. The MMC model
predicts lower critical fracture strain under moderate triaxial tension, triggering material
failure in advance and matching experimental peak load well. By contrast, DIEM and J-C
overestimate plastic deformation before fracture, leading to overpredicted maximum
force in simulations.

—— DIEM
0.8 — MMC
Johnson—Cook

Equivalent plastic strain at fracture

T T T T T T T
0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8

Stress triaxiality
Figure 12. Stress triaxiality versus fracture equivalent plastic strain curves of three fracture models.

The MMC model theoretically establishes a quantitative correlation between stress
state and fracture strain. Its parameters need to be calibrated via multiple tests including
pure shear, notched and central holed specimens, making it applicable to failure predic-
tion of giga casting magnesium alloy components under complex loads. The calibrated
parameters of the MMC fracture model are listed in Table 7.
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Table 7. Parameters of MMC fracture model.
Parameter K C Co f n
Value 651 162 0.8700 0.1034 0.3527

In crash simulation calculations [41], mesh size exerts a remarkable influence on the
accuracy of fracture prediction. Coarse elements fail to capture local necking and high
strain gradients, which leads to delayed fracture prediction or non-conservative results.
In contrast, excessively fine elements greatly increase computational cost. Mesh sensitivity
analysis can establish a scaling function between failure strain and element size to stabi-
lize energy dissipation and obtain mesh-independent numerical results.

In this work, five mesh sizes ranging from 0.5 mm to 6 mm are selected for mesh
effect and convergence analysis, namely 0.5 mm, 1.0 mm, 2.0 mm, 4.0 mm and 6.0 mm.
Uniaxial tensile finite element simulations are performed via LS-DYNA. Multi-scale mesh
models are constructed to calculate load responses and output force-displacement curves,
as presented in Figure 13.

B

(a)

(b)

(0) (d)

(e)

Figure 13. Uniaxial tensile finite element models under various mesh dimensions: (a) 0.5 mm, (b)
1.0 mm, (c) 2.0 mm, (d) 4.0 mm, (e) 6.0 mm.

As shown in Equation (19), the convergence order p characterizes the decay rate of
finite element discretization error, and r denotes the mesh refinement ratio, which is de-
fined as the ratio of coarse mesh size to fine mesh size.

_ 1“( E+—1 _l_fll ) (19)
In(r)

Equation (15) defines the Grid Convergence Index (GCI) for quantifying mesh-
caused discretization error from multi-mesh computation; lower GCI means better mesh
independence. The safety factor Fs for three mesh cases is taken as 1.25.

FS . |Error(i,i+1) |

3
Thivy) — 1

GClfine = (20)

Figure 14a presents the force-displacement curves obtained from simulations with
models of different mesh sizes. The curves show favorable consistency in both elastic and
plastic stages, while discrepancies emerge during the necking stage. The peak force values
are extracted and plotted against mesh size in Figure 14b. The peak forces of adjacent mesh
sizes differ slightly and fluctuate around 10,400 N. When the mesh size decreases from 6
mm to 0.5 mm, the peak force only rises by 35.19 N.
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Figure 14. Force-displacement curves from simulations with various mesh dimensions. (a) Force—
displacement curves; (b) max force under various mesh dimensions.
As listed in Table 8, according to the analysis of force—displacement curves for differ-
ent mesh sizes, the variation in peak force between adjacent mesh dimensions is merely
0.187%. The calculated convergence order p reaches a maximum value of 1.64, less than 2.
The Grid Convergence Index (GCI) is further calculated via Equation (15): GCI (0.5, 1.0) =
0.013%, GCI (1.0, 2.0) = 0.020%, and GCI (2.0, 4.0) = 0.163%. These results demonstrate
satisfactory mesh convergence, and the constitutive and fracture parameters derived from
the present mesh scheme are reliable for reference.
Table 8. Analysis of force-displacement curves with various mesh sizes.
. Absolute Percentage Difference in
Mesh Size h (mm) Max Force (N) . 5 P GCI
Maximum Force
0.5 10,407.33 - - -
1.0 10,406.85 0.014% 1.23 0.013%
2.0 10,403.38 0.033% 1.64 0.020%
4.0 10,392.57 0.104% 1.05 0.163%
6.0 10,373.16 0.187% - -

4.5. Microstructure Analysis of Cast Magnesium Alloys

Figure 15 presents the optical microstructure of giga casting Mg-7Al-1.5La-1.0Zn al-
loy. No severe casting defects such as obvious porosity, cracks or large inclusions are ob-
served; only tiny amounts of microporosity exist, which conforms to the typical micro-
structural characteristics of die casting alloys. The material exhibits typical fine-grained
features of die casting, with dense and uniform a-Mg solid solution matrix. Rapid solidi-
fication during high-pressure die casting significantly refines grains and suppresses the
formation of coarse dendrites. Scanning electron microscopy further reveals that inter-
granular second phases are discretely distributed as short rods and fine particles with
regular morphology and low agglomeration. Combined with alloy composition, these
phases include 3-Mgi7Al12 and rare-earth AluLas. The addition of La alleviates segregation
and coarsening of second phases. Uniformly dispersed grain boundary phases exert
strong pinning effects to restrain grain growth and dislocation slip, improving microstruc-
tural stability and laying a sound microstructural foundation for excellent mechanical and
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fracture performance. EDS analysis verifies that the second phases are rich in Al, La and
Zn, corresponding to Al-Mg-La rare-earth intermetallic compounds.
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Figure 15. Microstructure of Mg-7Al-1.5La alloy. (a) Optical micrographs of HPDC Mg-7Al-1.5La
alloys, (b) SEM of HPDC Mg-7Al-1.5La alloys, (c¢) EDS scanning spectra of local regions in Mg-7Al-
1.5La alloy.

As shown in Figure 16, X-ray diffraction (XRD) tests were performed on high-pres-
sure die casting Mg-7Al-1.5La-1.0Zn alloy specimens, and full-spectrum phase identifica-
tion was completed by matching standard PDF cards. All major diffraction peaks corre-
spond to the hexagonal close-packed (HCP) a-Mg matrix with typical characteristic peaks
of magnesium substrate. The sharp peak shapes without obvious broadening demonstrate
the favorable crystallinity of the die casting matrix.

Characteristic diffraction peaks of 3-Mgi7Al12 are detected in the spectrum, which is
a conventional intermetallic compound precipitated via a eutectic reaction between the Al
and Mg matrix. Meanwhile, diffraction peaks of rare-earth intermetallics AliiLas and
AlsLa are identified, verifying that La participates in forming novel rare-earth second
phases. No independent diffraction peaks of elemental Al, La or Zn are observed; Zn is
mainly dissolved in the a-Mg matrix and rare-earth phases.

Comparisons of peak intensities indicate that the diffraction intensity of rare-earth in-
termetallics is comparable to that of 3-Mgi7Alxw, revealing equivalent precipitation amounts
of the Mg-Al eutectic phase and rare-earth phase. The formation of rare-earth phases breaks
the continuous brittle network of MgizAli2 and optimizes grain boundary properties.
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Figure 16. XRD pattern of high-pressure die casting Mg-7Al-1.5La-1.0Zn alloy.

Figure 17a displays the fracture morphology at a tensile strain rate of 0.001 s™. A large
number of dimples are distributed on the fracture surface, and second-phase particles can
be observed at the center of some dimples, showing typical characteristics of dimple-coa-
lescence ductile fracture. Figure 17b shows the fracture morphology under a tensile strain
rate of 0.1 s'. Abundant dimples can also be found on the specimen, along with frag-
mented second-phase particles in local regions. Figure 17c corresponds to the tensile strain
rate of 10 s7.. Fragmented second-phase particles are widely distributed on the fracture
surface, and the material exhibits a ductile-brittle mixed fracture mode. Figure 17d pre-
sents the fracture morphology tested at a tensile strain rate of 500 s-!, where the failure
occurs via an evident mixed fracture mode combining intergranular fracture and trans-
granular cleavage [42]. Rapid cooling during high-pressure die casting combined with La
rare-earth elements synergistically refines the a-Mg matrix grains. Grain refinement dras-
tically increases the critical stress required for transgranular cleavage. Meanwhile, the
rare-earth addition eliminates the strong basal texture typical of wrought magnesium al-
loys, resulting in randomly distributed grain orientations. Few grains contain large con-
tinuous parallel basal planes, which inhibits the formation of extensive river patterns. Af-
ter La is incorporated, thermally stable and dispersed AliiLas rare-earth secondary phases
form, replacing the continuous brittle intermetallic network. These hard rare-earth parti-
cles tend to fragment preferentially under high strain, generating microvoids along grain
boundaries.
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Figure 17. Fracture morphologies under different strain rates. (a) Strain rate 0.001/s, (b) strain rate
0.1/s, (c) strain rate 10/s, (d) strain rate 500/s.

5. Conclusions

When magnesium alloys are applied to automotive structural components, they are
generally subjected to complex combined tension-compression and shear stress during
vehicle crashes. Research on numerical constitutive models for crashworthiness simula-
tion remains limited, which restricts the wider application of magnesium alloys in load-
bearing parts. Targeting automotive crash conditions, this study investigated the plastic
constitutive equation of the giga casting Mg-7Al-1.5La-1Zn magnesium alloy under com-
plex stress states, and proposed a novel plastic constitutive equation suitable for automo-
tive magnesium alloys. Furthermore, the prediction accuracy of three fracture models for
the fracture behavior of giga casting magnesium alloys was compared via simulation and
experimental verification.

The main conclusions are summarized as follows:

(1) For the die casting Mg-7Al-1.5La-1Zn magnesium alloy, a mixed hardening model
o = a-Swift + (1 — a) - Hockett — Sherby was adopted under uniaxial stress. When
the weighting coefficient a was set to 0.3, the average fitting accuracy of simulated
force reached the maximum value of 99.71%. This high accuracy indicates that the
flow-hardening behavior of the studied giga casting magnesium alloy during loading
is consistent with the characteristics of the saturation hardening model.

(2) Mechanical property tests under five distinct stress states were carried out on die
casting Mg-7Al-1.5La-1Zn magnesium alloy. Combined with experimental data and
the isotropic constitutive model, the average force fitting accuracy of simulations un-
der complex stress states reaches a peak value of 94.78% when the weighting coeffi-
cient « is set to 0.1. Based on the mixed hardening model, a dynamic increase factor
is introduced to describe the strain-rate-strengthening effect. Finally, a modified con-
stitutive model is established on the basis of the J-C model.

(3) The fracture prediction performance of the J-C, MMC and DIEM was evaluated for
magnesium alloys under complex stress conditions. The prediction accuracy of frac-
ture displacement ranked in descending order, MMC > J-C > DIEM, and the maxi-
mum accuracy of the MMC model was 86.46%. The results reveal that the MMC
model incorporates stress triaxiality and Lode angle, covering the full stress range
from pure shear to high tensile stress. It provides a comprehensive description of
ductile fracture under multiaxial stress and is applicable to failure analysis of notched
and holed specimens.

In this work, high-precision constitutive and fracture failure models for magnesium
alloys were developed, which effectively improved the prediction accuracy of component
deformation, crack initiation and energy response in crash simulation. This study provides
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solid theoretical support and engineering reference for accurate material card modeling and
crashworthiness optimization of lightweight magnesium alloy structural parts.
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