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Abstract: Lightweight magnesium alloys and magnesium matrix composites have recently become
more widespread for high-efficiency applications, including automobile, aerospace, defense, and
electronic industries. Cast magnesium and magnesium matrix composites are applied in many highly
moving and rotating parts, these parts can suffer from fatigue loading and are consequently subjected
to fatigue failure. Reversed tensile-compression low-cycle fatigue (LCF) and high-cycle fatigue (HCF)
of short fibers reinforced and unreinforced AE42 have been studied at temperatures of 20 ◦C, 150 ◦C,
and 250 ◦C. To select suitable fatigue testing conditions, tensile tests have been carried out on AE42
and the composite material AE42-C at temperatures of up to 300 ◦C. The Wohler curves σa (NF)
have shown that the fatigue strength of the reinforced AE42-C in the HCF range was double that of
unreinforced AE42. In the LCF range at certain strain amplitudes, the fatigue life of the composite
materials is much less than that of the matrix alloys, this is due to the low ductility of this composite
material. Furthermore, a slight temperature influence up to 150 ◦C has been established on the
fatigue behavior of the AE42-C. The fatigue life curves ∆εtotal (NF) were described using the Basquin
and Manson–Coffin approaches. Fracture surface investigations showed a mixed mode of serration
fatigue pattern on the matrix and carbon fibers fracturing and debonding from the matrix alloy.

Keywords: LCF; HCF; tensile; fracture; AE42; carbon fiber; composite

1. Introduction

The demands for weight reduction in product engineering development, particularly
in the transportation and automotive industries, have increased over time, causing intensive
efforts to be made relentlessly. This weight reduction greatly affects emission reduction [1],
which has a positive impact on environmental factors and, moreover, will also bring benefits
from an economic perspective [2]. Reflecting on recent trends, the utilization of magnesium
alloys has been used in automotive components [3], and it has even been reported that
several types of magnesium alloys have begun to be used in the manufacturing industry
for applications in electric vehicle chassis [4] and body structures [5]; this has attracted the
attention of scientists worldwide to develop magnesium-based alloys and their composites
for many applications. The choice of magnesium as a potential candidate for engineering
applications is due to its good castability and machinability, high specific strength, and,
more uniquely, well-controlled weldability [5,6].
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Despite their advantages, magnesium alloys also have poor corrosion resistance
and low performance at elevated temperatures [7,8]; the previous results reported that
magnesium alloys have low mechanical strength and relatively low wear resistance, which
ultimately restricts their use in anti-friction and structural applications [9]. In fact, one of the
major issues in recent decades has been the low creep resistance of magnesium alloys, which
limits their range of applications. Mo et al. [10] stated that the content of alloying elements
in magnesium alloys influenced the low creep resistance. It has also been established that
the improvement in mechanical properties and stability in magnesium alloys for elevated
temperature applications can be achieved by adding rare earth elements [11,12].

Not only that, there are other methods that are also usually undertaken to enhance
the mechanical properties of magnesium alloys, namely by adding reinforcing materials to
magnesium alloys to make magnesium alloy-based composites in order to upgrade their
mechanical properties as required. Referring to several studies that have been conducted
previously, incorporating reinforcement materials into magnesium alloys in the form of
SiO2 nanoparticles [13], carbon nanotubes/CNTs [14], and short fibers of Al2O3 [15] or
carbon [16] can considerably improve their mechanical strength [15,17] and creep resis-
tance [18]. Indeed, short carbon fiber reinforcement has the advantages of increasing
stiffness, elastic modulus, and creep resistance while maintaining a light weight, opening
up opportunities to expand its use in different engineering applications [19]. In addition,
Xu et al. [20] noted that as the content of SCFs increases, mechanical properties decrease,
the grain size of the composite increases, and the degree of aggregation increases. In
the early stage of reinforcement, the mechanical properties increased, followed by the
decrease in mechanical properties with the increase in the content of SCFs from the point of
view of mechanical performance. Moreover, Ataya et al. [21] evaluated the strength and
wear resistance of AE42 magnesium alloy reinforced with short carbon fibers; the results
revealed that the yield stress and compressive strength increased significantly at different
temperatures. Even the wear resistance of the magnesium-based composite was better
when compared with magnesium alloy.

For further consideration, in many technical applications (e.g., engine components
and load-bearing structures) [18], the manufactured products must have good resistance
to a high number of dynamic load cycles without failure. This is due to the placement
of engine components surrounded by detrimental environments such as elevated tem-
peratures which can negatively impact the fatigue behavior of magnesium alloys. This
phenomenon causes the fatigue behavior of magnesium alloys to be reevaluated further to
yield products fit enough for use in such conditions. Teschke et al. [22] observed the high-
temperature compression–compression fatigue behavior of conventional AE42 magnesium
alloy containing rare earth elements and DieMag422 magnesium alloy without rare earth
elements. Interestingly, in the compression–compression fatigue test, as the temperature
increased, there was a decrease in the fatigue strength of both alloys; it was also found that
the increase in temperature caused the compression fatigue strength of the DieMag422 alloy
to be higher than that of the AE42 alloy. Meanwhile, Shih et al. [23] carried out rotational
bending fatigue experiments on extruded AZ61A magnesium alloy. From the results of
their study, it was found that fatigue strength was predicted at 107 cycles, with probabilities
varying between 10 and 90%. As for crack initiation, it starts from inclusions present on the
surface of the specimen or in the area near the surface, and the microstructure of the Mg
alloy strongly influences the initial crack growth behavior. More recently, Ghorbanpour
et al. [24] conducted a study on the influence of ambient temperature and specimen pre-
straining on the high-cycle fatigue behavior of WE43-T5 magnesium alloy. Initially, this
WE43-T5 alloy showed higher fatigue strength compared to most other magnesium alloys;
however, it decreased with increasing the temperature from room temperature to 100 ◦C.
Briefly, it is necessary to note specifically that structural parts and vehicle components are
subjected to repeated loading under operating conditions; hence, the materials used should
have excellent fatigue behavior in order to provide satisfaction in their use [25].
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Additionally, there is a different type of Mg-Al alloy called AZ31B, which has been
evaluated by fatigue testing at room temperature, 100 ◦C, and 200 ◦C with varying strain
amplitudes. The results showed that increasing the temperature results in an increase in
the plastic strain portion of the total strain, resulting in an increase in loop width. However,
there is no inflection point in the cycle half-life at 200 ◦C at all strain amplitudes [26]. In ad-
dition, the MRI153 alloy developed by Volkswagen, consisting of Mg-Al-Ca-Re, has shown
good performance in that it can operate for a long time under environmental conditions
of 150 ◦C and 50–80 MPa without changing its casting conditions for the production of
automotive driving parts. More surprisingly, MRI153 alloy performs better than AE42
and AZ91D under the same conditions and is used for automobile oil chassis parts and
gearbox housings [27]. Kim et al. [28] have studied the effect of artificial cooling on the
high-cycle fatigue characteristics of AZ91 alloy subjected to extrusion. The results obtained
demonstrate that the artificially cooled AZ91 has better fatigue resistance than the one
without artificial cooling. This is evident from the significantly smaller fatigue damage per
cycle of the artificially cooled sample when compared to the one without artificial cooling.

In this study, the focus is on the fatigue of AE42 magnesium alloy reinforced by short
carbon fibers due to the lack of research in this area. Alloy AE42 is a type of commercial
magnesium alloy consisting of Mg-Al with added rare earth elements. The selection of
AE42 magnesium alloy is motivated by its high creep resistance up to a temperature of
150 ◦C, this is attributed to its content, including 4 wt % Al and 2.5 wt % rare earth elements,
thereby providing a strong reason for this AE42 alloy to be used for automotive engine
components [29]. However, Wu et al. have investigated AE42 alloys treated with additional
Ca where the yield stress increased at both room and elevated temperatures. Even the
tensile strength of the AE42 alloy at elevated temperatures increases significantly with the
addition of Ca [7]. Wittke et al. [30] have carried out studies comparing the fatigue strength
between AE42 and Mg-4Al-2Ba-2Ca alloys at room temperature; the results showed that
the fatigue strength of AE42 was about double that of Mg-4Al-2Ba-2Ca. With regard to
testing under constant amplitude conditions, the difference in cyclic deformation behavior
of the two types of alloys was observed, affecting the cyclic creep resistance and service
life in the tensile loading interval at room temperature. Dieringa et al. [31] stated that the
creep strength of AE42 is lower than that of DieMag422 at temperatures between 175 ◦C
and 240 ◦C and at stresses between 60 MPa and 120 MPa. These facts further solidify AE42
as a potential candidate material for the manufacturing of automotive components. This
triggers efforts to improve the fatigue properties of AE42 to be of interest in this study by
adding short carbon fibers to produce magnesium composites with better properties to
meet the requirements and criteria needed in the design of structural components and the
prediction of their service lives.

Therefore, the present study was aimed at investigating the fatigue behavior of short
carbon fibers reinforced with AE42 magnesium alloy in both LCF and HCF ranges at
temperatures of up to 250 ◦C. Fatigue testing was carried out in reversed (tensile or
compression) loading mode. To define the fatigue testing loads or strains, tensile tests were
conducted on the unreinforced AE42 and the composite material AE42-C at temperatures
up to 300 ◦C. In terms of the fracture surface, it has been reported that the morphology of
the AE42 fracture surface looks rougher when compared to DieMag422 in the HCF regime.
This is due to the high ductility of AE42, which makes it more difficult to recognize the
fatigue crack propagation and final rupture areas [32]. The fracture surface of an alloy
specimen after fatigue testing can be analyzed by the entire fracture surface method, whose
function is to reduce the entire surface area associated with geometric discontinuities or
missing points so as to achieve dimensional uniformity in all specimens [33,34]. Moreover,
the fracture surfaces were observed using scanning electron microscopy to examine the
fracture mode.
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2. Materials and Methods

The material under investigation is the unreinforced AE42 and the reinforced material
(AE42-C), which reinforced a high volume fraction of short carbon fibers. The carbon fibers
(Lf ~ 100 µm, and df ~ 7 µm, volume faction Vf = 0.23) are quasi-isotropically distributed in
the reinforced plane. The chemical composition of the alloy AE42 is listed in Table 1.

Table 1. Chemical composition of the unreinforced AE42.

Elements Al Zn Mn Ce La Nd Pr Th Mg

wt % 3.93 0.01 0.30 1.20 0.60 0.40 0.10 0.26 Bal.

Specimens were made from the composite material in such a way that the force
was applied parallel to the reinforced plane during the test. Further information on the
examined material is reported in [1,2]. Fatigue tests were carried out at temperatures of
20 ◦C, 150 ◦C, and 250 ◦C on short fiber reinforced and non-reinforced magnesium alloy
AE42. Scanning electron microscopic (SEM) investigations were carried out on the fractured
specimens using SEM Type LEO 1450 VP (Carl Zeiss, Jena, Germany) up to 30 kV, equipped
with the EDS analyzer Type Oxford (Oxford Instuments, Oxford, UK).

Figure 1 shows the tensile and alternating fatigue (R = −1) test specimens. Tensile
specimens were machined in accordance with the small size specimen per the ASTM E8
standard [35] (Figure 1a), and fatigue specimens were fabricated in accordance with ASTM
E466 [36,37] (Figure 1b).
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Figure 1. Specimen for tensile test and alternating tensile-compression fatigue test cycles. (a) Tensile
test specimen according to ASTM E8; (b) Fatigue test specimen according to ASTM E466; (c) Example
of strain-controlled cycle; (d) Example of stress-controlled cycle.

Tensile and fatigue tests were conducted on the universal servohydraulic tensile
testing machine Type MTS 810 (MTS Systems Corporation, Eden Prairie, MN, USA) with a
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maximum load of 100 kN and a maximum speed of 100 mm/s; the machine is equipped
with a furnace with a maximum temperature of ≈800 ◦C. Tensile tests have been carried out
at a strain rate of 0.001 s−1 (crosshead speed = 0.03 mm/s). The room temperature extension
is measured using an extensometer of 0.5 µm accuracy with a maximum distance of 10 mm,
while in the high-temperature tests, an extensometer with inductive rods and accuracy of 1
µm and a maximum distance of 40 mm was used. These extensometers have been used in
the strain-controlled LCF range. Alternating strain-controlled fatigue tests were performed
in the LCF range (N < 104 cycles) at a test frequency of 0.5 Hz. Figure 1c shows the tests
performed in the HCF range (N > 104 cycles). At the same time, stress-controlled tests were
carried out at frequencies of up to 50 Hz and load cycles of up to 2 × 107. The frequency
was increased with decreasing applied stress to shorten the time needed to conduct HCF
tests. To reach 107 cycles, it takes about 47 h at the maximum frequency (50 Hz), while
at high stresses or strain-controlled tests, the frequency has been decreased to the lowest
speed (0.5 Hz) to avoid damaging the extensometers. All tests’ alternating strain and stress
ratio (minimum stress/maximum stress) was R= −1. Figure 1c shows an example of the
strain-controlled test carried out at a strain amplitude of εa = 0.04 and frequency of 0.5 Hz.
An example of a stress-controlled test carried out at a stress amplitude of σa = 50 MPa and
frequency of 20 Hz is shown in Figure 1d. Fatigue tests were conducted until either the
fracture of the specimen or they were terminated upon reaching the fatigue limit at 107

cycles. The number of specimens (experiments) for each condition carried out to build the
fatigue curve ranged between 13 and 21, with one test specimen at each selected stress or
strain; however, two specimens were also used at some point, which showed a discrepancy
in the results.

3. Results and Discussions
3.1. Microstructure

Figure 2 shows the microstructure of the as-cast AE42 alloy and its composites. In
general, the AE42 alloy consists mostly of an irregularly arranged cast α-Mg phase and
some fine eutectic lamellas are randomly scattered at the grain boundaries, as seen in
Figure 2a. In addition, it is common to observe the presence of another intermetallic phase
of aluminum with rare earth elements (RE) recognized as Al11RE3, which is formed due
to the addition of rare earth elements and is mainly located at the grain boundaries. The
microstructural appearance as observed in this present study is in line with that previously
confirmed by Wu et al. [38]. A similar intermetallic compound, Al11RE3, has also been
detected by Xue et al. using XRD analysis of as-cast AE42 [39]. In the case of the AE42
composite, the purposely added short carbon fibers are almost evenly quasi-isotropically
distributed in the reinforced plane of the AE42 alloy acting as the matrix (Figure 2b). In
the high magnification image (Figure 2c), the short carbon fibers can be seen either cut
longitudinally or through its fiber cross-section. The embedded fibers in the matrix show
good compatibility with the matrix, indicating good wettability of the fibers by melting
during the squeeze casting process, ultimately indicating the adequate formation of the
composites AE42-C (Figure 2c).
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Figure 2. Optical microstructure of (a) the unreinforced AE42, (b) distribution of the fibers in the
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3.2. Tensile Test Results

The stress–strain curves for AE42 and AE42-C at various temperatures are shown in
Figure 3. Initially, the flow stress increases very abruptly at the beginning of the deformation
process in both the unreinforced AE42 (Figure 3a) and the reinforced AE42-C (Figure 3b).
This increase can be attributed to the work-hardening mechanism in the unreinforced AE42
induced by the accumulation of dislocations and kinks, in addition to the strengthening of
the composite by the reinforcing carbon fibers. The maximum applicable stresses achieved
at 20 ◦C in the AE42 and the composite are about 147 MPa and 180 MPa, respectively.
Moreover, the stresses decreased with periodic increases in temperature applied during the
tensile tests.

With regard to the increase in stress, it can be generally attributed to the work-
hardening mechanism promoted by the accumulation of dislocations and their kinks [40].
Even more interestingly, in this study, work hardening is more pronounced at low tempera-
tures [41]. Whereas the subsequent decrease in stress can be associated with the softening
process caused by the rearrangement of dislocations and the gradual demolition of disloca-
tions [42]. From the curves in Figure 3, it can also be understood that there is a typical stress
behavior by combining the two opposing interactions of work hardening and dynamic
softening, where temperature dependence is one of the factors that needs to be seriously
accounted for. The incorporation of short carbon fibers has successfully improved the
tensile strength of AE42 composites; however, it has caused the composites to become more
brittle and fracture prematurely, as the strain values or ductility are relatively lower than
that of the AE42 alloy (Figure 3b). Hence, the presence of elastic short carbon fibers in the
composite restricts plastic deformation at different temperatures.
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Figure 3. Tensile stress–strain curves of (a) the unreinforced AE42, and (b) the composite material
AE42-C at different temperatures.

The tensile tested unreinforced AE42 was in the as-cast condition. The shortening in
the tensile curves at high temperatures (150–300 ◦C) could be due to softening occurring in
the eutectic structure at the grain boundaries; one of the purposes of conducting tensile
tests is to determine the stress and strain for conducting the fatigue tests, this purpose can
be fulfilled by the tensile curves up to low strain values. The maximum applied strain in
the strain-controlled tests was εa = 0.04 at 250 ◦C.

The tensile yield stress and ultimate tensile strength values of the AE42 alloy and
its composite are shown in Figure 4. The results in Figure 4 have been fitted using a
second-order function and the maximum deviation standard error is presented on the
curves. These results show a clear difference between the two materials, with the AE42-C
composite showing higher results than the unreinforced AE42 as a function of increasing
temperature. However, upon closer inspection, there is a drastic decrease in the ultimate
tensile stress of AE42 as the temperature increases, while the decrease in the tensile yield
stress of both materials has a similar trend, although the AE42-C composite has a better
value. This is mainly due to the incorporation of short carbon fibers into the AE42 alloy,
which causes the AE42 alloy—which acts as the matrix—to become brittle, resulting in
a sharp increase in its ultimate tensile strength compared to the unreinforced AE42. The
distribution and well-bonded nature of the short carbon fibers in the matrix were found
to have a positive influence on the mechanical properties of the unreinforced AE42 [5,6].
Previous research has shown that carbon fibers can act as heterogeneous nucleation sites
during the solidification of the magnesium alloy matrix. In the case of short carbon fibers
distributed at grain boundaries, they can be a hindrance to grain growth, which also
contributes to the improvement in mechanical properties [7,8]. In addition, the reaction that
occurs at the interface between the matrix and the short carbon fiber forms brittle carbides,
resulting in a strong interfacial bond (Figure 2c). Because of their brittleness and ability to
transfer the subjected load, the carbides at the interface affect the mechanical properties of
the composite [43–47].
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Figure 4. Tensile yield stress (σ0.2) and ultimate tensile strength (σUTS) of (a) unreinforced AE42, and
(b) AE42-C against the test temperatures.

Figure 5 illustrates the relative yield stress (σ0.2 (comp)/σ0.2 (matrix)) and the relative
ultimate tensile strength (σUTS (comp)/σUTS (matrix)) and fracture strain of the unreinforced
AE42 and AE42-C. The results in Figure 5 have been fitted using a second-order function
and the maximum deviation standard error is presented on the curves. Understandably,
the composite’s relative strength versus its matrix illustrates an increase in both the tensile
ultimate strength and the tensile yield stress (Figure 5a). Interestingly, the magnitude of
the relative increase for the yield stress is much greater than that of the ultimate tensile
strength under increasing temperature conditions. Because of the early fracture of the
composite (Figure 3b) and the significant decrease in the ultimate tensile strength of the
AE42, the relative improvement in the ultimate tensile strength seems relatively low at low
temperatures. However, the relative ultimate tensile strength improves drastically with
temperature due to the higher temperature resistance of the composites compared to the
matrix alloy. The relative yield stress starts with values higher than two, which means that
the material yield strength is clearly increased with reinforced carbon fibers. Moreover, the
improvement in the relative tensile yield stress is more gently triggered by the factor of the
very low tensile yield stress of the matrix, and thus the relative yield stress rises slightly
with increasing temperature. Turning to the strain at fracture (Figure 5b), the AE42 alloy
matrix is seen to be superior to its composite due to the effect that the addition of short
carbon fibers induces, as mentioned earlier [48].
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Figure 5. Tensile results of (a) relative strength and (b) strain at fracture of the unreinforced AE42
and AE42-C at different temperatures.

3.3. Wohler Curves of the Tested Materials

Figure 6 shows the Wohler curves of the composite materials AE42-C and its matrix
alloy at 250 ◦C. The composite AE42-C showed a higher fatigue resistance than the unrein-
forced alloy AE42. It is clear from Figure 6 that the fatigue strength of the AE42 composite
is twice that of the AE42 alloy at N = 107 cycles, where the fatigue strength is about 25 MPa
for the AE42 alloy and 52 MPa for AE42 composite at 250 ◦C, respectively. This indicates
that temperature is largely responsible for the decrease in fatigue strength in both materials.
The arrow in Figure 6 at the number of cycles equal to 107 indicates that these specimens
are not fractured, but that the test has been terminated at this running life. The cause of
the decrease in fatigue strength is due to the softening effect that occurs at 250 ◦C in both
materials [49].

Increasing the temperature from 20 ◦C to 150 ◦C showed no significant effect on the
fatigue behavior of the AE42-C composite, so the results at both temperatures could be
described with a curve (Figure 7), although the results at room temperature were more
scattered than at 150 ◦C. As the temperature increases to 250 ◦C, the fatigue strength
decreases only slightly. This trend confirms the thermal stability of the AE42-C composite
and its potential applicability at higher temperatures. The thermal stability is, on the one
hand, based on the higher strength reinforcement material and, on the other hand, on
the thermal stability of the matrix microstructure of unreinforced AE42 due to the stable
intermetallic phase Al11RE3 (TS ≈ 1200 ◦C) [50]. Another factor causing the reduction in
fatigue strength with increasing temperature may be the reduction in elastic modulus at
higher temperatures [51].



Materials 2023, 16, 3686 10 of 17Materials 2023, 16, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 6. Wohler curves of the unreinforced AE42 and AE42-C at 250 °C. 

Increasing the temperature from 20 °C to 150 °C showed no significant effect on the 
fatigue behavior of the AE42-C composite, so the results at both temperatures could be 
described with a curve (Figure 7), although the results at room temperature were more 
scattered than at 150 °C. As the temperature increases to 250 °C, the fatigue strength de-
creases only slightly. This trend confirms the thermal stability of the AE42-C composite 
and its potential applicability at higher temperatures. The thermal stability is, on the one 
hand, based on the higher strength reinforcement material and, on the other hand, on the 
thermal stability of the matrix microstructure of unreinforced AE42 due to the stable in-
termetallic phase Al11RE3 (TS ≈ 1200 °C) [50]. Another factor causing the reduction in fa-
tigue strength with increasing temperature may be the reduction in elastic modulus at 
higher temperatures [51]. 

0

50

100

150

200

101 103 105 107

   AE42
unreinforced

T = 250°CUnreinforced AE42 & AE42-C

AE42-C

No. of cycles up to fracture, NF 

St
re

ss
 a

m
pl

itu
de

 σ
a  (

M
Pa

)

Figure 6. Wohler curves of the unreinforced AE42 and AE42-C at 250 ◦C.
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Figure 7. Wohler curves of AE42-C at 20 ◦C, 150 ◦C, and 250 ◦C compared with the unreinforced
AE42 at 250 ◦C.

In Figure 7, fatigue (S-N) curves have been fitted using an arbitrary exponential
equation as described in Equation (1):

σa = a
exp(−logN)

b2 + c (1)
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Table 2 contains the fitting parameters at different temperatures. Fatigue strength has
been determined from the fitting curve as the stress at maximum attained life (N = 107 cycles).
Fatigue strength is also listed in Table 2. However, reinforced and unreinforced AE42 alloy
showed lower fatigue strength compared with some aluminum alloys. Murashkin et al. [52]
reported that the fatigue strength of coarse-grained AA6061 at room temperature at 107 cycles
was 100 MPa, whereas the maximum achieved fatigue strength of the composite AE42-C
was 68 MPa.

Table 2. Fitting parameters of Wohler curves of the unreinforced AE42 and AE42 composite and
fatigue strength at N = 107 cycles at the testing temperatures.

Material No. of
Experiments T (◦C) a B c Max.

Dev.
Standard
Error, r2

Fatigue Strength
(MPa) at N = 107

Unreinforced
AE42 21 250 126 3.34 23.6 10.3 0.986 25

AE42-C

16 250 134 4.24 43.8 3.6 0.997 52.7

13 150 136 3.7 62.7 4.90 0.996 66.5

18 20 138 3.7 64.3 7.0 0.990 68

3.4. SEM Investigations

Figure 8 shows the SEM image of the fracture surface of a tensile specimen tested at
room temperature. The fracture features can be summarized in the following: (i) fibers
aligned with or tilted with the loading direction are fractured; (ii) fibers aligned perpendic-
ular to the loading direction are subjected to decohesion from the unreinforced alloy, and
the matrix material filling the spaces between the fibers is fractured after little deformation.
This behavior, besides the high-volume fraction of fibers in the composites, explains the
early fracture of composite tensile specimens after limited strain values, as shown in the
tensile stress–strain curves presented in Figure 3b.
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Figure 9 includes a SEM image of a fatigue specimen fractured at a stress amplitude of
σa ± 98.5 MPa after a fatigue life of N = 4560 cycles at a temperature of 250 ◦C. Fibers show
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a behavior similar to that shown in the specimen fractured under tensile load (Figure 8).
Fibers parallel to the loading direction (Figure 9a) break in the transverse direction. Like-
wise, breaks along the fibers that are oriented perpendicular to the direction of loading can
be detected. In addition, fiber detachment from the matrix could be observed on the fracture
surfaces of the fatigue specimens. The matrix bridges that enclose the fibers behave like
metallic materials under vibrational stress. The different stages of fatigue crack growth [53]
have been observed in the metallic bridges in the crack initiation phase. Figure 9b shows
pronounced vibrating stripes, which can be traced back to the fatigue loading. In the end,
the metallic bridges break violently, which is characterized by a dimpled structure.
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Figure 9. SEM micrograph of composite specimen fractured AE42-C at σa ± 98.5 MPa,
N = 4560 cycles, Hz = 0.5, and at 250 ◦C.

3.5. Fatigue Life Estimation

There are models describing the strain-controlled low-cycle fatigue life curves ε (NF).
Some of these models propose the strain amplitude consists of an elastic part εel and a
plastic part εpl. The double-logarithmic representation of the dependency ε (NF) can be
described with a combination of two approaches. The elastic part εel is described using
Basquin’s Equation (2) [54], while the plastic part εpl is expressed using the Manson–Coffin
relationship [55,56] (Equation (3)).

∆εel = AN−n
F (2)

∆εpl = B N−m
F (3)

The summation of both parts (∆εel and ∆εpl) results in total strain (∆εt) via the
following relation:

∆εt = A N−n
F + B N−m

F (4)

According to general theoretical approaches [55–57], values n = 0.10 and m = 0.5 can
be assumed for n and m; however, the use of such constants can lead to larger deviations
from the actual material behavior. The coefficients A and B can be determined by the
following relationship.

A = ξ
σUTS

E
(5)
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where E and σUTS are temperature-dependent elastic modulus and ultimate tensile strength,
respectively. The parameter ξ is often set to 3.5 [55,58]. The parameter B can be calculated
from the reduction in the area at the break determined in the tensile test [59] as follows,

B = −In (1 − Z) (6)

The fatigue life curves ∆εt (NF) of the composite materials and those of the correspond-
ing unreinforced AE42 are shown in Figures 10 and 11. The fatigue curves ∆εt (NF) were
described using Equation (4) with the initial proposed values of the parameters n and m (0.1
and 0.5, respectively) and the accurate values of these parameters were drawn accordingly.
The value of n ranged between 0.1 and 0.12, while m was in the range of 0.32 to 0.38. The
determined parameters are in the range of the published values [60].

In the LCF range, it was found that at a certain strain amplitude, the composite
materials have a lower service life than the unreinforced AE42 (Figure 10), this can be
explained by their reduced ductility. At 250 ◦C, the fatigue life of the AE42 composite is
actually lower when compared to the AE42 alloy. This can be explained by the increased
brittleness of the AE42 composite due to the addition of short carbon fibers. This increase
in the brittleness of the AE42 composite, as indicated in the fracture surfaces shown in
Figures 8 and 9, results in a decrease in its total strain amplitude compared with the
unreinforced alloy, as shown in Figure 10.

The relationship between strain amplitude and the number of cycles to failure at room
temperature, 150 ◦C, and 250 ◦C is illustrated in Figure 11. From the increase in temperature,
it can be seen that the strain amplitude of the AE42 composite is comparable. Previous
studies mentioned that, as the temperature increases up to 200 ◦C, the largest portion of the
strain amplitude switches to plastic strain, which is the main cause of failure [61,62]. This
is because the ductility of the composite increases with increasing temperature, resulting in
a decrease in strength. In summary, the fatigue life of the AE42 composite will be relatively
the same or may also be slightly improved at elevated temperatures despite the decrease in
composite strength.
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Figure 10. Fatigue life of AE42-C and the unreinforced AE42 at 250 ◦C.



Materials 2023, 16, 3686 14 of 17

Materials 2023, 16, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 10. Fatigue life of AE42-C and the unreinforced AE42 at 250 °C. 

 
Figure 11. Fatigue life curves of AE42-C at temperatures 20 °C, 150 °C, and 250 °C. 

In the LCF range, it was found that at a certain strain amplitude, the composite ma-
terials have a lower service life than the unreinforced AE42 (Figure 10), this can be ex-
plained by their reduced ductility. At 250 °C, the fatigue life of the AE42 composite is ac-
tually lower when compared to the AE42 alloy. This can be explained by the increased 
brittleness of the AE42 composite due to the addition of short carbon fibers. This increase 
in the brittleness of the AE42 composite, as indicated in the fracture surfaces shown in 
Figures 8 and 9, results in a decrease in its total strain amplitude compared with the un-
reinforced alloy, as shown in Figure 10. 

0.005

0.01

0.02

0.05

0.1

0.2

101 103 105 107

AE42

AE42-C

T = 250°C

No. of cycles up to fracture, NF  (cycles)

St
ra

in
 a

m
pl

itu
de

, Δ
ε t (

--)

0.005

0.01

0.02

0.05

0.1

101 103 105 107

RT
150°C
250°C

AE42-C

Number of cycles, NF (Cycles)

St
ra

in
 a

m
pl

itu
de

 Δ
ε t. (

--)

Figure 11. Fatigue life curves of AE42-C at temperatures 20 ◦C, 150 ◦C, and 250 ◦C.

4. Conclusions

Based on the achieved results of the tensile and fatigue tests and the SEM investigation
of the unreinforced AE42 and AE42-C, the following main conclusions can be drawn:

1- Reinforcing AE42 using carbon fibers has doubled the tensile yield stress at room
temperature and further increased it at higher temperatures, reaching 2.5 times that
of the unreinforced AE42 at 300 ◦C. While the early fracture of the composites has
limited the improvement in the ultimate tensile strength.

2- The reinforcement of Mg alloy AE42 with short carbon fibers has markedly improved
the fatigue strength at the HCF range (107 cycles) from 25 MPa to 52.7 MPa at 250 ◦C.
The composites showed more increased fatigue strength (68 MPa) at room temperature.

3- The slight temperature influence on the fatigue behavior of composite AE42-C up to
250 ◦C reflects its thermal stability.

4- Fiber breakage and fiber detachment were features of the fracture surface of the
composites under tensile and fatigue load. In addition, fatigue serrations and limited
dimples were detected at the metallic magnesium bridges.

5- The fatigue life curves ∆εt (NF) of the unreinforced AE42 and the composites AE42-C
were well described using the Basquin and Manson–Coffin approaches.
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Nomenclature

NF Number of cycles to fracture (cycles)
σa Stress amplitude (MPa)
R Fatigue stress ratio
Lf Fiber length (µm)
df Fiber diameter (µm)
νf Volume fraction
RE Rare earth elements such as Ce, La, bd, Pr, . . .
LCF Low-cycle fatigue
HCF High-cycle fatigue
ε Strain (%)
σ0.2 Yield stress (MPa)
σUTS Ultimate tensile strength (MPa)
a A fitting parameter
b A fitting parameter
c A fitting parameter
∆εel Elastic strain region (–)
∆εpl Plastic strain region (–)
∆εt Total strain (–)
E Temperature-dependent elastic modulus
ξ Parameter with a value of 3.5
A A constant
B A constant
RT Room temperature (◦C)
n A constant with a value of 0.1
M A constant with a value of 0.5
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