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Abstract: Residual stress originated from thermal expansion mismatch determines the mechanical 
properties of ceramic matrix composites (CMCs). Here, continuous SiC fiber reinforced SiC matrix 
(SiCf/SiC) composites were fabricated by nano-infiltration and transient eutectic-phase (NITE) 
method, and the residual stress of the composites was investigated using high-temperature Raman 
spectrometer. With temperature increasing from room temperature to 1400 ℃, the residual stresses of 
the matrix and the fiber decrease from 1.29 to 0.62 GPa and from 0.84 to 0.55 GPa in compression 
respectively, while that of the interphase decreases from 0.16 to 0.10 GPa in tension. The variation of 
residual stress shows little effect on the tensile strength of the composites, while causes a slight 
decrease in the tensile strain. The suppression of fiber/matrix debonding and fiber pulling-out caused 
by the residual stress reduction in the interphase is responsible for the decreasing tensile strain. This 
work can open up new alternatives for residual stress analysis in CMCs. 
Keywords: residual stress; nano-powder infiltration and transient eutectoid (NITE); Raman spectroscopy; 

mechanical properties 

 

1  Introduction 

Ceramic matrix composites (CMCs), possessing excellent 
mechanical properties and corrosion resistance at high 
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temperature, show great advantage over superalloys in 
aerospace applications. The advantage, however, may be 
compromised due to cracks pre-existed in the composites 
or induced by external service environment. The 
formation of cracks is dependent on various factors, of 
which residual stress plays an important role [1,2]. For 
CMCs materials, which are prepared and served in 
high temperature (> 1000 ℃ ) conditions, residual 
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stress is inevitably formed due to the thermal expansion 
mismatch of the constituent phases. To maximize the 
vast benefits of CMCs, it is quite necessary to 
determinate and control the residual stress. 

There are several methods to measure residual stress, 
including X-ray diffraction [3,4], neutron diffraction 
[5,6], Raman spectroscopy [7,8], and mechanical loading 
[9,10]. Both X-ray and neutron diffraction methods 
obtain residual stress by measuring average thermal 
strain. However, interpretation of the data obtained from 
diffraction experiments can be very difficult when there 
are crystallographic defects (dislocation, stacking faults, 
etc.) in the sample. Among them, Raman spectroscopy 
can directly measure residual stress without analyzing 
the intermediate data, and has attracted increasing 
attention since it was first reported in the 1970s [11]. 
Wing et al. [12] adopted Raman spectroscopy to 
investigate the residual stress in reaction-bonded SiC, 
and measured residual compressive stress as high as 
~2.0 GPa in the silicon phase and residual tensile stress 
as high as ~2.3 GPa in the SiC phase, both of which are 
higher than those calculated from thermal expansion 
mismatch. The high residual stresses are attributed to 
the volumetric change of the unreacted silicon during 
crystallization. John and Thomas [13] studied the effects 
of SiC content on the residual stress of Al2O3/SiC 
composite through Raman technique. Residual 
compressive stress of the SiC phase decreases linearly 
from 2.0 to 1.6 GPa as the SiC volume content increases 
from 12% to 30%. In addition, Raman spectroscopy 
has also been widely used to measure residual stress in 
ZrB2–SiC [14], B4C–ZrB2 [15], Cf/SiC [16] composites, 
indicating its great universality in residual stress analysis. 

SiCf/SiC (continuous SiC fiber reinforced SiC matrix 
composite) is one of the most important CMCs due to its 
huge application prospects in hot sections of aeroengine. 
Compared with other CMCs (such as Cf/SiC and 
Cf/Si3N4), SiCf/SiC shows relative lower residual stress 
due to the smaller difference of chemical compositions 
and microstructures between the constituent phases. 
Still, the residual stress in SiCf/SiC cannot be ignored 
considering the high preparation/service temperatures 
and the anisotropic fiber orientation. Kollins et al. [17] 
measured the residual stress in melt infiltrated SiCf/SiC 
through Raman method and found that all the constituent 
phases show rather different residual stresses. Residual 
stress of the free silicon is ~2 GPa in compression, while 
residual stresses of the matrix and the fiber are ~1.45 GPa 
and ~0.5–0.7 GPa in tension, respectively. Knauf et al. 

[18] studied the residual stress distribution in slurry 
melt-infiltrated SiCf/SiC and found the residual stress 
of the intratow silicon is ~180 MPa in compression, 
while the compressive stress of the matrix is ~300 MPa. 
Furthermore, heat treatment at 1300 ℃ for 1 h in the 
composite was found to have little influence on the 
residual stress distribution [19]. In fact, the final state 
of residual stress during heat treatment is closely related 
with the cooling rate. This may cause uncertainty in the 
analysis of residual stress as different cooling rates may 
lead to different residual stresses. In order to investigate 
the residual stress precisely, in-situ measurement (such 
as high-temperature Raman spectroscopy) independent 
of cooling conditions should be utilized.  

In this study, the residual stress of SiCf/SiC prepared 
by nano-infiltration and transient eutectic-phase (NITE) 
method was investigated using high-temperature Raman 
spectroscopy. As the SiCf/SiC composites were formed 
through a high temperature and pressure sintering process, 
post-heating treatments were performed to adjust the 
residual stress. The variation of residual stress during 
the treatments was in-situ measured and the effects of 
treatment temperature on the residual stress were 
discussed. Besides, the effects of residual stress on the 
mechanical properties (tensile strength, fracture mode, 
etc.) were also revealed. This study can offer new 
insight for residual stress determination and important 
guidance for residual stress control in CMCs. 

2  Experimental procedure 

2. 1  Material preparation 

The SiCf/SiC composites were prepared by a 
nano-infiltration and transient eutectic-phase (NITE) 
process, which is specified in previous literature [20]. 
Firstly, continuous SiC fibers (Cansas3303, Fujian 
Leaoasia New Material LTD, Quanzhou, China) were 
aligned to form unidirectional fiber cloth (70 mm × 
70 mm), and then coated with BN interphase (~500 nm 
thick) via chemical vapor deposition (CVD) method 
using BCl3 and NH3 as the source gas. The CVD 
temperature was 900 ℃ and the pressure was 1.2 kPa. 
Subsequently, the fiber cloths were impregnated with a 
SiC slurry, which mainly consisted of SiC powder 
(~0.7 μm, Weifang Kaihua Silicon Carbide Micropowder 
LTD, Weifang, China), 5 wt% binder (PVB), and 10 wt% 
sintering additive (SiO2–40%Al2O3–20%Y2O3). The 
impregnated fiber cloths were stacked together and 
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cured at 120 ℃ under pressure of 5 MPa. Finally, 
SiCf/SiC composites were obtained by pyrolyzing the 
cured preform at 900 ℃ for 1.5 h and subsequent 
sintering at 1600 ℃ for 1 h under pressure of 20 MPa. 
The volume fraction of fiber in the composites is ~25% 
and the density of composites is ~2.84 g∙cm–3. 

2. 2  Residual stress determination 

The fundamental for residual stress determination using 
Raman spectrometer is that residual stress (σr) depends 
closely on Raman peak shift (dλ), and the mathematical 
relationship between them is linear (σr = C × dλ) 
[21,22]. This makes the calculation of residual stress 
directly based on the Raman peak shift. Raman spectra 
of the SiCf/SiC samples were collected using a Renishaw 
Raman Spectrometer (532 nm laser, 20 mW, model 
inVia, Blue Scientific Limited, Cambridge, UK), which 
is equipped with inbuilt heating unit. Before the residual 
stress measurement, the SiCf/SiC slices (4 mm × 4 mm × 
1 mm) were polished using diamond polishing compound 
of 3 and 1 μm to eliminate the measurement error caused 
by surface roughness. The measurement temperature 
range was set from room temperature to 1400 ℃, with 
a heating rate of 15 ℃/min. As the temperature reached 
to the plateau, extra holding time of 5 min was required 
before the Raman data collection. Also, at least six 
measuring times were required for every measurement 
to ensure repeatability. To calculate the Raman peak 
shift, characteristic stress-free peaks at 796, 1365, and 
1585 cm–1 were chosen as the references for the SiC 
matrix, BN interphase, and SiC fiber, respectively. All 
the measurements were performed in high-pure argon 
(99.9997%) atmosphere. 

2. 3  Mechanical test and microstructure 
characterization 

Tensile tests of the SiCf/SiC composites were conducted 
on a mechanical testing machine (DDL20, Changchun 
Research Institute for Mechanical Science Co. Ltd, 
Changchun, China) at room temperature, with a span 
of 45 mm and a loading rate of 0.5 mm/min (ASTM 
C1275). For each group of the composites, at least five 
samples of 5 mm × 12 mm × 60 mm in dimension 
were used for the tests, and the reported mechanical 
strengths were the averaged values. Phase composition 
of the composites was analyzed using a Rigaku D/max 
X-ray diffractometer (Rigaku Corporation, Kyoto, Japan) 
with monochromated Cu Kα radiation. Cross-sectional  

and fracture morphologies of the composites were 
observed using a SU8220 field emission scanning 
electron microscope (Hitachi, Tokyo, Japan). The energy 
dispersive spectra of the composites were collected 
using an energy-dispersive spectrometer (EDS, Inca 
energy, Oxford, UK). 

3  Results and discussion 

The cross-sectional morphologies of the SiCf/SiC 
composites indicate that both the fiber and the interphase 
remain intact (Fig. 1). Besides, the SiC matrix is almost 
distributed homogeneously and densely between the 
fibers. These structure features are quite different from 
the SiCf/SiC composites derived from polymer infiltration 
and pyrolysis (PIP) [23,24] and chemical vapor 
infiltration (CVI) [25,26], which show rather porous 
structures due to the restricted mass transfer during the 
fabrication process. The high temperature/pressure of 
NITE process adopted in present study contributes to 
the highly dense structure, but can also lead to high 
residual stress in the composites. It should be reminded 
here that the BN interphase is unobserved in the XRD 
patterns (Fig. 1(d)), which is mainly attributed to its 
low volume content (~3.3 vol%). In addition, the SiC 
phase exhibits two sets of crystal parameters that have 
subtle difference, which may correspond to the SiC fiber 
and the SiC matrix respectively. The energy dispersive 
spectra (Fig. 2) of the composites confirm that the BN 
interphase is mainly composed of B and N elements. 
The interphase almost remains unreacted with the fiber 
and the matrix. This makes it feasible to measure residual 
stress in the interphase using Raman spectroscopy.  

Relaxation of residual stress is usually realized via 
annealing process, during which the material is heated 
at temperature lower than the preparation temperature. 
With the aid of thermal excitation, the crystallographic 
microstructures (grain size, grain boundary, grain 
orientation, etc.) can achieve significant transformation 
through atom diffusion or defect annihilation. 
Accompanying with the microstructure transformation, 
residual stress also experiences remarkable relaxation. 
Here, residual stress variation of the SiCf/SiC composites 
was in-situ investigated by a high-temperature Raman 
spectrometer, and the Raman spectra at room temperature 
to 1400 ℃ are shown in Fig. 3. 

As the composites are composed of multiple constituents 
(matrix, interphase, and fiber), the Raman spectra of  
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Fig. 1  (a–c) SEM images of the cross-sectional SiCf/SiC composites and (d) XRD patterns of the composites. 
 

 
 

Fig. 2  Energy dispersive spectra of the as-received SiCf/SiC composites. 
 

the constituents were collected separately (Fig. 3(a)). 
The Raman spectra of the SiC matrix contain two main 
peaks in the wavenumber range of 500–1200 cm–1: 
transverse optical peak at ~796 cm–1 and longitudinal 
optical peak at ~973 cm–1 (Fig. 3(b)) [27,28]. The 
Raman spectra of the BN interphase show a sharp and 
strong peak at ~1365 cm–1, which corresponds to the 
in-plane ring vibration (Fig. 3(c)) [29,30]. As the 

resolution of Raman spectroscopy is ~1 μm (larger 
than the thickness of the BN interphase), other peaks 
ascribed to the fiber and the matrix are also present in 
the Raman spectra of the BN interphase. The typical 
Raman spectra of the SiC fiber present three peaks: 
one sharp peak (~830 cm–1) corresponding to SiC 
microcrystalline and two broad peaks (1330–1360 cm–1 
and 1585–1600 cm–1) corresponding to graphite phase  
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Fig. 3  (a) Selected spots for Raman spectrum detection 
and (b–d) corresponding Raman spectra at room 
temperature to 1400 ℃. 

 
surrounding the SiC microcrystalline (Fig. 3(d)) [31]. 
The graphite peak at larger wavenumber is called G 
peak, which is resulted from the vibration of carbon 
network plane, and has proved to be highly sensitive to 
the residual stress of SiC fiber [32,33]. With the 
temperature rising from room temperature (RT) to 
1400 ℃, slight peak shift occurs as indicated by the 
dashed lines in the spectra, indicating that the residual 
stress of the composites experiences significant variation. 

To calculate the residual stress, the peak shift (dλ) 
should be measured as precisely as possible. In general, 
dλ can be expressed as the difference between the 
wavenumbers corresponding to the peak summits (dλ = 
λ′–λ). This may cause large measurement error when 
the peak shape is not symmetrical. Considering the 
irregular peak shape, barycenter method is used here to 
determine the dλ value [34,35]. The calculation of dλ 
based on barycenter method can be schematically 
shown in Fig. 4. Firstly, Raman peak intensity is 
normalized by the formula below: 

 

i min
n

max min

I II
I I




  
(1) 

where In and Ii represent the normalized and the initial  

 
 

Fig. 4  Schematic of calibrating peak position shift based 
on barycenter method. 

 
intensities of the Raman spectra, respectively. Imin and 
Imax are the minimum and the maximum intensities of 
the Raman spectra, respectively. Secondly, the baseline 
intensity (I0) of the Raman spectra is defined as 

 

min
0

max min

500 II
I I




  
(2) 

Import the data of In and I0 into Origin software and 
then a normalized peak and a horizontal baseline can 
be obtained, which generates two intersections (λ1 and 
λ2). Then the barycenter position (λb) is calculated 
according to the formula as below: 

 
b b

1 2
n n( )d ( )dI I

 

 
      (3) 

Then the peak position shift (dλ) and the residual stress 
(σr) can be obtained as follows: 

 b bd     (4) 

 r dC    (5) 

where b  and b  are the barycenter positions of the 
Raman peaks at stressed and stress-free states, 
respectively. C is conversion factor of Raman shift to 
residual stress. Characteristic peaks at 796, 1365, and 
1585 cm–1 are chosen as the calculation references for 
the matrix, interphase, and fiber, respectively. The 
corresponding C values are listed in Table 1. 
 

Table 1  Characteristic peak positions at stress-free 
states and conversion factors of peak shift to stress  

Constituent Characteristic peak position  
at stress-free state (cm–1) 

Conversion factor 
C (GPa∙cm–1) 

SiC matrix 796 –0.2833 [28] 

BN interphase 1365 –0.2950 [36] 

SiC fiber 1585 –0.1038 [31] 
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The peak shift (dλ) and residual stress (σr) at RT to 
1400 ℃ are shown in Fig. 5. Both the matrix and the 
fiber show positive dλ while the interphase shows 
negative dλ in the temperature range. This indicates the 
matrix and the fiber bear compressive stress while the 
interphase bears tensile stress. With the temperature 
rising from RT to 1400 ℃, dλ of the matrix and the 
fiber decreases from 4.56 to 2.20 cm–1 and from 8.07 
to 5.30 cm–1, respectively, while that for the interphase 
increases from –0.55 to –0.35 cm–1. Correspondingly, 
the residual stresses of the matrix and the fiber decrease 
from 1.29 to 0.62 GPa and from 0.84 to 0.55 GPa in 
compression, while that for the interphase decreases 
from 0.16 to 0.10 GPa in tension. The thermal expansion 
coefficient of the interphase is ~2.7×10–6 ℃–1, which 
is much lower than the fiber (~5.0×10–6 ℃–1) and the 
matrix (~4.6×10–6 ℃–1). This makes the interphase in 
tension while both the fiber and the matrix in 
compression due to the mismatch of the thermal 
expansion coefficients. The different residual stress states 
of the constituents can be further confirmed by the 
mechanical properties of the composites, as residual 
stress can significantly influence the mechanical behavior 
by changing the stress distribution. 

The mechanical response of SiCf/SiC composites 
can be roughly divided into three stages. Firstly, the 
SiC matrix cracks when the applied stress reaches to 
the critical value beyond the matrix can endure. With 
the increase of the applied stress, the cracks in the 
matrix can propagate to the interphase and lead to 
fiber/matrix debonding. Finally, the fiber pulls out and 
fractures as the applied stress rises to the fracture 
strength. Based on the calculation results (Fig. 5(b)), 
the matrix of the composites bears residual compressive 
stress, which can suppress the formation of cracks in 

the matrix. Meanwhile, the interphase bears residual 
tensile stress, which can accelerate crack propagation to 
the interphase and thus facilitate fiber/matrix debonding 
and fiber pulling-out. With the increase of temperature, 
fiber/matrix debonding and fiber pulling-out can be 
restricted due to the decreasing residual tensile stress. 
This leads to different fracture modes in terms of “easy” 
and “hard” fiber pulling-out (Fig. 6). However, the 
mechanical behavior of the composites should be much 
more complicated considering the synergistic effect of 
the residual stresses in the matrix and the fiber. 

In order to investigate the effects of residual stress 
on the mechanical properties, tensile mechanical tests 
were performed on the as-received and heat-treated 
composites. The composites were heat treated at 1000 
and 1400 ℃ for 10 h, respectively. Higher temperature 
heat treatment contributes to lower residual stress in 
the composites according to Fig. 5(b). The tensile 
stress–strain curves of the composites are shown in Fig. 
7 and the mechanical properties are summarized in 
Table 2. The tensile strength almost remains unchanged 
regardless of the heat treatment, while a slight decrease 
can be seen in the tensile strain of heat-treated composites 
compared with the as-received ones. The unchanged 
tensile strength indicates that the decreasing residual 
stress has little effect on the mechanical strength. The 
decrease of tensile strain should be attributed to the 
restricted fiber/matrix debonding and fiber pulling-out 
caused by the lower residual tensile stress in the 
interphase. 

The tensile fracture surfaces of the composites (Fig. 
8) confirm that the composites show different fracture 
modes due to the variation of residual stress. The fiber 
pull-outs in the heat-treated composites are a little 
shorter than those in the as-received samples. This is  

 

 
 

Fig. 5  (a) Raman peak position shift and (b) residual stress as a function of temperature. 
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Fig. 6  Schematic of (a) residual stress distribution in SiCf/SiC and (b, c) mechanical behaviors under low and high residual 
stresses. 

 
Table 2  Mechanical properties of as-received and 
heat-treated SiCf/SiC composites 

Sample Tensile strain (%) Tensile strength (MPa)

As-received SiCf/SiC 0.57±0.07 236±15 

1000 ℃/10 h 0.52±0.04 251±13 

1400 ℃/10 h 0.48±0.03 247±17 

 

 
 

Fig. 7  Tensile stress–strain curves of as-received and 
heat-treated SiCf/SiC composites. 

 

resulted from lower residual tensile stress in the 
interphase which restricts fiber pulling-out. Furthermore, 
the fractured fiber surface of the heat-treated composites 
is rougher than that of the as-received composites. As 
the residual tensile stress in the composites heat treated 
at 1400 ℃ is much smaller than the other composites, 

 
 

Fig. 8  SEM images of the SiCf/SiC composite fracture 
surfaces: as-received (a, b) and heat treated at 1000 ℃ (c, 
d) and 1400 ℃ (e, f) for 10 h. 

 
interphase debonding and fiber pulling-out are suppressed 
violently. This leads to rougher fiber surface and shorter 
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fiber pull-outs. The effects of residual stress on the 
mechanical properties should be very intricate considering 
the anisotropic structures and multiple constituents of 
the composite. Furthermore, the residual stress is strongly 
dependent on preparation methods and post-treatment 
conditions. Therefore, the overall understanding of 
residual stress in the composites still needs more 
researches. Nevertheless, this study promotes the research 
by revelation of residual stress variation in SiCf/SiC 
composites and its effects on the mechanical behavior 
of the composites. 

4  Conclusions 

In this study, the residual stress of SiCf/SiC composites 
was investigated using high-temperature Raman 
spectrometer. Because of the anisotropic structures and 
the multiple constituents, the composites show high 
residual stress and the magnitude of residual stress is 
closely related with temperature. With the temperature 
increasing from room temperature to 1400 ℃, the 
residual stress of the matrix decreases from 1.29 to 
0.62 GPa and the fiber from 0.84 to 0.55 GPa in 
compression, while that of the interphase decreases 
from 0.16 to 0.10 GPa in tension. The variation of 
residual stress has significant effects on the mechanical 
behavior of the composites. Compared with the 
as-received composites, the composites heat treated at 
1000 and 1400 ℃ for 10 h show decreasing tensile 
strain. This is caused by the reduction of residual tensile 
stress in the interphase, which suppresses fiber/matrix 
debonding and fiber pulling-out. Nevertheless, the tensile 
strength of the composites almost remains unchanged 
regardless of the variation in the residual stress. This 
may be resulted from the synergistic effect of residual 
stresses in the fiber and the matrix. Although revealing 
the effects of residual stress on the mechanical behavior 
of SiCf/SiC composites needs much more research 
efforts, still, this study offers new insight for residual 
stress variation in the composites. 
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