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Novel residual stress measurement techniques to
measure residual stresses in fiber reinforced
composites
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The feasibility of using cathodoluminescence (CL) and scanning acoustic microscopy (SAM)
to measure residual stresses and to map their spatial distribution was investigated. Both
techniques were utilized to obtain qualitative and quantitative information on stresses in
the vicinity of fibers in pressureless sintered fiber reinforced composites. Both techniques
reveal that the stresses are high in close vicinity with the fiber reinforcements and decrease
rapidly with increasing distance from the fiber/matrix interface. CL is a surface technique
that requires the fibers to be exposed to the surface. SAM is a bulk technique that gives
information on residual stresses when fibers are embedded in the matrix. The former can
be applied to nonmetallic materials such as semiconductors, ceramics, and glasses; the
latter can be applied to metallic materials as well. C© 1999 Kluwer Academic Publishers

1. Introduction
Manufacturing competitiveness in the world market-
place depends upon increased efficiency in processing
and improvements in quality control, particularly in
the emerging area of high technology ceramics. In this
field, reproducible and accurately predictable proper-
ties are essential for realizing the full-market potential
and the application of such materials as fiber-reinforced
ceramic matrix composites. A well-known barrier to in-
crease the extensive utilization of ceramics has been the
lack of product reliability and the lack of methods to
predict reliability under conditions of actual service.
Ultimately, the ability of ceramics to perform at their
potential is rooted in their microstructural characteris-
tics. Internal stresses and strains are among the most
important of the properties that can help us predict the
durability and failure rates of ceramic products. An an-
alytical technique that has the capability to map stress
distributions (i.e., to measure the absolute magnitude of
the stress at different points within the material), would
represent an important advance in the evaluation of mi-
crostructural properties that are relevant to real-world
applications.

The feasibility of using cathodoluminescence (CL)
and scanning acoustic microscopy (SAM) to measure
residual stresses and to map their spatial distribution
was investigated. CL is the phenomenon of light emis-
sion from specimens as a result of interaction with an
electron beam. Materials with wide optical bandgaps,
such as oxide-based ceramics, typically contain many
types of defects and impurities that give rise to de-

tectable CL signals. Certain impurity ions in crystals
give rise to very narrow luminescence lines, and the
wavelength position of such narrow lines is sensitive
to stress. The most-studied spectral lines of this type
are the Ruby lines (R-lines) in ruby (A12O3:Cr3+).
The residual stress measurement by CL is based on
the stress-induced frequency shifts of these ruby lines.
The acoustic microscopy technique utilizes the change
in polarization of acoustic waves. In the presence of
residual stresses, both the velocity and the polarization
of acoustic waves is altered. Images of stress patterns
in a material are most commonly obtained by monitor-
ing the times of flight of sound pulses [1]. The sensiti-
vity of this approach, however, is limited, because wave
speeds typically change by less than 1%. In measuring
the residual stresses in pressureless sintered fiber rein-
forced composites, the change in polarization of acous-
tic waves was exploited. The change in polarization
gives rise to interference between waves that would, in
the absence of stress, remain in phase. The resulting
patterns of interference among these waves reveal the
underlying patterns of stress. Whereas the CL is a sur-
face technique, which requires the fibers to be exposed
to the surface, the SAM measurement is a bulk tech-
nique, which allows the fibers to be embedded inside
the matrix.

To illustrate the CL and SAM techniques, coated and
uncoated SiC fibers were incorporated in an alumina
matrix, and the composites were densified by pressure-
less sintering. Residual stresses in pressureless sintered
SiC fiber reinforced alumina composites are present for

0022–2461 C© 1999 Kluwer Academic Publishers 557



P1: BKR 16-98-008 January 5, 1999 11:18

two reasons: (1) heterogeneity stresses associated with
differential sintering between the matrix and the fibers
and (2) cooling stresses associated with the difference
between the thermal expansion coefficients of the ma-
trix and the fibers. The residual stresses in the vicinity
of the fiber/matrix interface were measured by CL and
SAM for coated and uncoated fibers. Stress relaxation
techniques based on fiber coating and their effect on
residual stresses around fibers are being addressed.

2. Stress development due to pressureless
sintering in fiber reinforced composites

Sintering of ceramics reinforced by fibers is impeded
by stresses generated by the differential shrinkage be-
tween the porous ceramic matrix and the dense reinforc-
ing agent. During the sintering of fiber reinforced com-
posites, the ceramic matrix densifies approximately 30
to 40% by volume, while the fibers, which are already
fully dense do not densify at all. Fibers cause stresses to
develop during sintering, because of the constraints that
they impose on the contracting matrix [2]. During the
densification process, the fiber is put into hydrostatic
compression. Stress in the matrix, normal to the fiber
axis, are tensile in the circumferential direction and
compressive in the radial direction. Parallel to the fiber
axis, stresses in the matrix are tensile because of shrink-
age constraint (Fig. 1). These stresses, denoted as het-
erogeneity stresses (to differentiate them from stresses
associated with the thermal expansion mismatch be-
tween matrix and fibers) can both inhibit densification
and lead to matrix cracking as shown in Fig. 2a.

To avoid cracking of the matrix, it is important either
to reduce the heterogeneity stresses or to modify the
response of the matrix to these stresses such that no mi-
crocracks form. We employed a fiber coating technique

Figure 1 Stress state in matrix during sintering of fiber-reinforced com-
posites.

Figure 2 Pressureless sintered fiber reinforced composites (a) sintering
damage due to heterogeneity stresses (b) sintering damage was avoided
by relaxation of heterogeneity stresses due to polymer fiber coating.

Figure 3 Stress relaxation method through polymer coating. Polymer
burns out and leaves gap, which allows the matrix to shrink unconstrained
around the fiber.

to reduce these stresses. Polymer coating was applied to
SiC fibers (140µm diameter) to see if the stress devel-
opment could be reduced during the sintering process.
The continuous fibers were drawn through a container
filled with liquid polymer and then passed through a
hypodermic needle to reduce the coating thickness to
70µm. The polymer coated fibers were then incorpo-
rated in the alumina matrix. The polymer was burned
out at 600◦C for 24 hours leaving a gap surrounding the
fibers (Fig. 3). During the subsequent sintering cycle,
the matrix was allowed to shrink unconstrained towards
the fibers. The resultant sintered alumina composite is
shown in Fig. 2b. The fiber coating technique relaxed
the differential shrinkage stresses and was successful in
avoiding crack formation in the matrix. Depending on
the polymer coating thickness, different gap sizes can
be produced after the polymer burn out process. This
results in different shrinkage stresses around the fibers,
which inherently will influence the crack propagation
process and the toughness in these composites.

We were interested if the CL and SAM techniques
could be applied to measure (1) the stresses in the
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vicinity of fibers and (2) if the stress distribution around
coated and uncoated fibers can be mapped with high
spatial resolution. To avoid interaction between the
fibers, specimens with coated and uncoated fibers were
prepared with very low fiber volume fractions, respec-
tively. The samples were sintered at 1450◦C for two
hours. Since the CL technique is a surface technique,
the samples were polished to reveal the fibers. Exposure
of fibers at the surface was not required for the SAM
technique.

3. Residual stress measurements in
pressureless sintered fiber reinforced
composites

3.1. Stress measurement by
cathodoluminescence

3.1.1. Processes leading to
cathodoluminescence

The mechanisms for CL are similar to those for photo-
luminescence, but the energy input or excitation source
is that of an electron beam rather than a visible or ultra-
violet beam. When an energetic (keV range) electron
beam propagates within an insulator, the primary elec-
trons lose energy by the creation of electron-hole pairs.
These electron-hole pairs then recombine via radiative
and nonradiative processes. Only the radiative recom-
bination process that leads to the creation of a pho-
ton is viewed with CL. Radiative recombination may
be intrinsic or extrinsic. Extrinsic luminescence (aris-
ing form electronic states that are localized at defects
or impurities in the crystal) provide information about
defects and impurities in the crystal lattice and these
defects are called luminescence centers. Each type of
luminescence center in a particular crystal has a charac-
teristic emission spectrum. The spectrum may contain
both narrow lines and broad bands, depending on the
energy level structure of the luminescence center and
the coupling of the center to the host lattice.

In oxide insulators, a number of transition metal and
rare earth impurities act as luminescence centers. The
trivalent chromium ion (Cr3+), with electronic con-
figuration 3d3, is an efficient luminescence center in
many light-metal oxides, including A12O3 and MgO.
The trivalent chromium ion enters substitutionally and
is surrounded by an octahedron of oxygen ions. A
chromium ion in a cubic crystal, such as MgO, has a
single resonance line corresponding to the2E-4A2 tran-
sition. This is called the ruby (R) line because it appears
in the red region near 7000 A

◦
. In aluminum oxide, the

surroundings of the chromium ion are not quite cubic,
as the oxygen octahedron is stretched along its trigonal
symmetry axis C3. The trigonal symmetry of the Cr3+
ion induces a splitting of the upper2E level by 29 cm−1,
giving rise to two distinct transition R lines, R1 and R2
at 14402.5 cm−1 and 14432.1 cm−1, respectively. The
lower 4A2 level is also split by the trigonal field, but
the splitting of 0.38 cm−1 is too small to be resolved
under most conditions.

An applied or residual stress distorts the positions of
the atoms surrounding the Cr3+ impurity ion. For ex-
ample, a hydrostatic compressive (tensile) stress will

change the crystal field seen by the chromium ion by
reducing (increasing) the bond lengths between the
oxygen and the chromium ions, and hence, changing the
energies of the radiative transitions. This change in en-
ergies is detected as a frequency shift of the ruby lines.
A hydrostatic stress causes the R1 and R2 lines to shift
to lower energies by virtually equal amounts [3]. Non-
hydrostatic stresses cause the R1 and R2 lines to shift
by unequal amounts [4, 5]. For example, a compres-
sive uniaxial stress along the trigonal axis (C3) makes
the environment closer to cubic, and thus reduces the
splitting of the2E level and of the R1 and R2 lines. A
compressive uniaxial stress perpendicular to the C3 axis
makes the environment farther from cubic and increases
the2E splitting (but by approximately half as much as
compression parallel to C3 reduces the splitting) [4].

The use of the ruby line shifts to determine resid-
ual stresses in alumina ceramics was first demonstrated
by Grabner [6]. The stress state of a crystal subjected
to a uniform deformation can be described with the
help of six components of the stress tensor, the normal
stresses (σ11,σ22,σ33) and shear stresses (σ12,σ13,σ23).
For relatively small stresses, only linear terms need to
be included in the expression for displacement of the
energy levels as a function of stress. The approximate
condition for the linear approximation to be valid is that
the changes in the atomic positions are small compared
to the equilibrium (unstressed) interatomic distances.
In practice, this condition always holds, because the
crystal will fracture before the changes in atomic posi-
tions can become large. Hence, if it is assumed that the
displacements (shifts) of the energy levels of the impu-
rity centers (chromium ions) are linear functions of the
stress components in a uniformly deformed lattice, one
can write:

1v = π11σ11+ π22σ22+ π33σ33

+π12σ12+ π13σ13+ π23σ23 (1)

where1v= v − v0 is the frequency shift of the ruby
lines (ruby line position for stressed material (v), ruby
line position when unstressed (v0). π symbols are the
piezospectroscopic coefficients relating the change in
frequency to the stress state. In a cubic environment,
there is only one coefficient,π11=π22=π33. For an ion
in an environment of trigonal symmetry, there are two
independent coefficients,π11=π22 andπ33; all other
coefficients are zero. Thus, Equation 1 can be written:

1v = π11(σ11+ σ22)+ π33σ33 (2)

The frequency shift induced by hydrostatic stress (pres-
sure P) is given by the sum (2π11 + π33). This sum
of coefficients has been measured to high accuracy by
Munroet al. [3] and the values for the R1 and R2 lines
are 7.59 cm−1 GPa−1 and 7.615 cm−1 GPa−1, respec-
tively.

It is often more convenient to divide the stress into
hydrostatic and nonhydrostatic components and write
Equation 1 as follows:

1v = (2π11+ π33)P+ (π33− π11)S (3)
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where P is the hydrostatic component (σ11+σ22+σ33)/3
and S is the nonhydrostatic component (2σ33− σ11−
σ22)/3.

The individual coefficientsπ11 andπ33 have been
measured to lower than (2π11+π33) accuracy by uniax-
ial stress experiments with single crystals by Schawlaw
[4] and Kapliansky [5]. The line shift can also be ex-
pressed in the stress coordinate frame, in cases where
the stresses are referred to their principal axis (Equa-
tion 4), by transforming the piezospectroscopic tensor
into the stress frame, where the matrices Pij refer to the
orthogonal transformation between the crystal structure
coordinates and the stress tensor coordinatesσij .

1v = 3π11P+ (π33− π11)
[
p2

13σ11+ p2
23σ22+ p2

33σ33
]

(4)
or

1v = (2π11+ π33)P+ (π33− π11)
[
p2

13(σ11− P)

+ p2
23(σ22− P)+ p2

33(σ33− P)
]

(4a)

Equation 4a is preferable because the peak shift is ex-
pressed in terms of the quantities measured with high
accuracy, namely (2π11+ π33).

3.1.2. Cathodoluminescence stress
measurement

Cathodoluminescence was excited in the fiber rein-
forced samples by the electron beam of a scanning
electron microscope (SEM). High wavelength resolu-
tion CL spectra of the R lines were measured for a
number of different areas (5µm2) in the vicinity of
the reinforcing fibers. For the spectroscopic measure-
ments, the electron beam voltage was 20 keV, the beam
current was 10−9 A. To avoid distortion of the spectra
caused by chromatic aberration, only reflecting optics
were used in the CL collection system. The CL from the
specimen was initially collimated by a concentric pair
of spherical concave and convex mirrors and transmit-
ted through a fused silica window. For CL spectroscopy
the luminescence was focused onto the entrance slit of
a 0.34 m monochromator by a second pair of mirrors.
The spectrally dispersed light in the exit plane of the
monochromator was detected by an optical multichan-
nel analyzer (OMA), which consists of a microchan-
nel plate intensifier and 700-element silicon photodi-
ode array. The OMA has a spectral response similar
to a red-enhanced S20 PMT. Spectral data from the
multichannel analyzer were transferred to a computer
for storage, display, and further analysis. A diagram
of the CL spectroscopy experiment is shown in Fig. 4.
CL spectra could be measured with the monochromator
and OMA in a spectral range from 1.4 to 6.0 eV. For the
high resolution, narrow-range spectra, 1800 line/mm
holographic gratings provided a spectral resolution of
0.15 nm. Wavelength calibrations were carried out with
a set of atomic-vapor lamps. A Krypton lamp was used
to calibrate the spectra in the region of the R lines
(693 nm). By recording wavelength-calibration spec-
tra just before and just after the experimental spectra,

Figure 4 Experimental set-up to measure cathodoluminescence spectra
excited in the scanning electron microscope.

to compensate for the slight wavelength drift of the mul-
tichannel detector, wavelengths were measured with an
accuracy and precision of at least 0.01 nm, which cor-
responds to 0.2 cm−1 at 693 nm.

For the residual stress measurements, the shift in the
peak positions of the R1 and R2 lines was investigated.
The ruby line positions R1 and R2 are a function of the
Cr3+ ion displacements in the lattice. Changes in the
linewidths of R1 and R2 can, in principle, provide infor-
mation about the stress distribution within the probed
region, but in order to study stress-induced line broad-
ening, it is necessary to cool the sample to eliminate
the large thermal phonon broadening present at room
temperature. Fig. 5 shows a high-resolution CL spectra
in the R line region taken both in the vicinity of an un-
coated fiber and far from the uncoated fiber. Far from
the fiber, the material is free from heterogeneity stresses
due to differential sintering; hence the peak values of
the R1 and R2 lines far from the fiber are taken to be
the reference values for unstressed material. The neces-
sity of making a further correction for the temperature
dependence of the peak positions is thereby avoided
because the sample temperature can be assumed to be
the same for nearly simultaneous measurements near
and far from the fiber. The R-lines in the vicinity of the
fibers show a shift to higher wavelengths, which is as-
sociated with a tensile residual stress field. The residual
stresses were determined from the measured ruby line
positions for coated and uncoated fibers. In case of a
pure hydrostatic stress, both ruby lines R1 and R2 shift
by approximately equal amounts, but under nonhydro-
static stress, the two ruby lines may shift unequally, de-
pending on the orientation of the stress. The hydrostatic
and the nonhydrostatic stresses were determined from
Equation 3 for the R lines R1 and R2. For convenience,
Equation 3 is rewritten here using the experimentally
determined coefficients (2π11−π22) from Munroet al.
[3] and the (π33−π11) coefficients, which take the av-
erage of the measurements made by Schawlaw [4] and
Kaplianski [5].

Ruby line R1:1v = 7.590 P− 1.5 S
(5)

Ruby line R2:1v = 7.615 P− 0.6 S

560



P1: BKR 16-98-008 January 5, 1999 11:18

Figure 5 High resolution cathodoluminescence spectra of ruby (Cr3+
impurity) lines taken at the fiber/matrix interface (stressed region) and
far from the fiber/matrix interface (i.e., unstressed region).

Figure 6 Stress distribution around uncoated and coated fibers. The
stresses were obtained from the frequency shifts of the ruby lines. Neg-
ative values indicate tension.

The results of the residual stresses are plotted in Fig. 6
for uncoated and coated fibers. Each point in Fig. 6 cor-
responds to the measured average stress in one of the
selected 5µm2 areas. The highest residual stresses were
found for the uncoated fibers, as expected, leading to
crack formation as illustrated in Fig. 2a. The polymer
coating technique was successful in reducing the het-
erogeneity stresses as evidenced also by Fig. 2b. The
residual stresses decrease as a function of increasing
distance from the fiber/matrix interface for both coated
and uncoated fibers. The stress distribution around the
fibers is rather narrow, extending a distance of only ap-
proximately 100µm from the center of the fibers. This
explains why the rather thin polymer coating was suc-
cessful in reducing the heterogeneity stresses resulting
from differential sintering. The residual stresses that are
present in the vicinity of the coated fibers (but of smaller
magnitude) are associated with cooling due to the ther-
mal expansion mismatch between fibers and matrix.
These stresses are not influenced by the polymer coat-
ing stress relaxation technique. The results confirm that
CL can be utilized to measure and map residual stresses
in the vicinity of fibers with high spatial resolution.
However, in order to obtain quantitative and qualitative
results on the magnitude of the residual stresses, the

fibers have to be exposed to the surface because of the
limited penetration depth of the electron beam.

3.2. Stress measurement by scanning
acoustic microscopy

3.2.1. Scanning acoustic microscopy
measurement

Scanning acoustic microscopes (SAMs) became com-
mercially available in the mid-1980s. Initially, com-
mercial SAMs were based on the Stanford SAM de-
sign, which used higher frequency sound (1 GHz) to
provide a spatial resolution that could compete with
that of optical microscopes [7]. These SAMs were later
modified to operate in the 10–150 MHz range needed
to penetrate the specimen under investigation. To map
residual stresses in fiber reinforced composites a low
frequency SAM with a 1–150 MHz range was used. The
low frequency (longer wavelength) employed for resid-
ual stress measurements ensures that the specimens
appear as homogeneous samples without “seeing” the
microstructural features present within the specimens.
The average wave length used for the residual stress
measurements was approximately 1/5 to 1/10 of the
sample thickness. The wavelength must be long enough
in order not to see the microstructural features yet short
enough to propagate inside the sample.

The sintered fiber reinforced composites were placed
in a water tank, and the acoustic scanning system was
adjusted to move parallel to the surface of the sam-
ple. The shear mode can be excited and detected by
a spherical acoustic microscope lens defocused below
the surface of the sample (Fig. 7). The polarized shear
modes reflected from the bottom of the sample were
selected for imaging. The sequence of arrivals (bottom
of Fig. 7) presents the variety of options for the acoustic

Figure 7 The schematic view of the sent and received pulses by an acous-
tic microscope defocused lens. The first reflected pulse from the surface
of the sample should be received at the same time over the whole scan-
ning area. The time of arrival of this pulse serves as a reference of the
lens position toward the sample. Knowing the travel time in water, one
can easily repeat the same experimental conditions. Simple calculations
of the time at arrivals allows to identify all observed modes at different
position of the defocused lens.
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Figure 8 Mapping of stresses around fibers by scanning acoustic microscopy. (a) Residual stresses exist around the uncoated fibers (dark contrast
at fiber locations). (b) Lighter regions at fiber location indicates that the magnitude of residual stresses is reduced due to fiber coating. At the fiber
locations, the contrast is less compared to (a) except at the tips of the fibers, where high stresses exist due to stress concentrations. In the absence of
residual stress, the fiber locations would not be visible.

stress imaging. The pulse marked (a) is a reflection of
the longitudinal wave from the surface of the sample.
The position (in time) of this reflection is important if
one wants to repeat the same experiment. The arrival
marked (L) is a longitudinal mode reflected once from
the bottom of the sample. The fastest are the rays trav-
eling straight, the slow side of this pulse contains the
angular arrivals. When the longitudinal wave travels in
the stressed area, the angular arrivals experience the
reorientation of polarization along the axes of the prin-
cipal stresses. Hence, there will always be a phase shift
between the waves traveling along the direction of the
principal stresses. The next pulse, marked by (2L/LS),
often consists of the longitudinal wave, which travels
twice over the thickness of the sample, and the shear
wave created from the angular longitudinal modes re-
flected from the bottom of the sample. These two ar-
rivals can be distinguished and monitored separately.
The slow weak pulse marked (S) is a pure shear arrival,
which travels twice through the thickness of the sam-
ple. This shear mode, created by mode conversion at
the water-solid interface, reflects from the bottom of
the sample and according to Snell’s law, converts its
acoustic energy into the longitudinal mode at the same
solid-water interface. The conversion efficiency can be
calculated for every water-solid interface combination.
Only waves polarized at an angle or perpendicular to the
plane of the sample’s surface will convert its energy into
the longitudinal mode at that interface. A shear wave
polarized parallel to the surface of the sample cannot
couple its acoustic energy into the longitudinal, com-
pressional wave in water. This particular property of the
solid-water interface, which acts in acoustic imaging of
stresses as an optical analyzer for differently polarized
waves, can be understood as a cause for a contrast in
acoustic imaging of stress.

A high frequency digitized scope (125 MHz) was
used for monitoring the ultrasonic arrivals as a function
of time. Knowing the speed of shear and longitudinal
waves in the material and measuring the sample’s thick-
ness, one can identify particular arrivals and choose the

polarized modes for imaging. In order to create by mode
conversion, a shear wave propagating inside the sample
one has to defocus the lens below the sample’s surface.

The stress patterns are obtained by the shear acous-
tic mode traveling back and forth across the specimen,
generated by use of the microscope in an out-of-focus
mode. In the absence of stress, the resultant shear waves
would be polarized normal to their directions of prop-
agation. However, stress splits a shear wave into two
“quasi-shear” waves, with their own wave speeds and
polarizations normal to each other and almost normal to
their directions of propagation [8]. Each produces two
reflected shear waves. The shear wave couples with the
fluid on return to the front face, to produce its own longi-
tudinal wave, transmitted back to the transducer. These
longitudinal waves return with phase differences that
depend on the stress in the region sampled by the shear
waves. The interference pattern that results provides a
map of that stress. The stress pattern for coated and un-
coated fibers in an alumina matrix are shown in Fig. 8.
For the SAM measurements, the fibers were embed-
ded in the alumina matrix. Dark regions reflect high
residual stresses, light regions low residual stresses.
In accordance to the CL results, the uncoated fibers
reveal the highest stresses in the vicinity of the fiber.
The coated fibers reveal lower magnitude of stresses in
their vicinity, but the outline of the fibers can still be
seen, indicating that stresses are present. The remaining
residual stresses are believed to be due to cooling from
the sintering temperature. The fibers and the matrix
differ in their thermal expansion coefficients, and this
difference leads to stresses upon cooling. These ther-
mal expansion mismatch stresses will not be relieved
by the fiber coating technique.

4. Conclusion
Cathodoluminescence and scanning acoustic micros-
copy were employed to obtain information on resid-
ual stresses in fiber-reinforced alumina matrix com-
posites. The feasibility of using cathodoluminescence
to measure residual stresses with high resolution was
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demonstrated. Both techniques are capable of measur-
ing residual stresses with high precision and high spatial
resolution. The high spatial resolution is essential in ob-
taining information on residual stresses in the vicinity
of the fiber/matrix interface. Both techniques reveal that
the stresses are high in close vicinity to the fiber/matrix
interface but decrease rapidly with increasing distance
from the interface. CL is a surface technique that re-
quires the fibers to be exposed to the surface. SAM
is a bulk technique that gives information on residual
stresses when fibers are embedded in the matrix. The
former can be applied to nonmetallic materials such as
semiconductors, ceramics and glasses, the latter can be
applied to metallicandnonmetallic materials.
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