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Abstract

SiC fiber-reinforced aluminum matrix (SiCf/Al) composites have the potential to replace
titanium alloys for fan/compressor blades due to their low density and favorable high-
temperature performance. In this study, thermal exposure and thermal cycling tests were
conducted to simulate service environments and to clarify their effects on the microstructure
and interfacial properties of a SiCf/AlFe5Si2 composite. Thermal exposure was performed
at 260–450 ◦C for 20–100 h, and thermal cycling was carried out between 300 or 350 ◦C (1 h
dwell) and room temperature for 20–100 cycles. Interfacial shear strength was evaluated
by push-out tests, while microstructural evolution was examined using SEM, TEM/EDS,
and XRD. Three-dimensional finite element simulations were used to assess mismatch-
driven residual-stress distributions during the cooling stage after thermal excursion. The
results showed that interfacial shear strength decreased with increasing exposure tem-
perature/time and degraded more severely under thermal cycling than under isothermal
exposure at the same temperature. A rapid loss of interfacial strength occurred above
~400 ◦C, associated with significant interfacial-layer thickening and the formation of brittle
AlxSiOy phases. The interfacial reaction layer followed parabolic growth kinetics, yielding
a preliminary apparent activation energy of Q ≈ 150 kJ/mol estimated from two isothermal
temperatures. The simulations indicated large opposing stresses between the matrix and the
carbon-rich layer, supporting a mechanical driving force for interfacial debonding; however,
heating/dwell time-dependent effects were not explicitly modeled and are discussed as
limitations. These findings provide quantitative guidance for defining service-temperature
limits and improving interfacial thermal stability in SiCf/AlFe5Si2 composites.

Keywords: SiCf/Al composite; thermal exposure; thermal cycling; interfacial shear
strength; push-out test; interfacial reaction layer; thermal residual stress

1. Introduction
SiCf/Al composites exhibit high specific strength and modulus, together with better

heat resistance than conventional aluminum alloys, which makes them promising for
aerospace applications. The operating temperature of the low-temperature section of
aero-engine fans/compressors typically reaches 200–300 ◦C, where titanium alloys are
currently the dominant materials for fan/compressor blades. Given a density of 3.1 g/cm3

for SiCf/Al compared with 4.5 g/cm3 for titanium alloys, replacing titanium alloys with
SiCf/Al is expected to achieve an approximately 30% weight reduction, which would
benefit the thrust-to-weight ratio of engines.
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Recent studies have focused on the thermal stability of SiCf/Al interfaces and the
effects of thermal cycling on composite performance, which are directly relevant to under-
standing the service behavior of SiCf/Al composites. Wang et al. [1] demonstrated that
molecular thermal linkers can enhance interfacial thermal conductivity and stability in
liquid metal composites, providing insights for improving interfacial bonding in SiC/Al
systems. Liu et al. [2] specifically investigated the interfacial thermal stability of SiC fiber
reinforced aluminum matrix composites with carbon coatings, finding that appropriate
interfacial modifications can significantly improve high-temperature performance. Zhang
et al. [3] provided valuable insights into the microstructure and mechanical properties of
composites with engineered interphases, which are crucial for understanding the interfacial
reaction layer evolution observed in SiCf/Al composites. Furthermore, Zhong et al. [4]
comprehensively reviewed recent advances in processing and characterization of metal ma-
trix composites for high-temperature applications, highlighting the importance of thermal
stability and interfacial engineering for aerospace materials.

Microstructural and property stability under service conditions strongly affects the
reliability of fan/compressor blade materials. Therefore, thermal exposure and thermal
cycling tests were adopted to simulate service environments and to investigate the evolution
of microstructure and interfacial properties in SiCf/Al composites. Chen et al. studied
a 0.6 vol.% SiCf/7075Al composite after aging in an oil bath at 120 ◦C and reported that
the interfacial shear strength increased with aging time up to 25 h, consistent with the
strengthening trend of the Al matrix [5]. In contrast, Jiang et al. found that the interfacial
shear strength of a SiCf/LD-2Al composite decreased from 19.78 MPa to 7.84 MPa after heat
treatment [6]. Notably, the heat-treatment temperatures in these studies were relatively
low; for 7075 and LD-2 alloys, over-aging above 150 ◦C usually causes a reduction in
alloy strength. Only a few studies have reported on the microstructure and interfacial
characteristics of SiCf/Al composites at service temperatures above 300 ◦C.

This work employed thermal exposure and thermal cycling tests to study the mi-
crostructural evolution and interfacial characteristics of the SiCf/AlFe5Si2 composite. Ther-
mal exposure was conducted at 260, 300, 350, 400, and 450 ◦C for 20, 50, and 100 h. Thermal
cycling was performed by heating to 300 or 350 ◦C, holding for 1 h, and cooling to room
temperature (~30 ◦C) as one cycle, for 20, 50, and 100 cycles. Microstructure and properties
before and after testing were characterized. Three-dimensional finite element method (3D
FEM) simulations were further carried out to evaluate thermal residual-stress distribu-
tions during cooling from peak temperatures relevant to the thermal exposure/cycling
conditions, aiming to provide a mechanistic complement to the experimental observations
of microstructure and interfacial performance. Compared with our previous study on
SiCf/AlFe5Si2 (Ref. [7]), which primarily examined interfacial microstructure and interfa-
cial shear strength after isothermal thermal exposure, the present work extends the scope
in four aspects. First, it introduces a systematic comparison between isothermal exposure
and thermal cycling, enabling direct assessment of cumulative cycling effects. Second, it
provides an integrated mechanism framework that links matrix softening, reaction-layer
thickening, brittle AlxSiOy formation, and interphase damage. Third, it incorporates a
3D RVE-based FEM analysis to interpret mismatch-driven residual-stress contrast as a
mechanical contributor to debonding tendency. Finally, it proposes condition-specific
engineering guidance for exposure versus cycling, together with explicit applicability and
limitation statements.
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2. Experimental and Numerical Methods
2.1. Material and Specimen Preparation

Since SiCf/Al composite materials are primarily applied as high-temperature resistant
structural materials, to investigate the interfacial properties and microstructural evolution
of SiCf/Al composite materials under service operating environments, this study simu-
lates the service environment through thermal exposure and thermal cycling. Compared
with other common aluminum alloy matrices such as 6061Al and 2024Al, AlFe5Si2 be-
longs to heat-resistant aluminum alloys and exhibits the best high-temperature perfor-
mance. Therefore, the thermal exposure and thermal cycling experiments mainly focus on
SiCf/AlFe5Si2 composite materials.

Using electrical discharge wire cutting, a total of 36 thin slices (thickness ~0.5 mm)
were cut from the cross-section perpendicular to the fiber axial direction of the as-fabricated
35 vol.% SiCf/AlFe5Si2 composite material. These thin slices were divided into 18 groups,
with each group containing two slices: one for push-out testing and another for microstruc-
tural observation. Except for one group serving as a comparison without thermal exposure
testing, the other groups underwent thermal exposure and thermal cycling tests, respec-
tively. The thermal exposure test process was: thermal exposure at 260, 300, 350, 400, and
450 ◦C for 20, 50, and 100 h in an air heating furnace, followed by furnace cooling to room
temperature. The thermal cycling test process was: heating at 300 ◦C and 350 ◦C for 1 h,
respectively, in an air heating furnace, then removing for air cooling to room temperature,
and then placing back into the furnace, repeating this cycle for 20, 50, and 100 times.

2.2. Push-Out Test and Interfacial Shear Strength

The interfacial shear strength τ was determined from push-out tests using:

τ =
Pmax

2πrt
(1)

where Pmax is the peak push-out load, r is the fiber radius, and t is the specimen thickness.
For each specimen/condition, at least five fibers were tested by the push-out method, and
the interfacial shear strength was calculated from the average of the measured results to
ensure the reliability of the obtained data; the corresponding scatter is shown as error bars
(±SD) in the interfacial shear strength plots.

In this study, thin slices with t ≈ 0.5 mm were used because this thickness is com-
monly adopted in push-out microindentation (Bruker, Billerica, MA, USA) to enable stable
fiber push-out at achievable load levels, while minimizing out-of-plane bending/buckling
effects of the slice during loading. Thus, the measured response is dominated by local
fiber/interphase/matrix debonding and sliding behavior around the tested fiber segment.
We note that push-out results characterize local interface-sensitive behavior and may not di-
rectly represent bulk-component failure, which is additionally affected by fiber population
statistics, architecture, defects/notch sensitivity, and macroscopic stress state. Accordingly,
the push-out-derived interfacial shear strength is interpreted here as a local interface-
sensitive indicator for comparative condition ranking, rather than a direct substitute for
bulk component strength [8].

2.3. Microstructure Characterization

Microstructure and phase composition of the SiCf/AlFe5Si2 composites were ex-
amined by scanning electron microscopy (SEM, FEI, Hillsboro, OR, USA), transmission
electron microscopy (TEM, JEOL Ltd., Tokyo, Japan) with energy-dispersive X-ray spec-
troscopy (EDS), and X-ray diffraction (XRD, Bruker AXS, Karlsruhe, Germany). Matrix
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Vickers hardness was measured to correlate with matrix strength. Specimens for push-out
and for microstructural observation were taken from the same treatment groups.

2.4. Three-Dimensional FE Modeling of Thermal Residual Stresses

Three-dimensional (3D) FE simulations (Abaqus 2024, Dassault Systèmes, Paris,
France) were performed to evaluate thermal mismatch-driven residual stresses during
cooling from 300, 350, 400, and 450 ◦C to 30 ◦C at a cooling rate of 10 ◦C/min. The 3D
representative volume element (RVE) explicitly includes the SiC fiber, the Al matrix, and
the C-rich layer. The model thickness along the fiber axis was set to 0.5 mm, consistent with
the thickness of the push-out specimen slices. Figure 1 shows the overall 3D RVE geometry
and coordinate system. For clarity of presentation, stress contours and radial path results
shown in later figures are sectional/path extractions from the 3D solution.

Figure 1. Overall 3D representative volume element (RVE) geometry used in the FE simulations,
illustrating the SiC fiber, Al matrix, and C-rich layer.

In this work, the FE analysis was intentionally focused on the cooling stage to quan-
tify the retained residual-stress state after thermal excursion, as a first-order mechanical
indicator of interfacial stress contrast caused by thermal expansion mismatch. The contact
pressure (“Pressure”) at the relevant interfaces was extracted to characterize local compres-
sive/tensile residual stress states. It should be noted that heating-stage and dwell-stage
time-dependent effects (e.g., stress relaxation, diffusion/reaction/oxidation, and possible
inelastic accommodation) were not explicitly modeled in the present FE framework.

Thermo-physical properties used for the SiC fiber, aluminum alloy matrix, and C-rich
layer are listed in Table 1. In the FE implementation, temperature-dependent properties
were defined where tabulated data were available and were introduced using piecewise
linear interpolation between adjacent temperature points. For properties without sufficient
temperature-resolved data over the studied range, constant values were used. This dis-
cretized property assignment may introduce interpolation uncertainty, particularly when
a property exhibits strong nonlinearity with temperature. Therefore, the FE results are
interpreted primarily as semi-quantitative trend indicators (e.g., variation in residual-stress
magnitude with peak temperature), rather than fully calibrated absolute residual-stress
values. Recent advances in finite element modeling of residual stresses in fiber-reinforced
composites provide a broader methodological context for the present analysis [9,10].
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Table 1. Thermo-physical properties of SiC fiber, aluminum alloy matrix and C-rich layer.

Materials
Thermal Conductivity

(W/mK)

Specific Heat Capacity (SHC)
(J/(kg·◦C))

Coefficient of Thermal Expansion
(CTE)

(10−6·◦C−1)

Temperature (◦C) SHC Temperature (◦C) CTE

SiC [11,12] 83.6
107 472

2.6
247 1267

aluminum alloy
[12,13] 203 880

100 22.7

200 23.8

300 24.8

400 25.9

C-rich layer [14,15] 129 710 3
Notes: (a) Temperature-dependent properties were implemented in the FE model by piecewise linear interpolation
between adjacent tabulated temperature points. (b) For properties lacking sufficient temperature-resolved
datasets within the studied range, constant values were used as listed. (c) No extrapolation beyond the tabulated
temperature interval was applied in this work. (d) Due to discretized property input, interpolation-related
uncertainty may affect local stress magnitudes; therefore, FE outputs are interpreted primarily as semi-quantitative
trend indicators rather than fully calibrated absolute residual-stress values.

3. Results and Discussion
3.1. Effect of Thermal Exposure on Interfacial Shear Strength

Figure 2 shows representative load–displacement curves from push-out tests on
SiCf/AlFe5Si2 specimens (0.5 mm thick) in different thermal-exposure conditions. As
shown in Figure 2a, the push-out process could be divided into three stages: (i) a linear
load–displacement increase associated with interfacial deformation; (ii) a rapid load drop
corresponding to fiber debonding/push-out; and (iii) a gradual load decrease dominated
by interfacial sliding friction. Using Equation (1), the interfacial shear strength of the
as-received specimen was ~32 MPa. Figure 2b–f present curves after thermal exposure at
260, 300, 350, 400, 450 ◦C for 20, 50, 100 h, showing a clear reduction in peak load with
increasing temperature and time.

As summarized in our previous work [7], thermal exposure reduced the interfacial
shear strength, and the reduction became more pronounced as either temperature or time
increased. Below 350 ◦C, the reduction remained moderate (within ~35%). When the
exposure temperature exceeded 400 ◦C, the interfacial shear strength decreased sharply,
as reflected by the increased slope of the strength-time curves. After exposure at 400 ◦C
for 50 h, the interfacial shear strength dropped by ~50% compared with the as-received
condition. These results suggest that the SiCf/AlFe5Si2 composite can potentially be used
at temperatures up to 350 ◦C, which is significantly higher than the typical service limit of
conventional aluminum alloys (~200 ◦C). This finding is consistent with recent studies on
thermal cycling behavior of SiC/Al composites [16].

To relate the interfacial strength degradation to matrix softening, Figure 3 compares
the Vickers hardness of the matrix alloy before and after exposure at 300 ◦C for 100 h. The
average hardness decreased from 133.6 HV to 119.0 HV. Since tensile strength correlates
with hardness σ ≈ 3HV ± 5% HV [17], matrix strength degradation during thermal expo-
sure likely reduced the radial constraint and contact stress around fibers (via Poisson effects
during push-out), thereby decreasing the apparent interfacial shear strength. This inter-
pretation is consistent with the observation that the variation in interfacial shear strength
follows the same trend as the tensile strength of the Al matrix [8].
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Figure 2. Applied load versus displacement curves of the SiCf/AlFe5Si2 composite specimens
(0.5 mm thick): (a) without thermal exposure; (b) with exposure at 260 ◦C for 20/50/100 h; (c) with
exposure at 300 ◦C for 20/50/100 h; (d) with exposure at 350 ◦C for 20/50/100 h; (e) with exposure
at 400 ◦C for 20/50/100 h; (f) with exposure at 450 ◦C for 20/50/100 h.

Figure 3. Vickers hardness of the matrix alloy in SiCf/AlFe5Si2 composites without thermal treatment
and with exposure at 300 ◦C for 100 h.

https://doi.org/10.3390/ma19101999

https://doi.org/10.3390/ma19101999


Materials 2026, 19, 1999 7 of 17

3.2. Microstructural Evolution During Thermal Exposure

Figure 4 shows TEM images of the AlFe5Si2 matrices in the SiCf/AlFe5Si2 composite
before and after exposure at 300 and 450 ◦C for 20 and 50 h, respectively. It can be observed
that the grain size of the aluminum alloy matrix in the composite without thermal exposure
was approximately 180 nm (see Figure 4a), which grew to 240 nm and 260 nm after thermal
exposure at 300 ◦C for 20 h and 50 h, respectively, and grew to 280 nm and 520 nm after
thermal exposure at 450 ◦C for 20 h and 50 h, respectively. The experimental results indicate
that grain size increases with increasing thermal exposure temperature and time. Addition-
ally, Al2.7FeSi2.3 phases existed at the grain boundaries of the composite matrix aluminum
alloy without thermal exposure, and with increasing thermal exposure temperature and
time, the second phase size slightly increased, but the quantity decreased. Vickers hardness
tests showed that thermal exposure reduced the strength of the composite matrix.

Figure 4. TEM images of the AlFe5Si2 matrices in the SiCf/AlFe5Si2 composite (a) without exposure;
(b) with exposure at 300 ◦C for 20 h; (c) with exposure at 300 ◦C for 50 h; (d) with exposure at 450 ◦C
for 20 h; (e) with exposure at 450 ◦C for 50 h; (f) lattice spacing of the second phase.

Figure 5 shows microstructures of SiCf/AlFe5Si2 composites after exposure at 300, 350,
and 400 ◦C for 50 h. No interfacial cracks or apparent defects were observed after exposure
at 300 and 350 ◦C (Figure 5b,d), consistent with the relatively small reduction in interfacial
shear strength. In contrast, interfacial debonding occurred after exposure at 400 ◦C for 50 h
(Figure 5e,f), which corresponded to a ~50% decrease in interfacial shear strength.

https://doi.org/10.3390/ma19101999
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Figure 5. Microstructures of the SiCf/AlFe5Si2 composites thermally exposed at: (a) 300 ◦C; (c) 350 ◦C;
(e) 400 ◦C for 50 h; and (b,d,f) their magnification, respectively. The arrows indicate the interface
debonding observed in the microstructures.

TEM/EDS analyses (Figures 6–8) revealed that the interfacial reaction layer between
the C-rich layer and the Al matrix was ~43 nm thick in the as-received state. After exposure
at 300 ◦C for 20 and 100 h, the thickness increased slightly to ~49 and ~54 nm, respectively,
and diffraction patterns indicated that the reaction product was mainly Al4C3. In contrast,
exposure at 450 ◦C for 20 and 50 h led to substantial growth of the reaction layer to
~155 and ~216 nm, respectively. Previous studies have shown that, above 400 ◦C, brittle
AlxSiOy oxides can form at the interface and severely degrade interfacial shear strength
and overall performance [18,19], which is consistent with our earlier XRD results on
SiCf/AlFe5Si2 composites [7]: after exposure at 260–350 ◦C for 50 h, the main phases were
Al, SiC, W, C, and Al4C3, whereas additional AlxSiOy phases (e.g., Al3.21SiOy) appeared
after exposure above 400 ◦C for 50 h. It should be noted that the propensity for such oxide
formation is influenced by oxygen availability; therefore, oxide-related degradation may be
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mitigated under inert/vacuum conditions or with effective coatings. The damaged zone
adjacent to the reaction layer (Figure 8b was therefore likely associated with interfacial
debonding induced by the thickened reaction layer and the presence of brittle oxides.

Figure 6. SiCf/AlFe5Si2 composites without exposure: (a) interface microstructure; (b) EDS analysis
of the selected point in the interface zone.

Figure 7. TEM images of interface microstructures of the SiCf/AlFe5Si2 composites exposed at
(a) 300 ◦C for 20 h; (b) 300 ◦C for 100 h; (c,d) EDS analyses of the selected areas in the interface
zone, respectively.

Figure 8. TEM images of interface microstructures of the SiCf/AlFe5Si2 composites exposed at
(a) 450 ◦C for 20 h; (b) 450 ◦C for 50 h; (c,d) EDS analyses of the selected areas in the interface
zone, respectively [7].

https://doi.org/10.3390/ma19101999
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Interfacial reactions were reaction-controlled at early stages and became diffusion-
controlled after a thin reaction layer formed [19]. The layer growth followed a
parabolic law [20,21]:

l = (kt)1/2 + b0 (2)

where l is the reaction-layer thickness, k is the growth-rate constant, t is exposure time, and
b0 is the initial thickness. Linear fits of l versus t1/2 (Figure 9) yielded:

l1 = 0.95t1/2 + 43 (3)

l2 = 24.5t1/2 + 43 (4)

with l in nm and t in h, resulting in k1 = 3.249× 10−15 m2/s at 300 ◦C and k2 = 2.161 × 10−12 m2/s
at 450 ◦C. The temperature dependence of k was described by the Arrhenius relationship [2]:

k = Aexp(−Q/RT) (5)

where A is the pre-exponential factor, Q is the activation energy, R is the gas constant, and
T is the absolute temperature. Using T1 = 573 K and T2 = 723 K, the activation energy
was estimated to be Q ≈ 150 kJ/mol. It should be noted that this Arrhenius evaluation is
based on only two temperatures (300 ◦C and 450 ◦C). These two temperatures were selected
because they provided clearly distinguishable low- and high-temperature interfacial growth
behaviors with measurable reaction-layer thickness changes under the current TEM-based
quantification protocol. Therefore, the obtained Q represents a preliminary apparent
activation energy and should be interpreted as an order-of-magnitude indicator rather
than a uniquely constrained kinetic parameter; additional isothermal temperatures would
be required to improve statistical reliability and to assess potential mechanism changes.
Despite the above limitations, the apparent Q is broadly within the range reported in
related SiC/Al interfacial reaction studies (e.g., 132 kJ/mol in [22] and 180–190 kJ/mol
in [2,23]), providing a qualitative consistency check for the present kinetic estimate. The
observed kinetic behavior is consistent with recent studies on interfacial reaction kinetics
in SiC fiber reinforced aluminum composites [17].

Figure 9. Interfacial reaction kinetic curves of the SiCf/AlFe5Si2 composite exposed at 300 and
450 ◦C.

Based on the above analysis, it can be concluded that the interfacial bonding perfor-
mance of SiCf/AlFe5Si2 composite materials is related to the thermodynamic and kinetic
changes in the matrix and interfacial reaction zones. As the thermal exposure tempera-
ture and time increase, the interfacial reaction zone in the composite materials becomes
increasingly thick. This is especially evident when the thermal exposure temperature

https://doi.org/10.3390/ma19101999
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exceeds 400 ◦C, the AlxSiOy phase is formed in the interfacial reaction zone, and this brittle
phase will severely weaken the interfacial bonding force. The thermal exposure process
causes the composite matrix grain size to increase and strength to decrease, resulting in
reduced interfacial shear strength. The thermal exposure test results show that the service
temperature of SiCf/AlFe5Si2 composite materials should not exceed 350 ◦C.

It should be emphasized that strict quantitative decoupling of degradation contri-
butions is beyond the scope of the present dataset, because matrix softening, interfacial
reactions, and brittle phase formation evolve concurrently. Therefore, a semi-quantitative
attribution framework is adopted here by integrating multiple evidence streams: matrix
hardness reduction (softening indicator), TEM-observed reaction-layer thickening and
interfacial phase evolution (reaction indicator), XRD/EDS identification of AlxSiOy (brittle-
phase indicator), and push-out interfacial shear strength (integrated response metric). From
this combined evidence, the dominant mechanisms differ by temperature regime: below
~350 ◦C, degradation is moderate and mainly associated with matrix softening plus mild
interfacial reaction; above ~400 ◦C, sharp degradation is consistent with rapid reaction-
layer growth, brittle AlxSiOy formation, and interfacial debonding damage. To clarify the
relative roles of matrix softening, interfacial reaction-layer growth, and brittle oxide forma-
tion in the observed interfacial degradation, a mechanism-oriented summary is provided
in Table 2.

Table 2. Mechanism-oriented attribution of interfacial degradation in SiCf/AlFe5Si2 under thermal
exposure/cycling.

Condition/Temperature
Regime Dominant Evidence Primary Degradation

Driver(s)
Net Effect on Interfacial

Shear Strength

≤350 ◦C (thermal exposure)
Matrix hardness drop +

slight reaction-layer
thickening (TEM)

Matrix softening + mild
interfacial reaction Moderate reduction

>400 ◦C (thermal exposure)

Rapid layer thickening
(TEM) + AlxSiOy

emergence (XRD/EDS) +
debonding morphology

Brittle oxide formation +
accelerated interfacial

reaction
Sharp reduction

Thermal cycling at 300 ◦C

Larger hardness loss than
isothermal + cyclic stress

alternation
(FEM-supported trend)

Cumulative softening +
cyclic stress-assisted

damage

Greater reduction than
isothermal at the same T

Thermal cycling at 350 ◦C
Carbon-layer

rupture/cracking + high
stress-gradient indication

Interphase cracking +
progressive debonding

under cyclic loading
Most severe reduction

3.3. Effect of Thermal Cycling and Residual Stresses

As summarized in Table 2, the dominant degradation drivers shift from matrix soft-
ening/mild interfacial reaction at ≤350 ◦C to brittle-phase-assisted interfacial damage at
≥400 ◦C. Figure 10 compares interfacial shear strength after thermal cycling at 300 and
350 ◦C. Thermal cycling led to more severe degradation than thermal exposure at the same
temperature and comparable total time. For example, at 300 ◦C, 20/50/100 cycles reduced
the strength from 32 MPa to 25/23/20 Mpa (reductions of 22%/28%/37%), whereas ther-
mal exposure for 20/50/100 h reduced it to 27/26/23 Mpa (18%/21%/28%). At 350 ◦C,
100 cycles reduced the strength by ~53%, indicating that the interface became too weak for
reliable service. These results suggest that the recommended service temperature under
thermal cycling should not exceed 300 ◦C.

https://doi.org/10.3390/ma19101999
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Figure 10. Interfacial shear strength versus number of thermal cycles curve of the SiCf/AlFe5Si2 com-
posites without thermal exposure and thermal cycled at 300/350 ◦C for 20/50/100 times.

Hardness measurements (Figure 11) showed that after 100 cycles at 300 ◦C, the matrix
hardness decreased from 133.6 HV to 99.7 HV, which was a larger reduction than that
caused by 100 h exposure at 300 ◦C. Combined with [8,17], this supports that cyclic thermal
loading accelerates matrix softening and interfacial degradation.

Figure 11. Vickers hardness of the matrix alloy in SiCf/AlFe5Si2 composites without thermal
treatment and with thermal cycle at 300 ◦C for 100 times.

Figure 12 shows microstructures of the SiCf/AlFe5Si2 composites thermally cycled
at 300 and 350 ◦C for 100 times. It can be observed that the C/Al interface of the
SiCf/AlFe5Si2 composite thermally cycled at 300 ◦C for 100 times showed no cracks or
other defects (see Figure 12a,b), and the carbon layer was undamaged. The corresponding
interfacial shear strength of the composite did not decrease significantly (~34%). The carbon
layer of the SiCf/AlFe5Si2 composite thermally cycled at 350 ◦C for 100 times was ruptured
and severely damaged (see Figure 12c,d), and the corresponding interfacial shear strength
of the composite was reduced by about 53% compared with that of the composite without
thermal cycling.

https://doi.org/10.3390/ma19101999
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Figure 12. Microstructures of the SiCf/AlFe5Si2 composites thermally cycled at: (a) 300 ◦C for
100 times; (c) 350 ◦C for 100 times; and (b,d) their magnification, respectively. The arrows indicate the
interface damage observed in the microstructures.

Interfacial bonding in MMCs is closely related to residual stresses [24,25]. In this work,
the 3D FEM analysis is intentionally cooling-focused: cooling from 300/350/400/450 ◦C to
30 ◦C at 10 ◦C/min was simulated to evaluate mismatch-driven retained residual stresses
(Figure 13; shown as representative sectional/path extractions from the 3D solution). This
cooling-focused FE treatment provides a first-order mechanical indicator of interfacial
stress contrast. However, thermal-cycling degradation is governed by the full thermal
history; heating and high-temperature dwell can introduce additional stress relaxation
and time-dependent effects (e.g., diffusion/reaction/oxidation and possible creep/plastic
accommodation), which were not explicitly included in the current FE model. Therefore,
the FE results are interpreted as a mechanistic complement to experiments rather than a
standalone full-life prediction of cycling damage.

The results showed that the matrix experienced radial tensile stresses, whereas the
C-rich layer experienced radial compressive stresses. Increasing the peak temperature
increased the magnitude of residual stresses. Large opposing stresses between the matrix
and C-rich layer could promote debonding at the interface during cooling, consistent with
the debonding observed after 400 ◦C exposure (Figure 5e,f). During thermal cycling, alter-
nating stress states repeatedly acted on the matrix and C-rich layer, aggravating debonding.
Moreover, the C-rich layer (~2 µm thick) exhibited a large stress gradient, making it prone
to crack initiation under cyclic loading, which was consistent with the severe carbon-layer
damage after 100 cycles at 350 ◦C (Figure 12c,d). Together with grain growth/coarsening-
induced matrix softening and interfacial oxidation producing brittle AlxSiOy phases, these
factors collectively led to the pronounced reduction in interfacial shear strength. The
residual stress analysis methodology employed here follows recent advances in finite
element modeling of fiber-reinforced composites [10] and is also consistent with recent
SiC/Al studies on residual-stress evolution under thermal-process histories [26]. These
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observations are consistent with the semi-quantitative mechanism attribution proposed
in Section 3.2, where high-temperature (>~400 ◦C) degradation is dominated by coupled
brittle-phase-assisted interfacial damage and accelerated reaction-layer thickening.

The proposed temperature limits in this study are derived from combined experimen-
tal indicators rather than from a single criterion. Specifically, we considered: (i) retention
of push-out interfacial shear strength relative to the as-received condition, (ii) interfacial
microstructural integrity (debonding and C-rich layer damage), (iii) the relative severity of
thermal cycling versus isothermal exposure, and (iv) onset of sharp degradation associated
with accelerated reaction-layer thickening and brittle-phase-related damage. Under these
criteria, ~350 ◦C is identified as a practical upper guidance level for isothermal exposure in
the present test framework, while ~300 ◦C is recommended under thermal cycling due to
stronger cumulative degradation.

Figure 13. Residual stress (pressure/contact pressure) results obtained from the 3D FE model and
presented as a representative sectional contour and extracted radial path profiles: (a) stress contour
on a representative plane; (b) stress distribution along path 1; (c) stress distribution along path 2.

3.4. Limitations and Applicability of the Simulated Service Environments

The thermal exposure and thermal cycling protocols adopted in this work were de-
signed to reproduce, in a controlled and repeatable manner, the dominant thermal histories
relevant to the low-temperature section of aero-engine fan/compressor components, while
enabling systematic quantification of interfacial shear strength degradation and microstruc-
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tural evolution. We acknowledge that actual aerospace service environments can involve
coupled thermo-mechanical loading (e.g., vibration/fatigue, foreign object impact, and
stress-assisted creep), complex atmospheres, and additional degradation mechanisms (e.g.,
erosion, moisture-, salt-, or contaminant-assisted corrosion), which were not explicitly
included here. Therefore, the present study intentionally isolates thermal variables (peak
temperature, dwell time, and number of cycles) to establish baseline trends for (i) matrix
softening, (ii) interfacial reaction-layer growth, and (iii) oxidation-related brittle phase
formation at elevated temperatures.

All thermal treatments were conducted in air, which provides a practical upper-
bound or conservative condition for oxidation-driven interfacial degradation in Al-based
composites. Because oxygen availability in air can accelerate oxide formation at the in-
terface, the extent of AlxSiOy-related embrittlement observed here should be considered
environment-dependent. Consequently, the formation of brittle AlxSiOy phases and the
associated interfacial strength loss observed above ~400 ◦C may be less pronounced under
inert/vacuum conditions or when effective environmental barrier coatings are applied.
Nonetheless, the relative ranking between isothermal exposure and thermal cycling, as
well as the mechanistic roles of thermal mismatch stresses, matrix softening, and interphase
damage, remain informative in defining safe thermal operating windows and for guiding
interfacial stabilization strategies. This interpretation is consistent with broader thermal-
cycling studies in light-alloy composites, where cumulative thermo-mechanical history
governs crack initiation and damage progression [27]. Future work will consider com-
bined thermo-mechanical cycling and alternative atmospheres to further bridge laboratory
simulations and in-service conditions.

Regarding generalizability, the present conclusions are most directly applicable to
the SiCf/AlFe5Si2 composite with a C-rich layer prepared by a similar processing route
and evaluated under air thermal exposure/cycling conditions. Extrapolation to other
Al-based MMC systems should be made with caution, because different matrix chemistries
may show different oxidation susceptibility, interfacial reaction pathways/kinetics, and
high-temperature matrix softening behavior. Therefore, the proposed service limits (350 ◦C
under isothermal exposure and 300 ◦C under thermal cycling) are intended as material-
specific engineering indicators for the present system, rather than universal thresholds
for all SiCf/Al composites. Qualitatively, the observed trend—more severe degradation
under thermal cycling than under isothermal exposure at comparable temperatures—is
consistent with prior MMC studies, but quantitative cross-system comparison requires
dedicated side-by-side experiments.

These temperature limits should be interpreted as conservative engineering indi-
cators under the present experimental boundary conditions (air environment, no exter-
nally applied mechanical load, and push-out-based local interfacial assessment). Because
real components experience coupled thermo-mechanical and environmental effects, the
proposed limits are not universal constants and should be refined through application-
specific validation.

4. Conclusions
This chapter simulated the service working environment of SiCf/AlFe5Si2 composite

materials through thermal exposure and thermal cycling experiments. The effects of
simulated service environments on the microstructure and interfacial properties of the
composite materials were studied. The following conclusions were obtained:

(1) Thermal exposure degraded the SiCf/AlFe5Si2 interface, with a marked acceleration
above ~400 ◦C. This degradation is associated with reaction-layer thickening, brittle
AlxSiOy formation, and matrix softening. The reaction layer followed parabolic
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growth, and a preliminary two-temperature Arrhenius estimate gave an apparent
activation energy of ~150 kJ/mol.

(2) Thermal cycling caused stronger interfacial deterioration than isothermal exposure
at comparable temperature/time levels. Based on interfacial shear-strength reten-
tion and observed microstructural integrity, 350 ◦C (exposure) and 300 ◦C (cycling)
are proposed as conservative, condition-specific engineering limits for the present
material system.

(3) Cooling-focused 3D FEM indicated increasing matrix/C-rich-layer stress contrast with
increasing peak temperature, supporting a mechanical driving force for interfacial
debonding. Since heating/dwell time-dependent effects were not explicitly modeled,
the FE results are interpreted as mechanistic trend support rather than standalone
life prediction.
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