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Bart Vekemans,a Dipanjan Banerjee,b Wim Brase and Laszlo Vinczea

It is crucial to understand the structural origins of macroscopic properties in silicate glasses for their high-

tech applications. An example of such an application is chemically strengthened boroaluminosilicate

glasses that are exposed to an ion exchange process during which alkali ions (e.g. Na+) are replaced by

larger (e.g. K+) ions. Despite the empirically thorough understanding of this exchange process, much less

is known about the fundamental physics of the process. Since Fe atoms are a suitable probe for

monitoring chemical stress-induced changes in the local structure in the chemically strengthened

glasses, a set of chemically strengthened boroaluminosilicate glasses containing 1 mol% Fe2O3 are here

studied using depth-resolved confocal X-ray absorption near-edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS) spectroscopy. Information on the Fe oxidation state, coordination

number, and bond distance as a function of the sample depth and glass composition is obtained. These

new insights on chemical stress-induced changes will aid in the further development and improvement

of such damage-resistant glasses.
1. Introduction

Understanding the structural origins of macroscopic properties
in silicate glasses is crucial for their high-tech applications. The
properties of glasses not only depend on the chemical compo-
sition, but also on the processing history. Thermal, pressure
and chemical treatments can inuence the macroscopic mate-
rial properties to a large degree. For example, it is known that
the coordination number (CN) of atoms or ions in materials
increases through application of a sufficiently high pressure,1–4

a phenomenon that also applies to glassy materials.5–8 These
modications due to processing conditions are not necessarily
uniform throughout the material, as part of the manufacturing
process might be to induce depth dependent modications. An
example of this is the ion exchange process (IX), widely used in
the glass industry.

In this process, the to be processed glass object is placed in
a molten inorganic salt bath (e.g. KNO3) at elevated tempera-
tures whereupon smaller alkali ions (e.g. Na+) from the glass are
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replaced by larger ones (e.g. K+) from the molten salt bath. As
a result, the outer layers of the glass have a different proportion
of K2O and Na2O while the core of the material remains
unchanged.

This exchange leads to formation of a compressive stress
layer near the surface of the glass; it is well known and widely
used by industry for production of chemically strengthened
scratch and damage resistant glasses.9,10 As electronics devices
are more and more portable, consumer demand dictates the
devices not only having a physically pleasing appearance and
functionality but also having excellent mechanical properties,
including damage and scratch resistant surfaces. Some of the
most successful examples are smartphones and tablets with
cover glass post-treated by the IX process. The resulting high
compressive stress of the material is the basis of the excellent
mechanical properties of cover glasses.

Although the ion exchange process is empirically reasonably
well understood,9,10 much less is known about the fundamental
physics of the process. For instance, it is not known which
chemical state the dopant elements are in as a function of
diffusion depth in alkali-aluminosilicate glasses. According to
molecular dynamics simulations of ion-exchanged glass, the CN
of network formers is unchanged due to the IX process, whereas
the invading alkali ions possess unique structures unattainable
via standard melt-quenching processes.11–13 However, this has
not yet been conrmed experimentally.

In this study, a set of boroaluminosilicate glasses, containing
1 mol% of Fe2O3 as dopant material, with varying SiO2 and
This journal is © The Royal Society of Chemistry 2016
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Table 1 Glass composition in mol% before applying the ion exchange
process

Al0 Al1 Al2.5 Al5 Al7.5 Al10 Al12.5 Al15 Al17.5 Al20

SiO2 79.4 78.9 77.4 74.7 71.8 68.9 67.1 64.1 62.3 61.1
Al2O3 0.3 0.7 2.2 4.7 7.6 10.3 12.6 15.6 17.9 19.4
Na2O 14.6 14.5 14.6 14.6 14.7 14.8 14.3 14.3 13.7 13.6
B2O3 4.9 4.9 4.9 5.0 4.9 5.0 5.0 5.0 5.1 5.0
Fe2O3 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.9
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Al2O3 concentrations are provided by Corning Inc. (NY, USA).14

Fe atoms are used here as a suitable probe for monitoring
chemical stress-induced changes in CN, oxidation state, and
bond distances in the glasses.15 Previous studies reported on the
changes in CN of B, Al and the presence of non-bridging oxygen
(NBO) in these glasses as a result of the different SiO2/Al2O3

ratios.16–19

Here we used depth-resolved X-ray absorption spectroscopy
(XAS) to determine the chemical state and CN of Fe in the
glasses. To monitor depth resolved differences in Fe state in the
top 50 mm of the glass and in the bulk (�100 mm depth), i.e., in
compressive and tensile stress regions, respectively, poly-
capillary optics based confocal XAS measurements are per-
formed, applying a rarely achieved 10 � 10 � 15 mm3 spatial
resolution. The Fe–K X-ray absorption near-edge structure
(XANES) spectroscopy pre-edge peak contains information on
both the oxidation state and CN of the absorbing atom.20–26

Conventionally, information on the CN and local structure of
the absorbing atom is obtained through extended X-ray
absorption ne structure (EXAFS) spectroscopy experiments.
Here, we opt not to perform EXAFS measurements for each
sample at each depth due to the inherently longer acquisition
time compared to XANES experiments (easily a factor 10
difference). Instead, EXAFS experiments are performed on a few
selected samples at a depth near the surface (25 mm depth) and
closer to the bulk (55 mm depth). This is done in order to
compare with the XANES results and verify that the conclusions
based upon the XANES results are valid even beyond the
structural length scale for which XANES normally would render
results.

A major objective of this approach is to minimize the local
absorbed radiation dose since it has become clear in recent
years that when glassy material is exposed to a too high local X-
ray dose, the structural and chemical information obtained via
X-ray based techniques might be compromised due to the
generation of a high local concentration of photoelectrons.27–30

The radiation dose required to obtain valid XANES results is
only a fraction from the dose required to obtain a complete
EXAFS spectrum and therefore an assessment is made if the
information rendered by XANES is sufficient or if complete
EXAFS scans have to be made.

2. Experimental
Glass samples

A series of 10 boroaluminosilicate glass samples with varying
SiO2 and Al2O3 concentration (see Table 1) and each containing
approximately 1 mol% Fe2O3 were prepared by melt-quenching,
as described in detail elsewhere.17 The glasses will be further
referred to by their code as shown in the top row of Table 1. To
induce a high compressive stress in the surface layers of the
glasses, each glass sample was cut to a size of 2 � 2 � 0.1 cm3

and ion exchanged in a rened grade KNO3 molten salt bath for
4 hours at 410 �C. During this ion exchange process, Na+ ions
are replaced by the larger K+ ions, generating a compressive
stress in the glass surface, thereby improving its mechanical
durability. Due to the nature of the diffusion-limited ion
This journal is © The Royal Society of Chemistry 2016
exchange process, more Na+ ions are replaced at the surface of
the glass compared to the bulk of the glass.
XAS

Confocal XAS experiments were performed at BM26A, part of
the Dutch-Belgian beam line (DUBBLE) at the ESRF.31 The beam
line receives the radiation from a 0.40 T ESRF bending magnet.
A double crystal Si(111) monochromator operating in a xed-
exit mode in combination with a collimating mirror allows an
energy resolution DE/E of �1.7 � 10�4 at 9.659 keV. A vertically
focusing mirror behind the monochromator allows vertical
focusing and higher energy harmonic suppression.

The primary intensity was determined with a gas-lled ion
chamber and the transmitted intensity was determined with an
identical device. The gas mixtures in both ionization chambers
were adjusted to allow approximately 10% absorption in the
rst and about 70% absorption in the second ionization
chamber at 7.212 keV. The photon ux was �6 � 109 photons
per s at the sample position at the Fe K-edge energy (7112 eV). A
4 mm thick pure iron foil (Goodfellow SARL, Lille, France) was
measured in transmission mode at regular time intervals
during the experiment to correct for monochromator energy
shis by setting the rst inection point of the XANES prole to
7112 eV.

The incident X-ray beam was focused down to a 10(V) �
10(H) mm2 (FWHM) spot size at the sample position at the Fe–K
edge energy using a polycapillary X-ray lens (XOS, NY, USA). A
Vortex-EM silicon dri detector (Hitachi High-Technologies
Science America Inc., California, USA), equipped with a colli-
mating polycapillary optic lens (XOS, NY, USA), was placed
perpendicular to the incident X-ray beam in the plane of
polarization. The foci of both polycapillaries were aligned to
coincide, thus obtaining a confocal detection scheme in which
information can be selectively obtained from a 10(V) � 10(H) �
15(D) mm3 volume inside the sample matrix at the Fe–K edge
energy. By scanning the sample through this confocal volume,
direct 3D spatially resolved sample data can be collected.32–34 A
schematic of the setup is shown in Fig. 1.

Depth resolved XANES scans were acquired in 5 mm steps for
the rst 50 mm of the glass surface, and an additional XANES
scan was performed at a depth of 105 mm, representative for the
bulk of the glasses. The reported depths correspond to the
maximal depth probed by the confocal volume, e.g. a reported
depth of 20 mm corresponds to the volume 5–20 mm. A single
XANES scan was split up in energy as follows: from 7012.0 eV to
RSC Adv., 2016, 6, 24060–24065 | 24061
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Fig. 1 Schematic overview of the confocal micro-XAS setup at
BM26A. Displayed are the focusing optic (A), focusing the primary
beam on the sample (B), mounted on a goniometer head. The focus of
confocal optic (C) mounted on the SDD detector coincides with that of
the focusing optic, thus creating a confocal volume from which
information is selectively acquired.

Fig. 2 Al10 Fe–K XANES profiles as a function of probed sample depth
with magnification of the pre-edge peak region in the inset, containing
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7092.0 eV in 3.8 eV steps, from 7093.0 eV to 7110.0 eV in 0.9 eV
steps, from 7110.5 eV to 7120.5 eV in 0.5 eV steps, from 7121.0
eV to 7132.0 eV in 0.9 eV steps and from 7133.0 eV to 7343.0 eV
in 3.0 eV steps. The total integration time per energy step was
adjusted for each depth and sample based on a visual inspec-
tion of the obtained XANES spectrum.

Raw XANES data were normalized for incident beam ux
using the primary ionization chamber signal, pre-edge sub-
tracted using a linear function and post-edge normalized at an
energy of E0 +50 eV. Additionally, the slow variations caused by
the atomic absorption prole before and aer the edge were
subtracted to facilitate linear combination analysis spectra
comparisons.35 Due to the high absorbing nature of the glass
matrix and the intrinsic properties of the confocal detection
method, no self-absorption effects are expected and thus were
not corrected for. To obtain data on the Fe oxidation state and
coordination number (CN), the pre-edge peak, originating from
the 1s / 3d electron transition, was tted using a Gaussian
function on top of an arctangent background, in line with
previous research performed by Wilke et al.,21 Giuli et al.22 and
others.20,23–26

EXAFS data were acquired at a depth of 25 mm and 55 mm in
the glass, up to 11 Å�1 in k-space using 0.05 Å�1 steps. The data
was processed using the VIPER soware package36 and tted
using FEFF7 (ref. 37 and 38) calculated scatter paths. A spline
was tted using the VIPER “through the knots” routine,
applying 7 knots spaced evenly over the Fourier transformed k-
range from 3 to 10.5 Å�1. The rst coordination shell was tted
in R-space, tting the module and imaginary space from 0.7 to
2.0 Å (before phase shi correction). During the tting process,
an amplitude reduction factor S0

2 equal to 0.43 was used, as
determined by tting a hematite structure to have 6 O neigh-
boring atoms (N) around the absorbing Fe atom. Due to the
24062 | RSC Adv., 2016, 6, 24060–24065
strong correlation between N and S0
2, the Debye–Waller-like

factors were constrained between 0.0025 and 0.0035 Å2.
3. Results and discussion

XANES proles for the Al10 glass, aer IX had been performed,
at various depths are displayed in Fig. 2. No clear difference is
visible in general between the curves, aside from the different
degrees of noise. The curves corresponding to points deeper
inside the glass matrix show poorer signal to noise ratios as
a result of the decreased intensity measured at these points,
which in turn is due to increased absorption related to the
larger X-ray path length in the sample. Similar XANES curves are
found for each of the ion-exchanged boroaluminosilicate
glasses (not shown). When monitoring the Fe–K XANES pre-
edge peak (Fig. 2 inset), subtle differences between the curves
are visible. The results of the pre-edge peak surface area and
position as a function of depth are shown in Fig. 3.

A change in pre-edge peak position as a function of Al2O3

content is observed (Fig. 3, right image): an increase in [Al2O3]/
[SiO2] ratio corresponds to a decrease in pre-edge peak position.
Additionally, a slight decrease in pre-edge peak position with
increasing sample depth can be seen, which is discussed in
more detail below. No clear trend with pre-edge peak integrated
area and glass composition or depth is observed in Fig. 3,
although it appears the pre-edge peak integrated area is slightly
larger in the bulk compared to the surface. This as well is dis-
cussed in greater detail below.

Since the pre-edge peak position is related to the oxidation
state of Fe in the sample,20–26 a comparison of the pre-edge peak
position values obtained from known structures (not displayed)
shows the Fe oxidation in the glasses, which is between 3+ and
2+. A gradual decrease in oxidation state with increased [Al2O3]/
[SiO2] molar concentration ratio is observed, but an exact
quantication of the Fe3+/Fe2+ ratio is not performed in this
case as an insufficient amount of reference compounds with
known Fe3+/Fe2+ ratio were available. An attempt was made to
compare using database extracted reference spectra. However,
information on the Fe oxidation state and coordination number.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Pre-edge peak integrated area (left) and position (right) as a function of sample depth and glass composition. An increase in pre-edge
peak integrated area corresponds to a decrease in coordination number; an increase in pre-edge peak position relates to an increase in oxidation
state.
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a large uncertainty in the results arose due to the difference in
energy resolution and step size applied during the scans
acquired from the databases.

When comparing the average pre-edge peak area and position
for the surface (0–50 mm) with those in the bulk (105 mm), a more
clear change in CN and oxidation state of Fe as a function of
depth in the glasses is found, as shown in Fig. 4. We note that
this is the average CN for both Fe2+ and Fe3+ states since it is not
possible to differentiate between these two contributions using
XAS. Again, the trend in oxidation state (pre-edge peak position)
as a function of glass composition is clearly visible. Additionally,
the bulk is generally characterized by an increased pre-edge peak
area and slightly decreased pre-edge peak position, respectively,
indicating a lower CN and a slightly lower oxidation state for Fe
atoms in the bulk as compared to the surface.
Fig. 4 Pre-edge peak integrated area (top) and position (bottom) for
the averaged surface (0–50 mm; black) and bulk (105 mm; white)
regions.

This journal is © The Royal Society of Chemistry 2016
In order to obtain more quantitative information on the CN
of Fe in the glasses, EXAFS experiments were performed in Al0,
Al10, and Al20 glasses at two depths: near the surface (25 mm)
and deeper in the bulk (55 mm). The data ts are shown in Fig. 5,
and a graphical representation of the obtained CNs and bond
distances is displayed in Fig. 6. A CN between 4 and 6 was found
for Fe at the surface of the glasses, showing a uctuation as
a function of glass composition. This is in full agreement with
the XANES pre-edge peak results. Generally, a higher CN is
found for Fe at the surface, which is also conrmed by the
XANES data (Fig. 4). Additionally, a change in Fe–O bond
distance at the surface of the glasses as a function of glass
composition can be seen, with shorter bonds at higher [Al2O3]/
[SiO2] ratio. Deeper in the glass sample (55 mm depth), the Fe–O
bond distance is found to be independent of [Al2O3]/[SiO2] ratio.

Mysen et al. reported that an increase in Fe3+/
P

Fe results in
an overall decrease in CN of Fe in glasses.39 Here, a decrease in
CN and oxidation state with increasing Al2O3 content was
perceived, suggesting an opposite trend to what was reported by
Mysen et al. It should however be noted that the glasses dis-
cussed here were ion-exchanged, resulting in a compressive
Fig. 5 EXAFS pseudo radial distribution magnitude plots (solid curve)
and their fits (dotted curve) for glasses at 25 mm (left) and 55 mm depth
(right).

RSC Adv., 2016, 6, 24060–24065 | 24063
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Fig. 6 EXAFS fitting results for multiple glasses at two different depths. The fitted coordination number (left) and nearest neighbour Fe–O scatter
path length (right) are displayed.
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stress of the surface layers. This compressive stress typically
increases with [Al2O3]/[SiO2] ratio40 and may potentially lead to
differences in CN for the different glasses. The change in
oxidation state with glass composition on the other hand can be
explained as a result of the differences in homogenization
temperature for glasses with different Al2O3/SiO2 ratios, as was
suggested in Smedskjaer et al.17

The decrease in CN and the increase of the Fe–O bond
distances with increasing sample depth can be understood by
considering the effect of the IX process on the local atomic
structure. Closer to the surface more Na atoms will have been
replaced by the larger K atoms, resulting in a compression of
the surface layers. As the surface layers are compressed, the
bond distances will decrease and even the arrangement of O
atoms around Fe can change to a more tightly packed structure,
increasing the Fe CN. Deeper in the sample less Na atoms will
have been replaced due to the limited diffusion depth of the K
atoms and a lower stress is observed, resulting in a less
pronounced decrease in bond length or increase of CN. This
suggests that high compressive stress plays a similar role as
high pressure in the glasses.
4. Conclusions

Fe–K edge confocal micro-XANES and -EXAFS experiments have
been performed to study the Fe oxidation state and coordina-
tion number (CN) as a function of depth and glass composition
in a series of ion-exchanged (IX) boroaluminosilicate glasses in
order to determine the structural and chemical differences of
the Fe environment as a function of depth below the surface. It
was found that XANES experiments are sufficient to obtain
information on the oxidation state of transition metals (e.g., Fe)
in these glasses, thus decreasing the exposure of the sample to
radiation. In order to obtain quantitative information on the
CN, EXAFS experiments are more conclusive.

The Fe oxidation state decreases with increasing [Al2O3]/
[SiO2] ratio in the bulk of the glasses. This feature is believed to
originate from the different homogenization temperatures
applied to the different glasses. Also a decrease in CN was
observed with increased alumina content. Additionally, the
24064 | RSC Adv., 2016, 6, 24060–24065
depth-resolved data show an increase of CN and decrease of Fe–
O bond distance at the surface compared to deeper inside the
glass matrix, which is also explained by the IX process induced
stress.

These ndings represent previously unknown information
on the impact of the IX-generated compressive stress and K-for-
Na substitution on the local atomic structure and will aid in
further development and improvement of the unique charac-
teristics and functionalities of such damage-resistant glasses.
Moreover, it is shown that confocal micro-XAS experiments are
a useful addition to analytical research in order to obtain
unique information on a large variation of samples, not
excluding in situ or similarly challenging experiments.
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