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Abstract

Micro-Raman spectroscopy was used to determine the structural modifications oc-
curring in a simple ion-exchanged glass. The base lithium silicate composition 30LioO-
70Si05 was studied as it underwent ion exchange, LiT <+ KT, at six temperatures
spanning the glass transition point. Using a well-developed relationship between the
Si-O-Si bond angle, Si-O bond length, and Raman shifts, the reduction in network
molar volume and increase in compressive stress were estimated. Based on the effect
of the ion exchange temperature, the existence of a threshold energy below which the
compressive stress manifests as the re-orientation of silica tetrahedra only, and above

which, the system relaxes by increasing the Si-O bond-length, is proposed. Finally,
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the linear network dilation coefficient is revisited in terms of these new data, and an
explanation given for its underestimation and overestimation of stress at low and high

temperatures, respectively.

Introduction

The ion-exchange (IE) process enhances mechanical and optical properties, namely increasing
strength up to 4-6 times, thereby broadening the scope of high-stress applications where glass
can be used: hand-held media device screens, heat-resistant fireplace windows, waveguides,
micro-optics, airplane cockpit and high-speed train windshields, drug-delivery equipment,
and eye-glasses. ™ As glass is a brittle material, the reason for failure is rarely insufficient
stiffness; the surface condition usually plays a larger role, where tiny flaws act as local tensile-
stress concentrators and give rise to fracture. Ion-exchange offers a solution to this problem:
it increases scratch-resistance by generating an opposing compressive stress at the surface.
Uniquely, IE produces high stresses, several hundreds of MPa, 4 over a shallow case depth,
< 100 pm, which allows objects that cannot undergo thermal tempering, e.g., irregularly-
shaped and thin glass objects, to be strengthened nevertheless. Due to the compositional
gradient, birefringence can be used to produce waveguides and the resulting changes in
refractive index have been measured optically;® nonetheless, the resulting stress profile is
important as different stress states can affect the refractive index further.”®

The IE process is performed by placing the target object in a molten salt bath, e.g.,
KNOj3, and the exchange is driven by ion-concentration differences between the inside of
the glass and salt bath. When performed below the glass transition temperature, Ty, IE
induces compressive stress on the glass network due to a larger ion filling a cavity recently
vacated by a smaller ion, while preventing significant relaxation or accommodation of the
larger invading ion. Commercial IE glasses such as Corning Gorilla® and Schott Robax®)
have smaller ions, such as Na™ or LiT ions, respectively, replaced with larger K* ions which

can yield strength enhancements up to 2—4 times, improve hardness by 8-20% and decrease



fragment size substantially.®? Additionally, the refractive index of the exchange-layer can be
altered over a shallow depth by introducing an ion with a different polarizability. 41011

Many experimental studies use birefringence to probe directly the compressive stress
found in the IE layer; stresses are typically on the order of hundreds of MPa up to 1 GPa
spread over case depths of 20-1000 pm.%561213 The duration of the IE treatment affects
both the magnitude and location of the maximum compressive stress; the maximum stress
has been shown to decrease and migrate further from the glass surface with increasing IE
duration. The maximum induced stress occurs when IE is performed at temperatures well
below the Ty, roughly 120-250 °C>'%13 helow. Nonetheless, substantial compressive stress,
approximately half of the maximum, has been observed even when IE took place only 30 °C
below Ty, yet for the same amount of time as the maximum compressive stress.>!* Finally,
even temperatures 135 °C below T, have shown significant stress relaxation over a long
enough period, 72-216 h,1>121315 highlighting the possibility that the glass network will
relax under sufficient stress, despite being well below T,. It is important to remember that
T, is a broad transition and that the viscosity of the material is still significant at these
temperatures.

A recognized problem in IE glasses is the anomalous behaviour of the linear network

dilation coefficient (LNDC), B, defined as the linear strain per unit change in alkali concen-

tration, where V4, is the molar volume and Cy;+ is the concentration of invading cation:?10-18
1{ 1 0V, 10InV,,
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As the molar volume of the exchange layer of an IE glass cannot be measured directly, B for
IE glasses is typically calculated from the optically measured stress, o, using the following

relation developed by Cooper and Krohn:!’
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It is dependent on Young’s modulus (Y'), Poisson’s ratio (v), stress as a function of distance
from the IE surface (0(z)), concentration of substituting ion, (Cy+(z)) and average concen-
tration of substituting ion (Cyy+ay,). These last two terms enforce that the total stress in the
glass, compressive and tensile, sum to zero. Additionally, if there is no concentration gradi-
ent, the stress is also zero. Conversely, V,, and the corresponding B, can be calculated from
combined Metropolis Monte Carlo (MC) and molecular dynamics (MD) simulations. '%2°

The observed anomalous behaviour comes about when B for IE glasses is compared to the
corresponding as-melted mixed-alkali glasses; B is always 2-5 lower in IE glasses. B depends
on the IE temperature, where the lowest B is typically found at processing temperatures
of approximately 0.87,.'"?! For example, an Na™ +» K* exchange in a silicate glass has a
measured LNDC of 3-5x107* (mol-% K50)~! compared with a LNDC of 1.3x10™* (mol-%
K,0)~! for the as-melted series.? This order-of-magnitude discrepancy is likely because the
molar volume of an IE-glass is less than the corresponding as-melted composition; models
have shown that the local molar volume in an IE glass is approximately half of the as-melted
composition and this has been used to calculate the experimentally-observed LNDC, about
2-4 lower than the bulk as-melted glasses.!%17:20:22 Nonetheless, thus far, the molar volume
of the exchange layer in an IE glass has not been measured experimentally, nor has any
specific mechanism for stress generation or relaxation been reported, only mechanisms from
simulations have been suggested. As the case depth is on the order of tens of microns, many
typical analysis techniques are unsuited to examining the local structure of the IE layer,
one exception being micro-Raman spectroscopy. This has the advantage that it can probe
the molecular structure with < 1 pum lateral spatial resolution.Moreover, the energies of
Raman vibrations can be related to external Si-O-Si bond-angles between SiO, tetrahedra
and internal Si-O bond-lengths within each tetrahedron; 2?27 thus, Raman spectroscopy offers
a unique insight into the silica network structure.

It has been reported that if the exchange is done below T, the ion coordination number

is similar to what is expected from the bulk as-melted composition. !6'"?® However, there is



some disagreement as to whether the glass network connectivity, remains unaltered.*16:17:29

Investigations of IE glasses using micro-Raman*?? and X-ray absorption® spectroscopy have
both observed changes in the topological structure. Furthermore, it has been proposed that
changes in Q"-populations could reduce the accumulation of compressive stress within the
IE layer.3® Kreski et al.!” used simulations to show the topological structure of the IE
glasses remains the same, i.e., like the untreated material, yet they possess the local cation
environment of the invading ion, thereby leading to constraints on the possible molar volume.
On the other hand, a computational study by Tandia et al. % attributed the LDNC anomaly
to differences in local cation site between as-melted and IE glasses. Unfortunately, Raman
spectroscopy is incapable of measuring changes in the alkali environment, however, it can
investigate how the connectivity of the glass network is affected by IE and IE temperature

alike.

16.17 also discuss how the compressive stress and relaxation mani-

Computational studies
fests structurally. Kreski et al.'” attributed the residual strain in the system to an increase
in cation coordination sphere, evidenced by oxygen atoms being pulled towards the alkali
site and a re-orientation of SiO,4 tetrahedra, namely an increase in ZSi-O-Si beyond what
is found in the as-melted potassium end-member composition. Tandia et al.'® describe the
relaxation of the structure as a two step process: an initial fast rearrangement of the cation
site towards a mixed-alkali as-melted structure indicated by an elastic expansion, followed
by a slow process towards the as-melted potassium end-member structure manifested as an
irrecoverable densification without network expansion. The first step is thought to induce
the strain found in IE glasses, while the slow rate of the second step is responsible for the
lower molar volume and LNDC anomaly seen in IE glasses. Another study corroborates these
findings by explaining that the network is expanding elastically initially and then plastically
contracting to relax stress.3!

Several authors have attributed the anomalous behaviour of the LNDC to a slow plastic

relaxation of the network.!®303273% Although the densification due to IE is thought to be



irreversible on the laboratory time scale, back-exchange simulations, where the invading ion is
re-exchanged for the original ion type, showed the structural changes to be nearly completely
reversible or elastic. Since this mechanism involves two different rate-steps, exchange and
back-exchange, it may be more accurately described as non-linear elasticity. '6:17:20

As ion-exchanged glass is used heavily in applications, it is important to fully understand
the structural changes that lead to its enhanced mechanical properties. One of the major foci
in this field is to improve further upon the enhancement, whether it is by using a specialized
IE treatment or different materials. The goal of the present work is to explain the structural
mechanisms which result in compressive stress in hopes of providing insight into improving
the IE process. In this study, we determine the effect of ion exchange treatment temperature
on structural modifications in IE glass using Raman spectroscopy. We also investigate the
structural mechanisms that lead to compression within the silica network, and the type of
mechanical behaviour they exhibit.

In this study, a simple binary lithium silicate, 30Li;O-70SiO2 was used as the base glass.
The samples were thermally ion-exchanged in KNOs, Lit «++ KT, at six different temper-
atures between 360480 °C, spanning the glass transition temperature, for 72 hours each.
Micro-Raman spectroscopy and Wavelength Dispersive Spectroscopy (WDS) were used to
examine the structure and composition, respectively, in order to address the issues mentioned
above. This system was chosen for three reasons: simplicity of composition in comparison
to many commercially-available IE glasses;* technological relevance, (Schott’s Robax®) is a
commercially-available TE glass that involves Lit-for-K*); and amenability to analysis, as
the Raman spectra show significant differences between glasses in the lithium and potassium

disilicate region.?32°



Experimental

Glass preparation

The base glass, 30Li;O-70Si09, was prepared using Li;CO3 (> 99%, Sigma-Aldrich) and SiO,
(purum p.a., Sigma-Aldrich) by the conventional melt-quench method, melting at 1550 °C
in a Pt crucible for 2 hours, quenching in air, followed by annealing at 415 °C overnight.
Additionally, the bulk as-melted 2Li;O-(30 — 2)K50-70Si0; series was made for comparison,
using a similar procedure, except annealing between 415-450 °C overnight and using dried
(400 °C, 2 hrs), granular KoCO3 (> 99%, ACP) as a starting material. Samples with
large amounts of KoCO3 were seen to bubble rapidly at & 800 °C, as supported by KoCO3
having a decomposition temperature of >900 °C;3® thus, small batch sizes, 7g, were used.
Homogeneity and complete relaxation were confirmed optically using crossed polarizers to
detect residual strain. Additionally, 7, measurements were made on the 30Li,O-705iO, and
20Li50-10K5,0-70S102 bulk glasses using differential scanning calorimetry with a heating
rate of 10 °C in an Ar environment. The Netzsch DSC 404 F1 Pegasus instrument has a

precision of £+ 2 °C.

Ion-exchange Procedure

A large piece of base glass was cut into several smaller pieces, approximately 1 x 1.5 x 0.5 cm;
each piece was ion-exchanged in a fresh bath of KNO3 (> 99%, APS) in an Ny atmosphere.
The Ny was used to prevent the oxidation of the nitrate to the carbonate or oxide form
which was seen to occur in a similar experiment involving Ca(NOj)s. Six samples were ion-
exchanged for 72 hours, each at a different temperature between 360-480 °C; the conditions
include temperatures both below and above the glass transition temperature, 7§, of this glass
composition (measured to be 459 °C). An IE processing time of 72 hours was chosen because
soda-lime glass exchanged at that time scale showed significant and differing case depths

for a range of IE temperatures.! After 72 hours, the samples were removed from the oven;



examination of the specimens through crossed polarizers revealed no significant additional
residual strain generated by this procedure. The mass of the samples was measured before
and after the exchange treatment. Once the samples had been washed with water and
thoroughly dried, they were placed in epoxy to obtain an epoxy disc. The discs were then
roughly polished with 30 um diamond paper until the epoxy and glass surface were flush,
whereby the top IE layer was mechanically removed and the compositional profile exposed.
The exposed surface was then polished down to 1 um, as shown in Fig. 1a). Case depth is
defined, per metallurgy, as the thickness of the hardened layer of a specimen; it increases

with distance away from the IE surface or specimen edge as shown in Fig. 1b).

(@) IE-glass  Polishing to remove IE-layer (b)4o
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Figure 1: (a) Procedure for IE layer exposure and epoxy ”disc” preparation for analyses.
(b) Example of procedure for both WDS and Raman analyses, showing the case depth. The
K*-rich region appears lighter in colour.

Elemental Analysis

The compositions of the as-melted series were confirmed by inductively coupled plasma
optical emission spectrometry (ICP-OES) with the exception of 30Li,O-70SiO2, which was
measured by wave dispersive spectroscopy (WDS) using a JEOL 8200 Superprobe. Since
WDS has a spatial resolution of 1-2 um, it was also used to confirm the IE process and
create a quantitative composition profile. WDS is incapable of measuring any elements

lighter than boron, thus, lithium content was not measured directly, but calculated from



the oxygen, silicon and potassium content and assuming correct stoichiometry. Sanidine
was used as the standard in WDS to accurately determine K, Si and O concentrations, with
errors depending on the element mass-%; for elements > 2 mass-%, error is 0.3 mass-%, while
elements < 2 mass-% have errors of 0.2 mass-%. Quantitative point analysis was performed
at approximately nine pm intervals from the IE surface (with the exception of the 390 °C
sample, which had approximately seven pm intervals), as calculated from the XYZ stage
data of the WDS instrument; an example is illustrated in Fig. 1b), where Xx’s represent
points of composition analyses. The translation of the WDS stage is accurate to = 1 um.

Finally, more qualitative line profiles were also collected across these samples using WDS.

Raman Spectroscopy

Raman spectra were collected using a Renishaw inVia micro-Raman spectrometer with a
514.5 nm argon-ion laser for 12 scans of 10 s each with a resolution of 1 cm~!. The laser spot
size was approximately five microns in diameter. The composition profile was conducted
as follows: the first point was as close to the interface between the epoxy and the glass as
possible without obtaining a large fluorescence signal observed when the epoxy was excited
by the laser. We estimate this to be approximately six microns from the edge. Afterwards,
the focal point of the laser was translated inward between 10-100 mum (smaller steps within
the IE layer, larger past the layer); the step distance was determined by the scale on the
eyepiece of the microscope and instrument viewing screen. Some distinct features were
noted on the sample surface and the sample stage was moved accordingly, as a result the
error is estimated to be roughly + 1 um. The procedure is similar to the one for the WDS
point analyses, thus, Fig. 1b) applies again, where x’s represent points of Raman analyses.
Baseline correction and peak deconvolution were done using the Wire software program from

Renishaw.



Results

Elemental Analysis

The analyzed compositions for the as-melted mixed alkali series are presented in Table 1.
Although lithium was only measured indirectly for the 30Li;O-70Si0O5 sample, the elemental
analysis from WDS is consistent with the nominal composition.

Table 1: Verification of glass composition from ICP-OES and WDS

Nominal Composition Actual Composition
Li,O KyO SiO,
30Lis O-705105* 314 04 685
20Li,0-10K50-70Si04 194 11.8 684
15Li5O-15K50-70Si0, 14.5 151 70.1
30K50-70S10, 0.0 279 709

2Calculated from WDS results

Fig. 2 shows the K5O mol-fraction in the IE glasses as a function of case depth (defined
as IE layer thickness) as measured by WDS; the complete elemental analysis results can be
found in the Supplementary Information. The WDS results show the highest KoO content
found in the IE glasses to be 9.3-9.5% (for only two points sampled by WDS), while 8.0
8.5% is the common K5O content near the IE surface. The maxima near the surface in the
405 and especially the 420 °C sample are not expected from diffusion theory,“® unless large
amounts of Lit are transferring from the glass to the salt bath, and are likely an artefact
of the surface condition. A mole fraction of 0.085 for K;O corresponds to a relative Li,O
fraction of 0.72, therefore all the IE-glass compositions are in the range of 0.72—-1 Li,O total

alkali fraction.

Raman Spectra

Micro-Raman spectra collected at increasing depths from the IE surface are shown in Fig. 3a—
g) for different conditions: untreated (no IE) and six different treatment temperatures be-

tween 360480 °C. For comparison, Fig. 3h) presents the Raman spectra of the mixed-alkali

10



untreated
360 C
390 C
405 °C
420 °C
450 'C
480 'C

0.08

0.06

0.04

K20 mol-fraction

0.02

100 150 200 250 300 350
Case Depth (um)

Figure 2: KyO mol-fraction of IE glasses as a function of distance from the IE surface or
edge, determined by Wavelength-Dispersive Spectroscopy (WDS). Error estimates depend
on the mass of the analyte, which can be converted to mol-fraction for this glass system.
When K5O has a mol-fraction > 0.01, the error is 1.0-1.6x1073 mol-fraction, while for a
mol-fraction < 0.01, the error is 0.4x10~3 mol-fraction.
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as-melted bulk series, xLisO-(30—x)K30-70Si05. The effect of the invading K* ions on
the glass structure is noticeable in temperatures at and above 390 °C. Most clearly, the
high-frequency (HF) region peaks (900-1200 cm™?!) shift to higher wavenumbers and the
low-frequency (LF) peak at approximately 480 cm™!) decreases in intensity as K,O content
increases near the edge of the sample. Comparing these observations to the as-melted series
in Fig. 3h), the trends are similar as the series goes from lower to higher KoO content, with
the exception of the narrowing of the major band in the LF-region.

Fig. 4a) compares the Raman spectra collected past the IE layer into the untreated
portion of the sample, indicating samples were mostly unaffected by the ion-exchange process
past the case depth, when the temperature was far enough below T, 459°C. However, the 450
and 480 °C samples did show some differences in the Raman spectra past the case depth. On
the other hand, the comparison of the Raman spectra at the edge of each sample, Fig. 4b),

shows the temperature-dependence of the IE process.

Discussion

Raman Shift Assignments

Silicate glass structure is often described in terms of Q™-units, where n refers to the number
of bridging oxide (BO) bonds, i.e., Si-O-Si bonds, found around a tetrahedral SiO4-unit.
The three low-frequency (LF) region Raman peaks at approximately 480, 570 and 630 cm ™!
have been assigned to symmetric Si-O-Si stretching plus bending of Q*, Q% and Q?-units,
respectively.?425 These vibrations are thought to be somewhat dependent on long-range
interactions, in addition to being dependent on the external Si-O-Si bond angle, where a
shift to higher wavenumbers indicates a reduction in angle.?42¢ Within the alkali and alkali-
earth silicates, only K;0-SiO; was seen to have easily resolved 570 and 630 cm™! bands.?*

In the mid-frequency region, there is a single peak between 790-800 cm™!, identified as a

highly depolarized or antisymmetric Si-motion in a cage;?* it has been observed to shift to
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Figure 3: Micro-Raman spectra of the IE glasses treated at different temperatures at in-
creasing depths from the glass surface: (a)untreated (b)360 °C (c)390 °C (d)405 °C (e)420 °C
(£)450 °C and (g)480 °C. Where IE has occurred, the edge of the glass is relatively K*-rich
compared to deeper into the specimen, which closely matches the spectra of the untreated

parent glass shown in (a). The error in the stage

movement, corresponding to increasing case

depth is 1 pum. The Raman spectra of the as-melted mixed-alkali xLi»O-(1-x)K,0-70Si02

series as a function of composition are shown in
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Figure 4: (a)Comparison of micro-Raman spectra collected far from the edge of each IE
specimen, 360 °C—480 °C and untreated, with as-melted 30Lis—70S104, indicating the effect
of the TE process is negligible past the IE layer. (b)Comparison of micro-Raman spectra
collected at the edge (highest K* conc.) of each TE specimen, 360 °C—480 °C and untreated,
showing the effect of heat and K™ -concentration.

lower wavenumber with increased alkali content.

Peaks in the high frequency (HF) region are due to localized Si-O stretches within the
silicate tetrahedra; as a result peaks in the HF-region can be used for quantification of Q"-
species in the glass structure. In the case of the HF bands, the Raman shift is a function
of internal Si-O bond-length, where with the exception of Q*-units, a higher wavenumber
corresponds to a shorter Si-O bond. The three peaks in the HF-region at approximately 945,
1040, 1090 and 1120 cm™! were assigned to symmetric Si-O~ stretches of Q2, Q*, Q3 and
Q% -units, respectively (that is, Q* with two different second-neighbour environments).?325

There is some disagreement in the literature about the assignment of the HF shoulder
at ~ 1120 cm ' (Q¥ vs. Q¥ %4142) Matson et al. observed the ~ 1150 cm™' shoulder
in high-alkali silicates and assigned it as a distinct Q¥-species due to its having the same
polarization ratio as the main Q? peak, its merging with the main Q3 peak at the disilicate
region and the fact that its intensity does not correlate with the intensity of the known
LF Q* peak at ~ 480 cm™!. As the near-disilicate composition used here, 30Li,O-70SiO,,
is known to be mostly composed of Q3-units and the Raman peak intensity of shoulder at

1115 em~! was actually found to correlate negatively with the LF Q* peak at ~ 480 cm™!,
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the shoulder was assigned as Q*. Compared to other alkalis, Li,O-SiO, has been found to
possess a structure more similar to pure silica even at high modifier concentrations; their
spectra retain the LF Q* peak (480 cm™!) longer and the HF Q" peaks have more equal

Raman scattering efficiencies.?® The Raman shift assignments are summarized in Table 2.

Table 2: Raman shifts () and assignments for fitted peaks

Wavenumber (cm™!) Vibrational Mode Q-species
460-480 (Si-O-Si), stretch Q?
560-580 (Si-O-Si), stretch Q3
605-650 (Si-O-Si)stretch Q?
780-795 antisymmetric Si-motions in cage
945-950 (O-Si-O) stretch Q?

1030-1070 (O-Si-O), stretch Q?
1085-1110 (O-Si-O); stretch Q3
1115-1160 (0-Si-0), stretch Q% or Q¥

2From ref 25 "From ref 41

Fitting and Error Analysis

The fits for the middle of the untreated specimen and the edge of the 450 °C sample are
shown in Fig. 5. It was challenging to fit the IE spectra due to the compositional gradient,
nonetheless, eight peaks were found to fit all the spectra reasonably well, with a maximum
x? < 12, while still having valid peak assignments. No restrictions were placed on the fits
other than using pure Gaussian lineshapes?* and limiting the possible peak width of the
HF-region peaks to < 100 cm™!, which is supported by literature peak bandwidths. 244!
The errors for these fits in peak area and position, are standard errors calculated at
the 95% confidence level using the spectra from the compositional plateau found past the
IE layer. As Raman spectra were collected beyond where K+ was able to diffuse into the
glass structure, there is a plateau in the fitted peak values, where the Raman spectra are
essentially replicates of the untreated glass, 30Li;O-70Si05, collected from different spots
along the surface. These errors are then applied to the entire sample, including the mixed-

alkali gradient region near the edge. As each IE temperature has a plateau past the case
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Figure 5: Peak deconvolution for two samples: (a) middle of untreated parent glass, 30LixO-
70Si02 and (b) edge (highest K conc.) of IE glass at 450 °C treatment. Lines are only
guides for the eyes.

depth, there is a unique error corresponding to that sample. Overall, this strategy appears
reasonable as most of the error is due to the fitting procedure rather than the data collection.
In the case of the 480 °C sample, the compositional plateau near the edge was used instead of
the pristine plateau nearer the middle; this larger variance in composition may be responsible

for some of the larger errors seen for 480 °C in Fig. 8a).

Area Fraction

Although Raman spectroscopy is not a quantitative analysis technique, it is possible to com-
pare relative peak areas within a spectrum. The spectra of the IE samples were collected
consecutively, one point after another along the surface, maintaining experimental param-
eters for each sample. The Q" distributions determined from the relative area of the four
localized HF-region peaks are shown in Fig. 6. In this case, the Q® and Q%-units were
grouped together, to make the graphs clearer and easier to compare to literature. The errors

were tabulated from the plateau spectra of the middle region of each sample as explained in
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the previous section. As the Q® fraction is actually composed of two peaks, Q% and Q¥ it
generally has twice the error of the other two Q"-units in Fig. 6. In the case of the as-melted
mixed-alkali series, Fig. 6h), the errors were simply taken to be +10% of the area fraction
per literature procedures.*! It is encouraging that although the errors for the IE glasses and
the as-melted series were determined by different routes, they are comparable.

For exchange temperatures > 390 °C, a clear effect of the invading K*-ions is observed:
at the edge of the ion-exchange glass, where there is the highest concentration of K*-ions,
there is a higher area-fraction of Q3-species, 0.55, in comparison to the middle of the glass,
0.45. Along with the decrease in Q3-species, there is a concurrent increase in Q? and Q?*-
species towards the middle of the sample. This trend is similar to the disproportionation
reaction, 2Q? < Q? + Q*, that is known to occur in bulk glasses.?>** The area-fraction of
ion-exchanged glasses can also be compared directly to the as-melted mixed-alkali glasses
shown in Fig. 6h). There is a slight increase in Q3-species compared to what is expected from
the corresponding as-melted compositions; this indicates that the IE glass Q™ populations
exceed those in the corresponding as-melted mixed-alkali compositions and more similar to
as-melted compositions with greater concentrations of K.

As the Raman cross-section is a result of changes in polarizability, and Q"-units differ
in charge and volume, they also differ in cross-section.?”#4% There is even evidence to
suggest that the identity of the cation in a NBO can affect the strength of the Raman effect,
although that is likely a minor contribution in comparison to the type of Q"-species.*6
Nevertheless, the normalized cross-section, which relates the intensity of a Raman-active
mode to its population, for a given Q"-species can be determined empirically from known
compositions and assumed to be roughly constant across a glass series.?” Using the expected
Q"-population?” for a glass with the untreated composition, 30LisO-70SiO,, and the spectral
area of the assigned Raman peaks, normalized cross-sections were determined for each QQ"-
species in the untreated sample (Q* = 1.44, Q* = 0.70 and Q? = 1.50); it was then applied

to the corresponding peak area in the IE samples to produce a normalized Q"-population,
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which will be used in the rest of the paper. Additionally, the structural changes are expected
to be small in an IE glass, further validating the application of the normalized cross-sections

estimated from the untreated sample to the IE spectra.
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Figure 7:  Connectivity, or non-bridging oxygen per silicon atom, [NBO]/[Si], for ion-
exchanged glasses, untreated (purple) and 360480 °C (dark blue-red), as a function of depth
from IE surface (bottom axis) in comparison with [NBO]/[Si] in the bulk series (black) as
a function of composition (top axis). All [NBO]/[Si], including the as-melted series, were
determined from Raman spectroscopy and the calculated normalized cross-sections. For
comparison, the range of [Li;O]/[M20] found in the IE glasses is also marked.

Using the normalized Q"-distribution, the non-bridging oxygens per silicon atom ([NBO]/[Si])
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of the different IE-samples can be calculated, as shown in Fig. 7. The [NBO]/[Si] ratio gives
a more comprehensive picture of what is occurring in the glass structure compared to the
Q™ populations alone. Fig. 7 also includes the [NBO]/[Si] ratio of the as-melted mixed-
alkali series (plotted against composition along the top axis) for comparison, which match
the [NBOJ/[Si] determined from composition in Table 1 quite well. Fig. 7 indicates that
as-melted glasses with similar compositions to that of the IE layer ([LiyO]/[LisO+K50] of
0.72-1) would have [NBO]/[Si] of 0.8-0.82. Samples treated at higher temperature, 450 and
480 °C, have an [NBO]/[Si] ratio of approximately 0.81 near the outer edge, which is fairly
close to what was found for the compositionally equivalent as-melted glass, 0.82. Both of
these temperatures are near enough to 7, to relax the structure towards that of the as-melted
sample. However, the 480 °C sample shows a steady increase in [NBO]/[Si] from 0.81 to 0.87
with increasing case depth until decreasing sharply near the transition from IE layer to pris-
tine composition. Additionally, for the samples treated at lower temperature (390-420 °C)
the [NBO]J/[Si] ratio is higher, especially near the outer edge, than what was found for the
corresponding as-melted mixed-alkali composition. Consequently, this increased [NBO]/[Si]
may be a feature found within all unrelaxed IE layers. This result indicates a reduction in
connectivity, which is the opposite of what is normally associated with enhanced mechanical
properties. These larger than expected ratios indicate a modification in how the charge bal-
ance of the glass is being maintained; there are Si-O-Si bonds being converted into Si-O~M™,
perhaps simply to accommodate the substituting K*-ion which has twice the desired oxygen
coordination number of Li* (8 vs. 4).%® Computational studies have showed the invading
cation oxygen coordination to be somewhere between what is found in the untreated and
as-melted compositions. ¢

Additionally, the WDS results (presented in SI) show less SiOy content within the 1IE
layer in comparison to the middle of the sample, which may be due to larger ions blocking
ion channels, preventing the smaller ions from leaving, creating a build-up of "extra” ions

leading to more NBOs. In any case, the peak area data show clear evidence for structural
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rearrangement, 7. e., breaking and forming bonds, becoming more similar to the as-melted
mixed-alkali structure and is supported by other experimental literature.*?* Nonetheless, the
differences in connectivity between the IE layer and as-melted mixed-alkali series is likely

not responsible for the improved mechanical properties seen in IE glasses.

Shifted Raman Shifts

For our purposes, a more useful way to represent the peak positions is the shift of the Raman
shift, Av, defined as the difference between the Raman shift of a peak in a sample, vy and
the shift of the corresponding peak of the untreated or the endpoint composition of the

as-melted series, 30LioO-70Si02, v301i,0-

Av =vg — V30Lio O (3)

Av is a quantifiable measure of the any structural changes caused by the replacement of the
Lit with K ions in the IE samples. It was determined at each depth from the IE surface
for all eight major peaks identified from fitting, Fig. 8 and Fig. 9. The three LF-peaks at
480, 560 and 610 cm™! presented in Fig. 8a-c) are assigned to symmetric Q*, Q3 and Q?
Si-O-Si stretches, respectively, and have been correlated to the external Si-O-Si angle.?3 27
The plots in Fig. 9a—d) show the Av of the four peaks in the HF-region, 945, 1040, 1090
and 1125 cm™!. As stated earlier, the positions of these peaks are correlated with the Si-O
bond-length of the structural Q"-units found in the glass. The errors were calculated for
each temperature using the method described in the previous Fitting and Error Analysis
section. Typically, the error was on the order of +0.5-2.5 cm™!, with the outer, 480 and
1120 em ™!, and weaker, 795 cm ™!, peak fits having the largest variance.

Raman shifts for the as-melted mixed-alkali series can be found in the SI. The Av for

the as-melted composition which corresponds to the highest K composition found in the

IE glasses (approximately 21LisO-9K,0-70Si0,) is tabulated in Table 3. The error in the
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Figure 8: Shifted Raman shifts (Av) for the low frequency Raman modes. Av is the

difference between the Raman shift in the IE layer and the untreated parent glass for a given
mode, plotted here as a function of ion-exchange depth for all IE-temperatures. Colors:
untreated (black) and 360480 °C (purple-red). The positions of the first three Raman peaks
in the LF-region are known to correlate with Si-O-Si bond angle in Q"-species: (a)480 cm™*
Q*, (b)560 cm™! Q3, (¢)610 e~ Q?, while the fourth peak is attributed to Si-rocking in a

cage (d)795 cm™!.
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as-melted Av is the average error found for each peak in the ion-exchanged samples.

Table 3: Shifted Raman shifts, Av, for the as-melted mixed-alkali silicate with the same
composition as the edge of the IE-samples, ~ 21Li;0-9K50-70SiOs.

Shift Range (cm™!) Q"-species ve (em™!)  Error (cm™!)
460-480 Q* -10 2.6
560-580 Q? 3 1.1
605-650 Q? 3 2.5
780-795 Si motions in cage -8 1.2
945-950 Q? 2.5 0.5

1030-1070 Q* 15 1.7
1085-1110 Q3 10.5 0.5
1115-1160 Q¥ 8 2.9

First of all, in Figs. 8 and 9, the shift Av is generally farther from the baseline, i.e., the
untreated glass, for the samples treated at the highest temperatures. Beginning with Fig. 8a)
(the 480 cm ™! peak), we see that this fit is noisier than the rest, but we can say with certainty
that the low and high temperatures, 390, 450 and 480 °C, are shifting to lower wavenumbers
than expected from the equivalent untreated composition. In contrast, the other two LF-
region peaks, 560 and 610 cm™! (Fig. 8b) and c)), have much larger increases in Av, 7-16
and 12-45 cm™! respectively, for all temperatures, compared with the untreated Av, only
3 cm™!, for both bands. Fig. 8d) shows that the negative Av value indicates replacing
Li* with K* reduces the frequency of the Q*motion in a cage. Once more, the higher
temperature samples, 405-480 °C have a larger deviation from the untreated sample of the
same composition. Fig. 9 shows the higher temperatures, 420-480 °C, to have larger Av in
comparison to the untreated composition. Overall, a larger deviation from the potassium-
free composition is seen in the IE-samples, especially for the high-temperature conditions,

in comparison to the equivalent untreated composition.

Raman-Crystal Calibrations

The Raman peaks of the IE glasses can be compared to those found in crystals of similar

composition to understand how much the external Si-O-Si angles are changing. A calibration
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curve of Si-O-Si bond angle vs. Raman shift was made using literature crystal data (Fig. 10).
It was found that although a reliable trend (R? = 0.88) exists for alkali silicate crystals, where
a higher wavenumber indicates a smaller Si-O-Si angle, there is no relation between Si-O-
Si bond angle and Raman shift in SiOs polymorphs. This may be due to a lack of steric
constraints in SiOy structures, where calculations have shown the energy per molecule in
fused quartz varies only by 0.2 eV for a range of 120° to 180°.49751 As a result, little can be
said about the Z/Si-O-Si of Q*-units, consequently, an average /Si-O-Si (149°) is assumed for
all TE and as-melted glasses alike. Additionally, the Raman peak position correlated with
/Si-O-Si of Q*-units, Fig. 8a), changes less than the other Q"-unit peaks, Fig. 8b-c).

Alkali silicate crystals, on the other hand, appear to have more constraints and fewer pos-
sible crystal structures, for example, lithium and sodium silicates are iso-structural. Nonethe-
less, the relationship between Si-O-Si bond-angle and Raman shift in alkali-silicate crystals
can be used to convert the shifted Raman shift, Av, into an estimate of Si-O-Si bond-angle
modification induced by the IE process. For example, the LF-region Q? and Q3 Raman peaks
positions increase by 35 and 14 cm ™!, respectively, at the surface of the 480 °C sample, which
corresponds to a decrease of —7° (—=5%) and —3° (—2%) in the Si-O-Si bond-angle. In the
case of an IE temperature of 390°C, a Av of 48 and 17 cm™! were observed, indicating a
bond angle decrease of —9° (—7%) and —3° (—2%) for Q* and Q3-units, respectively. This
indicates that the Si-O-Si bond-angles of Q2-units are more affected by the IE-temperature
in comparison to Q*-units, which is also observed in Av, Fig. 8.

Like the LF-region peaks, the HF-region Raman peaks can be compared to crystal data
to determine the approximate conversion between wavenumber and bond-length, Fig. 11.
However, unlike Fig. 10, SiOs polymorphs have a stronger correlation between Si-O bond-
length and Raman shift, R? = 0.83, while alkali silicates show a weaker trend between
Si-O bond-length and Raman shift, R? = 0.63. It is interesting to note the trends are
opposite for SiOy polymorphs compared to alkali silicates; although a negative relationship

between bond-length and Raman shift is commonly seen, the opposite relationship observed

25



160.0

A
B-tridymite (413K) A SiO; polymorphs
155.0 -quartz (845K -
Prauartz (A ) . A Alkali Silicates
a-tridymite coestte 0 Q%-¢l
- glass
150.0 A A Average@® Na25i20s &
a-cristobalite (/] e Q3- glass
145.0 - . KZSXOS L'ZSA'ZOS ® Q*-glass
_ A .. Ka0-5i0; (0)
% a-quartz ‘
< ®.  E390°C (@)
) 135.0 A ' K20-Si0, (Q?)
& IE480°C (Q°) &,
130.0 - NaySi0; . Liz0-5i0z (Q?)
o
125.0 - LiaSi0s
o iy @
120.0 - IE 480°C (Q?) .
IE 390°C (Q?)
115.0 T T T T T
400.0 450.0 500.0 550.0 600.0 650.0

Wavenumber (cm1)

Figure 10: Calibration curve comparing average Si-O-Si bond-angle in crystal structures
from literature to literature Raman data. NaypSiOg;235456 LiySiOg;235660 K,Siy0j; 2361
NaySipO5; 236263 [iySi,05;23:606465  coesite; 60 a-quartz;99 8¢  a-cristobalite; 3792  B-
cristobalite; 399194 q-tridymite; > %7 B-quartz; 7> 73:81:82.98°100 3_tridymite.?6°%101 Literature
values are available in the SI. SiO, polymorph crystals (A) do not have a correlation be-
tween Si-O-Si bond-angle and Raman shift, therefore, an average /Si-O-Si is suggested for
the Q*-units(e) in Li;O-SiOy, K50-SiO, and IE glasses based on the average measured Ra-
man shift. The alkali silicate crystals (/\) line-of-best-fit, R? = 0.87, was used to calculate
the corresponding Si-O-Si bond-angles for the Q?(e) and Q3-units(e) in the Li;O-SiOy, K,0-
SiO, and IE glasses from the measured Raman shift. Errors in ZSi-O-Si determined from
the fit are +4° (+3%) for both Q? and Q*-units. For the Raman and crystal data, at least
two separate literature values were averaged; however, for o and g-tridymite has one experi-
mental and one calculated value.?” Additionally, the crystal data only contains one value for
the structures of K9SioO5 and NaySiosO5. As of now, the crystal structure of KoSiO3 remains
unavailable.
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Figure 11: Calibration curve comparing average Si-O bond-length in crystal structures
from literature to literature Raman data. NapSiOg;235456 LiySiOg;235660 K,Sis0j; 2361
NaySipO5; 236263 1i,SinQy; 2360616465 coesite; 670102 -quartz; 5980 a-cristobalite; 3”92 B-
cristobalite; 3919 q-tridymite; > 7 B-quartz; 7> 73:81:82.98°100 3_tridymite. 627101 Literature
values are available in the SI. SiO, polymorph crystals (A) line-of-best-fit, R* = 0.83, was
used to calculate the corresponding Si-O bond-length for the Q*-units(e) in the LiyO-SiOs,
K50-Si05 and IE glasses from the measured Raman shift. High-pressure phases, coesite and
stishovite, were excluded as they did not fit the trend. Alkali silicate crystals (/) line-of-
best-fit, R? = 0.63, was used to calculate the corresponding Si-O bond-lengths for the Q?(e),
Q?(e) and Q¥-units(e) in the Liy0-SiOy, K;0-SiO, and IE glasses from the measured Ra-
man shift. Errors in (d(Si-O)) determined from the fits are £5x107% A (£0.3%) for both
Q? and Q*-units, and £6x107% A (£0.4%) for Q*-units. For the Raman and crystal data,
at least two separate literature values were averaged; however, for o and [-tridymite has
one experimental and one calculated value.?” Additionally, the crystal data only contains
one value for the structures of K5Si;O5 and NaySisOs. As of now, the crystal structure of
K5SiO3 remains unavailable.
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in SiOy polymorphs, where the bond-length is increasing with wavenumber is more difficult
to explain. Using the trends in Fig. 11, Av’s of the 480 °C sample (4, 22, 37 cm™!) translate
into a bond-length decrease of —5x107*A (—=0.2%), —2x1072A (—0.1%) and —3x10~% A
(—0.2%) for Q2, Q* and Q%-units, respectively. Q*-units, on the other hand, saw a large
increase in Si-O bond-length of 4.43x107'A (2.9%). A strain of 2.9% is larger than most in
brittle ceramics, with the exception of structural phase transitions; otherwise, the material
would fail much before those high of strains. Consequently, it seems like the structure of
the IE-glass is changing as well as being strained, such as increasing the number of NBOs,
in addition to a less electronegative Kt replacing Li*. In this case, temperature appears to

have a linear effect on Si-O bond-length.

Relaxation Mechanisms

Plotting Si-O-Si bond-angle versus average Si-O bond-length of literature crystal data in
Fig. 12, there appears to be a negative correlation for SiO, polymorphs and alkali silicates
alike, such that as ZSiOSi decreases, <d(Si—O)> increases. Indeed, the IE glasses exhibit
bond-angle reductions in Q? and Q3*-units concurrently with the lengthening of Q* d(Si-O).
The Q? and Q3-units neighbouring the ion-channels must accommodate the larger ion, both
in space and coordination number, leading to reduction in network volume by collapsing
the SiO4 tetrahedra towards one another. IE likely causes the ion-channels within the glass
to be more rigid than in the corresponding as-melted glass-structure, so it follows that the
NBO or Si-O~ bond-lengths in Q? and Q3*-units are constrained and unable to dilate, while
Q*-units have more freedom. Consequently, the changes in ZSi-O-Si in the Q? and Q3-units
necessitated by the larger invading ion are accommodated by dilation of the Q* network.
The IE-glass values determined from the Raman spectra in the previous section are
included to demonstrate that they lie in the expected region of the graph compared to the
crystal data. The Si-O-Si bond-angles of the Q*-units are held constant since no correlation

was found between Raman shift and ZSi-O-Si; however, due to the relationship between /Si-
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Figure 12: Relationship between average Si-O bond-length and Si-O-Si bond-angle
in silicate crystal structures from literature.  NaySiOs;%4%% LiySiO4;°" % K,SisOs; 6!
NaySis05;%? LisSipOy; 616465 coesite; %657 a-quartz; ™ a-cristobalite; 878 B-cristobalite; %394
a-tridymite; ?> 9719 B_quartz; 727399 B_tridymite. %19 At least two separate literature val-
ues were averaged for each crystal structure, wih the exception of NaySisO5 and K5SisOs.
The line-of-best-fit for SiOy polymorph crystals (/\) has an R* = 0.98 (once the high-pressure
phase coesite is removed), while the alkali silicate crystals’ (/\) trend has an R? = 0.63. This
is simply to show a negative correlation between <d(Si—O)> and /Si-O-Si, although there
is a different relationship for Q*-units(e) in comparison with Q*(e) and Q3-units(e). The
<d(Si—O)> and ZSi-O-Si for Li;O-Si0, K50-SiO, and the IE glasses are those calculated
from the measured Raman shifts as shown in the previous section. As of now, the crystal
structure of K5SiO3 remains unavailable.
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O-Si and <d(Si—O)>, it may be fair to extend the negative correlation between £Si-O-Si and
(d(Si-O)) to Q*-units as well. Nevertheless, all following calculations still hold the ZSi-O-Si
in Q*-units to be constant.

Furthermore, calculations?®1% have shown the £Si-O-Si to shift to smaller angles as
R/r decreases, where R is the oxygen-second-nearest-neighbour-oxygen or O-Si-O separation
and r is the Si-O bond-length, thus reinforcing the idea that £Si-O-Si and <d(Si—O)> are
negatively correlated. Hill and Gibbs similarly state that £Si-O-Si are determined by Si-O
bond-lengths, d(Si-O), and Si-next-nearest-Si interactions, Si- - - Si; larger Si- - - Si-separations

are correlated with longer d(Si-O) and larger ZSi-O-Si, as fit in the following: 1%°
1
log d(Si- - - Si)/A = log 2(d(Si — O)) /A + blogsin (5481 -0 - Si) (4)

In fact, by assuming the variance in d(Si — O) is small and using the general relationship in
Eq. 4, Hill and Gibbs found clear linear correlations for both crystalline SiO, polymorphs
(N = 161, R* = 0.98) and alkali silicate crystals (N = 87, R? = 0.93) alike. Moreover,
the authors found that the slope, b, differed very little for SiO5 polymorphs and silicates,
0.808 in comparison to 0.809; hence, the relationship in Eq. 4 can be applied to all Q"-
species present in the IE glasses. As the d(Si-O) and ZSi-O-Si have been determined from
the Raman data using correlations in Figs. 10 and 11, it is now possible to calculate the
changes in Si---Si. To accomplish this, Eq. 4 must be modified using experimental Q"-
species fractions, xqgn, in addition to being summed over all possible Q"-interactions, to

obtain the average (d(Si---Si)) separation:

4
1
log(d(Si---Si)) = Z TQoTqp {log 2(d(Si — O)qe) + 0.81 log sin (5481 -0 - SiQp>] (5)

0,p=2

The (d(Si---Si)) separation was found by this approach to be 3.05 A and 3.02 A for un-
treated and 390 °C samples respectively; although 0.03 A appears to be a small reduction in

(d(Si---Si)), it results in an approximate 2% reduction in silica network volume, dVetwork,
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as determined by Eq.6.

(d(Si---8i)) = (d(Si---S))rer
(d(Si-- - Si))res ’

5V/Vnetwork =3 (6)

where the reference state is the pristine middle section of each treated glass. The pristine
middle sections of the high temperature IE treatments, 450 and 480 ° were found to change
structurally, compared to the untreated 30% LiyO glass. The 6V/V1etWork results for all IE
samples, untreated and 360-490 °C are shown in Fig. 13. The network is seen to densify
at low IE temperatures, 390-420 °C, and then at IE temperatures > T,, relaxation and
expansion occur due to larger K*-ions entering. In fact, IE temperatures near or above T,
450 and 480 °C, show a large increase in network volume near the edge, indicating large
structural rearrangement.

It is difficult to estimate the stress present in IE-glass without measuring it directly,
however, to a first approximation, the reduction in Si---Si separation can be thought as
the result of an uniformly applied stress. Since the surface is free to move, the stress is
anisotropic, however, we are only able to measure the volume change and must treat the stress
as hydrostatic. In this case we can estimate the stress o as 6 P/3, where 6P is the effective
hydrostatic pressure due to the IE process, and use the bulk modulus x = —0P/(6V/V)
together with Eq. 6 to estimate stress. For the value of the bulk modulus we use the value
of the 20% LiyO- 10% K5O bulk glass as representative. It is then possible to compare the
results determined here to stresses reported in literature.!® In this case, we are assuming
the ion volumes stay constant and do not participate in the stress. Fig. 14 shows the
calculated axial stress for all IE-samples. First of all, these values are in good agreement
with literature, which reports compressive stresses of approximately 350-970 MPa.!56:17
Our data agrees with literature expectations,® where the maximum compressive stress was
found in the lowest temperature sample in which significant concentration of K* entered, in

this case, 390 °C. Since the current IE procedure was done at higher temperatures relative
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Figure 13: Relative densification or reduction in molar volume of the silica network,
SV /Vvmetwork - determined from Eq. 6 as a function of distance from the IE-edge and IE-
temperatures, untreated (black) and 360-480 °C (purple-red).
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to Ty than in commercially available IE glasses, it is not surprising that the highest stress

determined solely from the Raman spectra, ~ 300 MPa, is at the lower end of literature

values.
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Figure 14: Axial stress along one dimension, o;;, determined from Eq. 2 as a function of
distance from the IE-edge and IE-temperatures, untreated (black) and 360-480 °C (purple—
red).

Secondly, Figs. 13 and 14 reveal a more complete understanding of the structural mech-
anisms than the shifted Raman shift, Av., plots alone, Figs. 8 and 9. In general, the v.’s
linked to d(Si-O) increase dramatically with higher temperatures, while v.’s linked to ZSiOSi
stay relatively constant as a function of temperature. The reduction in ZSiOSi occurs as
soon as any invading ion is present, even at lower temperatures, while the lengthening of
d(Si-O) is a relaxation mechanism that can only occur when enough energy is present in

the network. Furthermore, the effects of temperature and relaxation can be seen in Figs. 13
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and 14, where the most densification or maximum compressive stress is seen to be lower and
progressively further from the IE surface with increasing temperature. Although the /SiOSi
for Q*-units is not known and held constant, it is likely that an increase in average d(Si-O)
would facilitate a decrease in ZSiOSi as indicated by the trend in Fig. 12; this makes the
estimate of the reduction in network volume conservative as it does not include reduction
of the Q* £SiOSi. Since Fig. 13 shows there to be an expansion of the network at high IE
temperatures, Fig. 14 shows a large tensile stress as a result, which may be overestimated
since the structure was seen to clearly change at IE temperatures > 450 °C. On the hand,
the 480 °C sample was observed to have cracking after the IE process, so perhaps this is
indicative of the large tensile stresses formed at the edge. It could also be mismatch between

106,107 although we expect the

thermal expansion coefficients of Li- and K-containing regions,
effect to be small in comparison to the compressive stress from the compositional effects.
We are currently analyzing ellipsometry data to see if these calculated stresses in Fig. 14
match what is seen experimentally, nonetheless, the reduction and migration of maximum
stress from the edge has been well-documented. 215

This compaction followed by dilation of the silica network may indeed be the two-step re-

16,20 4 fast local rearrangement followed by a slow relaxation

laxation process discussed earlier:
towards the structure of the as-melted potassium end-member. However, the data presented
here indicate the reverse order of rearrangements; rather than an expansion followed by an
irrecoverable densification, an elastic compaction, i.e., Si-O-Si bond-angle reduction, followed
by a plastic dilation, i.e., Si-O bond-lengthening at higher temperatures, is observed. This
disagreement may be explained simply by noting re-orientation of SiO, tetrahedra requires
less energy than bond-length changes. The first step likely involves non-linear elasticity,
where the deformation would recover entirely on laboratory-length time scales if the load is
removed. '8 This is solely based on the fact that there appears to be a preferred relationship

between ZSiOSi to d(Si-O) as shown in Fig. 12, which leads to the conclusion that the com-

pressive stress manifested as reduction in ZSiOSi may be relieved in one of two ways: either
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the load can be removed and the ZSiOSi returned to the "rest” position, or the d(Si-O)
can increase. Finally, this relaxation mechanism may, in conjunction with viscous flow at
the IE temperature, be an explanation for the lower-than-expected stress commonly seen
in IE glasses, where the practically achievable compressive stress is significantly lower than
that predicted from the as-melted composition.'® There may exist a temperature-dependent
stress threshold, where when breached, the structure yields and lengthens the d(Si-O) in

response.

Linear Network Dilation Coefficient

Although §V/Vmetwork determined from the reduction in average d(Si- - -Si) separation is a
reasonable measurement of changes in the silica network, it does not describe the change in
molar volume due to the volumes of the ions. The total molar volume, V%! is a combination
of the densification of the network as well as the volume increase expected from Lit <+ KT
substitution. We estimate the relative change in total molar volume, AVy,/V)s, by summing
the weighted relative changes in partial molar volumes V}; between the IE and bulk of each
glass component, SiO,, Li;O and K,O. For the silica contribution we use §V/V2eWork from
Eq. 6. We assume the lithium oxide contribution, AVAIjliQO between IE and bulk environments,
to be negligible because the environments of lithium in the IE layer and lithium in the bulk
glass should be quite similar. For potassium we estimate the change in partial molar volume,

as potassium substitutes for lithium, as approximately VEQO — V]\Ifo. The result is
AV V29 (bulk) — Vi2€ (bulk)

W ~ $51025V/Vnetwork —I— xKQO VM . (7)

Now it is possible to determine the LNDC (B) in Eq. 1 by plotting %AV]\tftal Versus
mol-fraction of K20 (zk,0 or Ck+(2)); Fig. 15 compares the LNDC for the as-melted mixed-
alkali series with increasingly higher-temperature IE glasses. It is clear that the IE-samples

have a much shallower slope than the corresponding as-melted series because of the limited
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relaxation of the network during IE. The final B values and R? values are tabulated in
Table 4, which shows B to be quite close to what is expected from the literature,?16:17

roughly 2-4 times smaller compared with the as-melted mixed-alkali series.

2.0%
A as-melted series
@ 360 °C
A 390°C N : AA
1.5% - 405 °C ’ °®
+420°C Py
A450°C A o ®
® 480 oC s..-"'" °
"_,- ..::::..:'.
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8
£
B 0cs
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0.0%
05% L

0 2 4 6 8 10
Ci. Replacing C;, (mol-%)

Figure 15: Determination of LNDC using Eq. 7 for all IE-temperatures, untreated (black)
and 360-480 °C (purple-red).

The LNDC appears to depend positively on IE-temperature, indicating AV %! is more
sensitive to KoO content at higher temperatures. For example at equal concentrations of the
substituting K™-ions, Cx+ ~ 10, the AV %! is larger at 480 °C in comparison to the 405 °C
sample. This result is consistent with the proposed mechanism for stress manifestation
during Li*™ <+ KT exchange: an initial reduction in Si- - - Si separation caused by reduction in
/Si0Si followed by an increase in Si- - - Si separation due to lengthening of d(Si-O). The LT
samples (390-425 °C) show only a small increase in AV %! with increasing K* concentration,

indicating that the network densifies (by decrease of ZSiOSi) to accommodate the increased
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Table 4: LNDC or B,*! error (AB) and correlation-coefficient (R?) calculated using bulk
Li»O as the reference (Eq. 7 and Fig. 15) for as-melted series in comparison with IE glasses
at increasing temperatures

Sample B (mol-% K,0)™'  AB (mol-% K,O0)~'  R?
xLiy O-(30—x)K,0-70Si0, 3.4x1073 2x1071 0.994
390 °C 6x10~4 2x1074 0.65
405 °C 9x10~* 1x10~* 0.85
420 °C 1.0x1073 2x1074 0.85
450 °C 2.0x1073 1x1074 0.95
480 °C 2.04x1073 6x107° 0.98

volume of the invading ion and that little structural relaxation (i.e., increase in (d(Si-O))))
occurs. Additionally, the lower correlation coefficient for these LT samples can be explained
by the antagonistic two-step process. The increase in structural relaxation with temperature
can explain the temperature-sensitivity of the LNDC in Fig. 15 and Table 4.

Another consequence of the LNDC anomaly is manifested when compressive stress is
calculated using B in Eq. 2: if the LNDC for the as-melted mixed-alkali series is used, the
compressive stresses obtained are also 2—4 times higher than the stresses measured photoe-
lastically in IE glasses.?1%!® To illustrate this point further, Fig. 16 shows the stress, o(z),
calculated using Eq. 2, with B determined from AV*% in Eq. 7 and the mol-fraction of
K™, Ck+(2)), from WDS . Studies of IE glasses have shown tension of < 100 MPa past the
case depth,? therefore, the average mol-fraction of KT, Cyys, was artificially set to generate
tension between 10-50 MPa. This is simply extending the sampling range beyond what
was measured using WDS, for example, a longer distance would result in a lower average
mol-fraction of K, Cyyg.

Fig. 16, by comparison to Fig. 14 shows how Eq. 7 overestimates the stress at the IE
surface, since it equates a positive OV 2! to compressive stress, but if lengthening Si-O bonds
are indeed a relaxation mechanism, that is not always the case. Overall, the molar volume will
always increase compared to the untreated lithium silicate due to larger ions filling smaller
interstices, as shown by finite element modelling,? but a larger AVi¢*! / ACi+(2) means more

relaxation has occurred and less compressive stress is present. This can be seen clearly in
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Figure 16: Stress determined from Eq. 2 and B when bulk Li;O is the reference state
(from Eq. 7 and Fig. 15), as a function of case depth for all IE-temperatures, 360480 °C
(purple-red).
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Fig. 15, where the highest temperature IE sample with the largest thermal relaxation also
has the largest value of AV % /ACy+(z). Additionally, Eq. 2 likely underestimates the
stress at low temperatures, since the total molar volume, AV%l is similar to the initial
untreated molar volume resulting in a small B, yet the Raman data shows the silica network
to be stressed and densified due to dilation of the ion channels.

The method of estimating stress from the change in molar volume per change in alkali
ion from a bulk lithium-modified glass does not account for the reduction in network molar
volume that occurs from compressive stress. The IE glass with the highest maximum com-
pressive stress is one where there is no change in molar volume compared to the untreated
sample, indicating the silica network has densified without being able to relax (that is, a de-
crease in ZSiOSi with no relaxation in Si-O bond lengths). For the IE structure to have the
most stress, it should be furthest from its equilibrium state, i.e., the as-melted mixed-alkali
composition corresponding to the final IE composition, not the initial untreated structure.
In such a state the partial molar volume of K;O would be quite similar to what it is in a

pure potassium silicate glass. It is therefore interesting to consider an alternative method of

determining B, using V;fo(bulk) as the reference state:

AV
M N 2510, 0V VMR L 0 A K. (8)
Vm

Here AK is the reduction in molar volume for K* in the IE layer compared to in a relaxed
K™ site. The similar factor in Eq. 7 was the difference between a relaxed K* site and a Li*
site, which is clearly large and positive.

The closer the IE structure is to the as-melted mixed-alkali structure, the less stress is
present in the glass. If we calculate B using %Avj\%’tal determined from Eq. 8 and an estimate
of Ag ~ —0.1, we obtain an LNDC that changes from negative to positive with increasing
temperature, shown in Fig. 17. The exact B values when the K,O reference is used are

tabulated in Table 5. When the glass is stressed the first and second terms are negative,
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however, at higher temperatures, the network is no longer densifying, in fact, AV %! is
positive, thus, there is a sign change despite the second term remaining negative. Although
counter-intuitive, the LNDC is negative at low IE temperatures because the reference state
is bulk K,0; it is a direct result of the network densifying and V32°(IE) < VE29(IE).
Furthermore, %AVA}‘“&I always remains below zero; in fact, high IE temperatures 450 and
480 °C are seen to approach zero or equilibrium Vj; of the as-melted 20Lis-10K50-70S104
composition. Additionally, the IE glass always has a larger V' than that of the untreated
30% LiyO glass, which has a %Avj\t/}’tal of —3.0% relative to the as-melted 20Lis-10K50O-70S10,
composition. The high temperature IE treatments show the structure to densify, 7.e., have
larger AV P! significantly. Overall, in cither reference state, bulk Li,O (see Eq. 7) or
K50 (see Eq. 8), lower values of the LNDC should be equated with more compressive stress,
rather than higher values per Eqs. 1 and 2.

The stress determined from Eq. 2 using the alternative B with bulk K>O as the reference
is shown in Fig. 18. In this alternative formulation, Eq. 2 does not include the negative sign
in the front, to account for the change in perspective from K* addition to K* deletion. The
change in reference state gives a stress profile which matches quite well with the experimental
profile measured from the Raman data (Fig. 14) as well as what is expected from literature:
the stress maximum decreases and migrates inwards with increasing IE temperature. The
change in sign for B allows for the complex behaviour expected in the stress profile. This

total always exists for the

reformulation ensures that a compressive stress or decrease in AV,
ion interstice (although that may not be true at high IE temperatures like 450 and 480 °C)
and most importantly allows the direction of the AVE™ork to be significant, rather than
overwhelmed by the increase in ion volume when bulk Li;O is used as the reference state.
As mentioned before the maximum achievable stress occurs when the most ion-exchange
has occurred without expansion, thus, an IE glass with a similar molar volume to the starting

material should have the most enhanced mechanical properties. This condition puts a lower

bound on possible molar volume, since the IE volume cannot be smaller than the starting
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Figure 17: Determination of LNDC, B, using Eq. 8 and mol-% of substituting ion, K,
(from WDS) for all IE temperatures, untreated (black) and 360-480 °C (purple-red).

Table 5: LNDC or B,%' error (AB) and correlation-coefficient (R?) calculated using bulk
K50 as the reference (Eq. 8 and Fig. 17) for as-melted series in comparison with IE glasses
at increasing temperatures

Sample B (mol-% K,0)™!  AB (mol-% K,0)™!  R?
xLip O-(30—x)K50-70Si0, 3.4x1073 2x1074 0.994
390 °C -6x107* 3x1074 0.64
405 °C -2x1074 1x1074 0.36
420 °C -2x1074 2x1074 0.21
450 °C 7.7x1074 1x1074 0.75
480 °C 8.5x107* 8x107° 0.90
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volume as well as a corresponding higher bound on possible compressive stress. As a result,
using a bulk as-melted glass system with a higher LNDC may appear beneficial to achieving
more stress, since there would be a larger difference in molar volume between the starting
and equilibrium structure. However, that difference is only the possible compressive stress,
not necessarily what is achievable through IE. For example, let us consider two different
glass systems, alkali aluminosilicate versus alkali silicate, where the LNDC of the bulk as-
melted mixed-alkali aluminosilicate series in lower than the corresponding silicate series, yet
the aluminosilicate series has higher, almost double, compressive stress.'® It is possible to
have a system where upon the addition of the larger ion, the molar volume of the IE glass is
increasing at a slower rate compared to its as-melted equilibrium structure, only the difference
between the two structures matters, so a system can still have a lower as-melted LNDC and
higher compressive stress. Additionally, aluminosilicate crystals and glasses are known to be

108 and glasses. 19?110 In fact, the higher stiffness of

stiffer than corresponding silicate crystals
the aluminosilicate network may be responsible for its lower LNDC; a more rigid network may
result in a smaller molar volume change as a function of mixed composition. Since stiffness
converts strain to stress, it is important to consider the strain, i.e., the reduction in molar
volume compared to the equilibrium structure, as well as the stiffness when determining the
compressive stress. Thus, the structure with the most achievable stress must have the largest
difference in Vj; between the IE and equilibrium structure as well as the highest stiffness.
The difficulty with comparing these results with literature stems from the fact that ex-
perimental studies are limited to calculating B from the measured stress using Eq. 1, so they
obtain a higher B for a higher measured stress.?!® On the other hand, computational studies
obtain B from the molar volume change in Eq. 1, however, these studies have great trouble
calculating reasonable stresses, since IE glasses are ”forbidden glasses” where the structure is
not achievable through thermal routes alone. 61722111 The current study uniquely provides

a method to experimentally determine the changes in molar volume of the silica network

during the IE process which can be spatially compared to the expected compressive stress
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profile.

Nonetheless, proof of a lower LNDC for the IE glass in comparison to the as-melted value
indicating higher compressive stress may be found in how the LNDC depends logarithmically
on the amount of ion-exchange which has occurred. Many studies have considered the de-
pendence of the LNDC on the starting fraction of K,O in the untreated glass (larger starting
K,O-fraction means less IE can occur); the LNDC has been shown computationally1¢-20:22
and experimentally!® to vary more when only small amounts of alkali have been exchanged,
while at high amounts of exchange, B is fairly constant. All other things being equal, time
and temperature for each starting composition, we would expect the greatest compressive
stress to be found at the largest amount of ion-exchange; this is also where B is not chang-
ing greatly with amount of IE. A structure with the most stress and an invariant B while
exchange occurs would indicate a structure whose molar volume is unchanging despite larger
ions being present. One computational study?? found Young’s modulus to depend positively
on the amount of exchange, i.e., concentration of K*, despite B remaining constant at high
amounts of exchange, proving further the most enhanced mechanical properties occur where
the most ion-exchange has occurred without an increase in expansion. The explanation as to
why B varies so much at small amounts of ion-exchange may simply be that there is some
ability for the network to expand elastically and accommodate the larger invading ions, as

is proposed by many authors, 163131 however, very quickly the critical volume is reached and

the network must densify to accommodate the larger ions.

Conclusion

The structure of an ion-exchanged glass was probed using micro-Raman spectroscopy and
compared to the compositionally-equivalent as-melted mixed-alkali series, xLi;O-(30—x)Ko0-
70Si05. The Q"distribution in the IE glasses exhibited conversion of Q2-units and Q*-units

to Q3 as IE progressed, additionally, a net conversion of BOs to NBOs was observed at tem-
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peratures near or above T, . The identified Raman peaks were shown to shift the most for
high-temperature samples, indicating a positive correlation between temperature and struc-
tural modifications. Additionally, the low-frequency region Raman peaks known to correlate
with external Si-O-Si bond angle showed a decrease in bond angle for Q? and Q3-units as a
function of KT concentration or exchange depth, a maximum of —9.4° (=7.3%) and —3.3°,
(—2.4%), respectively for the lowest IE-temperature where exchange occurred, 390 °C. On
the other hand, the peaks corresponding to Q* ZSiOSi did not change significantly fol-
lowing ion-exchange. The high-frequency region peaks showed an increase in wavenumber,
indicating a slight shortening of average Si-O bond-length for Q? (—0.02%) and Q3-units
(—0.1%) and substantial lengthening in Q*-units (+2.9%) at high temperatures, while low-
temperatures and far enough from the IE surface in high-temperatures displayed much less
significant modification of the (d(Si-O)).

The calculated ZSiOSi and <d(Si—O)> were used to calculate the Si---Si separation, which
was treated as being equivalent to network molar volume. By comparing the IE samples
with the untreated material, 30Li;O-70SiO,, the reduction in network molar volume was
used along with the bulk modulus to determine the compressive axial stress, which exhibited
trends similar to experimental stress profiles. The subsurface maximum stress both decreased
and migrated inward as temperature increased. Additionally, the calculated maximum stress
was similar to reported values and was found at the lowest temperature where significant
IE occurred. A two-step structural modification process is proposed, where at low-energy
conditions, i.e., well below T, or at low concentrations of substituting ion, the network
tetrahedra collapse towards each other, leading to reduction in Si- - -Si separation or silica
network volume; however, above the energy-threshold, the Si-O bonds lengthen in order
to relax some of the compressive stress which leads to a much less-reduced network molar
volume. This analysis has demonstrated that micro-Raman spectroscopy could be used as a
rapid in-situ measurement tool for the determination of stress in IE glass.

When the increase in cation interstice size was included in the molar volume calculation,
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LNDCs for the IE glasses were determined and found to match those reported in literature.
Additionally, a second stress profile was determined using the LNDCs, showing more clearly
that the LNDC model overestimates stress at temperatures near or above 7, and underesti-
mates it when well below T,. Since the LNDC depends directly on molar volume, it does not
account for the first-step in the structural rearrangement process, i.e., the reduction of the
network molar volume due to compressive stress. The current LNDC model uses the bulk
lithium silicate structure as the reference equilibrium state, however, when bulk potassium
silicate was used instead, a more realistic stress profile was obtained. This change of refer-
ence state demonstrates how an IE glass with a higher LNDC has relaxed towards to the
equilibrium state and will have less compressive stress, rather than more o as is currently
predicted. The maximum possible stress exists when the most ion-exchange has occurred
without expansion, however, the actual compressive stress is a function of the difference
between the molar volume of the IE and equilibrium structure as well as the stiffness of the
network. The underestimation of stress in IE glass by the LNDC model could have important
implications for the prediction of stress in commercial IE glass.

Overall, the Raman data show evidence for two different structural-alteration regimes
for a lattice under compression: decreased external Si-O-Si bond-angles followed by increase
in Si-O bond-length. This may indicate a limit of the maximum stress achievable through
ion-exchange; it appears that once the strain limit is reached, the material relaxes and
reduces the compressive stress accordingly. Moreover, the higher temperatures required to
exchange the ions deeper into the material could aid structural relaxation. Nonetheless, this
phenomenon may be unique to silicate structures and other glass network-formers, such as
aluminosilicates which show twice the compressive stress, should be examined for similar

trends.
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Associated Content

Supporting Information

This material is available free of charge at http://pubs.acs.org/. Raman spectra at treated
edge in comparison with bulk glass, for high and low temperture exchange treatments;
wavenumber shifts of major Raman features; detailed fits showing deconvolutions; detailed
comparison of spectral features in treated versus untreated samples; silica site fractions as
a function of case depth; atomic composition as measured by WDS as a function of case
depth; shifts in bond lengths and angles as extracted from the Raman data as a function
of process temperature; tables of Raman shifts from glass samples and tables of literature

Raman data in silicates used for comparison and extraction of bond length and angle shifts.
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