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Abstract
Today, ion-exchanged or chemically strengthened glass is ubiquitously used all
over theworld, typically for scratch-free display cover of personalmobile phones.
It has been known that the strengthening is due to developments of high com-
pressive stress in the surface layer by its internally constrained dilation . We
investigated micro-scale mechanical properties of the surface layer itself of a
Na+-to-K+ ion-exchanged soda lime silicate glass, revealing that the strength of
the layer increased nearly 40% by the ion-exchange with little compression effect
from the interior. The fracture toughness, however, was comparable before and
after the ion-exchange, indicating that the ion-exchange reduces the crack size
of the fracture origin. Theoretical estimates of fracture surface energies verified
the measured fracture toughness. It was presumed that the observed crack-size
reduction is due to crack healing effects enhanced by the ion-exchange.

KEYWORDS
crack healing, fracture toughness, glass, ion-exchange,mechanical properties, strength, surface
energy

1 INTRODUCTION

Chemical strengthening of glass by ion exchange below
glass transition temperature is one of the most effective
techniques for improving the mechanical properties of
glass products.1–8 In this process, an alkali-containing glass
is immersed in a molten salt bath containing larger alkali
ion. The larger invading alkali ions from the salt bath
replace the smaller host alkalis nearby to the glass sur-
face, leading to development of high compressive surface
layer. This layer can play a role of suppressing crack for-
mation in the glass surface and increasing its strength
substantially.2,3 The advantages of this process include
introduction of relatively high surface compression, appli-
cability to thin plates (even 100 μm) and irregular-shaped
products, with no measurable optical distortion, and so
forth.2 Currently, chemically strengthened glass is being

used for broad applications, especially scratch-free display
cover of billions of personal telecommunication devices
among them.6–8
Correct evaluation of the mechanical performance of

the surface layer of chemically strengthened glass is
essential for ensuring its reliable use. Nano-indentation
technique has been most frequently employed for this
purpose.9–11 Calahoo et al.9 investigated mechanical prop-
erties as a function of case depth in ion-exchanged glasses
using nano-indentation and reported significant enhance-
ments in Young’s modulus and hardness near the surface
attributable to compressive stress, and so forth. Karlsson10
and Karlsson et al.11 studied mechanical, thermal, and
structural properties of chemically strengthened soda
lime silicate glasses using nano-indentation, revealing,
for example, substantial dependence of hardness, elastic
modulus, crack resistance on the SiO2, CaO, and TiO2
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content.10 The properties measured by nanoindentation
methods, however, are always subject to the surface com-
pression. It is critically important to reveal their intrinsic
values free from such compressive residual stress.
The microcantilever bending test is a powerful tech-

nique that can measure mechanical properties at a
micro-scale under tensile stress.12–21 A load is applied
at the tip of a microcantilever beam specimen to gener-
ate the bending stress on the top surface of the speci-
men. This method has been employed for investigating
micro-scale mechanical performance of various inorganic
materials including silicon nitride,12–14 silicon carbide,15
silicon,16 zirconia,17,18 alumina,19 hydroxyapatite,20 and
high-entropy carbide.21 The specimen thickness is typ-
ically two to three microns, while the case depth or
the depth of the surface compression of ion-exchanged
glass is usually several to several ten microns. There-
fore, it is possible to measure the above-mentioned
intrinsic mechanical properties of the ion-exchanged
layer.
In this study we investigated micro-scale mechanical

properties including fracture strength, fracture toughness,
and Young’s modulus for the ion-exchanged layer of a
chemically strengthened soda lime silicate glass using
microcantilever bending tests.

2 EXPERIMENTAL PROCEDURE

2.1 Sample preparation and ion
exchange

This study used a commercially available soda lime
silicate float glass (AGC Inc.) as the sample mate-
rial. Its nominal chemical composition was 71.5 wt%
SiO2–13.2 wt% Na2O–8.3 wt% CaO–4.4 wt% MgO–
1.9 wt% Al2O3–0.4 wt% K2O–0.2 wt% SO3 in addition
to impurities (<0.2 wt%) related to Fe, Ti, and so
forth. Thus, we assume the following molar ratio:
70.6 mol% SiO2–12.6 mol% Na2O–8.8 mol% CaO–6.4 mol%
MgO–1.1 mol% Al2O3–0.3 mol% K2O–0.2 wt% SO3 (here-
after, 12.6Na2O⋅8.8CaO⋅6.4MgO⋅1.1Al2O3⋅0.3K2O⋅0.2SO3
⋅70.6SiO2). The glass was cut into a square plate of
10 × 10 × 0.8 mm, and mirror polishing (mirror-like
finish by buffing a specimen surface with diamond
slurry) was made, followed by ion-milling process (Ilion
Model 693, Gatan, Inc.), to obtain a flat and smooth
surface.
The ion exchange was performed by immersing this

plate in molten KNO3 (Kanto Chemical Co., Inc., >99.0%)
at 435◦C for 2 h. The stress in the chemically strength-
ened layer and the case depth for the ion-exchanged
plate were determined to be 600–650 MPa and 6.5 μm,

F IGURE 1 Microcantilever beam specimen: (A) general view
and (B) front view. The yellow arrow indicates the loading point (A).
A small indent was made to determine the loading point (B).

respectively, using a surface stress measuring device by
photoelasticity (FSM-6000, Irie Corporation). Although
the precise stress-distribution along the depth was not
measured by this technique, it can be assumed that the
stress monotonously decreases with the depth because of
the limited ion-exchange time.22

2.2 Microcantilever bending tests

Microcantilever beam specimens were prepared from
both the untreated and ion-exchanged glass plates using
an focused ion beam (FIB) technique (XVision 200 TB,
SII NanoTechnology Inc.) with an acceleration voltage
of 30 kV and beam currents of 27, 6.5, and 1.3 nA. A
thin osmium coating was applied to the glass plates
using an osmium coater (HPC-1SW, Vacuum Device Inc.)
before machining to avoid electric charge-up. For the
ion-exchanged samples, the chemically treated surface
was made the top surface of the beam specimen, where
the maximum tensile stress occurs in the bending tests.
Figure 1 shows scanning electron microscope (SEM)
images of the microcantilever beam specimen. The debris
observed on the top surface of the specimen is the remains
of the above-stated osmium coating. While it is known
that an osmium coating causes little damage to samples
compared with other techniques such as a carbon coating,
the influence of this debris on the mechanical behavior is
unknown. The degree of the influence, however, will be
almost the same between the untreated and ion-exchanged
samples, if any. The specimens had a pentagonal section
profile, and their width and thickness ranged in 1–2 μm
and 2–3 μm, respectively, with an approximate length of
15 μm. The sectional shape and sizes of each specimen
were determined precisely for rigorous calculation of the
second moment of area by SEM observation. The load was
applied at a point 12 μm from the end of the specimen at
a loading rate of 100 μN/s using a nano-indenter with a
Bercovich-type diamond (temperature of 23◦C and relative
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F IGURE 2 Examples of load–displacement diagrams obtained
in microcantilever bending tests for untreated and ion-exchanged
glass specimens.

humidity of 50%). The bending strength and Young’s mod-
ulus of the specimen were calculated from the load and
displacement of the bending tests. For samples of fracture
toughness measurements, a sharp notch with a depth of
approximately 200 nm and a tip radius less than 15 nmwas
introduced by FIBmachining at the fixed end of the beam,
and they were measured by SEM observation. Loading
tests similar to the bending strength measurements were
carried out. To estimate the fracture toughness, FEM
analysis was performed using the specimen geometry,
notch depth, and fracture load. The detailed procedure
for determining the bending strength, Young’s modulus
and fracture toughness is described in the Supporting
Information.

3 RESULTS AND DISCUSSION

3.1 Measured mechanical properties

All the load–displacement diagrams obtained in themicro-
cantilever bending tests for both the ion-exchanged and
untreated glass specimens show linear relationships until
the final failure, as shown in Figure 2. The brittle failure
characteristics indicate a catastrophic crack propagation
from a preexisting defect, which is typical of glass mate-
rials, even in such minute specimens.
Table 1 shows the mechanical properties determined by

the microcantilever bending tests for the untreated and
ion-exchanged glasses. Nine specimens were used for each
bending strength and Young’s modulus measurements.
The bending strength of the untreated glass is 3.04 GPa,
which increases to 4.27 GPa after the treatment, indicat-
ing an about 40% (>1.2 GPa) improvement. It should be
noted, however, that, as stated in the experimental proce-
dure, the case depth of the chemically strengthened layer
is 6.5 μm, and that the compressive stress monotonously

TABLE 1 Mechanical properties determined by
microcantilever bending tests for the untreated and ion-exchanged
glasses.

Untreated Ion-exchanged
Bending strength (GPa) 3.04 ± 0.19 4.27 ± 0.35
Young’s modulus (GPa) 74.4 ± 3.8 98.3 ± 9.5
Fracture toughness (MPa.m1/2) 0.81 0.83

Note: The number of specimens is nine for each bending strength and Young’s
modulus measurements and is one for each fracture toughness.

decreases with the depth. Because the specimen’s thick-
ness is 2–3 μm, the microcantilever beam is still subjected
to some residual stress. Assuming a linear reduction of the
stress, the difference of the residual stress between the top
surface and bottom portion is estimated to be 30%–40% of
650 MPa, which is roughly 200–300 MPa. Because of the
stress balance between the top and bottom, a compressive
stress of about 100–150 MPa remains at the top surface.
Thus, it can be presumed that the real bending strength
of the ion-exchanged glass is 100–150 MPa lower than
4.27 GPa.
In term of the fracture toughness, both the untreated

and ion-exchanged samples show similar values (Table 1).
Because of the difficulty of introducing a sharp notch with
a uniform depth, and so forth, the measurement was suc-
cessful with only one specimen for each of the samples.
For this reason, we tried to examine the validity of the
results by a theoretical estimate, as described in Section 3.2.
Tatami et al.23 reported, however, that the standard devi-
ation of the fracture toughness values measured by this
technique for other kinds of commercially available soda
lime glasses (with >6 specimens for each) ranged between
4% and 12%.
The brittle fracture characteristics (Figure 2), the bend-

ing strength, σf, and the fracture toughness, KIC, can be
related to the crack size of the fracture origin. Assum-
ing a surface crack whose depth is CL in a semi-infinite
two-dimensional body, they are related by:

𝜎f =
𝐾IC

1.12
√
𝜋𝐶L

(1)

The calculated CL is 18 and 9.6 nm for the untreated
and ion-exchanged samples, respectively, implying that
the crack size is reduced to 53%. It should be noted that the
crack size is so small that it is uncertain whether theymeet
strictly the criteria of small scale yielding of linear fracture
mechanics, allowing only a relative comparison. From this
result, it can be presumed that the ion-exchange treatment
exerts some effect to reduce the sizes of the preexisting
cracks or defects.
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TABLE 2 (A) Bond dissociation energies Si–O, Na–O, K–O, Ca–O, Mg–O, Al–O, and S–O. (B) Molar mass and density of SiO2, Na2O,
K2O, CaO, MgO, Al2O3, and SO3 (from Lide26).

(A)
Si–O Na–O K–O Ca–O Mg–O Al–O S–O

Bond energy (kJ/mol) 799.6 270 271.5 383.3 502 501.9 517.9
(B)

SiO2 Na2O K2O CaO MgO Al2O3 SO3

Molar mass (g/mol) 60.09 61.98 94.20 56.08 40.30 101.96 80.06
Density (g/cm3) 2.196 2.27 2.35 3.34 3.6 3.99 1.92

3.2 Theoretical fracture surface energy
and fracture toughness

In contrast to the large increases of the bending strength
and Young’s modulus, the fracture toughness,KIC, showed
a slight improvement. KIC is related to facture surface
energy, γ, by the following equation, if the fracture or
crack extension occurs in stable manner with plane strain
conditions.

𝐾IC =

√
2𝛾𝐸

(1 − 𝜈2)
(2)

whereE is the Young’smodulus and ν is the Poisson’s ratio.
Rouxel et al.24,25 proposed a model to predict γ and KIC of
ionocovalent glasses from their nominal compositions and
showed a remarkable agreement between the theoretical
and experimental values. Here, using this model, we try
to deduce γ and KIC from the compositions and compare
them with the measured ones. In the model, γ is obtained
from the surface density of representative structural units
and the relevant bond strength, by considering the number
and the type of bonds involved in the fracture process as the
crack proceeds through the considered structural unit, as
follows24,25:

𝛾 =
1

2

(
𝜌

𝑀0

)2∕3

−1∕3
∑
𝑖

𝑥𝑖𝑛𝑖𝑈oi (3)

where ρ and M0 are the glass density (specific gravity)
and the molar mass of a representative unit (gram-atom
of glass),  is Avogadro number, xi is the stoichiometric
fraction of the species involved in the ith bonding energy
Uoi between the ith cation and its nearest neighbor oxygen
anion in case of an oxide glass, and ni is the number of such
bonds supposed to be broken as the crack front propagates
to the next unit.
For Uoi, we used the bond dissociation energies as

listed in Table 2A.26 Table 2B also shows the molar
mass and density of each compound used for the
calculation,26 while xi was determined from the molar

TABLE 3 Fracture surface energy, γ, and fracture toughness,
KIC, theoretically estimated for the untreated
(12.6Na2O⋅8.8CaO⋅6.4MgO⋅1.1Al2O3⋅0.3K2O⋅0.2SO3⋅70.6SiO2

[mol%]) and ion-exchanged
(12.9K2O⋅8.8CaO⋅6.4MgO⋅1.1Al2O3⋅0.2SO3⋅70.6SiO2 [mol%]) glasses
in as melted (fully relaxed) and semi-relaxed states.

Untreated
Ion-
exchanged

Surface energy (J/m2),
(as melted)

3.40 3.27

Fracture toughness
(MPa.m1/2), (as
melted)

0.735 0.828

Surface energy (J/m2),
(semi-relaxed)

– 3.34

Fracture toughness
(MPa.m1/2),
(semi-relaxed)

– 0.836

ratio of the composition. The obtained γ values for the
12.6Na2O⋅8.8CaO⋅6.4MgO⋅1.1Al2O3⋅0.3K2O⋅0.2SO3⋅70.6Si
O2 (in mol%) and for the 12.9K2O⋅8.8CaO⋅6.4MgO
⋅1.1Al2O3⋅0.2SO3⋅70.6SiO2 (replacing Na2O with K20) are
shown in Table 3. Here, it was assumed that Na+ ions
are completely exchanged for K+ ions, though the Na–K
ion-exchange process is known to be often hindered by
a very small amount of impurity, such as Ca and Mg,
in the potassium nitrate salt bath.27 Substituting the
measured Young’s modulus into Equation (2), we obtain
KIC values also listed in Table 3. The Poisson’s ratio was
assumed to be 0.25 from its relationship with the atomic
packing density,28 which was calculated using the study
by Rouxel.24 It should be noted that these values are based
on the assumption that the glass is as melted.
In reality, however, due to the network dilation

anomaly, the invading K+ ions do not obtain the fully
relaxed environments but are constrained from expan-
sion to some extent by the preexisting glass structure
(hereafter, this state is denoted as “semi-relaxed”).
Tandia et al.29 estimated the molar volume changes
when replacing Na2O with K2O for an as-melted glass
of xNa2O⋅(20−x)K2O⋅20Al2O3⋅60SiO2 (mol%). When
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x = 12–13 mol%, which corresponds to the ion exchange
of this study, the ratio of the network dilation coefficient
of the as-melted glass is 50%.29 Considering this effect for
the calculation ofM0 in Equation (3), we obtain γ and KIC
in semi-relaxed state, as listed in Table 3.
Comparing the KIC values theoretically predicted

(Table 3) and experimentally measured (Table 1), there
is a very good agreement for the ion-exchanged sample,
while the former is slightly higher than the latter for the
untreated one (though the difference is still <0.1 MPa
m1/2). Here, we recalculate CL in Equation (1), using the
theoretical KIC values of Table 3 (semi-relaxed one for
ion-exchanged). The result is CL = 15 and 9.7 nm for the
untreated and ion-exchanged samples, respectively, indi-
cating that the size of the preexisting crack of the fracture
origin is reduced to 65%. In the previous Section 3.1, the
real bending strength of the ion-exchanged glass is pre-
sumed to be 4.1–4.2 GPa. Taking this into consideration,
CL increases to 10 nm for the latter, resulting in some 67%
reduction.
Macrelli30 evaluated strength of soda lime silicate float

glasses before and after ion-exchange using a linear frac-
ture mechanics model and compared the result with
experimental data obtained inmacroscopic tests, revealing
that the latter was higher than the former. For explaining
the difference, he introduced a surface-flaw severity reduc-
tion factor, which was estimated at 69% when assuming a
stress relaxation. This value is relatively close to the above
flaw size reduction, 65%–67%.

3.3 Crack-size reduction and crack
healing

One of the most plausible reasons for the crack size
reduction is crackhealing.When ceramicmaterials includ-
ing glass are heat-treated under appropriate conditions
(temperature, humidity, pressure, residual stress, etc.),
complex physical and chemical reactions will promote var-
ious phenomena such as diffusion, softening, viscous flow,
and volume expansion, resulting in crack self-healing.31–35
Wilson and Case32 in-situ observed healing behavior of
Vickers indentation cracks in soda-lime-silicate glass at
430◦C under different humidity levels, using an envi-
ronmental SEM. The crack healing was activated with
increasing the humidity, and the crack length was reduced
to 63% of the initial one at a relative humidity of 64%, after
90 min exposure.
Recently a lot of attention has been paid to humidity or

water vapor in glass community, since they exsert huge,
positive effects on strengthening glasses.36–41 Wieder-
horn et al.39–41 revealed that, when water penetrates

into silica glass, a pronounced volume expansion occurs
by reaction of siloxane bonds of the glass with water
to form SiOH. If the dilation occurs in a constrained
manner such as at the glass surface, it generates com-
pressive residual stresses at the surface, strengthening
the glass significantly. This mechanism is the same as
the chemical-strengthening of glass by ion-exchange.
Such compressive stresses should enhance activities of
crack healing, if the temperature is high enough. The
humidity-enhanced crack healing behavior at 430◦C32 is
most presumably involved with the volume expansion of
glass.
Likewise, in this study, when Na+ ions are replaced

with K+ ions at the surface during the ion exchange, sur-
face cracks should receive compressive stresses, which are
favorable to crack healing. Particularly, K+ ions in contact
with the surface first penetrate into the cracks and invade
inside from the crack planes, generating a zone of dila-
tion around and behind the crack tip. This dilated part
is constrained from expansion by the surrounding glass,
a compressive stress is generated in this dilation zone.
Thus, the cracks are most susceptible to the compression,
which accelerates crack healing in a manner similar to
the above-stated humidity-enhanced crack healing behav-
ior. It is interesting to note that the crack reduction by
the humidity-enhanced crack healing (430◦C, 90min, 64%
humidity) was 63%, which is very close to those by the
ion-exchange in this study, 53% in Section 3.1 and 65%–
67% in Section 3.2 (435◦C, 120 min), though the dilation
mechanisms are different. In conclusion, we think that
the crack-size reduction observed in this study is most
likely due to the crack healing effects occurring during the
ion-exchange.

4 SUMMARY

We investigated the micro-scale mechanical properties,
including bending strength, fracture toughness, and
Young’s modulus, for the surface layer of a soda lime sil-
icate glass before and after K+ ions replaced Na+ ions.
It was revealed that the strength of the layer increased
nearly 40% by the ion-exchange with little compression
effect from the interior. The fracture toughness, however,
was comparable, indicating that the ion-exchange reduces
the crack size of the fracture origin. The degree of the
crack-size reduction due to ion-exchange obtained in this
study was very close to that predicted by Macrelli30 from
the macroscopic tests. Because of the similarity of the
phenomena, it was presumed that the crack-size reduc-
tion observed in this study is due to crack healing effects
enhanced by the ion-exchange.
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