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Abstract

In this study, carbon fiber (CF) reinforced magnesium matrix composites
were used as the research object. Composites with micro-macro cross-scale
layered configurations were designed and prepared by powder metallurgy sin-
tering process. The tensile test results show that when the carbon fiber content
is 1.2 wt.% and the thickness of the single-layer composite is 3.5 mm, the ma-
terial exhibits excellent strength-ductility matching: the tensile strength is 269
MPa and the elongation at break is 14.7%, which achieves good plasticity while
significantly improving the strength. The study further systematically ana-
lyzed the synergistic contribution of traditional strengthening mechanism and
back stress strengthening to material strength, and revealed the improvement
effect of carbon fiber on material plasticity through internal ductility mecha-
nisms such as “pulling out”, as well as external energy dissipation pathways
such as crack deflection. This work provides a new structural design idea for
simultaneously improving the strength and ductility of magnesium matrix
composites, and has important reference value for the optimization of its com-
prehensive mechanical properties.
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1. Introduction

With the acceleration of industrialization and the continuous consumption of fos-
sil energy, the problem of energy shortage has become increasingly prominent.
Under the background of “double carbon” target, lightweight has become an in-
evitable trend [1]. Lightweight materials have significant potential in energy sav-

DOI: 10.4236/wjet.2026.141016

Feb. 25, 2026

270 World Journal of Engineering and Technology


https://www.scirp.org/journal/wjet
https://doi.org/10.4236/wjet.2026.141016
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/wjet.2026.141016
http://creativecommons.org/licenses/by-nc/4.0/

X.Y. Liu, M. J. Shen

ing and emission reduction by reducing structural weight, and the demand for
high strength and high plasticity lightweight materials is also increasing [2]. As
the key development direction in the “Made in China 2025” and “14th Five-Year
Plan”, high-performance light alloys (such as aluminum, magnesium, and tita-
nium alloys) and carbon fiber composites are expected to continue to serve as key
strategic materials during the “15th Five-Year Plan” and continue to promote in-
dustrial upgrading [3]. Taking the aviation field as an example, Boeing and Airbus
have widely used magnesium (Mg) alloy die-castings in the economy seat frame
to reduce the weight of the whole machine by hundreds of kilograms and greatly
improve the fuel economy [4]. The good vibration reduction performance of mag-
nesium alloy also improves the ride comfort. In recent years, with the develop-
ment of rare earth magnesium alloys such as WE series, their heat resistance,
strength and corrosion resistance have been significantly improved, and their ap-
plication scenarios have gradually expanded from cabin structural parts to key
harsh environments such as engine periphery and main drive system [5]. At the
same time, new energy vehicles, aerospace equipment, medical equipment and
other fields also put forward higher requirements for the performance of magne-
sium alloys.

Among various reinforcements, carbon fiber is considered to be an ideal choice
to improve the performance of magnesium matrix composites due to its extremely
high specific strength and specific modulus, excellent high temperature stability
and extremely low (or negative) thermal expansion coefficient [6]. When intro-
duced in the form of continuous fiber, it can effectively carry and transmit loads,
so it has attracted much attention in the fields of aerospace, automotive and bio-
medical [7]. However, the preparation of such composites by traditional casting
process faces significant challenges: the poor wettability of magnesium melt and
carbon fiber can easily lead to harmful interface reactions, and lead to coarse ma-
trix structure and porosity, resulting in weak interface bonding and insufficient
matrix bearing, so that the performance of the composites is often lower than the
theoretical expectation or even the matrix itself. At the same time, although nano-
reinforcements such as carbon nanotubes can increase strength, they are often
accompanied by a decrease in plasticity. Inspired by the multi-scale heterogeneous
structure of natural biomaterials (such as bamboo and fish scales), bionic design
provides a new idea for collaborative optimization of the strength, plasticity and
interfacial properties of such composites, which is expected to achieve the unity
of high performance and high reliability [8]. In 2022, Wang et al constructed
macroscopic layered composites and established a quantitative relationship be-
tween back stress and macroscopic work hardening behavior. Therefore, this
structure is an ideal system to study the stress-strain relationship [9].

In this paper, CF was used as reinforcement material, and layered CF and Mg
(CF/Mg) composites were prepared by ball milling mixture, “bottom-up” as-
sembly and hot-pressing sintering technology. The effects of hot-pressing sin-

tering process (sintering temperature, sintering time, sintering pressure) on the
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microstructure/properties evolution of layered CF/Mg composites were studied.
Combined with tensile test, the strengthening and ductility mechanism and
strength/plasticity coexistence mechanism of layered CF/Mg composites were

further revealed.

2. Experiments and Methods

2.1. Design and Characterization of Layered Composites

The magnesium powder (99.9% purity, 200 mesh) used in the experiment was
purchased from Tangshan Wei Hao Company, China. The chopped carbon fiber
(CF) was provided by Chengdu Organic Chemical Co., Ltd. Firstly, CF was put
into a beaker containing anhydrous ethanol, and then it was placed in an ultra-
sonic cleaning machine for vibration for 2 h with a power of 150 W. The CF
suspension was put into a drying oven at 55°C for 24 h. The dried CF and Mg
alloy powder were mixed according to the mass fraction of 1.2 wt.%, and the
mixed powder was put into the self-designed zirconium dioxide lining vacuum
ball milling tank again. The ball milling powder was mixed with nitrogen as the
protective atmosphere, so that the CF and Mg powder were mixed at a ball-to-
powder ratio of 20:1. Zirconium dioxide ball was used as the grinding medium.
The ball milling was started clockwise. After 1 h of each ball milling, the equip-
ment stopped running for 10 min and changed the direction of motion. After 6
h, the mixed powder after ball milling was obtained. The raw materials and mor-
phology are shown in Figure 1. Then, the obtained magnesium alloy powder
and composite powder were alternately stacked in a ¢45 mm cylindrical graph-
ite mold. After the powder laying of each layer is completed, the powder billet
is compacted and flattened under the action of a press. Finally, a ¢45 mm cylin-
drical layered CF/Mg preform is obtained. After the blanking of the billet, the
hot-pressing sintering was carried out at a pressure of 12 MPa, and the sintering
temperature was set to 530°C. The whole process of hot-pressing sintering is in
vacuum, and the sintering time is 50 min. The sintered samples were machined
and the surface was refined to obtain a cylindrical sample with a target specifi-

cation (diameter 45 mm, height 15 mm).

Figure 1. SEM images of Mg (a) and CF (b).
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2.2. Evaluation of Microstructure and Properties

Computer tomography (CT) was performed on GE Vtomexs (240 Kv 320 W), and
the microstructure of the composites was characterized by Tecnai transmission
electron microscope under bright field. After grinding and polishing with sand-
paper, the samples were etched with Keller reagent (HF 1 mL, HCI 1.5 mL, H,O
95 mL) for 13 s. Then the microstructure and fracture morphology were observed
by optical microscope (OM) and scanning electron microscope (SEM) FEI Verios
460. The tensile test was carried out on a universal testing machine (J216) with a
tensile speed of 0.5 mm/min. The tensile properties of each group of materials are
based on the test results of the three samples, and the average value is taken as the
final mechanical properties of the material. The tensile strength test specimens
with rectangular cross-sectional area were cut by wire electrical discharge machin-
ing, and the obtained samples were named as 1.2 wt.% CF/Mg. The CT test sample
was prepared by wire cutting method, and the cylindrical sample was processed
into a cylinder with a size of 2 mm x 8 mm. The TEM sample was prepared by
slicing the wire-cut cylindrical section to a thickness of 0.3 mm, grinding to 100
pm, and then ion thinning to 50 - 100 nm, and finally placed on a copper mesh

for observation.

3. Results and Discussion
3.1. Microstructure and Composition

From Figure 2(a), it can be seen that the grain of the composite material is signif-
icantly refined after the introduction of CF. This is attributed to the heterogeneous
nucleation sites provided by CF increase the nucleation rate, which in turn inhib-
its grain growth. The samples were scanned by industrial CT to study the internal
structure of the layered structure of 1.2 wt.% CF/Mg. Figure 2(b) shows the
scanned image of the composite material. The scanning position is in the lower
right corner of the image. From the color card in the picture, green and blue cor-
respond to the distribution of carbon (C) and magnesium (Mg) elements, respec-
tively. It can be seen that CF is layered in the Mg matrix, and the composition

difference between the composite layer and the alloy layer is large.

CF

=

Figure 2. OM (a) and CT (b) image of 1.2 wt.% CF/Mg.
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In the study of Ti-Al layered configuration design, Wang et al. pointed out that
by adjusting the thickness ratio of the two layers with different mechanical prop-
erties, different mechanical properties and functional properties can be provided
for the whole material, so that the properties of the material can be customized
according to different application scenarios [10]. The distribution of carbon fibers
in 1.2 wt.% CF/Mg samples is relatively uniform, which indicates that the syner-
gistic effect of ball milling and sintering process effectively improves the disper-
sion of carbon fibers in magnesium matrix. The ball milling process can destroy
the initial agglomeration structure of carbon fiber through mechanical collision
and grinding. At the same time, during the sintering process, the combined effect
of temperature and pressure promotes the softening and flow of the magnesium
matrix, which further drives the redistribution and dispersion of carbon fibers.
Provide further support for the subsequent scanned images.

Figure 3 is the microstructure and element scanning diagram of 1.2 wt.%
CF/Mg laminated composites after cooling to 530°C after the end of heat preser-
vation and applying 12 MPa force. It can be seen that when the pressure is applied
at 530°C, the higher degree of softening and more unsolidified liquid phase in the
matrix make the material more prone to deformation. At this time, the thickness
of the composite layer shrinks slightly, the content of CF becomes more uniform,
and the interface area becomes flat. At the same time, the distribution of Mg and
C elements is observed, which is further confirmed by CT results. This is because
pressurization at higher cooling temperatures can increase the radius of grain
boundary curvature by promoting plastic deformation, making grain boundary
migration difficult and inhibiting grain growth [11].

Figure 3. Morphology and surface scan images of 1.2 wt.% CF/Mg: (a) SEM images, (b) C
element, (c) Mg element.

Figure 4 is the X-ray diffraction pattern (XRD) of 1.2 wt.% CF/Mg laminated
composites and alloys. It is worth noting that the sample of 1.2 wt.% CF/Mg ex-
hibits a unique diffraction peak at 20 = 26°, which is a characteristic carbon peak
related to the diffraction of (002) plane. In addition, no impurity phase was de-

tected, indicating that no new phase was formed during ball milling and sintering.
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Figure 4. XRD patterns of different samples: (a) Mg, (b) 1.2 wt.% CF/Mg.

3.2. structure and Function

3.2.1. Structure

The composition heterogeneity of 1.2 wt.% CF/Mg was characterized by transmis-
sion electron microscopy (Figure 5(a)). Figure 5(b) is the high magnification view
of 1.2 wt.% CF/Mg. From this point of view, it can be observed that some separately
dispersed CFs are embedded in the matrix. It can be seen that the upper right corner
of the figure is the lattice fringe obtained by the inverse Fourier transform of the
marked area. The lattice spacing is ((002): 0.36 nm), and the phase can be deter-
mined to be CF. The lower right corner of the diagram is the lattice fringe obtained
by the inverse Fourier transform of the marked area. The lattice spacing is ((111):
0.23 nm), which is determined to be Mg. No lattice spacing of other sizes was found

near the interface, which is consistent with the conclusion obtained by XRD.

Figure 5. TEM images of 1.2 wt.% CF/Mg: (a) TEM morphology diagram, (b) high magni-
fication view.

3.2.2. Mechanical Property

Figure 6(a) is the tensile stress-strain curve of magnesium alloy and 1.2 wt.%
CF/Mg laminated composites sintered at 530°C. The elongation of 1.2 wt.%
CF/Mg (14.7%) under this sintering process is close to that of the alloy (16.0%),
and the tensile strength of the layered composite reaches 269 MPa, which is
48MPa higher than that of the alloy 221 MPa. At the same time, the strength

curves of carbon materials added to some other magnesium-based materials were
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compared (Figure 6(b)). This shows that the introduction of layered structure can
improve the overall strength of the composite material without losing the good
plasticity of the magnesium alloy matrix, and effectively solve the contradiction
between strength and plasticity.

(a)
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_ ——Mg _ M AZ31/Ni-CNTs
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Figure 6. (a) The tensile stress-strain curve of Mg alloy and 1.2 wt.% CF/Mg, (b) compari-
son between fabricated hierarchical composite and other uniform composite [12]-[15].

3.3. Enhancement Mechanism of Mechanical Properties

3.3.1. Strengthening Mechanism

The mechanical incompatibility between the alloy layer and the composite layer
during axial tension will cause additional back stress strengthening [16]. There-
fore, the strength contribution of back stress strengthening is calculated by load-

ing-unloading-reloading tensile test [17]. The calculation formula is:

_o,+0,

O, T, (1)

where o, —back stress (MPa);
o, —reloading yield stress (MPa);
o, —Unloading yield stress (MPa).

This experiment is based on two key assumptions to derive the relationship be-
tween back stress, unloading yield stress and reloading yield stress [18]: First, the
friction stress remains constant during unloading and reloading; second, the back
stress remains unchanged before reaching the unloading yield point during un-
loading. Based on this, the back stress equation is established by the stress rela-
tionship at the yield point of unloading and reloading. When the stress reaches
the unloading yield point, the back stress overcomes the friction stress and the
applied load, which promotes the stacking dislocation to slide in the opposite di-

rection of the stress. This will lead to:
c,=0,+0, (2)
where & , —friction back stress (MPa).

Similarly, at the reloading yield point, dislocations begin to accumulate here,

because the applied stress begins to overcome the back stress and friction.

o, =0,+0, 3)
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The back stress can be calculated by the difference between unloading and re-
loading yield stress. During deformation, the alloy layer preferentially undergoes
plastic deformation, and its strain is significantly higher than that of the composite
layer. The strain distribution promotes the accumulation of geometrically neces-
sary dislocations (GNDs) at the interface, resulting in a back stress opposite to the
applied stress. The effective stress is the difference between the applied stress and
the back stress, which needs to exceed the critical value to drive the continuous
movement and accumulation of dislocations, so as to realize the strengthening of
layered composites. Figure 7 shows the unloading-reloading curve of 1.2 wt.%
CF/Mg sample, and the contribution of back stress to yield strength is calculated
to be 20.1 MPa. In addition, the composite also has the traditional strengthening
mechanism of load transfer and grain refinement. On the one hand, CF directly
bears and transmits external loads with its excellent mechanical properties, which
significantly improves the strength and stiffness of composite materials. On the
other hand, CF forms a stress field near the grain boundary during grain growth,
which inhibits grain boundary migration and grain growth. The refined grain
structure increasing the accumulation of dislocations at the grain boundaries and
increases the stress required for dislocations to cross the grain boundaries, thereby
further improving the yield strength of the material.

300

250

200

Stress (MPa)
s @
o o

50

0 3 6 9 12 15 18
Strain (%)

Figure 7. Unloading-reloading stress-strain curve of 1.2 wt.% CF/Mg.

3.3.2. Fracture Mechanism

Figure 8 is the fracture SEM image of 1.2 wt.% CF/Mg laminated composite, and
the “mosaic” phenomenon of CF is observed. At the initial stage of tension, the
relatively uniform distribution of dimple morphology can be observed on the frac-
ture. The heterogeneous structure inhibits strain localization through stress redis-
tribution, and delays the premature formation of microcracks and microvoids
caused by stress concentration around CF. In the second stage, micro-cracks ap-
peared in some composite layers. The dimples and bare fibers of the alloy layer
can be observed on the fracture surface. This is because when the crack propagates
to the interface with the alloy layer, the alloy layer undergoes large plastic defor-
mation, which reduces the crack growth rate and deflects the path. As the strain
further increases, when the crack propagates around the CF, the CF bears the load
and is gradually pulled out from the matrix. The research of David ef al [19]

DOI: 10.4236/wjet.2026.141016

277 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2026.141016

X. Y. Liu, M. J. Shen

shows that when the crack propagates around the CF, the CF can withstand the
tensile stress and is gradually pulled out of the matrix. When the CF is debonded
from the interface, it will consume a lot of energy and effectively delay the crack
propagation. The final fracture occurs, the crack penetrates the whole material,
and its propagation path shows significant passivation and deflection, which be-
longs to the external ductility mechanism and plays a key role in improving the

ductility of the laminated composite.

Figure 8. Fracture SEM of 1.2 wt.% CF/Mg.

3.3.3. Finite Element Simulation

In order to reduce the influence of uncertain factors on the results during the exper-
iment, the finite element method was used to simulate the tensile behavior of the
composites at room temperature. Based on the actual sample size, the correspond-
ing tensile simulation model was established in ABAQUS software to simulate the
tensile process at room temperature. The Young’s modulus is 38 GPa and the Pois-
son’s ratio is 0.3. The plastic stage is directly defined by the experimental stress-
strain curve. The boundary condition is that one end is fully constrained to simulate
clamping, and the other end is subjected to axial displacement load.

Figure 9 shows the stress cloud distribution of macroscopic tensile simulation.
The simulation results show that the stress is evenly distributed along the speci-
men at the initial stage of loading. With the increase of deformation, the stress
gradually concentrates, and the specimen finally breaks at the maximum stress
concentration (270.9 MPa), corresponding to the maximum strain of 15.0%. The
simulation results are in good agreement with the experimental data, and the error
of tensile strength simulation and elongation is within 1%. The model can better
reproduce the macroscopic mechanical behavior and can be used for subsequent

microscopic mechanism analysis.
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Figure 9. The simulation results of the mechanical properties of 1.2 wt. % CF/Mg were
obtained.
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4. Conclusions

In this paper, 1.2 wt.% CF/Mg were prepared by ball milling combined with hot
pressing sintering process. The main conclusions are as follows:

1) A layered composite material with a carbon fiber-rich brittle layer as a unit
was successfully prepared by ball milling and hot sintering. The interface of the
obtained material is closely combined, the interlayer is smooth, and there is no
obvious impurity, which provides a structural basis for giving full play to the per-
formance of each layer.

2) Compared with the traditional magnesium matrix composites without heat
treatment, the laminated composites show a significant improvement in strength and
plasticity, and the strengthening and ductility mechanism is systematically explained.

3) The tensile properties of the laminated composites at room temperature were
simulated. The simulation results are in good agreement with the experimental

data, which verifies the reliability of the experiment.
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