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1 |  INTRODUCTION

Multiple studies have investigated the residual stress state of 
melt-infiltrated SiC/SiC ceramic matrix composites (CMCs) 
through the utilization of Raman spectroscopy,1-5 the common 
intersection point (CIP) method,6-8 and surface X-ray diffraction 

(XRD) techniques.9-11 Raman spectroscopy is predominately a 
surface technique, characterizing microstresses within tens of 
micrometers of the free surfaces, and thus Raman spectroscopy 
cannot capture volumetric stresses. The CIP method investi-
gates large specimens and determines a single volume-averaged 
residual stress data point per specimen, consuming relatively 
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Abstract
Volumetric strains were measured in silicon carbide/silicon carbide melt-infiltrated 
ceramic matrix composites (CMCs) at ambient and high temperatures using high-en-
ergy synchrotron X-ray diffraction (XRD). Both silicon and silicon carbide constitu-
ents were interrogated utilizing a broad spectrum of diffracting planes that would be 
largely inaccessible to common laboratory XRD equipment. Residual room-temper-
ature principal strains in the melt-infiltrated silicon phase were found to be approxi-
mately 1100 με in compression, corresponding to stresses of approximately 300 MPa 
using simplifying constitutive assumptions. Residual room-temperature principal 
strains in silicon carbide particles found throughout the matrix were approximately 
500 με in tension, corresponding to approximately 300 MPa. Residual strains were 
found to decrease considerably as temperatures increased from ambient temperature 
to 1250°C. Residual strains returned to approximately preheat treatment values after 
cool-down to ambient temperature. Strain measurements in the silicon phase were 
found to be significantly affected by dissolved boron dopant levels causing contrac-
tion of the silicon lattice. This contraction must be accounted for in high-temperature 
experiments for accurate calculation of stresses in the silicon phase.
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large and costly samples in the process. In contrast, others have 
investigated applied stresses in CMCs utilizing volumetric XRD 
techniques.12,13 Ramìrez-Rico et al have shown the viability of 
monitoring volumetric stress in CMCs by in situ high-energy 
XRD in transmission geometry.13 By incorporating a high-tem-
perature furnace, it is possible to use this technique to observe 
changes to the stress state of CMC constituents through varying 
temperatures. This method provides a viable option to inves-
tigate the volumetric effects of heat treatment on CMCs and 
validate previous work utilizing surface measurements.4,14 In 
addition, due to (a) the unique nature of silicon crystals within 
CMCs; (b) the multitude of silicon carbide particles often found 
in CMCs; (c) the many families of crystallographic planes ac-
cessible by using very short X-ray wavelengths; and (d) the 
extreme brilliance of X-rays found at synchrotron facilities, 
hundreds of data points can be acquired with a small specimen 
in seconds. This provides significant advantages over Raman 
spectroscopy, CIP, and traditional laboratory XRD methods.

Experiments were performed at beamline 1-ID at Argonne 
National Laboratory's Advanced Photon Source (APS) to eval-
uate the evolution of the residual stress state of a slurry melt-in-
filtrated CMC through the temperature regime of 40°C-1250°C. 
The goal of these tests was to understand the time and tempera-
ture residual stress dependencies of various CMC constituents 
and the role each constituent plays in these changes. These ex-
periments were undertaken to determine the CMC constituent 
residual stress state at high temperature, and develop an under-
standing of relaxation and other mechanisms involved within 
the material at these temperatures. Utilizing powder diffraction 
methods, XRD signatures from both silicon and silicon carbide 
phases in the material were tracked throughout heat treatments.

2 |  EXPERIMENTAL 
PROCEDURES

2.1 | Specimen description

The composite under investigation is fabricated from multiple 
plies of Hi-NicalonTM fibers forming a 0°/90° 5 harness satin 
(2D) weave, where the fiber tows have the same quantity of 
fibers in the warp and weft directions, and the plies were laid up 
without introducing off-axis orientation. The matrix was pro-
duced with a slurry melt, which consisted primarily of boron-
doped silicon and small 6H �-SiC particles. The �-SiC particles 
consisted exclusively of the 6H polytype, verified through more 
than 400 individual Raman spectroscopy measurements of the 
microstructure.14 A representative microstructure image of the 
investigated matrix is shown in Figure 1.

Twenty CMC specimens, cut from the same panel, were 
utilized in the high-temperature in situ study. The specimen di-
mensions were 4 mm in the fiber weft direction, 3 mm in the 
fiber warp direction, and approximately 4 mm in the transverse 

(through-thickness) direction (Figure 2). The material size was 
chosen to fit within the 7 mm diameter furnace utilized in the 
study. The specimens were randomly chosen from a batch of more 
than 50 samples to eliminate systematic bias and satisfy the gov-
erning assumptions of the statistics used in analysis. Additional 
details of the material and preparation can be found in literature.4

2.2 | Experimental setup

The experiments were conducted at the APS 1-ID beamline using 
monochromatic X-rays with an energy of 71.676 keV or wave-
length of λ = 0.017297 nm. A series of slits were used to define 
the beam size to 200 μm × 200 μm. Four amorphous silicon de-
tectors with a 0.2 × 0.2 mm2 pixel size and 2048 × 2048 pixels 
were used in a diamond array.15 Exposures were taken at a rate of 
approximately one every 1.3 seconds (1.2 second exposures and 
0.1 second dead times), resulting in 224 exposures between four 
panel detectors over 5 minutes (while increasing temperature) or 
44 exposures over 1 minute (while decreasing temperature).

F I G U R E  1  Example microstructure of investigated ceramic 
matrix composite. Dark gray particles are 6H silicon carbide, while 
light areas make up silicon matrix [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  2  Example of in situ sample. X-ray diffraction 
measurements were taken parallel to the warp fiber direction in 
the central one-half of material [Color figure can be viewed at 
wileyonlinelibrary.com]
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The detector array was nominally placed at 1.33 m from 
the sample. Its position with respect to the sample and 
the direct beam was calibrated using the CeO2 powder.16 
Calibration measurements were taken at ambient conditions. 
Background images were taken periodically with the X-ray 
shutter closed; these images were subtracted from subsequent 
XRD images, resulting in trivial noise levels.

2.3 | Heat-treatment procedures

The specimens were cleaned and placed in a sample vacuum 
container for 20 days prior to testing to remove trapped air 
from voids prior to heat treatment. Specimens were mounted 
so as to direct the incident X-rays parallel to the warp fibers. 
In this configuration, strains in the weft and transverse direc-
tions, which are orthogonal to the incident X-ray beam, could 
be measured. An argon flow was introduced to the sample 
prior to heating at a flow rate of approximately 30 cc/min.

In situ heating was accomplished using a Linkam TS1500 
heated stage (Linkam Scientific Instruments). Literature sug-
gests that no stress relaxation in CMCs occurs at less than 
900°C.2,3 Therefore, the first of two heating profiles (Profile 
A, utilized for 15/20 specimens) included an initial set of ex-
posures for 5 minutes at 40°C, an immediate ramp to 900°C, 
where the temperature was held constant for 5 minutes while 
collecting exposures, after which the temperature ramped in 
50°C increments and held at the respective temperature for 
5 minutes while collecting exposures, etc. The hold tempera-
tures were 40°C, from 900°C through 1250°C in 50°C incre-
ments, then 1200°C through 900°C in 50°C increments, and 
40°C. The hold times were for 5 minutes at each tempera-
ture while increasing in temperature, and 1 minute for each 
temperature while decreasing in temperature. The ramp rates 
were 60°C/min while increasing temperature and 100°C/
min while decreasing temperature. Whereas Profile A pro-
vided temperature increments for studying stresses at vari-
ous heat-treatment temperatures, Profile B maximized time 
at 1250°C to study maximum potential effects of heat treat-
ment. Profile B included an initial hold at 40°C, followed by a 
ramp to 1250°C at a rate of 60°C/min, a hold for 30 minutes, 
and ramp back to 40°C at a rate of 100°C/min. The total time 
at or above 900°C was approximately 56 minutes for Profile 
A, and 42 minutes for Profile B. Both profiles can be found 
in Figure 3.

3 |  ANALYSIS METHODOLOGY

3.1 | Utilizing XRD to measure strain state

Incident X-rays transmitted through a powder of crystalline 
material produce Debye-Scherrer diffraction cones. These 

diffraction cones can be captured using an area detector. The 
resulting diffraction patterns can be used to extract microstruc-
ture and state information of the powder.17 Figure 4 illustrates a 

F I G U R E  3  Temperature schedules for Profiles A (15/20 
specimens) and B (5/20 specimens). Profile A provided greater 
temperature discrimination, while Profile B provided significantly 
greater time at the highest heat-treatment temperature of 1250°C 
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4  Example X-ray diffraction pattern, as produced 
through this research. Continuous rings are representative of a 
distribution of small randomly oriented silicon carbide particles, while 
single spots represent individual silicon crystals each with a particular 
orientation. The angle 2θ is shown as the radial distance from the 
pattern center to the diffraction peak on the detector (changes of which 
are utilized to determine strain), while the azimuth (η) is the beam 
axis starting from an arbitrary origin (the horizon in the present case) 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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typical diffraction pattern acquired from the APS Hydra detector 
array. Diffraction is governed by Bragg's law (Equation 1):

where λ is the X-ray wavelength, dhkl is the plane spacing for 
the family of crystallographic planes, hkl, and θhkl is the cor-
responding Bragg angle. In our experiment, we used mono-
chromatic X-rays to measure the change in θhkl as a function 
of azimuthal angle (η) and temperature (T), as illustrated in 
Figure 4. The change in Bragg angle from a reference condition 
is used to measure the lattice strain, ε, through Equation 1:

where θ0 is the Bragg angle measured at the reference state of 
the phase and θ is the Bragg angle of the phase in a deformed 
state. In our case, the reference θ0 was measured using stress-
free powder forms of the SiC particulate and silicon matrix ma-
terials at room temperature.

3.2 | Accounting for thermal expansion

The slurry melt CMC production process used to manufacture the 
investigated specimens includes a chemical vapor infiltration (CVI) 
coating on the fiber preform, followed by a slurry infiltration, and 
finally a silicon-alloy melt infiltration step. These processes inher-
ently generate various residual stresses on material constituents. A 
particularly important source of residual stress is due to a mismatch 
of constituent coefficients of thermal expansion (CTE).

As the temperature of a composite changes, the composite 
and its constituents will naturally grow or shrink due to thermal 
expansion. Although free thermal expansion in homogenous 
materials produces no stress, the constituents within a compos-
ite are mechanically constrained and are thus unable to freely 
expand, producing a residual stress at temperatures which differ 
from the stress-free temperature. In addition, the stress-free tem-
perature for each major constituent is likely different due to the 
multiple steps involved within the manufacturing process.18 As 
temperatures vary from the temperature at which the stress-free 
materials were referenced in Equation (2), the change in over-
all lattice strain will be affected by both thermal growth and a 
mechanical constraint within the composite between the various 
constituents (ie, residual strain). Equation (3) accounts for ther-
mal growth and decomposes residual strain from strain induced 
by otherwise free thermal expansion by utilizing the particular 
constituent CTE. These effects are combined:

where εi,Res is the computed residual strain state, �
i,T1

 is the mea-
sured strain state at high temperature, and α(T) is the CTE as a 
function of temperature, evaluated from a reference tempera-
ture, T0, to the temperature of interest, T1.

3.3 | Strain to stress conversion

Low-energy X-rays generally do not penetrate more than a 
few hundred nanometers into the probed material, providing 
validity for plane stress assumptions typically employed in 
determining the state of stress within the material.19 High-
energy X-rays (50  keV+) have large penetration depths20 
and allow transmission geometry to be utilized. In this case, 
X-rays interrogate the entire illuminated volume and using 
the plane stress assumption is not appropriate in converting 
the measured strains to stresses. With area detectors, both the 
weft (1) and transverse (3) strains (in fact, all strains in the 
1-3 plane) can be measured simultaneously, while the warp 
(2) direction parallel to the incident beam is unattainable 
without sample rotation. In addition, rotation is impossible 
with the current laboratory setup due to furnace geometry. 
Simplifying assumptions are necessary to convert the two at-
tainable strains into a three-dimensional stress tensor.

Due to the small particle size relative to the X-ray beam 
size and the random crystal orientations that are generated by 
the production process, the aggregate of polycrystalline con-
stituents is readily modeled as isotropic materials when aver-
aged over the large (relative to the constituents) X-ray spot size 
(200 μm × 200 μm). Simplifying the material properties for iso-
tropic assumptions requires both Poisson's ratios and Young's 
moduli of measured constituents. To account for thermal growth 
of constituents through heat treatment, the constituent CTE as a 
function of temperature must also be employed.

Being an orthotropic composite, when taken as a whole, the 
residual strains within the bulk of the composite in the two fiber 
directions should be approximately equal. We can then assume 
that the average value of strain (represented by an overbar) in 
the two fiber directions is approximately equal when thermally 
loaded, as is the case for all measurements made in this study. 
Therefore, is assumed to be approximately equal to �2 (�1≈�2

) and is used in its place in the stress formulation, as weft (2) 
directional strains were unattainable, as mentioned previously.

When calculating the stress parallel to either the fiber or 
transverse directions, the individual principal strains measured 
in each direction can be utilized to determine individual princi-
pal stresses per diffraction peak in the respective investigated 
direction. However, due to the small crystal sizes relative to 
beam size, it is extremely unlikely that a given measurement 
in one principal direction will correspond to the same crystal's 
XRD signature in the second measured principal direction. To 
determine the stress in the weft direction, all measured strains 
from all crystallographic planes in the transverse (3) direction 

(1)2dℎ𝑘𝑙sin(𝜃ℎ𝑘𝑙)=𝜆,

(2)�=
sin(�0)

sin(�)
−1,

(3)�
i,Res

=�
i,T1

−

T1

∫
T0

�(T)dT,
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were numerically averaged (designated with an over bar, ie, �3) 
to estimate the contributions of the Poisson's effect in the off-di-
agonal term of the stiffness matrix (C12). A similar operation 
was performed for the weft direction (�1) in order to calculate 
transverse stresses. This is demonstrated as Equations (4) and 
(5) are utilized to determine the principal stresses according to 
each point measurement, again assuming isotropic elasticity.

Stiffness matrix terms C11 and C12 are readily calculated 
using Equation (6). Thus, by measuring the strains in one of 
the fiber directions as well as the transverse direction, the 
general stress state of the material can be inferred. This re-
lationship will be used in subsequent analyses for the silicon 
and silicon carbide constituents.

3.4 | Temperature-dependent silicon carbide 
particle properties

Munro21 compiled ultrasonic and resonance elastic moduli 
data of hexagonal 6H α-SiC (the same SiC polytype as found 
in the investigated CMC) as a function of temperature and 
determined the temperature-dependent isotropic elastic mod-
ulus and Poisson's ratio given by Equations (7) and (8), re-
spectively, where T is in Kelvin.

The volume-averaged CTE of randomly oriented hexag-
onal crystals, �̃, can be described by Equation (9), where αa 
is the CTE perpendicular to the longitudinal axis and αc is 
the CTE parallel to the longitudinal axis.22 Li and Bradt23 
determined the CTE for the 6H α-SiC polytype by tracking 
the (213), (219), and (306) XRD peaks in the a and c direc-
tions over a temperature range between 293 K and 1273 K. 
Combining their data with that of Inoue and Kurachi,24 they 
developed a second-order polynomial describing the CTE 
ovethe temperature range of 293  K to 2373  K. Combining 
their results with Equation (9), the 6H poly-SiC tempera-
ture-dependent CTE is calculated in Equation (10).

3.5 | Temperature-dependent silicon 
matrix properties

The polycrystalline silicon Poisson's ratio is taken to be 
vpoly = 0.22 at all investigated temperatures.25 The modulus 
of elasticity for silicon is anisotropic and is dependent upon 
crystal orientation and temperature.26 Swarnakar et al meas-
ured the Young's moduli of silicon in the ⟨100⟩, ⟨110⟩, and 
⟨111⟩ crystal directions as a function of temperature and fit 
these to second-order polynomials.27 The ⟨110⟩ and ⟨111⟩
constitutive relations are not independent, and thus the three 
independent stiffness coefficients cannot be determined. 
However, the s11 compliance term was determined through 
their work, as well as the quantity, s12 + s44/2. Oftentimes, a 
Reuss approximation is used as the average elastic modulus 
of polycrystalline silicon.25 These two quantities are suffi-
cient to determine the Reuss approximation of the polycrys-
talline elastic modulus as a function of temperature, and will 
be used here as an approximation of isotropic elasticity for the 
polycrystalline silicon aggregate. This relationship is given 
by Equation (11) (after simplification) for a diamond cubic 
crystal (eg, silicon), where T is measured in Kelvin.25 This 
temperature dependence results in an approximate 10% de-
crease in the moduli between room temperature and 1523 K, 
in line with the work of Ono et al.26

Okada and Tokumaru28 used XRD to measure the lattice 
parameter of silicon as a function of temperature from 300 K to 
1500 K. This relationship is found in Equation (12). Although 
crystalline silicon is elastically anisotropic, as a material with 
cubic crystal symmetry, it is thermally isotropic and strains uni-
formly in all directions with increasing temperature.25

3.6 | Dilatational effects observed in XRD 
due to impurities in silicon matrix

The silicon matrix utilized in this study was manufactured 
with a small amount of boron, a common additive in the sili-
con melt of CMCs.4,29 Impurities found within a crystal lat-
tice of any covalently bonded material will strain the lattice 
in a hydrostatic manner. If the covalent radius of an impurity 

(4)�1 =C11�1+C12�2+C12�3 ≈C11�1+C12�1+C12�3,

(5)�3 =C12�1+C12�2+C11�3 ≈C12�1+C12�1+C11�3.

(6)

C11 =
(1−�)E

(1+�)(1−2�)

C12 =
�E

(1+�)(1−2�)
.

(7)E(T)=415−0.023(T−273) [GPa] ,

(8)�(T)=0.160−2.62×10−6(T−273).

(9)
�̃=

1

3
(2�a+�c),

(10)
�̃SiC(T) =3.37×10−6+2.25×10−9(T−273)

−5.61×10−13(T−273)2[K−1].

(11)

ER(T) =
5

3s11+2
(

s12+
s44

2

)

=
2.912×109

T
2+59.41T+1.897×107

[GPa] .

(12)
�Si(T) = (3.725× (1−exp(−5.88×10−3(T−124)))

+5.548×10−4
T)×10−6[K−1].
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is larger than that of silicon, the lattice will expand to allow 
more room for the larger atom. Conversely, if the impurity 
atom has a smaller covalent radius than silicon (such as 
boron), the lattice will contract. For substitutional impuri-
ties, the change in lattice parameter follows Vegard's law for 
small quantities of impurities,30 given by Equation (13).

For a cubic crystal system (eg, silicon), a is the lattice 
spacing of the crystal, Δa is the change in the spacing due 
to the impurities, Ni is the concentration of impurity atoms 
(typically in atoms/cm3), and β is a function of the covalent 
radii of the two atoms and concentration of solvent atoms.31 
This ratio of the change of length of the crystal lattice spac-
ing to the original length is a strain on the crystal structure, 
and, as such, is indistinguishable from mechanical or thermal 
strain when measured via XRD. Vegard's law has been shown 
to be accurate within the silicon-boron system having boron 
concentrations between at least 2.5  ×  1017  atoms/cm3 and 
1 × 1020 atoms/cm3. For boron-doped silicon crystals within 
these limits, the theoretical value of β = −5.46 × 10−24 cm3/
atoms, in line with experimental values.31-33 These calcula-
tions are for substitutional boron only. If the impurities are 
instead interstitial atoms within the silicon lattice or if impu-
rities precipitate out of the solid solution, the lattice parame-
ter predictions become much more complicated and Vegard's 
law may no longer hold.34

A temperature-dependent boron-silicon solubility re-
lationship is therefore required for accurate high-tempera-
ture residual strain measurements, as the number of boron 
atoms dissolved in silicon increases with temperature if a 
source with sufficient boron atoms is available. Armigliato 
et al determined the maximum solubility of boron in silicon 
at temperatures between 1173  K and 1598  K.35 The solu-
bility curve follows an Arrhenius dependence, according 
to Equation (14). Here, NB(T) is the concentration of boron 
atoms dissolved in the silicon solid solution as a function of 
temperature, A = 9.25 × 1022 atoms/cm3, E = 0.73 eV/K, k 
is the Boltzmann constant (k = 8.617 × 10−5 eV/K), and T  is 
the temperature in Kelvin. According to this relationship, at 
1173 K, the solubility of boron in silicon is approximately 
0.1%, while it is more than 0.9% at 1598 K.

Taken in conjunction with Vegard's law (Equation 13), 
an expected change in strain due to substitutional boron dif-
fusing into the silicon lattice is given by Equation (15), as-
suming a boron source is available. Equations (14) and (15) 
are illustrated in Figure 5. As the temperature is increased, 

more boron is allowed into the lattice, effectively reducing 
the lattice parameter due to the relatively small boron atoms 
occupying substitutional sites. This in turn affects the diffrac-
tion patterns of the silicon and appears in the analysis as a 
compressive strain.

3.7 | Data collection and analysis

The XRD data collected by each of the four panels were 
saved as an image file, with each pixel recording a specific 
intensity value imparted by the Debye-Scherrer rings inci-
dent upon the panel. The four-detector panel setup allows 
the utilization of a larger sample-to-detector distance for 
the same reciprocal space coverage, thus improving strain 
resolution. The panel data were then converted from polar 
to Cartesian coordinates to facilitate analysis. As the pan-
els produce two-dimensional data, silicon carbide particle 
intensities were integrated over an arc of ±5°, centered on 
the principal (horizontal and vertical) directions. Nine 6H 
α-silicon carbide peaks were tracked at room- and elevated 
temperatures along principal directions. These nine peaks 
are included in Table 1 (2θ and dhkl values given at room 
temperature, a = 3.081 Å, c = 15.12 Å). It should be noted 
that the other source of silicon carbide in the CMC, Hi-
Nicalon™ fiber, contains β-SiC and is absent of α-SiC. 
The β-SiC polytype produces far fewer XRD signatures. 
Therefore, α-SiC particle strains are calculated by choos-
ing XRD peaks only associated with the α-SiC particles 
embedded within the matrix.

(13)Δa

a
=�Ni =�.

(14)NB(T)=Aexp
(
−

E

��

)
[atoms/cm3].

(15)�Vegard(T)=−0.5051×exp

(
−

0.73

8.617×10−5
T

)
.

F I G U R E  5  Substitutional boron percentage (left, solid line) 
and accompanying lattice strain (right, dotted line) as function of 
temperature. Apparent strain increases in magnitude dramatically as 
the percentage of boron increases within the silicon-boron system 
[Color figure can be viewed at wileyonlinelibrary.com]
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Utilizing area detectors instead of line or point detectors, 
the effect of large silicon grain size in the matrix (illustrated 
in Figure 4 as intense spots) can be partially negated by select-
ing areas of high intensity and integrating over a very small 
azimuth around the increased intensity. This methodology was 
utilized to search for high-intensity silicon peaks within ±5° of 
the principal directions, given the peak met a threshold value. 
The highest intensity peaks were then integrated over a ±1° az-
imuth, thus allowing the peaks which would otherwise be faint 
over the normal 10° integrated azimuth range appear stronger 
due to the selective process. By performing the analysis in this 
way, hundreds of individual silicon crystals were effectively 
tracked by using 11 X-ray hkl planes, found in Table 2.

A nonlinear least squares MATLAB routine was utilized to 
fit the diffraction data to pseudo-Voigt functions in conjunc-
tion with linear backgrounds. An example of a fit is shown in 
Figure 6 for diffraction data acquired at 40°C. The peak under 
investigation is an intense {422} silicon peak at 8.97°. Houk 
et al recommend bounds of approximately five times the full 
width at half maximum of the fitted peak.36 Because an α-SiC 
peak {208} is also within these bounds at approximately 9.11°, 
both were fitted, along with a linear baseline.

4 |  RESULTS AND DISCUSSION

4.1 | Silicon carbide particle strain state due 
to heat treatment

Utilizing the 20 tested specimens and the multiple peaks found 
in Table 1, more than 300 measurements were recorded for SiC 
particles in both principal directions before and after heat treat-
ment at 1250°C. These measurements exhibited normal dis-
tributions. The average SiC particle residual strain in the weft 
fiber (1) direction at 40°C prior to heat treatment was 480 με, 
while the average strain in the fiber direction after the heat treat-
ment was complete was 440 με, a decrease of 40 με. The aver-
age strain in the transverse (3) direction at 40°C prior to heat 
treatment was 530 με, while the average strain in the transverse 
direction after the heat treatment was complete was 540 με, an 
increase of approximately 10 με. Given that the resolution of 
the experimental setup is approximately 50 με, these changes 
in strain are negligible. A t test was performed on the datasets 
to determine if there was a statistically significant change due 
to heat treatment; no such statistically relevant change was ob-
served, as evidenced by the large P-values found in Table 3. 

Additionally, there was no appreciable difference between the 
results of either heating profile.

4.2 | Silicon matrix strain state due to 
heat treatment

Utilizing the 11 hkl planes for silicon referenced in Table 2, 
more than 400 silicon peaks were tracked throughout heat 
treatment. Strains in the fiber and transverse directions 
were compared before and after heat treatments. No sig-
nificant difference was observed between either heating 
profiles, and thus results from both profiles are combined. 
Silicon matrix strains displayed normal distributions simi-
lar to those of silicon carbide particles. The average strain 
in the fiber weft (1) direction prior to heat treatment was 
measured as −1180 με, while after the heat treatment, the 
strain relaxed to −1080 με, a relaxation of approximately 
100  με. The average strain in the transverse (3) direc-
tion prior to heat treatment was measured as −1020  με, 
while after the heat treatment, the strain changed to ap-
proximately −1050  με, an increase in the magnitude of 
compressive strain of approximately 30 με. Two-sample t 
tests were utilized to determine the statistical differences 
found through heat treatments. The t tests demonstrate that 
any affects due to heat treatment are likely minimal, with 
relatively high P-values. Additionally, both the strain in 
SiC particles and the strain in silicon in the fiber direction 
seemed to relax, signifying that there may be a correlation 
between heat treatments at 1250°C and the strain state re-
laxing within the material. However, if there is a relaxation 
of residual strains and stresses occurring at these levels, it 
is likely a relatively small percentage of the overall strain 
state. All results comparing strains before and after heat 
treatment can be found in Table 3.

4.3 | Strain state of silicon carbide particles 
as a function of temperature

X-ray diffraction data were taken in situ at high tempera-
tures between 900°C and 1250°C in 50°C increments to 
capture temperature-induced relaxation. Utilizing the same 
nine SiC peaks as before, the strain state is captured and 
reveals a steadily increasing absolute strain within the SiC 
throughout the heat treatment. This is an expected result of 

T A B L E  1  Tracked �-SiC ℎ𝑘𝑙 planes, nominal/reference 2� values, and interplanar spacing (d-spacing)

��� 105 107 109 205 207 216 308 228 319

2�(◦) 4.956 5.907 6.977 8.127 8.741 10.60 12.34 13.93 14.68

dA(Å) 2.000 1.679 1.421 1.220 1.135 0.9362 0.8046 0.7132 0.6771
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the particles (and entire composite sample, expanding with 
temperature.

Results of this analysis are shown in Figure 7 for the fiber 
weft direction. The transverse direction provided similar re-
sults. The measured strains are shown at the temperatures 
studied as open circles with error bars designating the stan-
dard deviation. Differences in strain state before and after 

heat treatment at the various measured temperatures are 
imperceptible on this scale; strains measured while decreas-
ing temperature were essentially equal to strains measured 
while increasing temperature. The dashed line beginning at 
0 με at 40°C represents stress-free silicon carbide strain as 
a function of temperature. The thick, nearly horizontal line 
beginning at 480 με at 40°C denotes the change in residual 
strain with temperature, according to Equations (3) and (10). 
The manufacturing temperature, or the temperature at which 
strains began developing within the silicon carbide particles, 
is assumed to be approximately 1414°C (the temperature at 
which silicon melts37), and thus it is an expected result that 
the residual strains diminish as temperatures approach man-
ufacturing temperatures. This plot demonstrates that the re-
sidual strain of SiC particles in the fiber direction diminishes 
from an average value of approximately 480  με to a value 
of approximately 200  με at 1250°C. The residual strain in 
the transverse direction diminishes from an average value of 
approximately 530 με to a value of approximately 270 με at 
1250°C.

Additionally, the constitutive relationships of Equations 
(4)-(8) were utilized to generate the residual stress informa-
tion found in Table 4. At 40°C, mean SiC principal stresses 
in the fiber direction are approximately 290  MPa. The 

T A B L E  2  Tracked silicon ℎ𝑘𝑙 planes, nominal/reference 2� 
values, and interplanar spacing (d-spacing)

��� 220 311 422 531 620 551

2�(◦) 5.163 6.055 8.949 10.81 11.56 13.03

dA(Å) 1.92 1.638 1.109 0.918 0.859 0.76

��� 642 553 660 555 931

2�(◦) 13.69 14.05 15.53 15.85 17.48

dA(Å) 0.726 0.707 0.64 0.627 0.569

F I G U R E  6  Example profile fit of silicon {422} peak at 8.97° and 
�-SiC {208} peak at 9.11°, fitted with two pseudo-Voigt functions. 
The small open circles indicate normalized raw data, while the 
various dashed lines provide the two pseudo-Voigt fits. The thick 
solid line indicates the overall fit [Color figure can be viewed at 
wileyonlinelibrary.com]

T A B L E  3  As-received (AR) and heat-treated (HT) strains and 
standard deviations for SiC particles and silicon crystallites

Prior to heat 
treatment (με)

Post heat 
treatment (με)

P-value 
for 
�

AR
≠�

HT

Mean �1 (SiC) 480 ± 370 440 ± 360 0.18

Mean �3 (SiC) 530 ± 320 540 ± 350 0.71

Mean �1 
(silicon)

−1180 ± 710 −1080 ± 800 0.17

Mean �3 
(silicon)

−1020 ± 750 −1050 ± 780 0.66

F I G U R E  7  Silicon carbide particle strain state ε1 in fiber weft 
direction through heat treatment is shown by open circles, with error 
bars denoting strain standard deviation. The dashed coefficients of 
thermal expansion (CTE) strain line represents expected strain due 
to thermal expansion effects as a function of temperature. The solid 
ε1,Residual line represents the difference of these two, equaling the 
residual strain in silicon carbide as a function of temperature. The 
published CTE measurement standard deviations23 were combined 
with those of the X-ray diffraction measurements through the 
square root of the sum of their squares and these combined standard 
deviations are displayed on the SiC ε1,Residual line. Silicon carbide strain 
states returned to approximately the same preheat treatment levels 
following heat treatment. All lines are guides to the eye [Color figure 
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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transverse stresses were similar, around 310 MPa. Assuming 
that the warp (2) direction stresses are similar to the weft (1) 
direction stresses, the residual stress state is found to be rela-
tively isotropic. These low-temperature stresses are compara-
ble to those found through Raman spectroscopy studies.4 The 
high-temperature residual stresses decrease with increasing 
temperature through data taken at 1250°C. At this tempera-
ture, mean stresses in the fiber direction are approximately 
120 MPa, while mean stresses in the transverse direction are 
approximately 150  MPa. However, the nominal strain (and 
stress) state returns to its former level, within machine res-
olution as discussed above, after the material is cooled back 
down to 40°C.

An ANOVA was performed on the total SiC strain at 
assessed temperatures and determined that the changes dis-
played in the total strain data shown in Figure 7 are statisti-
cally significant with an exceptionally low P-value. Between 
245 and 324 individual SiC measurements were utilized in 
the analysis, providing a high degree of certainty in the sub-
sequent results. Although the standard deviations are large, 
pairwise statistical tests between the multitude of measured 
strains at each temperature show a statistically significant 
change in total strain for each comparison at the P < .05 sig-
nificance level. The maximum calculated P-value was .018, 
found through comparing strains at 1100°C and 1150°C. All 
other comparisons have P <  .01. Therefore, although stan-
dard deviations are large, we can say with high confidence 
that the total strain shows temperature dependence.

A follow-on ANOVA was performed on the residual 
strains at the measured temperatures, again resulting in ex-
tremely low p-values, which demonstrate strain tempera-
ture dependence. When performing pairwise comparisons, 
residual strains at adjacent 50°C temperatures showed no 
statistically significant changes. For example, the mean re-
sidual strain at 1000°C for SiC is 370��, while at 1050°C it is 
355 με. However, when the residual strain at 1000°C is com-
pared to that at 1250°C (244 με), the statistics show that there 

is significant difference (P = .016). This trend continued for 
all strain comparisons at or above 900°C with temperature 
differences of at least 250°C. Pairwise strain comparisons 
between 40°C and 1000°C and greater also differed at statis-
tically relevant levels. Therefore, although the data certainly 
have too much variability to show each mean is different, it 
does have the power to demonstrate the trend is correct.

4.4 | Strain state of silicon as a function of 
temperature

Figure 8 displays the average ε1 strains measured in silicon 
as a function of temperature. The measured strains are shown 
at the various elevated temperatures, with error bars designat-
ing the standard deviation between measured points at the re-
spective temperatures. The thick solid line denotes the change 
in silicon strain with temperature after accounting for thermal 
expansion, using Equation (3) in conjunction with the sili-
con CTE data of Equation (12). Expected thermal expansion 
strain is shown as the dotted line beginning at 0 με at 40°C. 
The thermal loading and unloading data are nearly identical, 
and are thus not differentiated within this plot, demonstrating 
very little effect of the final heat-treatment temperature of 
1250°C on the silicon residual strain state.

Unlike the profiles for silicon carbide in which the resid-
ual strains relaxed with increasing temperature, these profiles 
show a continual increase in the magnitude of the compres-
sive strain with increasing temperature in both the fiber and 
transverse directions. However, as discussed previously, an 
increase in the amount of dissolved boron within the silicon 
matrix will manifest as an otherwise unexpected decrease in 
lattice parameter (ie, strain). Without accounting for boron 
solubility, this increase in compressive strain is an other-
wise unexpected result, as the strains should be relaxing in 
a similar manner to the strains found in silicon carbide. At 
high temperatures, the solubility of boron in silicon increases 

T A B L E  4  SiC particle and silicon matrix residual stresses through heat treatment. Presented silicon stresses utilize the Vegard's law 
correction, assuming boron solubility is maximized, and thus is possibly overestimating the actual residual stress at high temperatures

Temperature (°C) Mean SiC �
1
 (MPa) Mean SiC �

3
 (MPa) Mean Silicon �

1
 (MPa) Mean Silicon �

3
 (MPa)

40 290 ± 160 310 ± 150 −290 ± 150 −280 ± 150

900 260 ± 180 270 ± 140 −210 ± 140 −230 ± 170

950 230 ± 190 250 ± 150 −190 ± 150 −200 ± 150

1000 210 ± 160 240 ± 140 −160 ± 140 −170 ± 150

1050 200 ± 170 230 ± 140 −120 ± 140 −120 ± 150

1100 180 ± 190 210 ± 150 −80 ± 150 −80 ± 150

1150 160 ± 170 190 ± 140 −20 ± 140 −20 ± 140

1200 150 ± 140 180 ± 130 40 ± 130 40 ± 140

1250 120 ± 130 150 ± 110 90 ± 110 100 ± 140
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dramatically, and XRD will readily detect decreases in the 
lattice parameter due to absorption of boron into the silicon 
crystal lattice, as previously discussed. Excess boron, which 
had previously precipitated, forming either boron interstitial 
clusters or silicon boride, dissolves and occupies substitu-
tional sites within the silicon lattice, thereby decreasing the 
lattice parameter, according to Vegard's law.

The diffusion of boron within silicon occurs relatively 
quickly, allowing for the solubility limit to be achieved within 
the first few seconds of reaching the equilibrium tempera-
ture. Indeed, the semiconductor industry anneals heavily 
boron-doped silicon in a matter of milliseconds to achieve 
this substitutional effect.38 For this reason, even with the 
relatively fast acquisition rate afforded by synchrotron radi-
ation, the active boron substitution is difficult to observe as 
the equilibrium state is rapidly attained. Cooling the material 
at the relatively slow rate of 100°C/min also has the effect of 
re-precipitating the excess boron greater than the solubility 
limit back out of the silicon as either silicon boride or boron 
clusters.39 Therefore, the boron concentration is found as a 
relatively smooth function of temperature in the XRD data.

By incorporating Equation (15) into the residual strain for-
mulation, the residual strain within the silicon now exhibits the 
expected relaxation trend. This is seen in Figure 8 as the thick 

dashed line. These corrections may now overestimate the ef-
fects of boron solubility and silicon lattice contraction, as the 
strains estimated by these corrections become tensile around 
1200°C. However, the additional stress-producing mechanisms 
found within the manufacture of the CMC (eg, CVI and slurry 
infiltration) add ambiguity as to what the stress-free tempera-
tures are for each constituent. It can be said the two thick solid 
and dashed “Residual” lines are bounds for the true residual 
strain state, though the true stresses are likely closer to the cor-
rected line, as previous research has shown localized substi-
tutional (in the form of activated) boron concentrations near 
the maximum phase-diagram concentrations developed by 
Armigliato et al4,14,35 Therefore, the strains and stresses asso-
ciated with these temperatures provide both a qualitative and 
quantitative understanding of the many mechanisms at work 
within this composite system. Table 4 presents mean residual 
stress data (corrected for both CTE and maximum boron sol-
ubility) through heat treatment, utilizing the corrected strains 
and the constitutive relationship developed previously.

An ANOVA was performed on the total strain data for 
silicon and also resulted in exceptionally low p-values. 
Performing pairwise comparisons, each change in tempera-
ture of at least 150°C resulted in a statistically significant 
change in total strain, the highest p-value being between 
900°C and 1050°C (P = .014). Therefore, we can again say 
that the total strain shows temperature dependence. For the 
case of residual strain, we performed an ANOVA and when 
comparing strain at adjacent 50°C increments, there is no 
statistically significant change in the residual strain state. 
However, temperature differences of 200°C or more (residual 
strains at 40°C notwithstanding) resulted in statistically sig-
nificant changes to the residual strain, while pairwise strain 
comparisons between 40°C and 1000°C and greater also dif-
fered at statistically relevant levels.

The transmission XRD technique used herein provides a 
measure of constituent-scale residual stress in SiC/SiC CMC 
materials that is complimentary to alternative methods found 
in literature. For example, the balance in stress between the 
silicon and SiC phases of the matrix results in a volume av-
erage stress that is similar to measurements reported using 
the CIP7,40,41 and material removal methods.42 In a previous 
study, Raman spectroscopy was used to measure residual hy-
drostatic stresses of approximately 240-340 MPa in the sili-
con phase of material with similar pedigree to that used in 
the current study.14 These results are in agreement with those 
reported in the current work for both the SiC and the silicon 
phases of the matrix material.

5 |  CONCLUSIONS

In situ residual strain measurements through heat-treatment 
cycles showed little change in residual stress in the silicon 

F I G U R E  8  The silicon crystallite strain state ε1 in the fiber 
weft direction through heat treatment is shown by open circles, with 
error bars denoting strain standard deviation. The dashed CTE strain 
line represents expected strain due to thermal expansion effects as 
a function of temperature. The solid ε1,Residual line represents the 
difference of these two, while the ε1,Vegard dashed line accounts for 
the increase in lattice parameter due to additional boron dissolving 
with rising temperature. Error bars on the ε1,Vegard line represent a 
combination of X-ray diffraction standard deviations and published 
CTE standard deviations.28 These two lines represent the bounds of 
the residual strain in the studied silicon as a function of temperature. 
As temperatures decreased back to room temperature, the silicon strain 
states returned to approximately the same levels [Color figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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carbide particles through heat treatment. As expected, the 
residual strain within silicon carbide particles was ob-
served to decrease as a function of temperature. The same 
in situ measurements showed that the residual strain within 
the silicon became more compressive if only the CTE of 
silicon was considered. Investigating further, the solubil-
ity of boron within silicon greatly increases with increas-
ing temperature, and applying the relationships of how this 
affects the silicon lattice parameter, the magnitude of re-
sidual silicon strain was shown to decrease with increasing 
temperature. Although the residual silicon strains at very 
high temperatures were determined to become tensile, the 
tensile determination was made using many assumptions 
over very large temperature ranges and the conclusions 
should be taken in a qualitative, rather than a quantitative 
manner. To fully understand the changes in silicon strain 
with respect to temperature, additional experimental meth-
ods are necessary to determine the boron concentrations. 
The known boron concentrations could then be used to 
deconvolve the strains found using Vegard's law and the 
residual strains of the silicon.
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