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Abstract 

Magnesium alloys have had wide, historic industrial and societal impact, Mg-Al-Zn (Magnesium-Aluminum-Zinc) ones in particular 
for their lightweight structural applications due to a high strength:weight ratio, good castability and machinability. Yet, there is limited 
comprehensive atomistic-level insights resolving the effects of alloying and porosity on structural and mechanical evolution, especially under 
load. Herein, we investigated the mechanical behavior of Mg-Al-Zn alloys under uniaxial tensile loading using computational molecular 
dynamics simulations. A range of alloy compositions (0–18% total Al and Zn) and porosity levels (0–3%) were modeled to assess their 
influence on strength, phase stability, and mechanisms of structural deformation. Results show that increasing Al and Zn content accelerates 
the transformation from the hexagonal close-packed (HCP) crystalline phase to more ductile non-HCP phases (eg. FCC), leading to reduced 
tensile strength and fracture strain at higher alloying levels. In particular, pronounced declines in HCP content immediately preceded fracture, 
followed by post-fracture stabilization, with intermediary amorphisation observed. Moderate alloying improves mechanical performance, yet 
excessive additions ( > 4%) introduce structural instability. Porosity further compromises strength by acting as a stress concentrator, promoting 
early dislocation activity that correlates with localized phase transformation through atomic diffusion. Metallic/alloy grain-refinement and 
dislocation analyses revealed that porous alloys undergo more heterogeneous deformation, with earlier dislocation onset and reduced elastic 
modulus with respect to non-porous systems. In contrast, non-porous alloys exhibit more uniform grain evolution and delayed failure. Overall, 
the result trends highlight the critical interplay between alloying content and porosity in governing phase transformation, deformation behavior, 
and mechanical performance. This work provides insight and inroads into the rational design and optimization of alloys with tailored porosity 
and alloying content for specific applications requiring enhanced mechanical performance, with forward vision to the characterization by 
advanced operando techniques (e.g., neutron scattering, positron annihilation). 
© 2026 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

As-cast magnesium (Mg) metal offers potential lightweight
pplications due to its low density, yet is limited by its poor
trength [ 1 ]. The mechanical properties of magnesium can
e improved by physical and processing methods, such as
icrostructural refinement and thermal treatment [ 2 ]. This
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Fig. 1. Alloying with Al and Zn enhances mechanical properties of magnesium metal. Mg-alloys can be cast into ingots, sheets and rods, which are typically 
used in aerospace and automotive industries. 
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an also be achieved through chemical or metallurgical ap-
roaches, such as alloying [ 3–5 ]. The desirable properties of
g-alloys make them versatile for a variety of applications,
hile their light weight and high specific strength make them
 key alloy in the automotive industry; the latter comprising
70% of global Mg-alloy demand [ 6 ]. For similar reasons,
g-alloys are also often utilized for aerospace applications

o reduce the weight of components in air/space-crafts [ 7 ]
 Fig. 1 ). Further, the biocompatibility and biodegradability of

g-alloys, along with their density and elastic moduli simi-
ar to that of bone, have contributed to their ever-expanding
pplications, including as biomedical implants [ 8 ]. 

Apart from indirectly facilitating the reduction of CO2 

missions in the transportation industry through weight re-
uction as a cost-effective strategy for decreasing fuel con-
umption, Mg-alloys have high inherent sustainability. Mag-
esium metal is highly recyclable: very low energy is required
or recycling, at only 5% of the primary production [ 9 ]. Fur-
her, apart from the small fraction employed in biomedical
pplications, magnesium can be recycled indefinitely with-
ut property degradation [ 10 ], translating to cost & resource
avings and raising sustainability. Yet, magnesium metal’s
tructural application is limited due to poor ductility [ 11 ],
rimarily due to its hexagonal close-packed (HCP) crystal
tructure which offers limited slip systems and restricts plas-
ic deformation [ 12 , 13 ]. To improve mechanical properties,
l and Zn are among the most widely studied magnesium

lloying elements due to high abundance, recyclability and
trong solid-solution strengthening effect [ 14–17 ]. The Mg-
l-Zn system is known to form multiple intermetallic phases,

uch as the α-Mg phase, MgZn2 , β-Mg17 Al12 and their eu-
ectic mixtures. The β phase (Mg17 Al12 ) is the second most
revalent phase in Mg-Al-Zn alloys [ 18 ], with indication that
t may block dislocation motions at grain boundaries, thereby
otentially enhancing grain boundary strength and influencing
orrosion resistance [ 18 , 19 ]. Consequently, the presence of
he β-phase plays a dominant role in determining the overall
erformance of Mg-alloys. Microalloying can further refine α-
g grains and enhance mechanical performance [ 20 ], while
l improves tensile strength & hardness, and the addition
f Zn promotes formation of MgZn2 phases that also con-
ribute to hardening [ 21 ]. Extensive efforts have been made
o rationalizing the effects of Al and Zn on the strengthening
nd deformation behavior of Mg-alloys [ 22–25 ]. Yet, there
s insufficient information to understand these behaviors with
espect to varying composition, and hence further study is
uggested to clarify the effect of multi-component Mg alloys
 26 ]. 

While alloying offers significant potential for enhancing
echanical properties, microstructural features such as poros-

ty also play a critical role in performance. Typically, mate-
ials exhibit their highest strength when porosity is close to
ero [ 27 ]. Whilst high pressure die-casting (HPDC) is the
eading process in fabricating Mg-alloy components, it in-
vitably introduces pores as the predominant defect due to
as-segregation and solidification-shrinkage [ 28 ]. Porosity is
nown to be one of the most detrimental factors controlling
echanical behavior in cast light alloys [ 29 ] with evidence

howing that an Mg alloy with lower volume porosity leads
o higher ultimate strength and elongation [ 30 ], and that a
igher initial porosity increases the rate of formation of sub-
equent pores — leading to more rapid material deteriora-
ion and failure [ 31 ]. Studies on high-porosity Mg-scaffolds
ave shown that increasing pore size reduced yield strength
hile increasing elasticity [ 32 ]. Pore distribution also plays a

ritical role in mechanical behavior, as previous studies have
oncluded that the areal distribution of pores was more influ-
ntial to mechanical properties than the total volume porosity.
pecifically, systems with a higher overall porosity may with-
tand greater stresses compared to those with lower porosity,
et with higher pore concentration in fracture-prone regions
 33 , 34 ]. These aspects highlight the importance of understand-
ng and characterizing pore morphology, and its effect on me-
hanical properties. 
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Fig. 2. [A] A “select and substitute” approach is employed, where pure Mg is replaced with Al and Zn atoms to achieve the required alloy composition. The 
nomenclature of alloys is given by AZXY where X = at%, Al and Y = at% Zn. [B] Compositions studied in this work, represented by filled, lablled boxes. 
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Resolving the atomistic basis of alloying and microstruc-
ure on fracture toughness and stress-strain behavior of Mg-
lloys has yet to be fully explored, particularly with compu-
ational modeling. Although elemental composition is known
o be crucial to alloy properties, full empirical characteri-
ation of all combinations of structure, porosity and phase
omposition in Mg-Al-Zn alloying would be resource and
ost-intensive. Modern computational techniques allow these
o be explored in silico , through simulation and subsequent
omparative analyses & interpretation. The use of molecu-
ar dynamics (MD) approaches and advanced methods pro-
ide insight into phenomena such as phase transitions and
tomic-level dynamics that are difficult, or (near-)impossible,
o be obtained through traditional empirical techniques [ 35 ].
o date, there has been limited work presenting comprehen-
ive atomistic-level insight into the combined effects of al-
oying, nano- through mesoscale (dis-)order and porosity on
he mechanical properties of Mg-alloys. This work aims to
esolve the fundamental contributions of structure, alloying
nd porosity to the manifold fracture toughness observed in
g-Al-Zn ternary alloys, via MD simulation with subsequent

n-depth analyses and nano-through mesoscopic interpreta-
ion. 

Following the composition ranges commonly used in in-
ustrial Mg-alloy fabrication [ 36 ], this work considered Mg-
l-Zn compositions with Al and Zn concentrations ranging

rom 0 to 9 atomic percentage of each element (at.%). By
ntegrating the effects of alloying and porosity at the atomic
cale, this work offers novel insights into the mechanisms that
overn strength and ductility in Mg-Al-Zn alloys, with broad
pplications in aerospace, (infra-)structural, biomedical, and
ightweight structural systems and applications. 

. Methodology 

.1. Atomistic models of Mg-Al-Zn alloys 

The Atomsk [ 37 ] software was used to construct an
nitial simulation box of “Pure Mg-metal” with a HCP
tructure and unit cell parameters a = b = 3.17 Å and
 = 5.14 Å, as obtained from Materials Project (mp-153)
 38 ] (Fig. S.1). Consistent with prior work demonstrating
hat 1,000,000 atoms provides representative strain-induced

aterial behaviour in metallic systems [ 39 ], a simulation
ox size of approximately 1,000,000 atoms was adopted
Fig. S.2), corresponding to dimensions of approximately
0 nm × 30 nm × 30 nm = 27,000 nm3 ( Fig. 2 A). Al-
oy systems of interest are then created by replacing the rel-
vant percentage of Mg atoms with Al and Zn using the
select and substitute” function in Atomsk ( Fig. 2 B). Com-
ositions are reported in atomic percent (at.%) rather than
eight percent (wt.%), providing a procedurally-pragmatic

epresentation for MD simulations, or simple “atom count-
ng/ratioing.” This approach aligns with the study’s focus on
tomic-scale mechanisms, where the number and nature of
onstituent atoms dictate the underlying interatomic interac-
ions. In this work, we refer to a “Zn limit,” typically up to

1–2% Zn—a concentration near the solubility threshold of
n in Mg at room temperature [ 40 ]. This limit aligns with

ypical experimental and industrial Mg-alloy compositions
 41–46 ]. 

.2. Incorporation of porosity 

To explore the effect of porosity on mechanical proper-
ies, all Mg-Al-Zn alloys, including Pure Mg (AZ00), were
odeled with porosity ( p ) = 0, 1, 2 and 3% , with p ∼1 + %

orresponding to the typical upper-levels seen in real-world
abricated alloys; the higher ( p ) = 2–3% models allowing for
xploration of the effect at extremes of industrial porosity.
he principal porosity descriptors explored are pore quantity
nd pore size. For the p = 2% and 3% porosity systems,
wo models were created for each as follows: one with fewer,
arger pores and the other with more, smaller pores, with both
orresponding to an overall constant porosity-volume, or “free
olume” (Vf ). This allowed for exploration of the isolated ef-
ects of size relative to quantity at constant Vf . Parameters
f models explored in this work are listed in Table 1 ̧ with
isual representation in Fig. 3 C. Pores were created by pro-
ucing 3D models of “holes in a cube” to represent pores in
 solid alloy system using the SALOME (version 9.8.0) soft-
are [ 47 ] (Fig. S.3). The models were then mapped onto the
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Fig. 3. A) 3D models of “pores in a box” is mapped onto a simulation box to obtain porous alloy models. B) The presence and geometric distribution of 
pores is confirmed via visual inspection. C) The porous models investigated in this work, ranging in both size and quantity for porosity ( p ) = 1–3%. 

Table 1 
Porosity models explored in this work and their corresponding parameters. 

Model name Porosity 
(%) 

No. of 
pores 

Pore cluster size (no. 
of atoms/pore) 

1px10 1 10 1000 
2px10 2 10 2000 
2px20 2 20 1000 
3px10 3 10 3000 
3px30 3 30 1000 
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lloy simulation boxes to create pores by removing clusters
f key atoms (eg. comprising the pore areas) from the al-
oy ( Fig. 3 A). Pores are confirmed to have been successfully
apped ( Fig. 3 B), evidenced through tracking of atomic com-

osition for all models to ensure consistency, subsequent to
ore removal, with all models remaining within > 99.98% of
he intended composition of each element type. 

.3. Interatomic potential model 

The Modified Embedded Atom Method (MEAM) potential
as used to model interaction between Mg, Al and Zn atoms.
he parameters in this work were based off that reported by
oyl E Dickel et al. [ 48 ], developed specifically for Mg-Al-
n alloys. Whilst EAM is often used for simulating alloys,

his work implements MEAM due to its incorporation of an-
ular contributions which is important in anisotropic systems,
uch as in this work where models are based on Mg’s HCP
rystal structure. The MEAM potential is a semi-empirical
any-body potential based on DFT methods, and is typically

tilized for modeling metallic, covalent and mixed systems.
t takes on the general form (1) : 

MEAM 

=
∑ 

i 

⎡ 

⎢ ⎣ 

Fτ ( ρi ) ︸ ︷︷ ︸ 
embedding 

+1 

2 

∑ 

j � =i 

φττ

(
Rij 

)︸ ︷︷ ︸ 
pair interaction 

· Sij ︸︷︷︸ 
screening 

⎤ 

⎥ ⎦ 

(1) 

The embedding function (2) represents the energy cost to
nsert atom i of element type τ at a site with background
nergy density ρ i : 

τ ( ρi ) = Aτ · E0 
τ · ρi 

ρ0 
τ

· ln 

( 

ρi 

ρ0 
τ

) 

(2) 

here A τ is an element dependent parameter, E0 
τ is the cohe-

ive energy of a reference structure, ρ i is the total background
lectron density at site of atom i, and ρ0 

τ is the equilibrium
ackground electron density of the reference structure. Term
i is the combination of partial electron densities of a spher-

cally symmetrical term ρ i 
(0) and three angular terms ρ i 

(1-3) .
he pair interaction term (3) accounts for the energy per atom
iven as a function of the nearest neighbor (NN) distance. 

Eu 
τν

(
Ri j 

) = (3) 

−E0 
τν ·

[
1 + a∗(Ri j 

) + δtν · R0 
τν

Ri j 
· a∗(Ri j 

)3 
]

· e−a∗( Ri j ) 

here a∗(Ri j ) = α0 
τν · [ Ri j 

R0 
τν

− 1 ] 
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The parameters Eτv , Rτv , α0 
τv and δτv are obtained from

eference structures, where in this work’s case, τv = Mg-Mg,
l-Al, Zn-Zn and their combinations: Mg-Al, Mg-Zn and Al-
n. The pair interaction is calculated by consideration of only

he first nearest neighbor (1NN) interaction, else by consider-
ng partial contributions from ’next nearest’ atoms; for exam-
le 2nd and 3rd neighors (2NN or 3NN, respectively). This
ork uses a potential that considers 1NN and 2NN interac-

ions. The screening function Sij is a product of all screening
actors Sijk , which represents the screening effect of a third
tom k on the interaction between atoms i and j. This en-
ures only physically meaningful atomic interactions are in-
luded by reducing interactions that are “screened” (shielded,
g. electronically - by the atom’s electrons) by nearby atoms.
or the total screening function Sij , values of Sij = 1 means
toms i and j are within the cut-off distance whilst Sij = 0
eans atoms i and j are completely screened or outside the

ut-off. 

.4. Computational simulation 

The open-source software LAMMPS [ 49 ] (version
Mar20) was used to simulate tensile loading on Mg-Al-Zn
lloys. The alloys were first equilibrated under the NPT en-
emble with a target temperature and pressure of 300 K and
.0 bar, respectively. The time step was set to 2 fs and the
quilibration process lasted for 25,000 steps (50 ps). Satisfac-
ory equilibration was defined when the temperature stabilized
o 300 K. The alloy was then subjected to tensile loading in
he x-direction. The initial simulation box length in the x-
irection was defined as L0 , and the length after the tensile
oading was defined as Lx . The strain was then calculated
s (Lx -L0 )/L0 . The strain rate was set to 0.01 ps−1 , repre-
enting a relatively high strain rate to capture deformation
echanisms in the relevant simulation time covered by MD

echniques. The loading process was conducted over 15 ps
7500 × 2fs steps). At a strain rate of 0.01 ps−1 this pro-
uced a total applied strain of ε = 0.15 (15%); sufficient to
apture the alloy’s mechanical response through to failure. 

.5. Mechanical properties 

The mechanical properties tracked in this work are Young’s
odulus of elasticity (E), representing material stiffness [ 50 ]

nd ultimate tensile strength (UTS), representing the maxi-
um stress the material can bear (Fig. S.4a). Values of E were

stimated from the stress–strain response up to 2% strain,
aken as an assumed elastic region where the stress-strain
urves are linear. The mechanical property values were de-
ived as percentage changes with each porosity level ( p =
%, 2%, 3%) relative to the non-porous model ( p = 0%) to
ssess the influence of porosity on alloy stiffness and strength.

.6. Radial distribution functions 

The Radial Distribution Function (RDF) provides insight
nto the local atomistic structure and bonding. The probability
g(r)) of finding a particle at distance, r , from a reference
article is plotted. Typically, the first peak denotes the first
earest neighbor with respect to a reference particle and can
e interpreted as the bond length (Fig. S.5). In this work, the
volution of bond length was tracked as a function of strain.
ll present atomic bond pairs were investigated in the Mg-Al-
n alloy systems, including: Mg-Mg, Mg-Al, Mg-Zn, Al-Al,
l-Zn and Zn-Zn. The r -value of the first peak was obtained

t 3% intervals of strain for each bond pair. 

.7. Crystal structure analyses 

The Common Neighbor Analysis (CNA) [ 51 ] modifier was
sed to track the crystal structure evolution and quantify their
orresponding %-proportions (fractions) present at 3% strain
ntervals during tensile loading (example, Fig. 4 A). The al-
oy base is Mg which adopts a HCP crystal structure, and
herefore a recommended cut-off distance is mid-way be-
ween the 1st and 2nd peaks [ 51 ]. The cut-off radius was
etermined to be approximately 3.9 Å (Fig. S.6). The avail-
ble structural types are: face-centered cubic (FCC), HCP,
ody-centered cubic (BCC), icosahedral (ICO) and “other”
unknown co-ordination structure). As “other” denotes un-
nown structures, this may be considered as defected struc-
ural regions or of amorphous character, emerging to relieve
train through local structural-disordering and atomic hinging
t key points, aluminum centres in particular, known to act as
tomic, nanoscopic fulcrums influencing mesoscale structure
nd properties [ 52 , 53 ]. Since BCC and ICO are not present
t any points during loading, the analyses conducted only
onsidered FCC, HCP and “other” crystal structures and/or
morphous regions. 

.8. Dislocation analyses 

Dislocation analyses were performed using the Dislocation
Xtraction Algorithm (DXA) [ 54 ]. The algorithm takes an
nitial, perfect atomic crystal arrangement (in this case, HCP
or the alloy base metal Mg) and identifies dislocations via a
urgers vector—representing the magnitude and direction as-

ociated with a lattice distortion. These dislocations were then
onverted from an atomistic representation to a line represen-
ation ( Fig. 4 B). The quantity of dislocations was recorded
or all alloys and porosity models at 3% strain intervals. 

.9. Grain analyses 

The evolution of grain density, size and geometry were
racked as a function of strain for pure Mg-metal, and the
wo commercial alloys AZ31 and AZ91, at p = 0% and 1%
orosity. The grain segmentation modifier in OVITO was em-
loyed, which identifies the individual grains in a polycrys-
alline microstructure. The crystal structure environments are
nitially determined, followed by grain assignment by group-
ng atoms in crystal regions with similar local lattice orienta-
ions ( Fig. 4 C). 
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Fig. 4. A) Evolution of crystal structure (example: AZ31) is tracked during the loading process, with visual models of HCP/FCC/“other” showing structure 
distribution. B) Dislocations are identified via regions with a Burgers vector to characterize regions of lattice distortion, which are then visualized as crystal 
structure types or line representations. C) The grain segmentation modifier first performs a crystal structure identification and subsequently groups atoms of 
similar local lattice environments, into a defined grain. 

Fig. 5. A) The evolution of HCP:FCC ratioing (%) as a function of strain (%) were explored for all alloys at 1% porosity. This is supplemented with the 
average bond length changes of all bond pairs to support the observation that higher alloying is linked with increased bond variability from Al-Al and Zn-Zn 
atoms pairs. B) Proportion of non-HCP (FCC and “other”) was compared for a lower (AZ11) and higher (AZ33) alloyed system at different strains. In all 
cases, Al and Zn typically adopt higher proportions of non-HCP than Mg. Higher alloying is also generally associated with more %non-HCP. 
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. Results and discussion 

.1. Influence of alloying on structure and mechanics 

The evolution of HCP and FCC phases during uniaxial
ensile loading was systematically tracked for all investigated
lloys, with those at p = 1% porosity graphically presented
 Fig. 5 A). Fracture strains for each alloy are provided, with
alues ranging from approximately 6–9%, consistent with pre-
iously reported stress–strain behavior of Mg–Al–Zn alloys
 55–60 ]. A progressive decrease in the HCP phase proportion
i.e., phase fractions or ratioing) was observed with increas-
ng strain, with the extent of this reduction intensifying as
lloying content increased. Concurrently, the fracture strain
f each alloy generally decreased with higher concentrations
f Al and Zn, indicating a reduction in ductility. The same
rends are observed across all porosities (Fig. S.7). These
rends suggest a correlation between the mechanical tough-
ess of Mg-Al-Zn alloys and the retention of the HCP phase.
n particular, pronounced declines in HCP content immedi-
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tely preceded fracture, followed by post-fracture stabiliza-
ion, with intermediary amorphous phases observed. Although
he “other” phase has not been characterized structurally or
ompositionally, its higher fraction in alloys with increased
racture strains may suggest that these phases improve defor-
ation tolerance. Previous studies have shown that intermedi-

te or equilibrium phases, as well as solute cluster formation,
an contribute to strengthening and hardening mechanisms in
g alloys [ 61 ]; a type of functional-disorder, mechanically

eneficial in this case. However, in the present work the iden-
ity of the “other” phase remains non-fully resolved, hence
haracterization may uncover the presence of solute clusters
nd intermetallic phases which would improve understanding
f the relationship between nano-through mesocale tructure
nd mechanical behavior. In contrast, the emergence of the
CC phase is only observed after failure onset, suggesting that
CC formation is not a precursor to failure, rather is a result
f post-failure structural reconfiguration. The strain-induced
CP→ FCC transition has also been observed in prior inves-

igations of an Mg-Al-Zn alloy [ 62 ]. Herein, we evidence an
volved HCP→ [amorphous]’→ FCC mechanism, where [ ]’
enotes a transitory phase, akin to a transition state in chem-
cal transformations. 

The transformation away from the HCP structure may act
s a driving mechanism for mechanical failure. This behavior
an be attributed to the limited number of active slip systems
n HCP structures, which albeit actively assisting to constrain
islocation motion and reduces ductility, HCP-fractions simul-
aneously enhance strength; hence, strength falls with reduc-
ion of HCP-content (HC-fraction). Such HCP-strengthening
as previously been observed in metals such as Mg and HCP-
itanium (Ti-HCP) compared to Al and FCC–Copper (Cu-
CC) [ 63 ]. Trends uncovered herein indicate that transfor-
ation into more ductile crystal structures is instead associ-

ted with a lower failure-onset strain. This suggests that a
igher retention of the strength-enhancing HCP phase delays
he initiation of failure, resulting in higher failure strains. Such
ehavior implies that the observed increase in failure strain
rises not from enhanced ductility, rather from the prolonged
tructural stability of HCP regions under applied load. 

To elucidate the atomic-scale mechanisms behind these
hase changes, radial distribution functions (RDFs) were eval-
ated for all relevant bond pairs ( Fig. 5 , inset). Analyses re-
ealed that Al–Al and Zn–Zn pairs undergo the most pro-
ounced bond length fluctuations approaching and near-to the
racture point, whereas Mg–Mg and Mg–Al pairs remained
omparatively stable. Given that higher Al and Zn content
orresponds to increased HCP→ non-HCP phase transforma-
ion, it can be hypothesized that these alloying elements play
n active role in destabilizing the HCP structure. Additionally,
he pronounced bond length variations observed in Al–Al and
n–Zn pairs during tensile loading suggest that these bonds
ay function as active load-bearing links within the alloy.
his behavior aligns with the observed promotion of HCP to
on-HCP phase transformation by Al and Zn atoms, imply-
ng that the alloying elements play a key role in restructuring
uring mechanical deformation. To further investigate this hy-
othesis, the crystal structure preferences of Mg, Al, and Zn
toms were compared during tensile loading ( Fig. 5 B). The
ollowing two representative systems were analyzed: AZ11
lower alloying content) and AZ33 (moderately higher alloy-
ng content). In both cases, Al and Zn atoms consistently ex-
ibited a higher tendency to occupy non-HCP environments
han Mg-atoms during deformation. 

This confirms that Al and Zn are not only structurally dis-
uptive but actively promote the transition away from HCP,
hereby facilitating phase transformation and ultimately con-
ributing to mechanical degradation. While Al and Zn ad-
itions are intended to enhance the mechanical performance
f Mg-alloys, excessive alloying, typically beyond 4%, leads
o mechanical degradation. Analysis of UTS across the alloy
eries reveals a non-linear trend: moderate alloying levels,
articularly in AZ11, AZ13, and AZ31 compositions, result
n improved strength relative to pure Mg-metal. However, in-
reasing the alloying content beyond these proportions (e.g.,
Z33 and higher) results in a progressive decline in UTS

 Fig. 6 A), due to the promotion of non-HCP structuring, and
riven by alloying elements, Al and Zn in particular in the
g-Al-Zn systems characterized. This effect has been exper-

mentally observed with addition of up to 3% Al in Mg-Zn
lloys improving strength and elongation, followed by dete-
ioration of mechanical properties beyond 3% Al [ 64 ]. The
ptimal regions with alloying content corresponding to the
ighest fracture strains and UTS values are presented in a
eat map ( Fig. 6 B), with these regions comprising < 4–5% at
lloying and < 1% volume porosity. This suggests that while
imited alloying can be beneficial, excessive Al and Zn con-
ent may trigger microstructural instability, such as increased
hase transformation, initiating at local sites (involving a rel-
tively small number of “player” atoms, progressively influ-
ncing adjacent “spectators”, and in large numbers, affecting
esoscale structuring), and ultimately compromising mechan-

cal integrity. Additionally, there is a distinct compromise in
trength when porosity is introduced at > 0%, suggesting that
ven diminutive porosity levels reduce the mechanical perfor-
ance of Mg-Al-Zn alloys. 

.2. Mg-Al and Mg-Zn binary alloys 

As previous results have shown that higher levels of Al/Zn
lloying ( > ∼4 at.%) lead to reduced tensile strength, earlier
racture, and a progressive loss of the HCP crystal structure
and/or due to this HCP-loss), binary Mg–Al and Mg-Zn sys-
ems were investigated to isolate the individual effects of each
lloying element. Simulations were performed at 1%, 3%, and
%at. and incorporating p = 1% porosity to reflect typical
ore-volumes observed in real-world systems. Stress–strain
ehavior was evaluated alongside crystal structure analyses
nd comparison of RDFs. The stress-strain curves for each
inary system are presented in Fig. 7 A, with accompanying
alues for UTS and Young’s modulus (E). In general, all
echanical properties (UTS, Young’s modulus (E), fracture

train, etc.), decline with increasing alloying content. How-
ver, this degradation is more pronounced in the Mg–Zn al-
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Fig. 6. A) UTS peaks at alloying levels < 4 at.%, followed by a decline across all porosities. Distinct reductions in UTS are observed at each porosity volume. 
B) Expressed as heat maps to identify the optimal regions, towards guiding rational alloy mix-design. 
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oys than in Mg–Al. This supports the concept of a “Zn limit,”
s tensile strength drops sharply above 1 at.% Zn — help-
ng resolve the bases for the amount of Zn used in the most
ommon Mg-Al-Zn alloys, including AZ31, AZ61, AZ80 and
Z91 [ 65 ]. Similar trends have been observed experimentally,
here Mg–9 Zn shows reduced tensile strength and elongation

ompared to Mg-1.5 Zn [ 66 ]. The same increase in Al content
owever leads to a more moderate reduction. Notably, 3 at.%
l results in mechanical properties similar to those of 1 at.%
n, whilst increasing Zn content from 1% to 3 at.% leads

o a pronounced ∼21% decrease in UTS. A similar trend is
bserved in Young’s modulus (E), where increasing Al con-
ent from 1% to 3% reduces E by approximately 1.0 GPa,
hereas the same Zn increase results in a 2.4 GPa reduction.
hese findings further reinforce the idea that Zn-content in
g and Mg-Al alloys, should be limited to ∼1 at.% or less,

onsistent with typical industrial Mg–Zn alloy compositions,
n order to maintain mechanical integrity. 

The bonding behavior of the binary systems was analyzed
s a function of strain (Fig. S.8). RDFs were considered up to
Å to resolve the structure of the first full coordination shell,
hich corresponds to nearest neighboring atoms, encompass-

ng a range around double their interatomic bond lengths. As
n the ternary systems, the dominant bond variations in the bi-
ary ones occur in the Al–Al and Zn–Zn pairs. For all binary
lloys, the Mg–Mg and Mg–X (X = Al or Zn) bond lengths
hift slightly toward shorter distances under increasing ten-
ile strain, while the X–X bond lengths (Al-Al and Zn-Zn)
end to increase. This divergence in bond behavior suggests
hat Al–Al and Zn–Zn pairs play a key role in accommodating
pplied strain, acting as the primary load-bearing components
ithin the alloy; again, as “atomic hinges and fulcrums,” as
reviously observed for Al in other material systems [ 52 , 53 ].
n contrast, the Mg-rich matrix remains relatively stable. This
upports the observed trend of decreasing Young’s modulus
E) with increasing alloying content: as more alloying atoms
re introduced, there is a greater number of bonds with higher
exibility, reducing overall stiffness. 

Notably, as the concentration of Al or Zn increases, the
exibility of the X–X bonds (Al-Al, Zn-Zn) diminish, as in-
icated by reduced variation in the RDF profiles (narrower
eaks). This reduced bond adaptability may explain why alloy
trength declines at higher alloying levels despite the strain-
earing role of the alloying elements. Therein, the declining
exibility of interatomic bonding and rigidification of their

ocal coordination-geometry limits stress redistribution, mak-
ng the system more susceptible to failure. These results sup-
ort the hypothesis that the mechanical performance of Mg
lloys is closely linked to the ability of the alloyed phases
o deform and redistribute stress; and the need to ’avoid too
uch of a good thing’. This translates to an interplay be-

ween bond flexibility and stability, and the rigidity of atomic
oordination geometry determining how effectively the alloy
ccommodates strain. 

As previously established for the ternary systems, the me-
hanical properties of Mg alloys are strongly influenced by
he proportion/fraction of the HCP crystal structure. This re-
ationship was further investigated for the binary Mg–Al and

g–Zn alloys ( Fig. 7 B) alongside their respective UTS val-
es. A clear correlation is observed: increasing alloying con-
ent accelerates the transformation from HCP to non-HCP
tructures under strain. Not only is the rate of HCP decline
teeper with higher alloying levels, but the onset of this struc-
ural breakdown also occurs at lower strains. Notably, Zn has
 significantly greater destabilizing effect on the HCP struc-
ure than Al. For example, at 9 at.% alloying, the initial HCP
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Fig. 7. A) Stress-strain plots for binary Mg-Al and Mg-Zn alloy systems, 
with accompanied values of Young’s modulus (E) and UTS markers. Both 
UTS and E fall with rising %at. alloying, with this being more prominent in 
the Mg-Zn alloys. B) Proportion of HCP decreases as a function of strain 
across all binary alloys. Concurrently, lower levels of HCP equate to lower 
UTS and fracture strain values. For a given at. % alloying, the Mg-Zn alloys 
exhibit significantly lower HCP-retention than Mg-Al. 
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raction is approximately 50% in Mg–9Al, while it drops
harply to just ∼10% in Mg–9 Zn. This highlights Zn’s mag-
ified role in driving HCP-to-non-HCP transformation. Since
igher HCP retention correlates to both higher UTS values
nd increased fracture strains, these atomistic findings rein-
orce the importance of limiting Zn content in Mg-alloys,
ypically below 1-2 at.%, to preserve structural integrity and
echanical performance. 
The observed deterioration of mechanical properties with

ncreasing Al and Zn can be attributed to the influence of
lloying atoms on the stacking fault energy (SFE). Stacking
aults act as precursors for the HCP → FCC (or other non-
CP) structural transitions, as observed in prior studies of

n Mg-Al-Zn alloy [ 62 ]. Increasing both Zn and Al concen-
rations is known to reduce SFE in Mg-based alloys [ 67 ],
hereby increasing the formation of stacking faults during de-
ormation. However, this effect is more pronounced in Zn-
ontaining systems. Prior calculations of binary Mg–X alloys
how that Mg–Zn possesses a lower SFE than Mg–Al [ 66 ]
ence lower barriers to fault-formation and translating to a
igher likelihood for stacking fault formation than in Mg-Al
lloy systems. This explains the sharper decline in the HCP
raction and earlier onset of fracture observed in Mg-Zn al-
oys. The enhanced faulting tendency in Mg–Zn systems may
tem in-part from the greater atomic size mismatch between

g (160 pm) and Zn (134 pm) relative to that of Mg and Al
143 pm); 
 = 26 pm (−16.25%) and 17 pm (−10.63%),
espectively. This mismatch introduces higher local strain en-
rgy and promotes local lattice distortions, therefore facilitat-
ng nucleation of non-HCP phases under stress. These find-
ngs suggest that optimal alloy design must balance alloy-
ng content to preserve bond adaptability and HCP structural
ntegrity. Zn in particular accelerates HCP destabilization in

g-alloys, reinforcing the “Zn limit” to avoid compromising
trength. This provides a rationale for compositional limits
nd supports tailoring Mg-alloy design by linking underlying
tomistic structuring and behavior with mechanical perfor-
ance. 

.3. Grain refinement in Mg-alloys 

Strain-induced grain refinement is a common phenomenon
bserved in metals [ 68–70 ], a process in which the grain size
n a material decreases due to deformation. In this study, we
nvestigate the evolution of grain structure in pure Mg, AZ31,
nd AZ91 alloys subjected to uniaxial tensile strain, consid-
ring both non-porous ( p = 0% porosity) and porous ( p ≥1%
orosity) models. Grain evolution is characterized using the
ollowing three key metrics: (i) the number of grains (grain
ensity) as an indicator of dynamic recrystallization and grain
ragmentation, (ii) grain size to assess degree of refinement,
nd (iii) the evolution of grain aspect ratios to capture mor-
hological changes. By correlating these parameters with ap-
lied strain herein, we evaluated the influence of alloy com-
osition and porosity on grain refinement mechanisms. 

.3.1. Grain density evolution in Mg-alloys 
With applied tensile strain, the number of grains remains

elatively stable until a critical strain is reached, beyond which
 sharp rise in grain count is observed, indicating the onset
f dynamic recrystallization ( Fig. 8 A). For both the p = 0%
nd 1% porous models, this critical strain corresponds closely
o the onset of the failure point associated with the UTS ob-
erved in the stress–strain curves. This suggests that grain
efinement here is strain-driven and occurs in the final stages
f deformation, triggered by a buildup of internal stresses.
otably, beyond the critical strain, the non-porous alloys de-
elop a significantly higher number of grains compared to
heir porous counterparts. Given that the dislocation density
s higher in alloys of lower porosity ( Fig. 10 C), the asso-
iation between dislocation density and grain multiplication
ndicates that the formation of new grains is strongly linked
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Fig. 8. A) Evolution of grain density was tracked as a function of strain. Strong association between the critical strain for rapid grain nucleation and the 
fracture strain extracted from stress-strain profiles was found. B) The change in three orthogonal dimensions of the AZ31 alloy was tracked as a function of 
strain for p = 0% and 1% porosity. Both the porous and non-porous model exhibit a steep decline beyond the critical strain, yet this is sharper in the p = 0% 

model. Microstructural snapshots reveal that grain splitting occurs for p = 0% in a homogenous manner. The nature of grain splitting for both models support 
rationale of the sharp fall in width and thickness observed for the non-porous system. C) Aspect ratios (AR1: elongation, AR2: flattening) used to quantify 
strain-induced grain morphology changes. D) AR1 and AR2 trends for Mg, AZ31, and AZ91 at 0% and 1% porosity. Alloys exhibit a critical strain beyond 
which grains become significantly elongated or flattened. Microstructures before and after this point are shown for each model. 
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o dislocation activity, potentially due to the role of dislo-
ations in providing nucleation sites for dynamic recrystal-
ization. In porous systems, the reduced ability to accumulate
islocations may therefore limit the extent of recrystalliza-
ion, leading to strength implications associated with smaller
uantities of grains in the alloy. 

.3.2. Grain size evolution 

Grain refinement with increasing strain is inevitably linked
o a reduction in the size of pre-existing grains. While ini-
ial observations may suggest elongation and flattening during
eformation, relying on a single grain dimension is insuf-
cient to fully characterize the refinement process. Instead,

hree orthogonal dimensions—length, width, and thickness—
re tracked independently to describe the evolution of grain
ize ( Fig. 8 B). At low to moderate strain levels, all three
imensions remain relatively stable. However, a pronounced
ecrease occurs beyond the fracture strain, consistent with
he strain for onset of grain fragmentation. In the AZ31 non-
orous model, the most significant reductions are observed
n grain width and thickness, suggesting that refinement may
ccur primarily through splitting perpendicular to the load-
ng axis. The absence of pores—and therefore of localized
tress concentrations—facilitates a more uniform distribution
f stress, enabling symmetrical grain subdivision. In con-
rast, the p = 1% porous model exhibits more gradual re-
uctions in grain dimensions. In this case, stress concentrates
round pore sites, disrupting the uniform deformation seen
n the non-porous alloy. Consequently, grain fragmentation
roceeds in a more anisotropic and heterogeneous manner,
ith fewer abrupt transitions in grain dimensions at the frac-

ure point. These interpretations are supported by microstruc-
ural snapshots ( Fig. 9 B) where at 8%, 10%, and 12% strain,
he non-porous p = 0% model exhibits clear evidence of
rain subdivision aligned perpendicular to the loading axis—
onsistent with strain-driven grain splitting behavior. In the
orous model, this perpendicular splitting is much less evi-
ent, and the grain structure appears more irregular and spa-
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Fig. 9. A) Graphical ’slices’ of the AZ31 non-porous (left) and 3px30 (right) porous models showing the distribution of FCC. Non-porous tends to form 

evenly distributed of FCC steaks in XY direction whilst 3% porous model forms localized FCC regions around and bridging pores in the (X)loading direction. 
B) Stress-strain curve for the non-porous AZ31 model with snapshots showing crystal structure distribution at 3% strain intervals. Shear bands typically form 

as the last stage of deformation before failure, as observed here post-UTS at 12% strain as FCC (blue) and “other” (light grey) streaks. 
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ially heterogeneous, reflecting the localized nature of defor-
ation around pores. 

.3.3. Grain morphology evolution 

Although reductions in grain length, width, and thickness
rovide evidence of manifold grain-structuring, they do not
uantify morphological changes in grain shape. To comple-
ent these dimensional analyses, the evolution of grain mor-

hology is examined with focus on aspect ratio transforma-
ions that reveal elongation and thinning mechanisms under
ncreasing strain. Morphological evolution is characterized us-
ng two distinct measures as follows: Aspect Ratios 1 and
 (AR1 and AR2, respectively), where AR1 quantifies grain
longation as the ratio of length to width, while AR2 captures
rain thinning or flattening as the ratio of width to thickness
 Fig. 8 C). 

Similar to the trend observed in grain density evolution,
oth AR1 and AR2 remain relatively stable at low to moder-
te strain levels. However, at the critical strain, again corre-
ponding to the fracture strain seen in the stress–strain data,
 sharp increase is observed in both measures ( Fig. 8 D). This
ndicates that in the late stages of deformation, when the alloy
s under maximum stress, there is a distinct transition not only
o a higher number of grains but also to more distorted grain
hapes. Specifically, grains become significantly thinner and
ore elongated, forming morphologies that resemble bands

r filaments. This behavior is consistent with previous exper-
mental studies on Mg-alloys, where dynamic grain refine-
ent has been associated with the transformation of coarse

rains into more anisotropic structures such as bands [ 71 ]
nd plates [ 72 ]. Consistent with prior observations of porous
ystems exhibiting more stable grain dimensions ( Fig. 8 B),
he increase in aspect ratios for porous systems is also gener-
lly less pronounced. This suggests that pores, known to act
s stress concentrators, reduce the effective transmission of
tress across and/or between grains. Consequently, they limit
he extent of deformation and delay the morphological tran-
itions typically associated with grain refinement. This inter-
retation is supported by the structural snapshots taken before
nd after the critical strain points, which show a relatively
omogeneous grain distribution in non-porous models com-
ared to the more heterogeneous structure in porous models
 Fig. 8 B and D) thereby rationalizing the differences in stress
istribution. 

.4. Role of porosity in structural evolution 

To investigate the influence of porosity on phase trans-
ormation, cross-sectional slices from both non-porous ( p =
%) and p = 3% porosity models were analyzed ( Fig. 9 A).
his analysis focused on the manifestation of the FCC phase,
ue to its contribution toward mechanical properties when
ormed via strain-induced phase transition, in both the pres-
nce and absence of pores. In non-porous systems, the dis-
ribution of the FCC phase was found to be notably more
niform ( Fig. 9 A, left), despite having comparable amounts
f FCC present. This uniform distribution further reinforces
hat, in the absence of pores, the applied tensile stress is more
venly distributed across the system, facilitating a homoge-
eous formation of the FCC phase. Although the load was ap-
lied in the x-direction, FCC phases appeared as “streaks” in
he XY-plane, indicating the formation of shear bands. These
re thin, localized regions where strain is concentrated to ac-
ommodate deformation and typically emerge after significant
aterial deformation [ 72,73 ], as observed in our models post-
TS ( Fig. 9 B). 
In contrast to the non-porous system, the FCC phase in

he porous models localizes around the pores ( Fig. 9 A, right).
ores act as stress concentrators, leading to higher stress in

he regions surrounding them with respect to the wider struc-
ural networks of the alloy during loading. This elevated stress
eems to facilitate phase transitions from HCP to FCC, par-
icularly in areas where atomic rearrangement is more readily
chieved due to the localized stress, such as around the pores
nd in regions bridging them; amorphous, manifold struc-
uring serving as intermediaries, providing lower free-energy
spontaneous) pathways to such changes to and along the po-
ential energy hypersurfaces of these systems. Atomistically,
he increased ductility of the FCC phase enhances atomic

obility, which is expected to be more pronounced near the
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Fig. 10. A) Graphical ’slices’ from the AZ31 porous model depicted evolution of pore morphology as a function of strain. Pore shape develops from circular 
to oval with formation of non-HCP phases (blue, light grey) around pores. Plot of pore diameter vs strain reveals that pore diameter (parallel to x-loading 
direction) increases for all porous systems, with the steepest increases in systems with large pores (2px10, 3px10). B) Young’s modulus (E) associated with 
the porous and non-porous AZ31 models. A decrease in E is observed as porosity increases, hence reflecting the increased elasticity of alloys with increasing 
porosity. C) Evolution of dislocation density with progressive loading for the AZ31 alloy at all porosity levels. The non-porous alloy exhibits a later onset of 
dislocations that is correlated with lower elasticity and earlier onset of UTS (and vice versa for porous models). There is also an observed correlation between 
higher UTS and lower dislocation density. 
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bility, and ductility. 
ores. To explore the magnitude of this effect, the morphology
f the pores was monitored throughout the loading process,
nd the pore diameter (d), was quantified ( Fig. 10 A). It was
bserved that the pore diameter (d), measured parallel to the
-loading direction, increases during loading, with the pore
hape transitioning from circular to oval. This observation
onfirms that there is relatively high atomic mobility around
ores, with this effect becoming more pronounced in sys-
ems containing larger pores (2px10 and 3px10 models) with
espect to their smaller-pore counterparts (2px20 and 3px30
odels). The concentration of FCC, non-HCP and amorphous

hases around the pores, coupled with the enhanced atomic
iffusion, suggests that pores act as energetic “sinks” for both
tress and FCC phase formation. As a result, the presence
f pores is expected to increase the ductility of alloys with
igher porosity, as characterized by increased atomic motion
round pores. This is supported by the Young’s modulus (E)
ata from the AZ31 models ( Fig. 10 B), which demonstrate
 decrease in elastic modulus with increasing porosity, effec-
ively characterizing lower stiffness alloys. Notably, models
ith larger pores exhibit a lower Young’s modulus with re-

pect to those with smaller pores (2px10 vs 2px20, and 3px10
s 3px30), reinforcing the link between pore size, atomic mo-
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.5. Dislocation-driven stress-strain response 

Dislocation density is directly correlated with key mechan-
cal properties, including ultimate tensile strength (UTS). For
he AZ31 alloy, dislocation density was tracked as a function
f strain across all porosity models ( Fig. 10 C). The porous
odels ( p = 1-3%) exhibited an earlier dislocation nucle-

tion, initiating around 3% strain compared to 6% strain in
he non-porous model ( p = 0%). This pronounced difference
n dislocation onset can be attributed to two factors: 1) the
lloy’s elasticity and 2) the strain at which UTS occurs. The
ncreasingly porous models exhibit a lower modulus of elas-
icity, indicating lowered stiffness. As dislocation propagation
s associated with ductility, this suggests that the porous al-
oys form dislocations earlier due to their ability to elasti-
ally deform and facilitate dislocation mobility. Additionally,
he porous alloys reach their UTS at a lower strain than the
on-porous model, indicating that earlier dislocation forma-
ion may lead to earlier deformation and a shorter plastic
ange; with consequent lowered strain-tolerance and raised
fracture-immediacy", (eg. sharpness of fracture-onset trends).
urthermore, Mg–Al–Zn alloys with lower porosities exhibit
igher rates of dislocation nucleation post-UTS, supporting
he presence of a more homogeneous stress distribution in
on-porous alloys. While dislocation formation in porous al-
oys is likely localized around pores, the uniform stress in
on-porous alloys enables rapid and widespread dislocation
ctivity beyond the fracture point, highlighting porosity as a
ey facilitator in directing alloy deformation and failure mech-
nisms. Future work is planned to characterize additional me-
hanical properties for alloys explored in this work, including
ulk and shear moduli, as well as Poisson’s ratio and inroads
o melt mechanisms, glassy transition (if any) and prediction
f molten state properties [ 74 , 75 ]. 

. Conclusions 

This work employed molecular dynamics (MD) simula-
ions to investigate the effects of alloying and porosity on
he atomistic and mesoscopic structuring, and mechanical be-
avior of Mg-Al-Zn alloys under uniaxial tensile loading. A
ange of compositions (0–18% alloying content) with varying
l and Zn ratios were investigated, and the mechanical re-

ponses were analyzed using stress–strain behavior, disloca-
ion evolution, RDFs, and multi-dimensional grain structure

etrics. 
The results highlight the critical influence of phase stabil-

ty and alloying concentration on mechanical performance. A
rogressive reduction in HCP phase fraction with increasing
train, more pronounced in alloys with higher Al and Zn con-
ent, was correlated with reduced fracture strain and tensile
trength, highlighting the importance of HCP phase retention
or maintaining mechanical toughness, in Mg-Al-Zn alloys.
he emergence of FCC phases solely post-fracture suggests

hat HCP destabilization is a driving factor for failure, while
CC formation, via amorphous structural-transitioning, is a
ost-fracture structural response; the system mitigating in-
tability through adoption of a structure with consequently
owered mechanically utility (FCC). Radial distribution func-
ion (RDF) atom-pair structural analyses further revealed that
uring loading, Al–Al and Zn–Zn bonds experience signif-
cant inter-atomic bond-length fluctuations particularly near
racture, confirming their active role in structural rearrange-
ent and stress accommodation. These alloying elements also

ended to preferentially occupy non-HCP environments, local-
zing transitory amorphization, effectively promoting HCP-to-
on-HCP, to FCC, phase transition, including possible transi-
ory amorphous phases, which could be potentially validated
xperimentally, for example, with operando in-situ neutron
cattering in real-time. Although moderate alloying enhances
trength, excessive Al and Zn additions ( > 3–4 at.%) leads to
educed UTS due to phase instability. Overall, Al contributes
rimarily to solid-solution strengthening and moderate HCP
estabilization through converting HCP to non-HCP phases
e.g., FCC), with Zn exhibiting this destabilizing effect to a
reater extent. The “Zn limit” ( ∼1%) is rationalized in terms
f the lower stacking fault energy of Mg-Zn relative to Mg-Al,
hich itself is a result of the greater atomic radius mismatch
etween Mg and Zn ( 
radius(Mg-Zn) = + 16.25%) relative to
g and Al ( 
r(Mg-Al) = + 10.63%; 

r = + 5.62%). The

nterplay between these two elements in ternary systems is
iscussed and rationalized in terms of their combined influ-
nce on bond flexibility (eg. Al-Al and Zn-Zn pair fluctu-
tions), local coordination geometry including coordinative-
igidity, HCP phase retention, and UTS. 

Grain structure analyses revealed a critical strain valuation,
oinciding with fracture onset, where grain density sharply
ncreases, grain size decreases, and grains become elongated
nd flattened. Grain refinement was found to manifest differ-
ntly in porous and non-porous systems ( p = 0%), as follows:
on-porous alloys exhibited uniform grain splitting perpen-
icular to the loading axis, while porous systems ( p ≥ 0%)
isplay more heterogeneous, anisotropic grain fragmentation
ue to uneven stress distributions. 

The influence of porosity on structural evolution was fur-
her demonstrated by the localized formation of (transitory)
morphous networks in the vicinity of pores, with subsequent
tabilization and accumulation of FCC phases at those sites.
hese act as stress concentrators, promoting stress-induced
hase transformations and enhancing ductility in their imme-
iate vicinities; yet to a point, beyond which they become
etrimental to material toughness and durability. This behav-
or is supported by observed reductions in Young’s modu-
us (E) and morphological transitions of pores from circu-
ar to elliptical shapes, indicating elevated atomic mobility in
orous regions. In contrast, non-porous alloys exhibit delo-
alized FCC formation in the form of shear bands, consistent
ith a more uniform stress distribution. 
Dislocation analyses revealed that porous alloys initiate

islocation activity at lower strains ( ∼3%) than their non-
orous counterparts ( ∼6%), aligning with their earlier on-
et of failure and lower elastic modulus. Higher dislocation
ensities were associated with increased strength, suggest-
ng a dislocation hardening mechanism where greater resis-
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ance to dislocation motion enhances the alloy’s load-bearing
apacity. 

In summary, herein we provide a comprehensive atomic-
cale insight into how alloying content and porosity inter-
ct to influence phase transformations, dislocation dynamics,
nd grain refinement in Mg-Al-Zn alloys. These findings offer
aluable guidance for the optimization of alloy composition
nd microstructural design in applications where mechani-
al integrity under strain is critical, in addition to the de-
ign and inroads to tracking metrics for advanced operando,
n-situ measurements in real-time including neutron scatter-
ng and positron spectroscopy [ 76 ]. Further understanding of
he microstructure-mechanical property relationship may be
chieved via elucidation of the composition and structure of
he “other” phase, which may encompass clusters and inter-

etallic features associated with enhanced mechanical behav-
or, including localized rigidity/flexibility and atomic hinge-
oints (eg. Al fulcrums). In addition, to target more accurate
redictions of mechanical behavior, consideration of thermo-
echanical history is planned via simulated heating, cool-

ng and annealing to introduce realistic defect structures and
apture thermomechanical history dependent deformation and
ailure mechanisms. 
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