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Internal residual stresses arise in glass-ceramics upon cooling down from the crystallization temperature.
These stresses are due to the thermal expansion and the elastic mismatch between the crystalline and glassy
phases. Therefore, the mechanical properties of glass-ceramics are likely to depend not only on their compo-
sition and microstructure but also on the type (tension or compression) and magnitude of these residual
stresses. In this work, we critically review the most commonly used theoretical models concerning residual
stresses in glass-ceramics and glass-matrix composites, taking into consideration the effects of crystallized
volume fraction, crystal shape and thermal expansion anisotropy. We also discuss most of the reported
measurements of residual stresses in these dual-phase materials using different techniques, such as X-ray

Glass diffraction, nuclear magnetic resonance, Raman and fluorescence spectroscopy, and indentation. The
available models and experimental results regarding spontaneous microcracking due to residual stresses
are also discussed. Finally, guidelines for future work are suggested.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Important applications for glass-ceramics have been found in the
domestic and high-technology markets [1-3]. Glass-ceramics com-
bine the properties of crystalline ceramics with those of glasses and
find applications in the telecommunications and optical industries,
such as opto-electronic and microwave devices, surgical implants,
dental materials, cooktops, and telescope mirrors [4-6].

Components with complex geometries can be molded in the glass
phase at relatively low cost and with relatively simple technology [3].
Then, subsequent heat treatments can partially crystallize the glass
object in a controlled manner with a designed microstructure and
with very low or no porosity. The crystallized volume fraction can
be as low as a few percent or as high as 99.5%. Generally, glass-
ceramics have superior optical, chemical, electrical and mechanical
properties to those of glasses and similar ceramics that have been
produced by sintering.

Glass-ceramics are thus produced by a controlled crystallization
that leads to one or more phases embedded within a glassy matrix.
Their mechanical, optical and thermal properties depend not only
on their composition and microstructure but also on the thermal
residual stresses that arise upon cooling due to the thermal and elas-
tic mismatch between the precipitates and the glassy matrix [7]. In
addition to these thermal micro stresses, residual macro stresses
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can arise due to non-homogeneous cooling, leading in some extreme
cases to spontaneous cracking [4,6]. Therefore, an understanding of
the thermal residual stresses in glass-ceramics and their relationships
with the microstructure and overall mechanical properties of the ma-
terials is important. The thermal residual stresses may have a signifi-
cant impact on a material's mechanical performance including its
strength [8-11] and stresses in composites [12-14], dental glass-
ceramics [15-18] and components of fuel cells [19,20], among other
applications.

In this article, we critically review the most popular models for
thermal residual stresses in dual-phase materials and their
applications in glass-ceramics and glass-matrix composites consider-
ing the effects of the thermal and elastic mismatch between the
phases, crystallized volume fraction, precipitate shape, thermal
expansion anisotropy and microcracking. We then discuss residual
stress measurement using X-ray diffraction, nuclear magnetic reso-
nance, Raman and fluorescence spectroscopy and indentation. Finally,
we comment on previous experimental studies of microcracking due
to residual stresses. The influence of residual stresses on fracture
toughness and overall mechanical strength of glass-ceramics [21]
will not be considered here.

2. Theoretical models for residual stresses
2.1. The Selsing model
One of the simplest models to estimate internal residual stresses

in glass-ceramics is that of Selsing [7]. It assumes that the precipitates
(crystals) are spherical and isotropic and that the stress fields around
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them do not overlap, which is the case for low crystallized volume
fractions (<10%). The stress inside the precipitate, 0p, is hydrostatic
(uniform) and is:

Aa. AT
op = K, 1)

where K is (1+vp)/2E, + (1 —2v,)/Ep, Aaeis the thermal expansion
mismatch between the precipitate and the matrix, AT is the tempera-
ture difference between the glass transition temperature (T,, at which
the glass ceases to flow over the laboratory time scale) and room tem-
perature, and E and v are the elastic constants of the matrix (m) and
precipitate (p), respectively. Therefore, the stress inside the precipitate
does not depend on the radius, R, of the precipitate.

In the matrix, the radial component, 0p.R®/r, has the same sign as
op, whereas the two tangential components have the opposite sign
and are equal to -op.R?/2r3, as shown in Fig. 1.

2.2. Effect of volume fraction and crystal shape

Generally, glass-ceramics have a crystallized volume fraction
higher than 10%; thus, the Selsing model is no longer valid. The effect
of the volume fraction on the internal residual stresses has been con-
sidered by Mori and Tanaka [23] and Hsueh and Becher [24]. Mori and
Tanaka calculated the average stresses in a matrix with inclusions,
and Hsueh and Becher, using the Eshelby model for transformation
strain on ellipsoidal inclusions embedded in a matrix [25], calculated
the residual stresses on inclusions in the form of spheres, fibers and
disks, taking their volume fraction into consideration. For spherical
precipitates, the stress inside the precipitate is given by:

o AQAT @
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where G is the shear modulus, K is the bulk modulus and fis the crys-
tallized volume fraction. When f=0, this equation becomes the Sel-
sing expression.

The average stress in the matrix (Op) is calculated from the
equilibrium condition:

fo,+(1=f).0,=0. 3)

Fig. 1. Stress profiles of a precipitate according to Selsing's model. The stress, 0p, is con-
stant inside the precipitate. The radial (0g) and tangential (or) stress components out-
side the precipitate decay according to 1/r>.

Adapted from Mastelaro and Zanotto [22].

The results of calculations using these equations were compared
with simulations carried out by finite element analysis. Higher residual
stresses are achieved by large differences in the thermal expansion co-
efficients and a high elastic modulus. The residual stresses in inclusions
decrease with increasing volume fraction in an approximately linear
relationship. For the three geometries tested, the highest stresses
found are in-plane stresses in disks. The stresses perpendicular to the
disk plane are negligible. For fibers, the high-stress component is that
along the length of the fiber. Stresses along and perpendicular to
their axes remain unchanged for aspect ratios larger than ~5. For
spherical inclusions, the magnitude of residual stresses is intermediate
between the highest and lowest stress components for disks and fibers.

2.3. Thermal expansion anisotropy

Another factor that influences residual stresses is thermal expan-
sion anisotropy. Crystals with non-cubic symmetry have different
thermal expansion coefficients along different crystallographic direc-
tions. As a consequence, intergranular stresses arise to accommodate
the grain alongside its neighbors, as shown in Fig. 2. This topic has
been considered by Evans [26] and Davidge [27] and is described in
great detail by Mura [28]. The studies assume a single grain in an in-
finite isotropic matrix. Inside the grain, different directions have dif-
ferent coefficients of thermal expansion, while the thermal
expansion of the matrix is isotropic with average thermal properties
equal to those of the grain. This is a reasonable assumption if the
grains are randomly oriented. Using the Eshelby model of transforma-
tion strains, expressions are obtained for the thermal residual stres-
ses. For example, in a crystal phase with a hexagonal unit cell, the
residual stresses are given by the following equations [28-30]:

. E7-5)
o, = B v)[-) Aot AT (4a)
EA7+5Y)  pqar (4b)

R T T p—")

where 0, and o, are the stresses along the a and c directions and
Aa= o, — . It is not uncommon to have tensile stresses in one di-
rection inside the grain and compressive stresses in another. These
stresses linearly increase with the thermal expansion mismatch due
to anisotropy and with increasing elastic modulus.

matrix cavity @

A1

Fig. 2. Unconstrained grain and matrix cavity shapes due to thermal expansion anisot-
ropy. This is a simplified diagram of surface forces acting in the grain for shape confor-
mity.

Adapted from Evans [26].
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Elastic anisotropy also contributes to the stresses. If the inclusion
has elastic constants that vary with crystallographic direction, stres-
ses will arise to accommodate its deformation with the matrix
when under load forces. This problem can also be treated using the
Eshelby model. Generally, the effect of thermal expansion anisotropy
is higher than that of elastic anisotropy [28,29].

2.4. Effect on microcracking

Residual stresses affect the toughness of glass-ceramics. Selsing's
model reveals that the residual stresses are tensile in the precipitate
when its thermal expansion coefficient is higher than that of the ma-
trix, which is accompanied by tensile radial stresses and compressive
tangential stresses in the matrix. A propagating crack will deviate
from the precipitates, as shown in Fig. 3(a) [31].

If the residual stresses are compressive on the precipitate, com-
pressive radial stresses and tensile tangential stresses will develop
in the matrix. The propagating crack will then be directed toward
the precipitates in the matrix and eventually cracking of the precipi-
tates is observed, as shown in Fig. 3(b) [31]. In both cases, residual
stresses can change the path of the crack and produce spontaneous
microcracking. These observations have important implications on
the fracture toughness models for glass-ceramics [32,33].

Residual stresses may thus affect the microcracking of glass-
ceramics. Figs. 4 and 5 show the stress distribution inside and outside
of a precipitate and the different fracture patterns observed for differ-
ent combinations of the thermal expansion of a glass and a
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Fig. 3. Schematic crack patterns when (a) the thermal expansion of the precipitate is
higher than that of the matrix or (b) the thermal expansion of the precipitate is
lower than that of the matrix.
After Davidge and Green [31].

precipitate. In each case, the tensile stress and the region of lower
fracture toughness (matrix or precipitate) control the nucleation
and propagation of such microcracks. For the case in which the ther-
mal expansion of the precipitate, ap, is higher than that of the matrix,
o, microcracking occurs inside the precipitate if its fracture tough-
ness is lower than that of the matrix, as shown in Fig. 4(b). If the ma-
trix is more brittle, the crack will propagate around the precipitate
and inside the matrix due to the tensile radial stress component, as
shown in Fig. 4(c). For the case in which ap is lower than o, micro-
cracking occurs in the matrix and links the precipitates due to the
tensile tangential matrix stress components, as shown in Fig. 5(a)
and (b).

Several models have been proposed for the effect of residual stres-
ses on microfracture. An energy balance exists between the elastic
strain energy stored in the precipitate and in the matrix and the ener-
gy needed to create new crack surfaces. If the amount of stored me-
chanical energy is greater than the surface energy, spontaneous
cracking occurs; this is related to a critical precipitate radius, Rc.

This critical radius has been calculated for some cases. When the ther-
mal expansion and the fracture toughness of the precipitate are higher
than those of the matrix [31], circumferential cracking will occur around
the precipitate, as shown in Fig. 4(c). The critical condition is:

4ys
R-=> . 5
T K0 ®)

If the precipitate has a lower Kjc value than the matrix, the precip-
itate will crack as shown in Fig. 4(b), and the critical radius is [30]:

2

For the case in which the thermal expansion of the precipitate is
lower than that of the matrix, cracking will occur radially in the ma-
trix, as shown in Fig. 6. The critical radius, as a function of the crystal-
lized volume fraction, was estimated by Todd and Derby [29] based
on Green's model [35] and is given by [30]:

= Kic\”
Rc_f(]_f2/3)(1+2f1/3)2 (Oﬁ) . (7)

If an external stress is applied to a glass-ceramic body, the critical
radius for cracking decreases drastically, typically by one order of
magnitude, as demonstrated by Green [35].

Another source of microcracking in glass-ceramics (due to residu-
al stresses) is the anisotropic thermal expansion of crystals, which
can produce grain-boundary cracking. Defects, such as voids at grain
boundaries, act as nucleation sites. Evans [26] estimated the critical
grain size (d,) above which intergranular cracking is observed:

52(1+v) v
Gy == AT 8)
»(AQ.AT)
where ‘g is the grain-boundary surface energy and A« is half of the
maximum difference in the thermal expansion due to anisotropy.
Below the critical grain size, no cracking is observed.

Evidence of grain-boundary microcracking during cooling has
been provided by the reduction in the apparent thermal expansion,
events of acoustic emission and thermal expansion hysteresis in mag-
nesium and aluminum titanate ceramics [26,36,37].

3. Residual stress measurements in glass-ceramics

Residual stresses in glass-ceramics have been measured using var-
ious techniques; among them are X-ray diffraction (XRD), nuclear
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Fig. 4. (a) Thermal residual stress distribution and microcracking for cases in which the thermal expansion of the precipitate is higher than that of the matrix and the matrix surface
energy is (b) higher or (c) lower than that of the precipitate. Microcracking of the larger precipitates is represented in (a), and semi-spherical microcracking of the matrix at the

precipitate-matrix interface of the larger precipitates is shown in (b).
Adapted from Lange [34].

magnetic resonance (NMR), fluorescence and Raman spectroscopy
and indentation.

3.1. Residual stress measurements using XRD

Residual stresses can be measured indirectly using XRD. Reviews
on residual stress measurements by XRD can be found in the litera-
ture [38-41]. Diffraction is based on Bragg's law, which relates the
interplanar distance of a particular hkl set of planes with the diffrac-
tion angle, 0. Residual strains shift the reflection peaks, which are
measured by comparison with those of a stress-free reference sample,
usually a finely ground and annealed powder. Sometimes an internal
standard, such as alumina or silicon powder, is also used. In this man-
ner, residual strains normal to the hkl planes can be measured. Resid-
ual stresses can then be calculated from the residual strains using
Hooke's law if the elastic constants of the crystal are known.

The full stress tensor can be calculated by measuring the variation
of the interplanar distance dp,, of a specific hkl plane along at least six
independent directions as defined by an azimuthal angle, ¢, and a tilt-
ing angle, . If the principal stress directions are known, only three di-
rections are necessary for the calculation of the full stress tensor.

The other technique involves the use of the Rietveld refinement of
high-quality diffractograms of the glass-ceramic in bulk and powder
forms. The lattice constants of the crystallized phase are calculated
by Rietveld refinement. Several sources of errors, such as sample

@@ (b)
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Fig. 5. (a) Thermal residual stress distribution and (b) microcracking in cases in which
the thermal expansion of the precipitate is lower than that of the matrix.
Adapted from Lange [34].

displacement, roughness, sample transparency, and peak asymmetry,
can be considered in the refinement. In addition, all reflections are
considered in this method. The unit cell dimensions of the embedded
crystals in a monolithic piece of glass-ceramic (the stressed sample)
are compared with the unit cell dimensions of the powdered sample
(the stress-free sample). In this manner, strains and stresses along
any crystallographic direction are obtained.

Zevin et al. [42] measured the residual stresses in B-eucrypite and
p-spodumene solid-solution based glass-ceramics with high crystal-
lized volume fractions. Residual stresses were determined by the
peak displacements of several reflections. A powder sample was
used as a stress-free reference sample. The measured stresses were
anisotropic, and the measured values were much lower than those es-
timated by Selsing's model. The authors attributed these differences to
a pre-existing network of microcracks in the residual glass, but the ef-
fect of the high volume fraction of crystal phases was not considered.

Mastelaro and Zanotto [22] measured residual stresses in partially
crystallized 1Na,0-2Ca0-3Si0, + 3%P,05 glass-ceramics using con-
ventional XRD equipment. Their glass-ceramics had a sufficiently
low crystallized volume fraction, in the range of 5-12%, to avoid
inter-crystal interaction. Residual strains were measured using the
(404) reflection of the low combeite Na,Ca,Si3Og9 phase. The experi-
mental residual stress was 150 + 50 MPa and agreed with the residual
stress predicted by Selsing's model of 160 MPa.

Subsequently, the same authors [43] measured residual stresses in
a partially crystallized Li;O-2SiO, glass-ceramic using synchrotron ra-
diation for several crystallographic planes. Their glass-ceramic had a
low crystallized volume fraction to avoid percolation of the stress
fields. Residual stresses were highly anisotropic and were in agree-
ment with Selsing’s model if the thermal expansion anisotropy was
considered.

Residual stresses in partially crystallized Li;O-2SiO, glass-
ceramics were also studied by Pinto et al. [44]. High and low energy
synchrotron XRD was used to measure residual stresses in the sam-
ples with simultaneous internal and surface crystallization. The
glass-ceramics investigated had a low crystallized volume fraction.
The residual stresses were confirmed to be highly anisotropic in the
volume studied, and a good agreement with Selsing's model was
obtained if the thermal expansion anisotropy of the Li,Si,;Os crystal
phase was considered. At the sample surface, the stresses were iso-
tropic and were well predicted by a film model. The average stress
was — 50+ 15 MPa in the bulk, and — 120 MPa at the surface. The
authors suggested that the compressive residual stress at the surface
could be used as a strengthening mechanism for improving the me-
chanical performance of surface-crystallized glass-ceramics [44].
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Fig. 6. An annular crack in the matrix growing radially under the tangential residual stress components.
Adapted from Todd and Derby [29].

Peitl et al. [45] measured the residual stresses in a partially crystallized
1Nay0-2Ca0-3Si0, + 3%P,05 glass-ceramic using XRD. The measured re-
sidual stresses confirmed both the previous results of Mastelaro and
Zanotto [22] and the validity of Selsing's model for glass-ceramics with
low crystallized volume fractions.

Residual stresses in low expansion Li,0-Al,05-SiO, (LAS) glass-
ceramics produced by sintering and in a commercial LAS glass-ceram-
ic, CERAN®, were measured by Serbena et al. [30] using synchrotron
radiation. The crystallized phase is virgilite (LixAlSi3 —xOg). Due to
its hexagonal unit cell structure, its thermal expansion is highly an-
isotropic with contraction along the c-direction and almost no ther-
mal expansion along the a-direction with increasing temperature.
Strains calculated by the Rietveld refinement were in agreement
with this thermal expansion anisotropy, showing almost negligible
compressive strains along the a-directions and fifteen-times higher
compressive strains in the c-direction. The crystallized volume frac-
tions in the sintered and commercial LAS glass-ceramics were high,
approximately 84% and 67%, respectively. The overall residual stres-
ses were low, in the range of —30 MPa to —90 MPa (compression)
and could be predicted by taking into account the effect of the volume
fraction according to Eqgs. (2) and (3). Residual stresses were also
measured in a glass with a few isolated crystals nucleated at the sur-
face and in another with a fully covered crystallized surface. The
stresses were much higher than in the sintered glass-ceramics but
agreed with those calculated by the Selsing and thin film models,
respectively.

Residual stresses in a photo-thermo-refractive (PTR) glass-
ceramic with a very low volume fraction crystallized (<1%) were
measured by Serbena et al. [46] using synchrotron XRD. The crystal-
lized phase was an NaF nanocrystal, and due to its cubic structure, it
is isotropic and suitable for investigating Selsing's model with no in-
fluence of crystal anisotropy. In addition, the precipitates were nearly
spherical and the crystallized volume fraction was very small. The
measured thermal residual stresses were quite high, approximately
1 GPa. The experimental results agreed with the calculations of the
Selsing model if the significant changes in the glass composition dur-
ing crystallization - due to Na and F depletion around the crystals -
were considered. These changes in composition changed the residual
glass thermal expansion coefficient and its T, value. For glasses heat-
treated at higher temperatures, larger dendritic crystals were ob-
served, and the measured residual stresses decreased to 640 MPa.
This decrease was attributed to stress relief due to the microcracking
of the glass around the precipitates.

In summary, all of the above papers demonstrate that XRD is a
successful and accurate technique for measuring the residual stresses
in glass-ceramics. The results confirm the validity of Selsing's model
[7] for low crystallized volume fraction, and the validity of Hsueh

and Becher's model, [47] that considers the effects of the crystallized
volume fraction, and the thin film model [30,44]. Conventional XRD is
a suitable technique to measure stresses near the sample surface. To
measure residual stresses in the sample interior, high energy syn-
chrotron radiation must be used. The use of XRD for stress determina-
tion is not suitable for amorphous samples.

3.2. Residual stress measurements using NMR

To the best of our knowledge, the only work published thus far on
the measurement of residual stresses by NMR is that of Zwanziger et
al. [48], in which the authors have exploited the variations of the NMR
resonance frequencies due to variations in the electron distribution
for a particular nucleus, the chemical shift. If an applied stress modifies
the local bond geometry and bond lengths, the electron distribution is
affected and alters the total magnetic field experienced by the nucleus.
This, in turn, alters the resonance frequencies in a magnetic field.

The glass-ceramic studied was the PTR glass-ceramic described
previously with a low volume fraction of NaF crystals embedded in
an oxyfluoride glass matrix. The shifts in the Na and F peaks in the
NMR spectra of a partially crystallized glass-ceramic were compared
with those of an NaF powder used as a stress-free reference sample.
First principle calculations were performed and considered the NaF
structure under hydrostatic pressure and the Na and F NMR chemical
shifts were calculated as a function of pressure. By comparing the ex-
perimental chemical shifts with those predicted by the calculations,
stresses in the range of 600-800 MPa were obtained. These values
agreed with those predicted by Selsing's model.

Thus, this is a powerful technique that relies on comparing the ex-
perimental chemical shifts with those predicted by quantum me-
chanical calculations. Further experiments with other glass-ceramics
must be performed to fully explore the capabilities of this technique.

3.3. Residual stress measurements using Raman and
fluorescence spectroscopy

Raman and fluorescence spectroscopy techniques have also been
used to measure residual stresses. When a lattice is strained under
an applied stress, the energy levels of its electronic and vibrational
states are modified, which affects the transition energies and causes
slight shifts in frequency as a function of stress [49-52]. Raman spec-
troscopy is capable of measuring residual stresses and has been used
extensively for this purpose in semiconductors [53-55].

Mastelaro and Zanotto [43] attempted to use Raman spectroscopy
to measure residual stresses in partially crystallized lithium disilicate
glass-ceramics. A calibration curve was constructed by applying pres-
sure to a fully crystallized powder sample using a diamond anvil cell.
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However, the stress detection limit of their equipment was 150 MPa,
which was at the limit of the residual stress variation in their samples
(between — 120 MPa and + 150 MPa).

Raman spectroscopy was also used by Yang and Young [56] to
study thermal residual strains in SiC and alumina fibers (with the ad-
dition of 20% (wt.%) partially stabilized tetragonal zirconia) embed-
ded in soda-lime silica or Pyrex glass matrices (these materials are
not real glass-ceramics but have similar microstructures). Fibers
were sandwiched between two plates of glass and hot-pressed at dif-
ferent temperatures in an argon atmosphere. The measured residual
strains were proportional to the difference in the thermal expansion
of the fiber and the glass matrix, being under either compression or
tension depending on whether the thermal expansion of the fiber
was smaller or larger than that of the matrix. The residual strains
did not depend on the hot-pressing temperature, confirming that
the important temperature difference is that between T, and room
temperature. One important observation was made for a Pyrex glass
with SiC fiber hot-pressed at 780 °C and subsequently heat-treated
at 930 °C for 1 h. The average thermal expansion coefficients of the
SiC and Pyrex are nearly the same, 3.1x107¢°C~! and
3.2x1076°C™ 1, respectively, suggesting very low residual stresses,
but the measured strain in the fiber was 1.8%, the highest measured
in the study. Thus, there was some discrepancy between the experi-
mental results and the calculations. However, observations via optical
microscopy indicated that the second thermal treatment at 930 °C
resulted in the crystallization of the Pyrex glass, matrix microcracking
near the fiber-glass interface and a buildup of stress in the fiber. The
residual strains along this fiber had a large scatter pattern, indicating
that the stresses were not homogeneous along the fiber. It is expected
that matrix cracking partially relieves the residual stress. In this case,
it seems that glass crystallization near the fiber had induced even
higher stresses. However, further studies are necessary to identify
the crystallized phase, possible changes in the glass matrix and the
fiber and reactions between the fiber and the glass.

In another study, Dassios et al. [57,58] used in situ Raman spec-
troscopy to study the mechanical behavior of SiC fibers in a LiO,-
MgO-Al,03-Si0, glass—-ceramic matrix under tensile loading. Strain
profiles along individual fibers at different loading stages were mea-
sured. Insight into the failure of micro-mechanisms was obtained,
and using this technique, the fiber interfacial shear strength was di-
rectly measured.

Another technique that has been used is fluorescence spectrosco-
py. Stress gradients and stresses in very small regions, such as inside
grain bridges at a crack surface, were measured using fluorescence
spectroscopy [59-61]. One example is the luminescence lines of
Cr*3 that substitute for Al™> as a dopant in the alumina lattice.
Strains in the lattice alter the electronic transitions of the Cr™> ions,
and the frequency shift is proportional to the stress. Its piezospectro-
scopic coefficients have been measured [50].

Young and Yang [62] used fluorescence spectroscopy to measure
the residual stresses in single alumina fibers with 20% by weight of
tetragonal-stabilized zirconia embedded in a soda-lime glass. The ef-
fect of the carbon coating in the fiber was also investigated. The orig-
inal stress profile, resulting from the thermal expansion mismatch
between the fiber and glass matrix, was measured. By applying an ex-
ternal stress, the evolution of the stress along the fiber was observed
at different strain levels up to the interface failure and matrix frac-
ture. The applied strain promotes a reduction in the stress level of
the fiber. The carbon coating was found to decrease the break-down
stress due to the weaker interface when compared with the uncoated
fiber.

This technique has also been used by Todd et al. [63] to measure
the residual stresses in alumina platelets embedded in a borosilicate
glass matrix at different volume fractions up to 30%. The results
were compared with the platelet and spherical models of Hsueh
and Becher [47] with varying volume fractions. The experimental

results were closer to the sphere model than to the platelet model;
this observation was attributed to the breaking of the platelets during
the milling process.

One advantage of this technique is its capability to sample very
small areas (a few micrometers squared) using a confocal micro-
scope. Stress gradients and stresses in very small regions can thus
be measured, including inclusions or fibers embedded in a glass ma-
trix (if the glass does not have a Raman or fluorescence peak in the
frequency range of interest).

3.4. Residual stress measurements using indentation

Another technique used to determine residual stresses is indenta-
tion. This method, first proposed by Zeng and Rowcliffe [64], consists
of comparing the length, c;, of radial cracks produced by an indenta-
tion in a stressed region of a specimen with the radial crack length, co,
made in a stress-free region. The residual stress, 0, is given as:

1—(c,/cy)*?

(O :I<IC (Dcl/z
1

9

where K¢ is the stress intensity factor at the indentation crack tip and
¢ is a crack geometry factor, which is related to the crack geometry
and loading condition and is assumed to be equal to m'/2. If ¢;> ¢,
the residual stress, o, is tensile. If ¢, <cq, 0, is compressive.

Fig. 7 shows a Vickers indentation near a precipitate in a low vol-
ume fraction crystallized 17.2Na,0-32.1Ca0-48.1Si0,-2.5P,05
(mol%) glass-ceramic [65]. The different crack lengths are related to
the tensile radial stresses and the compressive tangential stresses
near the precipitate as predicted by the Selsing model.

Nanoindentation has been used by Soares and Lepienski [66] to
measure residual stresses around the precipitates in the glass matrix
in a low crystallized volume fraction lithium disilicate glass-ceramic.
Cracks produced by a Berkovich indenter near the crystals were
used, but the calculated residual stresses were lower than those pre-
dicted by the Selsing model. It was argued that the method was not
appropriate to measure the stresses in a region of approximately
100 pm near the crystal-glass interface because one indentation
crack interacted with that of a previous indentation, and smaller
cracks (thus smaller indentation loads) were necessary to measure
the stresses in that region.

Peitl et al. [45] used the indentation technique to estimate the re-
sidual stress distributions in the glass matrix around the precipitates.

]
|
1

o L
Y A

W N &4\

Fig. 7. Optical micrograph of a 0.5 N Vickers indentation around a crystalline precipitate in a
17.2Na,0-32.1Ca0-48.1Si0,-2.5P,05 (mol%) glass-ceramic used for the determination of
residual stresses.

Reproduced from Peitl et al. [45].

doi:10.1016/j.jnoncrysol.2012.01.040

Please cite this article as: F.C. Serbena, E.D. Zanotto, Internal residual stresses in glass-ceramics: A review, ]. Non-Cryst. Solids (2012),



http://dx.doi.org/10.1016/j.jnoncrysol.2012.01.040

F.C. Serbena, E.D. Zanotto / Journal of Non-Crystalline Solids xxx (2012) xXx-XxX 7

A low crystallized volume fraction 17.2Na,0-32.1Ca0-48.1Si0,-
2.5P,05 (mol%) glass-ceramic was used. Both radial and tangential
stress components were measured. The residual stress in the precip-
itates was also measured using XRD for comparison with the results
obtained via the indentation technique. The calculated stresses in
the precipitate using Eq. (9), with a value for & equal to w'/?, were ap-
proximately 30% of those measured by XRD and predicted by the Sel-
sing model. A careful analysis by sequential polishing revealed that
the radial cracks were not semicircular but had a semi-elliptical
shape with a length-to-depth ratio of 9.5. This crack geometry re-
quired a new crack geometry factor &*. Using fracture mechanics
analysis [67], the new crack geometry factor proposed was as follows:

P = <ﬂ> . {1 .243—0.099 (ﬂﬂ
Ci Ci

where d; and ¢; were the crack depth and radial crack length at the
surface, respectively. A reanalysis of the data using the new crack ge-
ometry factor restored agreement with the residual stress measured
by XRD and predicted by the Selsing model, as shown in Fig. 8(a)
and (b).

Therefore, the indentation technique is adequate for measuring
residual stresses in glass matrices. It is a fast, inexpensive and non-
destructive technique. However, several precautions must be taken
for reliable results: the crack shape must be known for the determina-
tion of the correct crack geometry factor, indentations must be suffi-
ciently separated so that the stress field of one indentation does not
interact with that of another indentation, and the load used must be
above a certain threshold to produce cracks because of the finite
crack length. This technique has been used in glass-ceramics with
large precipitates, but it may not be suitable for glass-ceramics con-
taining very small crystals (<1um) or in regions of high stress
gradients.

4. Effects of residual stresses on microcracking

The magnitude and sign of the internal residual stresses affect the
type of microcracking in glass-ceramics. In Section 2.4 of this paper,
we showed that if the precipitate is above a certain critical size, spon-
taneous microcracking of the precipitate or matrix is observed
(depending on the stress sign and the weaker phase).

In their classic work, Davidge and Green [31] studied the strength
and microcracking of samples consisting of thorium oxide spheres
dispersed in a glass matrix of varying compositions. They observed
that if the thermal expansion of the glass was lower than that of the
spheres, the cracks contour the spheres and cracks were nucleated
around the spheres for precipitates above a certain critical radius. If
the thermal expansion of the glass was higher than that of the
spheres, radial cracks at the precipitate edges in the matrix were ob-
served, as shown in Fig. 9. Larger precipitates decreased the bending
strength, and an externally applied load decreased the sphere's criti-
cal radius for microcracking.

Mastelaro and Zanotto [22] also studied the critical radius for spon-
taneous cracking in a partially crystallized 1Na,0O-2Ca0-3SiO, +
3%P,0s5 glass-ceramic. Their glass-ceramic had a low crystallized
volume fraction. Different thermal treatments produced particles
from 650 pm to 985 pm in diameter. The crystallized phase was a low
combeite NayCa,Siz0q. Using Eq. (5), a critical size for spontaneous
cracking of 88 pm was calculated. However, no spontaneous micro-
cracking was observed in the specimens despite the fact that the exper-
imental precipitate sizes were approximately one order of magnitude
larger than the critical size. Though at the time of the experimentation
there was no firm explanation for this surprising result, it is now
known that there is a significant glass composition gradient around
the precipitates in this particular glass-ceramic [69,70]. The crystals
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Fig. 8. (a) Radial and (b) tangential stresses as a function of the normalized distance r/a
calculated using the indentation technique for indentations in air and water and curve
fitted to air data according to Selsing's model.

Reproduced from Peitl et al. [45].

are richer in Na and depleted of Ca, and the glass “backyard” surround-
ing the precipitate is richer in Ca and depleted of Na when compared
with the stoichiometric NayCa,Siz09 composition. This fact alters the
thermal expansions of the glass and precipitate, increasing the residual
stresses in the precipitate [45] and decreasing the critical radius for
spontaneous microcracking. However, even this correction is not

Fig. 9. Optical micrograph of radial cracks generated by a lithium niobate-lithium
disilicate double crystal in a glass matrix.
Courtesy of V. O. Soares and M. Crovace [68].
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enough to quantitatively explain the observed discrepancy. Therefore,
no satisfactory explanation exists, and further experimental work
must be performed on this glass-ceramic.

The spontaneous radius for microcracking in PTR glass-ceramics
has been studied by Serbena et al. [46]. Two different heat treatments
produced two types of precipitates: NaF cuboidal nanocrystals
(shown in Fig. 10(b)) and larger NaF dendritic micrometer-sized
crystals (shown in Fig. 10(d)). The critical diameter for spontaneous
microcracking in this glass-ceramic is 2.6 um, as calculated by
Eq. (5), which is about the size of some of the larger dendritic crystals
observed by scanning electron microscopy (Fig. 10(d)). Microcrack-
ing relieves the residual stresses from ~1 GPa for the cuboidal crystals
to 640 MPa for the dendritic crystal (Fig. 10(a) and (c)). Evidence of
microcracking was also observed by the presence of two diffraction
peaks in the XRD pattern of the glass-ceramics with dendritic crystals.
One of the peaks corresponds to a stress of 640 MPa and another to a
stress of nearly zero, which is attributed to the microcracked precip-
itates. The Rietveld refinement analysis reveals that the amount of
the “unstressed” NaF precipitates was 25%-30% of the total
precipitates.

Spontaneous microcracking has been observed in some glass-
ceramics of the Li,0-Al,05-SiO, (LAS) system. The main crystalline
phases formed in this system are metastable solid solutions of high-
quartz or keatite structure, such as p-spodumene, 3-eucryptite and
virgilite. All these phases have hexagonal or tetragonal crystal struc-
tures and their thermal expansion coefficients are highly anisotropic,
with very low or even negative values [71]. These differences cause a
crystallographic dependence of the residual stresses, and intergranu-
lar stresses in highly crystalline glass-ceramics.

For instance, Sarno and Tomozawa [72] have investigated the me-
chanical properties of glass-ceramics with 22.2Li,0-18.9Al,05-
55.9510,-3P,05 (wt.%) with addition of 5 and 15% ZrO,. By using a
two stage heat treatment, 95% crystallinity or higher was achieved.
Orthorhombic lithium metasilicate, hexagonal B-eucryptite and
tetragonal and monoclinic ZrO, were the crystalline phases nucleat-
ed. No information was given about the volume fraction of each
phase. Different heat treatments produced grain sizes in the range
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of 0.4-1.4 um. When the specimens were tested, an increase in frac-
ture toughness with grain size was initially observed. However, for
specimens with a grain size larger than ~1 um, spontaneous cracking
was observed. Fracture strength tests also revealed a complete loss of
strength for samples with grain size larger than 1 pm. The initial in-
crease in toughness with grain size for the sample without ZrO, addi-
tion was explained by the formation of microcracks ahead of the crack
during testing, as proposed by Green [35] and described in Section 2.4.
This phenomenon is microcrack toughening, where the microcracks
cause dilatation and reduction of the elastic modulus, and both in-
crease fracture toughness [73].

Microcracking was also observed on cooling a sample from the
processing temperature for a composition with 15% ZrO,. The ob-
served microcracking originated from the stresses caused by differ-
ences between the thermal expansions of lithium metasilicate and
3-eucryptite, and possibly due to their thermal expansion anisotropy.
The tetragonal to martensitic transformation of ZrO, did not play a
role on the mechanical properties of this glass-ceramic.

Sakamoto et al. [74] evaluated the thermal expansion, microstruc-
ture and bending strength of 3-spodumene glass-ceramics of the LAS
system. Two glass-ceramics with slight differences in Li, Ti and Zn ox-
ides were investigated. The crystalline volume fractions were rela-
tively low, around 43%. One of the glass-ceramics had a high value
of thermal expansion coefficient that agreed with calculations based
on the thermal expansion coefficients of the residual glass and of p-
spodumene reported in the literature [71,75]. The other glass-
ceramic had a very low thermal expansion, which did not agree
with theoretical predictions. Furthermore, it showed mass increase
after water immersion, and very low bending strength of 13+
2 MPa. SEM observations revealed p-spodumene crystals of 3 to
5 um in diameter immersed in the residual glass matrix. All these re-
sults indicate microstructure microcracking due to the thermal ex-
pansion mismatch between the residual glass and the 3-spodumene
crystals.

Microcracking in virgilite-based low expansion LAS glass-ceramics
has been observed by Serbena et al. [30]. A glass-ceramic produced by
sintering and a commercial LAS glass-ceramic, CERAN®, were
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Fig. 10. (a) The XRD pattern of PTR glass, a UV-exposed sample, heat treated for 450 °C—1 h/520 °C—2 h, and the corresponding NaF nano-precipitates (indicated by the
arrows); (b) a bright-field TEM image of an exposed PTR glass, heat treated for 483 °C—1 h/515 °C—1 h; (c) the XRD pattern of PTR glass, a UV-exposed sample, heat treated for
450 °C—1 h/650 °C—20 min; and (d) a scanning electron microscopy image of the fractured surface of a PTR sample, unexposed, heat treated at 450 °C—1 h/650 °C—20 min,
showing a fractured NaF precipitate and cracks in the surrounding matrix indicated by the arrows.

Reproduced with modifications from Serbena et al. [46].
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studied. The microstructure of the sintered glass-ceramic consists of
large glass particles and smaller rounded virgilite crystals, with diam-
eters of approximately 800 nm, embedded in the residual glass, as
shown in Fig. 11(a) and (b). Larger residual glass islands exhibit ex-
tensive crack formation and a network of thin cracks. The microstruc-
ture of the CERAN® samples consists of very small crystals of virgilite
with diameters of 60 nm. No cracks were observed in the CERAN®
samples.

Both glass-ceramics exhibit thermal expansion hysteresis. The
hysteresis increased after submitting the samples to subsequent ther-
mal shock cycles, as shown in Fig. 12(a) and (b). In each cycle, the
sample was heated at 600 °C and quenched to 0 °C for five times.
The average thermal expansion of the crystalline phase, as estimated
by dilatometry, was different from that measured using high-
temperature X-ray diffraction. These facts are all evidence of micro-
structure microcracking.

The critical size for microcracking of the glass precipitates in the
sintered glass-ceramics was estimated using Eq. (6). A critical radius
of 11 um was obtained, which is in good agreement with the size of
the observed cracked glass precipitates. Two other possible mecha-
nisms for microcracking of the microstructure were investigated:
thermal expansion anisotropy of virgilite and microcracking of the re-
sidual glass phase between the virgilite crystals. As the anisotropic
thermal expansion of virgilite crystals induced stresses that could
produce grain-boundary microcracking, the critical grain size was
also estimated for the sintered glass-ceramic. With Eq. (8), a critical
grain size of 170 um was obtained. The critical radius of the virgilite
precipitate for spontaneous microcracking was calculated using
Eq. (7); a critical radius of 27 um for the sintered glass-ceramic and
19 pum for CERAN® were calculated. These values were all much
higher than the observed virgilite grain size. Therefore, grain-boundary

Fig. 11. (a) Microcracking of the larger glass particles as revealed by optical microscopy and
(b) the virgilite grains embedded in a glass matrix in the LAS sintered glass-ceramic revealed
by SEM. Both samples were etched in a dilute HF solution.

Reproduced from Serbena et al. [30].
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Fig. 12. (a) Thermal expansion hysteresis of the sintered glass-ceramic and CERAN
after the first thermal-shock cycle of heating-and-quenching and (b) the accumulated
hysteresis as a function of the number of thermal cycles. The lines are added as a guide
to the eyes.

Reproduced from Serbena et al. [30].

microcracking and microcracking of the residual glass phase are unlikely
in these glass-ceramics.

5. Conclusions

Experiments conducted on some glass-ceramics have shown that
Selsing's model can successfully predict the values of internal residual
stresses in glass-ceramics containing low crystallized volume frac-
tions. Increasing the crystallized volume fraction reduces the stresses
in the crystals, but increases the stresses in the residual glass matrix.
The residual stress varies almost linearly with the crystallized volume
fraction and depends on the crystal shape. Finally, for non-cubic crys-
talline phases the thermal expansion anisotropy must be considered,
especially for glass-ceramics with high elastic moduli.

Internal residual stresses affecting crack propagation and micro-
cracking is commonly observed in crystals larger than a certain (cal-
culable) critical size. Models based on the strain energy release rate
have been largely (but not always) successful in predicting the critical
size for microcracking, leaving room for further study.

Several techniques have been used to measure residual stresses in
glass-ceramics. XRD and Raman and fluorescence spectroscopy are
powerful tools for determining the residual stresses in the crystalline
phase, whereas the indentation technique is key for estimating resid-
ual stresses in the glass matrix. However, care must be exercised in
the determination of the proper conditions under which indentation
can be correctly applied. NMR is another powerful technique that re-
quires further exploration.

Valuable lessons can be learned from residual stress determina-
tions and modeling in ceramic composites for use in the design and
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control of nano- and microstructures in glass-ceramics. New tech-
niques, such as high-energy X-ray microbeam from high-energy syn-
chrotron beam lines and neutron diffraction should be tested for use
in the investigation of residual stresses in glass-ceramics.

Despite its great importance, there have been few quantitative
studies of residual stresses in glass-ceramics. This is a very interesting
and important subject with potential applications including optically
transparent, dental and bioactive glass-ceramics. Finally, the effects of
internal residual stresses on the overall (macroscopic) mechanical
properties of glass-ceramics must still be established.
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