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Abstract

In this paper, a high-temperature test experimental system is built to investigate the depen-
dence of the strength of a C/SiC composite material on temperature. Unintuitively, the strength
increases with temperature. To investigate the microscopic mechanism, scanning electron
microscopy (SEM) of an in situ bending test experiment is performed. Our hypothesis is that
due to significant residual tensile stress in inter-fibre matrix, external loads reach the ultimate
stress first. As the temperature increases, the matrix residual tensile stress decreases, a larger
external load needs to be applied for matrix failure, which is exhibited macroscopically as
increased strength. To prove this hypothesis, the inter-fibre matrix residual stress and its
dependence on temperature are calculated via a finite element method. Next, using a SiC
wrapper layer around a single C fibre as an experiment object, the finite element calculation is
verified directly via micro-Raman spectroscopy.
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1 Introduction

C/SiC composites are normally produced under a vacuum at high temperatures of approximately
1000 °C via chemical vapour infiltration (CVI) [1-3]. These materials have advantages such as
low density, high strength and a low thermal expansion coefficient [4, 5]. Recently, they have
become an important high-temperature structural material in aviation and aerospace [6], where
they are commonly used as materials for high-speed aircraft missile stabilizer wings and gas
turbine thermal section components [7]. Therefore, understanding the high-temperature mechan-
ical properties and underlying microscopic mechanisms of these materials is greatly important to
improving the manufacturing process for this material and fully leveraging its material efficiency.
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According to some reports, the strength of these materials increased with temperature [8—10].
To explain this unusual phenomenon, some researchers suggested that as the temperature
increased, interior residual stress was released, which led to macroscopic strength improvements.
However, this explanation was not investigated systematically or proven experimentally. Specif-
ically, under the situation of the material under residual stress and external load, there are no
reports of direct stress measurements or any direct observations of internal damage and failure
processes. This was primarily due to the lack of an effective test method.

In recent years, micro-Raman spectroscopy has made substantial progress in stress testing
of crystal materials including C fibre and SiC materials [11-14]. Scanning electron micro-
scopes with in situ tensile testing apparatus have allowed significant revelations about material
failure processes and mechanisms [15]. Using these advanced testing technologies and finite
element simulation method, the aforementioned problem is herein comprehensively and
systematically investigated. The microscopic mechanism behind the high-temperature macro-
scopic strength of C/SiC composites is revealed.

2 High-Temperature Strength Experiment of the C/SiC Composite
2.1 About the C/SiC Specimen

In the fabrication of C/SiC composite, the T300 carbon fiber bundles with a tow size of 1 k are
prepared by 2D braided method into carbon cloth with the thickness of about 0.2 mm; then
plain carbon clothes are stacked in parallel with voids are introduced. To enhance the desired
non-linear/non-catastrophic tensile behaviour, the carbon fibres are coated with a pyrocarbon
inter-phase of mean thickness 0.2 um before infiltration by the matrix. After that, SiC matrix is
deposited by chemical vapour infiltration method at 1273 K with the reactant gas of CH;SiCl;.
At this ambient condition, the density of the C/SiC composites is 2.05 g/cm?, and the volume
fractions of carbon fibres, SiC matrix and voids are 42%, 44%, and 14%, respectively.

2.2 Experimental Design

To investigate variations in the C/SiC composite strength with temperature, a high-temperature
experimental system is designed, as shown in Fig. 1. The furnace can reach up to 1100 °C. The
maximum heating rate is 10 °C/min, and the temperature reaches 1000 °C in approximately
100 min. For convenience, the system employs a three-point bending method, as shown in Fig,
1b. The specimen base and pressure head are made of a SiC ceramic and are placed into the
furnace. A 2 kN force sensor is connected to the pressure head, and circulating cooling water
lowers the temperature and provides protection. The span between the two support points in
the base is 30 mm. As shown in Fig. 1c, the specimen measures 40 x 10 x 2.5 mm and has an
exterior oxidation protection layer of 30 um. The ratio of the span to height of the specimen is
30: 2.5, which is larger than the commonly accepted standard for a slender beam (i.e. 10:1).
To investigate the variations in strength with temperature, the experiment temperature is set
to room temperature, 550 °C, 700 °C, 900 °C and 1000 °C. After reaching each predefined
temperature, the sample is maintained at that temperature for 10 min. Then, a load is applied
continuously at a rate of 0.5 mm/min until the specimen fractures. Based on the load-time
curve, a peak load is selected, and the bending strength of this specimen is calculated. At each
temperature, 5 specimens are tested, and the average strength is used as the final result.
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(b) High-temperature furnace observation

window with a specimen inside

]

(a) High-temperature testing system (c) Specimen dimensions

Fig. 1 High-temperature testing system and the specimen for measurement
2.3 Experiment Results

Figure 2 shows some typical loading curves and a summary of the material bending strengths
at each temperature.

Between room temperature and 1000 °C, the bending strength of the C/SiC composite
increases monotonously with increases of temperature. However, the fracture failure of the
composite at high temperatures behaves more like a brittle fracture.

3 Observation of the Microscopic Failure of the C/SiC Composite Using
Scanning Electron Microscopy with In Situ Loading

To understand the microscopic mechanism behind these changes in the macroscopic strength,
the generation of internal fractures during failure is analysed using a scanning electron
microscope with an in situ loading apparatus.

3.1 SEM In Situ Loading Experimental Design
Scanning electron microscopy (SEM) with an in situ loading device, shown in Fig. 3, is used
(Gatan MTESTS5000, maximum load 5 kN, maximum temperature 600 °C). The specimen had

dimensions of 12 x 2 X 3 mm. The oxidation protection surface layer is removed by scraping to
expose the smooth interior structure. In a temperature range of 25-500 °C, three-point bending
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(a) Load-time curve showing an average bending strength of 233 MPa at room temperature
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(b) Load-time curve showing an average bending strength of 417.7 MPa at 700°C
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(c) a summary of the material bending strengths at each temperature

Fig. 2 Typical bending strength experiments covering various temperatures
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Specimen

\
| —~—__ Four—point bending

Fig. 3 The four-point bending fixture for in-situ test under SEM and the specimen

or four-point bending is applied. The load increases continuously at a rate of 0.5 mm/min.
During this period, microscopic structural changes in the specimen are monitored, and the
failure process and characteristics are recorded.

3.2 Experiment Results

In situ loading at 500 °C shows that damage to the material always originates from vertical
inter-fibre SiC matrix fracture, as shown in Fig. 4a, b. As the loading increases, the inter-fibre
fracture expands rapidly to form a boundary layer between the horizontal and vertical fibres.
Where one boundary fracture encounters another expanding boundary fracture opposite to the
vertical fibre layer, the horizontal fibre layer is likely to rupture, as shown in Fig. 4c.

SEM of in-situ mechanical experiment shows that significant residual tensile stress may
exist in the inter-fibre SiC matrix. The addition of an external load causes the matrix to reach
its strength limit and rupture.

4 Micro-Raman Spectroscopy of C/SiC Residual Stress at Various
Temperatures

4.1 Experiment Plan

To directly investigate the tensile stress in the SiC matrix and its dependence on
temperature, a focused ion beam (FIB) cold processing technique is employed to cut a

small block of free-state SiC matrix material and a section of C fibre wrapped in SiC
matrix material from the specimen (as shown in Fig. 5, approximately 28 pm long).
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(b) Enlarged image of a fracture

(c) Vertical inter-fibre fracture induced horizontal fibre rupture

Fig. 4 Matrix fracture origination and expansion

An HR-800 micro-Raman spectroscope (wavelength 532 nm, resolution approximately
1.72 em™) is employed to perform a comparative experiment of the two specimens
between 100 and 1200 cm™.

In the experiment, first, micro-Raman spectroscopy is employed to analyse the free-
state SiC matrix at room temperature, 100 °C, 200 °C, 300 °C, 400 °C and 500 °C.
A sharp peak in spectrum and an offset with the temperature are used as references
for the mechanical stress measurements to eliminate the influence of thermal factors.
Then, the SiC specimen with C fibre-wrapped in is tested under identical conditions.
The differences between two test results are compared to evaluate how the residual
stress in the C fibre-wrapped SiC matrix varies with temperature.

4.2 Experiment Results

The Raman spectra of the free-state SiC matrix at room temperature and 500 °C are
shown in Fig. 6a. Both have a peak at 787 ¢cm™! that varies with temperature and is
easy to identify. Details of this peak at six temperatures are shown in Fig. 6b. As the
temperature increases, the peak position gradually shifts (from 787 cm™! at room
temperature to 775 em™! at 500 °C). Additionally, both the peak width and asymmetry
increase.
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Fig. 5 Single C fibre specimen with SiC matrix cut using an FIB, the C fibre is the darker region in the middle

Micro-Raman spectroscopy is also performed for the two locations indicated on the side of
the specimen in Fig. 5, and the results are shown in Fig. 7a. For convenience, only the range of
760-820 cm™! is displayed. Using the peak position of the free-state matrix as a reference, the
peak offsets of the SiC matrix wrapped around a C fibre at various temperature points are
shown in Fig. 7b.

Compared with that of the free-state SiC matrix, the peak position of the SiC
material around a C fibre barely changes with the temperature. However, the strength
of the peak gradually increases, and the peak width increases symmetrically.

As the SiC matrix around a C fibre is in a complex stress state and as it is difficult
to determine the effect of each stress component using the micro-Raman peak offsets,
this experiment shows only that a mechanical stress exists in the SiC matrix around C
fibres, mainly as axial and radial stress (whose signs are opposite).
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Fig. 6 Raman spectra of the free-state SiC matrix
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Fig. 7 Micro-Raman spectroscopy of the SiC matrix around a C fibre at various temperatures

5 Material Residual Stress Finite Element Analysis

The above experiment proves only that significant residual stress exists in the SiC
matrix around the C fibres and that this stress is the key factor for composite material
failure. However, understanding the quantitative distribution and variation of this
residual stress with temperature requires comprehensive and accurate evaluation via
a finite element calculation.

5.1 Finite Element Analysis Model
(1) Microscopic geometrical model of the C/SiC composite

The microscopic geometrical model has three layers. The first and the third layers are
0-degree fibre layers, and the middle layer is a 90-degree fibre layer. The fibre
diameter is d=7 pum, and the inter-fibre spacing is a=4 pum. Each layer has a length
of 110 um, a width of 110 um and a height of 22 um. To simplify modelling, fibre
inter-weaving is ignored, and the fibres are parallel to each other (Fig. 8a).

Due to the symmetry of the model, the finite element analysis is performed for half of
the geometrical model. One face is used as the central symmetric plane to create
boundary conditions; a uniformly distributed external load is applied on the opposite
face. After meshing, the entire model contains 1,018,005 hexahedron units, as shown in
Fig. 8b.

(2) C/SiC composite parameters

Parameters of the thermal analysis of the model are listed in Table 1. C fibre
anisotropy is considered. Here, C fibre oxidation damage is not considered. Addition-
ally, the mechanical properties of C fibre are assumed to not vary with temperature.
The fibre moduli Ef and Eg are in-situ moduli that consider the effect of the high-
temperature environment and the fibre bending on the properties of the fibre during
preparation [16]. Furthermore, according to Z. Li [17, 18], the modulus E, and
thermal expansion coefficient of SiC matrix are basically independent on temperature.
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(a) Microscopic geometrical model

e

(b) Meshing, load and boundary conditions; a total of 101x10* hexahedron units are present
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Fig. 8 Microscopic geometrical model of the C/SiC composite and its load/boundary conditions

(3) TItems in the finite element analysis

A. The residual stress and variation of the interior of the material, particularly the SiC
matrix, with temperature are the focus of the analysis. When the analysis is performed,
the zero stress temperature is set to 1000 °C, and the external load is set to zero.

B. The interior stress field distribution under residual stress and an external load

(170 MPa).

Table 1 Material attributes of the fibre and matrix

Radial elastic Axial elastic Elastic modulus Poisson’s Poisson’s ratio
modulus of modulus of of the matrix ratio of the of the matrix
the fibre the fibre E,./GPa fibre v¢ Vi
E/GPa En/GPa

13.80 140.00 131.34 0.10 0.20

Shear modulus ~ Radial expansion Radial expansion Axial expansion Expansion
of the fibre coefficient of the coefficient of the coefficient of the coefficient of the
G{/GPa fibre ap/K'GH fibre ap/K™! fibre apy/K! matrix oy/K!

4 8.80 x 107° 8.80 x 107 9.00x 1077 4.80%x 107
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5.2 Results of the Finite Element Analysis

Figure 9a shows the SiC matrix interior residual stress field (maximum principal
stress) at room temperature. It shows that the SiC matrix around the C fibre has a
maximum interior principal stress of 243.6 MPa. However, as temperature increases,
the maximum interior principal stress of the SiC matrix gradually decreases, as shown
in Fig. 9b.

S, Max. Principal
(Avg: 75%)

+2.436e-04
+2.207e-04
+1.978e-04
+1.74%e-04
+1.520e-04
+1.291e-04
+1.063e-04
+8.336e-05
+6.046e-05
+3.757e-05
+1.467e-05
-8.220e-06
-3.111e-05

W,

(a) Maximum interior principal stress field distribution at room temperature of the SiC

matrix (unit: 10° MPa)
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(b) Maximum interior residual principal stress of the SiC matrix versus temperature

Fig. 9 Simulation results of the matrix interior residual stress of the SiC matrix and its variation with temperature
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As predicted, under external loads (170 MPa) and residual stress, the maximum
interior principal stress of the SiC matrix is strengthened. Figure 10a, b show
simulation results of the interior maximum principal stress fields of the SiC matrix
at room temperature and at 500 °C, respectively.

The simulation results shown in Fig. 10 reveal that significant maximum principal
stress exists in the SiC matrix around the C fibres. The maximum interior principal
stress of the SiC matrix at room temperature is 80 MPa larger than that at 500 °C.
Apart from the thermal mismatch between the SiC matrix and the C fibre, another
important factor is the small in-plane elastic modulus of the C fibre, which is likely to
concentrate stress in the surrounding SiC matrix. Due to the extremely high C fibre
strength and the decreasing residual stress in the SiC matrix as the temperature
increases, external load always causes fractures to originate from the inter-fibre
matrix. Additionally, higher temperatures require larger external loads to reach the
ultimate stress of the SiC matrix. This model is a reasonable explanation for the
increasing macroscopic strength of this material.

S, Max. Principal

(Avg: 75%)
+5.194e-04
+4.797e-04
+4.400e-04
+4.003e-04
+3.607e-04
+3.210e-04
+2.813e-04
+2.417e-04
+2.020e-04
+1.623e-04

+8.298e-05
+4.331e-05

(a) Maximum principal stress field at room temperature (unit: 10° MPa)
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(Avg: 75%)
+4.442e-04
+4.101e-04
+3.761e-04
+3.421e-04
+3.081e-04
+2.740e-04
+2.400e-04
+2.060e-04
+1.719%e-04
+1.379%e-04
+1.03%-04
+6.985e-05
+3.582e-05

L

(b) Maximum principal stress field at 500°C (unit: 10° MPa)

Fig. 10 Maximum interior principal stress field of the SiC matrix under external load and residual stress
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6 Conclusions and Final Remarks

In this study, mechanical experiment and finite element calculations are combined to
systematically investigate the macroscopic strength behaviour of a C/SiC composite
and its underlying microscopic physical mechanism. This study provides a basis to
further improve the manufacturing process and macroscopic mechanical properties of
C/SiC composites.

The following conclusions are reached through this investigation:

(1) High-temperature experiment shows a monotonic increase in the C/SiC compos-
ite strength with temperature.

(2) SEM with in situ bending experiment proves that during loading, fractures in the
C/SiC composite always originate from the horizontal inter-fibre SiC matrix and
rapidly expand to the horizontal and vertical fibre boundaries. Thus, the SiC
matrix is the weak point of composite.

(3) Micro-Raman spectroscopy proves that residual stress exists in the SiC matrix.

(4) A finite element method quantitatively is used to calculate the residual stress in
the SiC matrix and proves that as the temperature increases, the residual stress
decreases almost linearly. Under residual stress and external load, significant
tensile stress exists in the SiC matrix around the C fibres. Failure is likely to
occur at this location, which matches the results of the microscopic mechanical
experiment.

The above conclusions provide a reasonable explanation for the increase in C/SiC
composite strength with temperature: residual tensile stress in brittle SiC matrix
material plays a pivotal role in material failure process. Under residual tensile stress
and an external tensile load, the matrix around the C fibres is the first to reach its
ultimate stress and fail, which quickly leads to catastrophic material rupture. However,
residual stress in the SiC matrix is decreased as temperature increases. The result is
that the ultimate stress of the material is only reached under larger external loads,
increasing the material strength at the macroscopic level.

Although the high-temperature strength behaviour of the C/SiC composites and the
underlying microscopic mechanism are revealed, constraints on the experiment condi-
tions and technical capabilities cause two issues that should be investigated further to
ensure more reliable conclusions:

(1) Micro-Raman spectroscopy only provides the residual stress of the SiC matrix,
but this stress cannot be isolated, and there is no explanation for why peak does
not vary with temperature.

(2) The dependence of the mechanical properties of the SiC matrix on temperature is
not well understood, which may affect the precision of the finite element
simulation.
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