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Abstract

In this work, 2.0 wt.% SiCp/AZ91D magnesium matrix composite was fabricated by stir
casting, and its microstructure and properties were optimized through a coupled process
of parallel equal-channel angular combined extrusion (PC-ECAP) and T6 heat treatment.
The results indicate that the extrusion temperature has a significant influence on the
microstructure and mechanical properties of the material. At an extrusion temperature
of 350 °C followed by T6 heat treatment, the 2.0 wt.% SiCp/AZ91D composite exhibits a
tensile strength of 221 MPa, an elongation of 19.2%, and a product of tensile strength and
elongation (PSE) of 4.24 GPa%, which represent increases of 14.5%, 128.6%, and 161.7%,
respectively, compared with the as-cast specimen. To elucidate the microscopic mechanism
of the enhanced ductility, first-principles calculations were further performed. It is found
that Al solute atoms can reduce the electron localization in the Mg-Mg bond region, causing
a downward shift of the d-band center, thereby weakening the interatomic bonding strength
on the slip plane. This effect is equivalent to reducing the stacking fault energy of non-basal
slip. The finding provides a theoretical explanation for the activation of multiple slip
systems and the suppression of twinning observed in the experiments. By combining
experiments with calculations, this study systematically reveals the mechanism underlying
the synergistic regulation of strength and ductility in the composite by PC-ECAP coupled
with T6 heat treatment, offering a theoretical basis and process reference for the fabrication
of high-performance magnesium matrix composites.

Keywords: magnesium matrix composite; equal-channel angular combined extrusion; heat
treatment; microstructure; mechanical properties; first-principles calculations

1. Introduction

Magnesium alloys possess high specific strength and specific stiffness, excellent damp-
ing capacity, electromagnetic shielding effectiveness, and good castability, and are hailed
as “the green engineering material of the 21st century”. They have been widely used in
automotive manufacturing, rail transit, aerospace, 3C products, logistics, and construction,
with their advantages being particularly pronounced in the manufacturing sector [1-4].
In addition, magnesium alloys have also shown broad prospects in the biomedical field,
and research on additive manufacturing and rare-earth magnesium alloys has provided
new possibilities for further expanding their applications [5,6]. By incorporating hard SiC
particles (SiCp) into the magnesium alloy matrix, the shortcomings of low strength and
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ductility, poor heat resistance, and inferior creep resistance can be addressed. However,
traditional fabrication methods for magnesium matrix composites often fail to achieve a
uniform distribution of the reinforcement in the matrix, which limits their application in
industrial production [7,8].

Compared with traditional plastic working processes such as rolling and forging,
equal-channel angular pressing (ECAP), owing to its unique pure shear deformation mode,
is capable of inducing a high density of dislocations in the material under extremely large
accumulated strain and subsequently achieving a uniform and significantly refined grain
structure through dynamic recovery and recrystallization [9,10]. This characteristic endows
ECAP with great potential in the fabrication of ultrafine-grained /nanocrystalline materi-
als [11,12]. However, to reach the required accumulated strain, conventional single-angle
ECAP often requires multiple passes, which not only makes the process tedious, time-
consuming, and inefficient, but also easily introduces operational errors, accelerates die
wear, and may lead to reduced geometric accuracy or surface damage to the specimen due
to repeated loading and unloading. Parallel equal-channel angular combined extrusion
(PC-ECAP), through optimized die channel design, realizes an efficient severe plastic defor-
mation characterized by “two shear deformations in a single extrusion stroke” [13], thereby
achieving a higher equivalent strain per pass and significantly improving the processing
efficiency and microstructural uniformity. In the as-cast or as-deformed microstructure of
magnesium matrix composites, a coarse network of 3-Mgi7Alj, phase exists. This hard
and brittle phase not only severely splits the matrix but also strongly impedes dislocation
slip, representing one of the key factors responsible for the poor plastic deformability of the
material [14,15]. Therefore, through the synergistic optimization of T6 solution treatment
and aging treatment, a simultaneous enhancement in the tensile strength and elongation of
magnesium alloys has been achieved [16,17].

In this study, the 2.0 wt.% SiCp/AZ91D composite was taken as the research ob-
ject, and the following work was systematically carried out: (1) investigating the effects
of PC-ECAP at different extrusion temperatures on the microstructure and mechanical
properties of the composite and determining the optimal extrusion process parameters;
(2) analyzing the role of T6 heat treatment in the microstructural reconstruction and prop-
erty enhancement of the extruded material; (3) employing first-principles calculations to
construct a Mg—Al solid solution model and, through electron localization function (ELF)
and density of states (DOS) analysis, revealing the influence mechanism of Al solute on the
slip behavior of the magnesium matrix from the electronic scale and corroborating this with
experimental results. The findings of this study are expected to provide support for the
process optimization and engineering application of PC-ECAP technology in fabricating
uniform fine-grained magnesium matrix composites.

2. Experiment
2.1. Experimental Materials

The 2.0 wt.% SiCp/AZ91D composite was fabricated by stir casting [18] combined
with a remelting process. The SiCp content of 2.0 wt.% was selected based on preliminary
experimental results, which demonstrated that this content provides a favorable balance
between strengthening effectiveness and workability. The chemical composition of the
AZ91D alloy used in this work is listed in Table 1, and the average particle size of the SiC
particles is 60 pm. Figure 1 shows the XRD pattern of the 2.0 wt.% SiCp/AZ91D composite.
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Table 1. Chemical components of AZ91D alloy (wt.%).
Al Zn Mn Si Cu Mg
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Figure 1. XRD patterns of SiCp/AZ91D composites with 2.0 wt.% SiCp.

XRD analysis was performed using Cu K« radiation at 40 kV and 30 mA, with a
scanning range of 10-90° and a scanning speed of 2° /min. Optical microscopy observation
was conducted on a ZEISS-Vert.Al optical metallographic microscope. The specimens were
ground and polished, then etched with a picric acid ethanol solution consisting of 5.5 g
picric acid, 5 mL acetic acid, 90 mL ethanol, and 10 mL distilled water. Scanning electron
microscopy observation was conducted on a ZEISS-Sigma500 field-emission scanning elec-
tron microscope equipped with an energy-dispersive spectrometer (Carl Zeiss Microscopy
GmbH, Jena, Germany). Optical microscopy was used to observe the macroscopic mor-
phology and grain characteristics of the composite, while scanning electron microscopy
was employed for detailed observation of the microstructure, precipitate morphology and
distribution, as well as micro-area compositional analysis. The combination of OM and
SEM enables multi-scale microstructural characterization from macroscopic to microscopic
levels. Tensile testing was conducted on a CMT5305 microcomputer-controlled electronic
universal testing machine with a maximum load capacity of 30 kN and a loading speed
accuracy of £0.5%.

No diffraction peaks corresponding to SiCp are detected in the XRD pattern of the
SiCp/AZ91D composite, nor are diffraction peaks of Mg,Si or Al4C3 clearly identifiable.
This is primarily attributed to the relatively low content of the SiCp reinforcement (2.0 wt.%)
and its coarse particle size (60 um), which makes these phases fall below the detection limit
of conventional XRD. Nevertheless, as shown in the SEM-EDS analysis of Figure 2, Mg,Si
phases with dendritic and skeletal morphologies are clearly observed, confirming that the
interfacial reaction between SiCp and the Mg-Al melt indeed occurred [19]:

3SiC(s) + 4Al(1) + 6Mg(1) — 3Mg,Si(s) + AlyCs(s) (1)
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The absence of Al4C; diffraction peaks is likely due to its hydrolysis reaction with water
during specimen preparation [19], as well as its potential low content or poor crystallinity.

Figure 2 presents the SEM microstructure and EDS spectra of the 2.0 wt.% SiCp/AZ91D
composite. As shown in Figure 2b—d, EDS point analysis identifies the region at point A as
the Mg matrix, the slender dendritic structure at point B as Mg,Si, and the coarser skeletal
structure as 3-Mgj7Al;).

Point A

element at%
Mg LIS
Al

Si

Point B Point C

element at% element at%

61.00 Mg 57.97
28.56 Al 32.62

Zn 1.61

Figure 2. SEM and EDS analysis of 2.0 wt.% SiCp/AZ91D composites: (a) SEM image of 2.0 wt.%
SiCp/AZ91D; (b), EDS spectrum of point A in (a); (c) EDS spectrum of point B in (a); (d) EDS
spectrum of point C in (a).

2.2. Experimental Methods

A section of pure aluminum bar was first placed in the die to serve as a guide and back
pressure for the specimen [20,21], with the aim of improving the PC-ECAP workability of
the magnesium matrix composite. During the operation, the PC-ECAP die was cleaned,
and MoS; lubricant was sprayed into the extrusion channel; subsequently, the two sides
of the die were heated using an induction heating plate wrapped with refractory cotton,
and the die was held for 30 min after the temperature measured by the thermocouple
reached the experimental temperature. Meanwhile, the specimens with dimensions of
¢ 20 mm x 80 mm were ground smooth, sprayed with MoS,, placed in a mulffle furnace,
heated to the experimental temperature, and held for 15 min. Afterwards, the specimens
were placed into the preheated die extrusion channel for extrusion. Finally, the extruded
specimens processed at the optimal extrusion temperature were subjected to T6 heat treat-
ment. Solution treatment was conducted in a box-type resistance furnace. The specimens
were heated to 415 °C and held for 5 h, followed by rapid water quenching to room temper-
ature. Aging treatment was performed at 200 °C for 16 h, followed by air cooling to room
temperature [22-24]. The selected process parameters are listed in Tables 2 and 3.
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Table 2. Selection of PC-ECAP extrusion temperature.

Experimental Groups Extrusion Temperature
1 250 °C
2 300 °C
3 350 °C
4 400 °C

Table 3. Heat treatment of PC-ECAP.

Experimental Groups Extrusion Temperature Specimen State
1 Optimum Extrusion Before Heat Treatment
2 Temperature T6 Treatment

The principle of PC-ECAP is schematically illustrated in Figure 3a, where 6 denotes
the equal-channel extrusion angle, ® denotes the inner corner angle, 1\ denotes the outer
arc angle, B denotes the channel width or the billet width, and L denotes the length of
the transition segment between the two corners. PC-ECAP incorporates two corners of
equal magnitude but opposite directions within the equal-diameter channel; the workpiece
undergoes shear deformation first at one corner and then at the second, thereby realizing
severe plastic deformation characterized by “one extrusion, two shear deformations.”
The PC-ECAP equipment and die used in this study were independently designed and
developed by our research group, as shown in Figure 3b,c. The die is made of H13 hot-work
die steel. The inner corner angle ® and the outer arc angle 1 of the die channel are both
90°, and the cross-sectional dimension of the channel upon die closure is ¢ 20 mm. During
the corner extrusion process, the magnesium matrix composite was subjected to a pressure
of 185 £ 20 MPa, and the extrusion speed was 3 mm/s.

Female die_____

Figure 3. (a) PC-ECAP extrusion principle and die geometry diagram. (b) PC-ECAP extrusion equipment.
(c) PC-ECAP extrusion mold.
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2.3. First-Principles Calculation Method

In Mg-Al system alloys, the solid-solution behavior of Al is a key factor influencing the
plastic deformability of the matrix; however, its atomic-scale mechanism is difficult to ob-
serve directly through conventional experimental approaches. In this study, first-principles
calculations based on density functional theory (DFT) were employed to construct an
Mg-Al solid solution model, and to systematically analyze the changes in Mg-Mg bonding
characteristics and their mechanical implications upon the introduction of Al atoms. The
simulations were performed using the first-principles calculation software VASP 5.4.4 (Vi-
enna Ab-initio Simulation Package) based on DFT [25]. The exchange-correlation functional
was treated within the generalized gradient approximation (GGA) in the PBE form, and
the interaction between ionic cores and valence electrons was described by the projector
augmented wave (PAW) method. A plane-wave cutoff energy of 450 eV and a k-point grid
of 3 x 3 x 2 were adopted. Full relaxation of atomic positions and cell shape was carried
out until the residual forces on the atoms were less than 0.03 eV /A and the total energy
change was less than 1 x 1075 eV.

To simulate the solid-solution effect of Al in the AZ91D alloy, a supercell model con-
taining multiple Mg atoms was constructed, and one Mg atom was replaced by an Al
atom, yielding a solid-solution concentration of approximately 3.1 at.%. This concentra-
tion is close to the equilibrium solid solubility of Mg—Al alloys at typical hot working
temperatures (350400 °C), making the model compositionally relevant to actual process
conditions. It should be explicitly noted that this computational model is a deliberately
simplified ideal solid solution, which does not include the phase interfaces, the high-density
dislocations introduced by ECAP, or the non-equilibrium characteristics present in the
real composite. This simplification aims to decouple the complex synergistic effects of the
multiphase system and to focus on a fundamental scientific question: the perturbation of
the local electronic structure of the magnesium matrix caused by a single Al solute atom, a
topic that differs from previous first-principles studies on Mg—Al systems [26,27] which
primarily focused on solid-solution strengthening effects rather than the electronic origin
of ductility enhancement.

3. Results and Discussion

3.1. Effect of Extrusion Temperature on the Microstructure and Properties of the Magnesium
Matrix Composite

3.1.1. Microstructure of the SiCp/AZ91D Magnesium Matrix Composite at Different
Extrusion Temperatures

Figure 4 shows the microstructural evolution of the 2.0 wt.% SiCp/AZ91D composite
after PC-ECAP at different extrusion temperatures.

In the specimen extruded at 250 °C, numerous twinned grains and twin dynamic
recrystallization (TDRX) chains formed by twin intersections are observed in the matrix,
and most grains become indistinguishable due to their blurred outlines after deformation.
Xu, S. and Ma, Q., et al. [28,29] suggested that these recrystallized chains are formed in
twinned regions through twin intersections, and this microstructural evolution process is
termed twin dynamic recrystallization (TDRX). Furthermore, the eutectic region is small;
the 3-Mgi7Al;j, phase is sparsely distributed as particles or short rods, and the Mg,Si
phase appears as slender strips that are severely fractured. At 300 °C, the TDRX chains
disappear, and the number of recrystallized grains in the eutectic region increases. The
content of the 3-Mgj7Alj, phase increases, predominantly exhibiting a skeletal rod-like
morphology with a small amount of granular particles; the Mg,Si phase is distributed
as elongated strips along grain boundaries and within grains. At 350 °C, only a small
number of coarse twins and fine twin dynamic recrystallized grains remain in the matrix,
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and the continuous recrystallized grains decrease. The (3-Mg;7Al;; phase still exists as
coarse skeletal structures, but internal cavities appear, indicating a tendency to dissolve; the
Mg,Si phase is partially distributed as granular particles in the eutectic region and partially
as rosette-shaped morphologies within the grains. At 400 °C, twins basically disappear, the
matrix exhibits a bright white contrast induced by Al solid solution, the eutectic region is
significantly reduced, and the continuous recrystallized grains decrease. The 3-Mg;7Alj»
phase is largely dissolved, with the residual phase distributed as slender rods along grain
boundaries and within grains, and a small amount re-precipitates in the eutectic region; the
Mg, Si phase shows no obvious change.

: 2

Figure 4. OM and SEM micrographs of the specimens extruded at different temperatures. (a1) OM
at 100x for 250 °C; (a2) OM at 500x for 250 °C; (a3) SEM at 300x for 250 °C; (a4) SEM at 1000 x
for 250 °C; (b1) OM at 100x for 300 °C; (b2) OM at 500x for 300 °C; (b3) SEM at 300x for 300 °C;
(b4) SEM at 1000x for 300 °C; (c1) OM at 100x for 350 °C; (c2) OM at 500 x for 350 °C; (c3) SEM at
300x for 350 °C; (c4) SEM at 1000x for 350 °C; (d1) OM at 100x for 400 °C; (d2) OM at 500x for
400 °C; (d3) SEM at 300 for 400 °C; (d4) SEM at 1000 % for 400 °C.

At 250 °C, the 3-Mgy7Aly; phase is sparsely distributed as particles or short rods in
the eutectic region. Because the deformation is dominated by basal slip and twinning, the
twinning-induced reorientation of small grains into favorable slip orientations accommo-
dates the deformation of large grains. The 3 phase at grain boundaries dissolves through
dynamic recrystallization triggered by high stress concentration and dislocation pile-ups,
while the elongated Mg,S5i phase fractures. At 300 °C, recrystallization becomes the primary
accommodation mechanism, with continuous dynamic recrystallization and twin dynamic
recrystallization coexisting. The stress concentration at grain boundaries is weakened, the
dissolution of the 3 phase is reduced, and recrystallized grains extend from the eutectic
boundaries into the grain interiors around the Mg,5i phase. At 350 °C, the remaining twins
and twin dynamic recrystallized grains in the matrix further reduce the stress concentra-
tion at the grain boundary (3 phase. Continuous recrystallization weakens and becomes
localized in the eutectic region; the area of the granular eutectic region increases, while
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the Mg,S5i phase remains unaffected. At 400 °C, non-basal slip increases and twinning

decreases. Dislocations accumulate at the grain boundary {3 phase and in the eutectic region.

The high temperature promotes extensive dissolution of the 3 phase, and recrystallization

near the Mg,Si phase increases significantly.

The above microstructural evolution indicates that the deformation mechanism of

the SiCp/AZ91D composite during PC-ECAP undergoes a temperature-driven stage-wise

transition, which in turn determines the grain refinement effect and the behavior of the

second phases.

)

@

®)

250 °C: Twinning-dominated stage. The appearance of abundant twins and twin
dynamic recrystallization (TDRX) chains in the microstructure at this temperature
suggests that twinning may be the primary mechanism for accommodating plastic
deformation [30]. Since non-basal slip systems are difficult to activate, the deformation
in inhomogeneity is relatively high, leading to localized stress concentrations at
grain boundaries and phase interfaces. Under this condition, the 3-Mg7Al;» phase
undergoes partial dissolution, while the brittle Mg,Si phase fractures due to its
inability to accommodate the high strain. The above phenomena are similar to the
deformation characteristics of magnesium alloys at low temperatures, which are
dominated by basal slip and twinning.

300-350 °C: Twinning-to-recrystallization transition stage. As the temperature rises to
300 °C, the critical resolved shear stress for non-basal slip systems decreases and the
slip activity increases. The twin chains in the microstructure essentially disappear, and
continuous dynamic recrystallization (CDRX) grains increase significantly, indicating
that recrystallization has gradually replaced twinning as an important deformation
accommodation mechanism [31,32]. The 3-Mgj7Alj; phase stops dissolving due
to the alleviation of stress concentration at grain boundaries and coarsens into a
continuous skeletal morphology. When the temperature is further raised to 350 °C,
twinning and CDRX coexist, producing a synergistic refinement effect [31]. On the
one hand, a small amount of residual twins contribute fine grains through twin
dynamic recrystallization (TDRX); on the other hand, CDRX proceeds continuously
in the eutectic region and around the Mg,Si phase. At this temperature, cavities
appear inside the 3-Mgj7Al;; phase, suggesting that it has entered the initial stage
of dissolution, while the overall skeletal framework is still retained. Grain size
statistics, as shown in Figure 5, show that the average grain size at 350 °C is 19.6 um,
slightly finer than the 23.8 um observed at 400 °C. Although the error bars overlap
between adjacent temperatures, the microstructural evidence in Figure 4 reveals
distinct deformation and recrystallization mechanisms across temperatures. The grain
size of the 250 °C specimen could not be determined reliably because the severe
deformation resulted in blurred grain boundaries that could not be resolved by the
linear intercept method. Therefore, this value is not included in Figure 5.

400 °C: Recrystallization-dominated and grain-coarsening stage. At 400 °C, non-
basal slip is fully activated and twinning is almost completely suppressed. CDRX
remains the dominant mechanism but is accompanied by pronounced grain boundary
migration, leading to the coarsening of recrystallized grains to 23.8 um. Under the
combined effect of high temperature and high strain, the 3-Mg;7Alj; phase largely
dissolves, leaving only a small amount of fine rod-like residues distributed at grain
boundaries and within grains; the area of the eutectic region is significantly reduced,
reflecting a higher degree of Al homogenization.
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Figure 5. Grain size statistics of SiCp/AZ91D composites at different extrusion temperatures.

In summary, the grain refinement effect of the 2.0 wt.% SiCp/AZ91D composite during
PC-ECAP depends on the competition and synergy between twinning-assisted refinement
and continuous dynamic recrystallization (CDRX) refinement. The temperature of 350 °C
is the critical point at which the contributions of the two mechanisms are balanced: below
this temperature, twinning dominates, but recrystallization is insufficient; above this tem-
perature, recrystallization is sufficient but grain growth accelerates. The determination of
this critical temperature provides a microstructural basis for the selection of the subsequent
T6 heat treatment process window.

3.1.2. Mechanical Properties of the SiCp/AZ91D Composite at Different
Extrusion Temperatures

Figure 6 presents the microhardness (HV9) test results of the 2.0 wt.% SiCp/AZ91D
composite at different extrusion temperatures. The hardness values exhibit a non-
monotonic variation with increasing temperature: the highest value of 82.3 HV,y is
recorded at 250 °C, followed by a decrease at 300 °C, a slight recovery at 350 °C, and
another decrease at 400 °C. Although the error bars show some overlap between adjacent
temperatures, the overall trend and the underlying mechanisms are discussed below. At
250 °C, the low temperature suppressed non-basal slip and dynamic recrystallization (as
shown in Figure 4(a2)), and plastic deformation relied primarily on basal slip and twinning.
The accumulation of high dislocation density together with Al solid solution resulted
in work hardening and solid solution strengthening, thereby yielding the highest hard-
ness. When the temperature increased to 300 °C, non-basal slip systems were gradually
activated, continuous dynamic recrystallization (CDRX) reduced the dislocation density,
and partial dissolution of the 3 phase weakened the second-phase strengthening, caus-
ing the hardness to drop to 74.9 HV49. At 350 °C, non-basal slip and recrystallization
became more pronounced, but the 3 phase still partially persisted in a skeletal form (see
Figure 4(c4)), and the grains were refined to 19.6 um. Grain refinement strengthening and
the residual second phase compensated for the softening, leading to a hardness recovery
to 77.7 HV49. At 400 °C, the high temperature promoted dislocation climb and dynamic
recovery, significantly reducing the dislocation density. As shown in Figure 4(d2), the
(3 phase largely dissolved and the recrystallized grains coarsened, resulting in a hardness
decrease to 75.5 HV4 9. In summary, the non-monotonic variation in microhardness reflects
the competitive relationship among work hardening, solid solution strengthening, second-
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phase strengthening, and recrystallization softening at different temperatures. At 250 °C,
work hardening dominates; at 300 °C, recrystallization softening prevails; at 350 °C, grain
refinement strengthening and residual second-phase strengthening achieve a balance; and
at 400 °C, recovery and phase dissolution lead to the lowest hardness.

100
82. 3
80 - 1 74.9 1.7 75.5
I 1
1 1
= 60-
=
]
Q
=]
=
= 40 -
oo
20
0 T v T T T v T
250C 300°C 350TC 400°C

Figure 6. Microhardness (HV, 9) values of PC-ECAP of SiCp/AZ91D composites at different extrusion
temperatures.

The tensile properties of the SiCp/AZ91D composite at different extrusion temper-
atures are presented in Figure 7. Overall, the tensile strength, elongation, and product
of tensile strength and elongation (PSE) all exhibit a clear temperature dependence, with
the optimal comprehensive tensile performance achieved at an extrusion temperature of
350 °C, where the tensile strength is 193 MPa, the elongation is 8.4%, and the PSE reaches
1.62 GPa%. At 250 °C, the tensile strength of the material is relatively low, which is mainly
attributed to two factors: the brittle Mg,Si phase undergoes significant fracture under
severe shear deformation, impairing its load-bearing capacity; meanwhile, the limited
extent of recrystallization at low temperatures results in stress concentrations at grain
boundaries caused by twinning and dislocation pile-ups, and these jointly lead to pre-
mature failure. When the temperature rises to 300 °C, the integrity of the Mg,Si phase
is improved, and the 3-Mgj7Al;> phase is primarily distributed as a continuous skeletal
network in the eutectic region, providing a certain degree of load transfer and grain bound-
ary strengthening, thereby enhancing the tensile strength. At 350 °C, the tensile strength
reaches its peak. At this temperature, a large number of fine dynamic recrystallization
grains are induced in the vicinity of the 3-Mgj7Al;; and Mg,Si phases, which significantly
refines the matrix structure. The combined effects of grain refinement strengthening and
second-phase strengthening enable the material to achieve a relatively high strength while
maintaining a certain ductility. As the temperature further increases to 400 °C, although the
recrystallization process becomes more extensive, the rosette-shaped Mg,5i phase inside
the grains notably disrupts the continuity of the matrix, while the extensive dissolution of
the 3-Mgj7Alj; phase eliminates its strengthening contribution. These two factors jointly
induce the formation and growth of microvoids in the matrix (see Figure 8d), resulting in
a marked decrease in tensile strength. Meanwhile, the elongation reaches its maximum
at 400 °C because the fully activated non-basal slip systems provide more slip modes
to accommodate plastic deformation, and the extensive dynamic recovery reduces the
dislocation density, thereby delaying strain localization and premature fracture [31].
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Figure 8. Fracture morphology of SiCp/AZ91D composites at different extrusion temperatures.
(@) 250 °C, (b) 300 °C, (c) 350 °C, (d) 400 °C.

Figure 8 presents the tensile fracture morphologies of the 2.0 wt.% SiCp/AZ91D
composite at different extrusion temperatures. As the extrusion temperature increases,
the fracture morphology transitions from brittle cleavage to ductile fracture. The fracture
surface of the specimen extruded at 250 °C is dominated by large-area cleavage facets
with only scattered shallow dimples, as shown in Figure 8a, corresponding to the lowest
elongation, which originates from low-temperature twinning deformation and the fracture
of the Mg,Si phase. At 300 °C, the cleavage facets are reduced, and the dimples become
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more numerous and larger (Figure 8b), indicating a shift to a mixed fracture mode. In the
350 °C specimen, cleavage facets are still locally visible, but the majority of the surface
consists of dimples (Figure 8c), reflecting improved ductility with some localized brittleness.
At 400 °C, the fracture surface is covered with dense, deep dimples and is free of cleavage
facets (Figure 8d), signifying a complete transition to microvoid coalescence ductile fracture,
which corresponds to the highest elongation. In summary, the evolution of the fracture
morphology directly corroborates the influence of temperature on the fracture behavior of
the SiCp/AZ91D composite: from brittle cleavage at 250 °C, to mixed fracture at 300-350 °C,
and finally to fully ductile fracture at 400 °C, which is highly consistent with the variation
trend of the tensile properties with temperature.

3.2. Microstructure and Mechanical Properties of the 2.0 wt.% SiCp/AZ91D Composite After
Heat Treatment

3.2.1. Microstructure of the 2.0 wt.% SiCp/AZ91D Composite After Heat Treatment
Based on the process window established in Section 3.1, the 2.0 wt.% SiCp/AZ91D
composite extruded at 350 °C was selected for T6 heat treatment to investigate the reg-
ulatory mechanism of the solution-aging process on the microstructure of the material.
Figure 9 compares the microstructures of the specimens before and after heat treatment.

Figure 9. OM and SEM Micrographs of SiCp/AZ91D Composites Before and After Heat Treatment.
(al) OM at 100x without heat treatment, (a2) OM at 500 x without heat treatment, (a3) SEM image
without heat treatment, (b1) OM at 100X heat treated by T6, (b2) OM at 500 x heat treated by T6,
(b3) SEM image heat treated by Té.

Before heat treatment, as shown in Figure 9(al-a3), the microstructure retains pro-
nounced deformation features: numerous twins and twin dynamic recrystallization (TDRX)
chains are visible in the matrix; the number of continuous dynamic recrystallization (CDRX)
grains near grain boundaries is limited; the 3-Mgj7Al;» phase is distributed in the eutectic
region as coarse skeletal structures and granular particles; the Mg,Si phase is mostly con-
centrated in this region, with a relatively low degree of precipitation and a morphology
dominated by slender strips. After T6 heat treatment, as shown in Figure 9(b1-b3), the
microstructure undergoes a fundamental reconstruction: the matrix grains are significantly
refined, with the average grain size decreasing from 19.6 um to 8.9 um as presented in
Table 4, and twins and TDRX chains essentially disappear; CDRX grains increase drasti-
cally, appearing as fine equiaxed grains uniformly distributed in the eutectic region and
within the grain interiors; the morphology of the 3-Mg7Alj, phase changes dramatically:
the coarse skeletal phase dissolves and is replaced by slender rod-like and fine granular
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precipitates, which are still predominantly located in the eutectic region; the precipitation
of the Mg,S5i phase is enhanced, and it is extensively distributed as slender strips and
rosette-shaped morphologies in both the eutectic region and the grain interiors.

Table 4. Average grain size of SiCp/AZ91D composites before and after T6 treatment.

Sample Before As-Extruded

Extrusion at 350 °C After T6 Treatment

Average grain size (um) 23.8 19.6 8.9

The microstructural reconstruction induced by T6 heat treatment can be attributed to
the synergistic effect of solution treatment and aging. During the solution treatment stage,
during holding at 415 °C, the coarse 3-Mgj7Al;> phase dissolves, and Al atoms diffuse
into the 0x-Mg matrix, forming a supersaturated solid solution. This process produces two
effects: first, it eliminates the pinning and splitting effect of the coarse 3-Mg;7Al;; phase on
grain boundaries; second, the solid solution of Al atoms causes lattice distortion, reduces
the dislocation energy of the matrix, and promotes the activation of non-basal slip systems.
During the aging holding process, the supersaturated solid solution decomposes, and fine
3-Mgi7Al and Mg, Si phases re-precipitate. These dispersedly distributed precipitates, on
the one hand, enhance the strength through precipitation strengthening, and on the other
hand, inhibit grain growth through grain boundary pinning. The superimposed effect of
the above processes is as follows, and this mechanism is supported by the comparative
microstructural data before and after T6 treatment as shown in Figure 9b and Table 4:
the activation of non-basal slip during the solution stage increases the mobile dislocation
density, providing more nucleation sites for continuous dynamic recrystallization (CDRX);
the fine phases precipitated during the aging stage stabilize the recrystallized grain size
through pinning, and as shown in Table 4, the average grain size is refined from 19.6 um to
8.9 um. Together, these effects lead to significant grain refinement after T6 treatment and
the virtual disappearance of twins.

3.2.2. Room-Temperature Tensile Properties of the 2.0 wt.% SiCp/AZ91D Composite After
Heat Treatment

Table 5 compares the room-temperature tensile properties of the 2.0 wt.% SiCp/AZ91D
composite before and after heat treatment. After T6 treatment, the specimen exhibits a
significant synergistic enhancement of strength and ductility: the tensile strength increases
from 193 MPa to 221 MPa, an increase of 14.5%; the elongation improves substantially from
8.4% to 19.2%, an increase of 128.6%; and the product of tensile strength and elongation
(PSE) correspondingly increases from 1.62 GPa% to 4.24 GPa%, an increase of approxi-
mately 161.7%. This property improvement can be attributed to the synergistic effect of
the following micro-mechanisms: grain refinement—as shown in Table 4, the grain size is
refined from 19.6 pm to 8.9 um after T6 treatment; the grain refinement strengthening effect
directly contributes to the strength increase, and the increased number of grain boundaries
facilitates the accommodation of plastic deformation; second-phase optimization—the dis-
solution of the coarse 3-Mgj7Alj; phase eliminates its splitting effect on grain boundaries,
and the fine, dispersed precipitates provide precipitation strengthening while avoiding
excessive damage to ductility; solid solution softening effect—the solid solution of Al
activates non-basal slip systems, increases the density of mobile dislocations, and promotes
uniform plastic deformation, which is the core mechanism responsible for the substantial
improvement in elongation. Among the above mechanisms, the solid solution softening
effect explains why the increase in strength (14.5%) is far smaller than the increase in elonga-
tion (128.6%): while Al solid solution reduces the stacking fault energy and promotes slip,
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it also partially weakens the work hardening capacity; however, its positive contribution to
ductility far outweighs its negative effect on strength [33].

Table 5. Room-temperature tensile properties of SiCp/AZ91D composites before and after T6 treatment.

Tensile Strength (MPa) Elongation (%) PSE (GPa%)
Sample before extrusion 169 9.2 1.55
As-extruded at 350 °C 193 8.4 1.62
After T6 treatment 221 19.2 424

Compared with similar materials reported in the literature, the T6-treated specimen in
this study exhibits a unique combination of strength and ductility. Qiao et al. [34] fabricated
a 1.0 wt.% SiCp/AZ91 composite by stir casting combined with variable channel extrusion
and ECAP; its tensile properties are listed in Table 6. Compared with that composite, the
present specimen shows a slightly lower tensile strength of 221 MPa, but a significantly
higher elongation of 19.2%, resulting in a PSE of 4.24 GPa%, which is approximately
5.4 times higher than the optimal literature value of 0.66 GPa%. This difference mainly
originates from the different process routes: the literature adopted multi-pass ECAP to
pursue ultimate strength at the expense of ductility; in contrast, this study achieves a better
balance between strength and ductility through single-pass PC-ECAP forming combined
with T6 heat treatment. The substantial improvement in PSE indicates that the material
obtained in this study possesses superior formability in subsequent processing (e.g., wire
drawing, stamping) [35].

Table 6. Tensile properties of 1.0 wt.% SiCp/AZ91D composites in different states [34].

Tensile Strength (MPa) Elongation (%) PSE (GPa%)
ECAP for 1 pass at 250 °C 374 1.5 0.56
ECAP for 1 pass at 300 °C 359 1.75 0.62
ECAP for 1 pass at 350 °C 324 1.52 0.49
ECAP for 2 pass at250 °C 367 1.76 0.65
ECAP for 3 pass at 250 °C 348 1.9 0.66

Figure 10 compares the tensile fracture morphologies of the specimens before and after
heat treatment. Before heat treatment, the fracture surface of the specimen, as shown in
Figure 10a, exhibits typical brittle cleavage fracture characteristics, dominated by large, flat
cleavage facets with only a few tear ridges and shallow dimples, which is consistent with
the low elongation of 8.4% of the as-extruded condition and is attributable to premature
cracking induced by the coarse 3-Mgi7Al;; phase and the undissolved Mg,Si phase. After
T6 treatment, as shown in Figure 10b, the fracture morphology undergoes a fundamental
transition: cleavage facets disappear completely and are replaced by dense, uniform, and
deep dimples, presenting typical microvoid coalescence ductile fracture, which is highly
consistent with the substantial increase in elongation to 19.2%. The evolution of the fracture
morphology is attributed to the microstructural reconstruction induced by T6 treatment:
the dissolution of the coarse {3 phase eliminates crack nucleation sites; the fine precipitates
and improved interfacial bonding enhance crack propagation resistance; grain refinement
and activation of non-basal slip promote uniform plastic deformation, enabling the material
to accommodate larger plastic strain during tension and form a large number of dimples.
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Figure 10. Tensile fracture SEM morphologies of SiCp/AZ91D composites before and after heat
treatment: (a) as-extruded (before heat treatment); (b) T6-treated.

3.3. First-Principles Analysis of the Effect of Al Solid Solution on the Electronic Structure and
Deformation Mechanism of Mg

3.3.1. Calculation Objective and Model Description

The experimental results presented in Section 3.2 show that the elongation of the
2.0 wt.% SiCp/AZ91D composite increases by 128.6% after T6 heat treatment, and this
macroscopic ductility improvement is closely related to the solid-solution behavior of Al
in the matrix. However, how the Al solid solution affects the intrinsic slip capability of
the magnesium matrix at the atomic scale is difficult to observe directly using existing
experimental approaches. It should be emphasized that high-density dislocations, precip-
itates, and complex interfaces exist in the real composite, and these factors are coupled
with the solid-solution effect, making it impossible to independently evaluate the intrinsic
contribution of Al atoms to the ductility of the matrix. To decouple these interfering factors,
first-principles calculations are employed in this study, in which an ideal Mg-Al solid
solution model is deliberately constructed to simplify the problem to the local perturbation
of the electronic structure of the magnesium matrix caused by the substitution of a single
Al atom, as illustrated in Figure 11.

a

e

Figure 11. Top view of the supercell models: (a) pure Mg, (b) with an Al substitutional atom.

3.3.2. Electronic Structure Calculation Results

Figures 12 and 13 show the electron localization function (ELF) and density of states
(DOS) distributions of pure Mg and the Mg-3.1 at.% Al solid solution, respectively.
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Figure 12. ELF distribution: (a) pure Mg (al) ELFCAR-3d (a2) ELFCAR-2d (a3) ELF; (b) Mg-Al solid
solution (b1) ELFCAR-3d (b2) ELFCAR-2d (b3) ELE.
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Figure 13. ELF distribution: (a) pure Mg (a1) TDOS (a2) pDOS; (b) Mg-Al solid solution (b1) TDOS
(b2) pDOS.

(1) ELF analysis

In pure Mg, as shown in Figure 12a, the ELF value between adjacent Mg atoms is
approximately 0.6-0.7 (yellow-green region), exhibiting typical metallic bonding char-
acteristics. After Al solid solution (see Figure 12b), a red highly localized region with
ELF =~ 0.9 forms around the Al atom, which has a higher electronegativity (1.61), indicating
charge accumulation toward the Al atom. Meanwhile, the ELF values in the Mg-Mg bond
regions away from the Al atom generally decrease to 0.50-0.55 (blue-green region), directly
demonstrating that the Al solid solution induces delocalization of the electron cloud in the
Mg-Mg bonds.

https:/ /doi.org/10.3390/met16070723


https://doi.org/10.3390/met16070723

Metals 2026, 16, 723

17 of 20

(2) DOS analysis

Compared with pure Mg, the total density of states (TDOS) of the Mg—Al solid so-
lution exhibits a broadened and more continuous distribution near the Fermi level (see
Figure 13(al,b1)), indicating electron band hybridization. The key change is manifested
in the partial density of states (PDOS) of the Mg-3d orbital: after the Al solid solution,
the d-band center shifts to lower energies and the peak width increases significantly (see
Figure 13(a2,b2)). The downward shift of the d-band center and the increased bandwidth
provide clear electronic-structure evidence for enhanced electron delocalization and weak-
ened directionality of metallic bonding.

(3) Mechanical implications of the electronic structure

The above electronic-level changes have clear mechanical implications: the electron
delocalization of Mg-Mg bonds (decreased ELF) and the downward shift of the d-band
center collectively point to a weakening of the interatomic bonding strength. According
to the Peierls-Nabarro dislocation model, a reduction in the interatomic bonding force
directly leads to a decrease in the dislocation core energy and a reduction in the lattice
resistance to dislocation slip. Physically, this is equivalent to reducing the generalized
stacking fault energy (GSFE) of both basal and non-basal slip, with the reduction being
relatively more pronounced for non-basal slip systems, which intrinsically have higher
stacking fault energies, a mechanism that is experimentally validated in the present work
through the significant enhancement of ductility.

(4) Correlation with experimental observations

The reduction in stacking fault energy will promote the activation of non-basal slip
systems, increase the number of mobile slip systems, and thereby enhance the uniformity
of plastic deformation. This theoretical prediction is highly consistent in trend with the
experimentally observed reduction in twinning and the substantial 128.6% increase in
elongation after T6 treatment. In other words, the present calculations confirm from
the atomic scale that the Al solid solution “possesses” the electronic structure basis for
activating non-basal slip and suppressing twinning.

3.3.3. Cross-Scale Linkage from Electronic Structure to Macroscopic Plastic
Deformation Mechanism

Integrating the calculations and experiments, at the electronic scale, first-principles
calculations (Figures 12 and 13) demonstrate that Al solid solution induces electron delocal-
ization in Mg-Mg bonds, with the ELF value decreasing from 0.6 to 0.5, accompanied by a
downward shift of the d-band center, proving that the directionality of the Mg—-Mg metallic
bond is weakened, and the bonding strength is reduced. According to the dislocation
model, the weakened bonding strength is equivalent to a reduction in the generalized
stacking fault energy (GSFE), especially for non-basal slip systems, thereby decreasing their
critical resolved shear stress and reducing the barrier for slip activation. The activation
of non-basal slip manifests at the microstructural level as the increased number of slip
systems makes plastic deformation more uniform, and reduces the need for twinning,
consistent with the virtual disappearance of twins after T6 treatment shown in Figure 9b;
the increased density of mobile dislocations provides more nucleation sites for continuous
dynamic recrystallization, leading to grain refinement from 19.6 um to 8.9 um, as shown in
Figure 9b and Table 5. Meanwhile, the dissolution of the 3-Mg;7Al;; phase and the forma-
tion of fine precipitates optimize the second-phase distribution. The above microstructural
changes ultimately manifest at the macroscopic property level as a synergistic enhancement
of strength and ductility: grain refinement and precipitation strengthening increase the
tensile strength from 193 MPa to 221 MPa, an increase of 14.5%; the activation of non-basal
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slip improves deformation uniformity, and the reduction of twins eliminates early crack
sources, causing the elongation to increase substantially from 8.4% to 19.2%, an increase of
128.6%, with the PSE correspondingly increasing by 161.7%, as listed in Table 5.

4. Conclusions

(1) The PC-ECAP extrusion temperature significantly influences the microstructural
evolution and mechanical properties of the 2.0 wt.% SiCp/AZ91D composite. As the
extrusion temperature increases from 250 °C to 400 °C, the deformation mechanism
gradually transitions from twinning-dominated to recrystallization-dominated, with
the grain size first refining and then coarsening, and the optimal comprehensive
mechanical properties are achieved at 350 °C.

(2) T6 heat treatment leads to a significant microstructural reconstruction of the composite
extruded at 350 °C; the coarse 3-Mgi7Al;; phase dissolves and re-precipitates as fine
dispersed particles, the average grain size is refined from 19.6 pm to 8.9 um, and
twins virtually disappear. After T6 treatment, the tensile strength increases from
193 MPa to 221 MPa, the elongation increases substantially from 8.4% to 19.2%, and
the product of tensile strength and elongation (PSE) increases from 1.62 GPa% to
4.24 GPa%, representing improvements of 14.5%, 128.6%, and 161.7%, respectively.

(3) First-principles calculations reveal that Al solid solution reduces the electron local-
ization in Mg-Mg bonds and shifts the d-band center downward, weakening the
interatomic bonding strength, which is equivalent to reducing the stacking fault en-
ergy of non-basal slip. This explains, from the electronic scale, the physical mechanism
by which Al solid solution promotes the activation of non-basal slip and suppresses
twinning, providing theoretical support for the significant improvement in elongation
observed experimentally after T6 treatment.
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