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Abstract

A mathematical model is presented for the concentration of incoming ions in the glass and the residual
stress build-up resulting from the ion exchange processes between silicate glasses and a bath of
molten alkali nitrate salts . The role of quality characteristics of molten salt is discussed. The discussion
covers both thermodynamic equilibrium issues at glass surface and interface between glass and the
molten salts and the interdiffusion non-equilibrium kinetics. Measurement methods and results are
reported for surface compression (SC) and compression layer depth (Cd) for different soda-lime
glasses: clear, low-iron and grey body tinted. The discussion of the salt chemistry related to ion
exchange chemical strengthening is focused on the service life of plants in the industrial environments.
Salts pollution ad their de-activation mechanisms are introduced and critically discussed. Conclusions
are summarized and presented putting in evidence the importance and relevance of this study to the
application areas of silicate glasses chemical strengthening by ion exchange.
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Introduction

Silicate glasses usually present strength values in the order of few tens of MPa with a significant
statistical dispersion. In structural applications it can be requested a higher strength and reduced
dispersion of strength values. This can be accomplished by increasing glass strength through
technological strengthening processes like thermal tempering or chemical strengthening. In this study
we focus on chemical strengthening of silicate glasses by ion exchange processes. The scientific
background of these processes is known since several decades (Gy (2008), Karlsson et al (2010) even
though some residual issues are still debated in the scientific community (Varshneya (2010); Macrelli,
Varshneya and Mauro(2019)). We refer here to the classical process of ion exchange where glass
articles are immersed in a bath of molten nitrate salts. In these circumstances alkali ions (usually
Sodium) in the glass matrix are exchanged for other alkali ions (usually Potassium) present in the
molten salts. Based on this statement, ion exchange is possible only if alkali or other exchangeable
ions are present in the glass matrix. For this reason we will focus on Alkali Silicate Glasses which,
nevertheless, represent the wider class of glass materials used in industrial applications. Chemical
strengthening by lon-Exchange is presently used in applications where it is used thin glass (t<2mm)
which cannot be practically strengthened by thermal tempering or in glass articles with a complex
surface geometry (again not viable for thermal tempering) or for glass articles that shall retain a high
level of surface quality after strengthening processes. The role of the molten salts in the chemical
strengthening process and its contaminations has been extensively discussed in the scientific literature
(Zhang, He, Xu and Zheng (1986), Sglavo (2015), Talimian and Sglavo (2017), Sglavo Talimian and
Ockso (2017), Hassani and Sglavo (2019)). In these past studies, the effects of the contamination of
the molten salt bath due to Sodium, divalent ion species like Calcium, Magnesium Strontium and
Barium and anionic groups are considered and discussed. It has been found that contamination at
parts per million concentration levels may significantly affect the ion exchange process. In the present
study our purpose is to discuss the role of Alkaly Nitrate Salts from two perspectives: limitation in terms
of quantity of molten salt versus glass volume or glass surface to effectively drive the ion exchange
process efficiently and effect of contaminations that can influence strengthening performances. In
Figure 1 it is depicted the lon Exchange process between a glass and a molten salt where Sodium in
the glass matrix is exchanged for Potassium in the molten salt.
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Fig. 1: lon Exchange representation between an Alkali Silicate glass and a KNO3 molten salt.
In the bottom right they are indicated both the diffused layer depth and the compression layer depth.
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The equilibrium condition for ion exchange is represented by the following equation:

where the subscripts “g” and “MS” indicate the glass matrix and the molten salts medium respectively.
From the equilibrium condition (1) it is evident that the first contaminant of the molten salts bath is the
Sodium itself. The thermodynamic equilibrium conditions have been extensively discussed by Macrelli
(2024a) in terms of chemical potentials of the ions and it has been evaluated the effect of the increase
of concentration of Sodium in the molten bath to the surface concentration of Potassium in the glass.
Recently Kirchner and Mauro (2023) have identified in the entropy production in the molten salt and in
the glass, the driving force of ion exchange and, specifically, they calculated that the major fraction of
entropy production is in the salt bath which represents more than 90% of total entropy produced in ion
exchange. One of the main factors to maximize entropy production in the salt bath is the excess of salt
bath to glass volume ratio. As demonstrated by Macrelli (2024b), the excess of salt bath volume
together with the absence of limitations to the diffusion of Potassium ions in the salt bath are necessary
conditions to keep the kinetics of ion exchange at optimized level. Chemical Strengthening by ion
exchange can be understood as a thermodynamic and kinetics problem leading to an equilibrium
thermodynamic condition at glass surface and a kinetic process of ions interdiffusion in the glass bulk.
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Fig. 2: lon Exchange split into a thermodynamic equilibrium process at glass near surface and a Kinetic
interdiffusion process in glass bulk (Macrelli (2024a)).

The surface thermodynamic condition makes sense if equilibrium at glass surface is achieved in a time
() much lower than the overall immersion time of glass in the salt bath (t). This assumption allows to
define the interdiffusion kinetic problem with a boundary condition of constant equilibrium surface
concentration (Cs). In other words, we assume that surface concentration of incoming ions is achieved
as glass is immersed in the molten salt bath and maintained at a fixed level for the total immersion
time. This assumption translates in mathematical terms the above introduced conditions of excess of
available ions in the molten salts and the absence of any obstacle to their availability for ion exchange.
When the two exchanging ions have different volumes and, namely, the incoming ion is larger than the
outgoing one, the consequence is a constrained expansion of the near surface layer (the exchanged
surface layer tends to expand while the inner not exchanged part of glass body constraints this
expansion) leading to the build-up of a residual stress in the glass, characterized by a compression
state in the near surface volume balanced by a tensile state in the glass bulk. The compressive stress
layer works to inhibit crack formation and propagation increasing glass strength and resistance to
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damages. As outlined above and clearly expressed by Gy (2008), glass strength is not an intrinsic
property, reflecting the statistical distribution of the severity — i.e. of the depth — of surface flaws. The
evaluation of the strengthening effect due to ion exchange needs a fracture mechanics approach where
the interaction of the introduced residual stress field with the characteristics of surface flaws is
considered. This last issue is not the subject of the present study.

2. Mathematical Model of lon exchange and experimental methods.

2.1. Mathematical model of stress build-up in glass by ion exchange

The chemical reaction indicated in equation (1) indicates that the ion exchange is an equimolar reaction
where the same number of moles, N (mol), of Sodium and Potassium are exchanged between glass
and molten salt. Because the molar weight of the exchanging ions is different, the first obvious
consequence is that ion exchange generates a weight gain AW of glass

AWE”V{MWK_MWMJ &0

where Mw is the molecular weight (g/mol) of the exchanging ions. The size (Volume) difference of the
exchanging ions generates a strain condition in the near surface glass layer occupied by the incoming
ions, if the temperature at which ion exchange occurs is far below the glass transition temperature, the
near surface strain results uncompensated and translates into a residual stress characterized by
compression in the near surface glass layer balanced by tensile state in the glass bulk. This residual
stress condition is the cause of the glass strength increase. The strengthening effect resulting from ion
exchange in glass is related to the concentration of the incoming ions in glass (mol/cm?) that can be
expressed, assuming a mono-dimensional case, by C(x,t) that is a function of spatial coordinate x and
time t.. The stress build-up is due to the introduction of the larger incoming ions into the sites previously
occupied by the smaller ones which generates an uncompensated strain. The stress profile along glass
thickness o(x,t) can be derived (Tandia et al.(2012)) from the concentration profile of the incoming
alkali ions C(x,t). Taking the assumption of negligeable relaxation effects the stress profile after ion
exchange can be expressed according to equation (3):

o) ==B"E/ 5 (CO0t) = Cag) 3

where E and v are respectively the Young modulus and Poisson ratio of the glass, Cay is the average
of C(x,t) along glass article thickness. B is the linear network dilation coefficient, in other words it
represents the linear strain per unit change in alkali concentration. From equation (3) it can be derived
surface compression Sc:

Se = 0(0,6) = B EJy _ (€5 Cung) @

where Cs is the concentration of incoming ions at the glass surface, Cs=C(0,t). The condition for the
determination of the compression layer depth Cd is simply in correspondence to the zero value of
stress profile:

o(Cd, t) =0 %)
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C(Cd,t) = Capg 6)

The condition (5) according to equation (3) results:

Hence, Cd is the value of x where stress profile changes from compression to tensile which, in turn,
according to equation (3), is the point where the concentration profile is equal to its average value. It
is worth to remember that negative values of stress represent compression while positive values
represent tensile stress. The coordinate x where there is the transition from compression of the near
surface layer to the tensile status of the inner portion of glass is just the value of the compression layer
depth which is mathematically represented by equations (5) and (6). Based on this model it is evident
the central role of the concentration of the incoming ions. All equations from (3) to (6) can be
conveniently used providing that we have an expression for the incoming ions concentration in the
glass. The crucial point to come to a concentration profile expression is the boundary condition at
glass/molten salt interface. If we have an excess of available ions in the bath (volume of molten salts
Vb >> of glass volume Vg) and no limitation conditions to ions transfer from the bath to glass we can
assume that, as glass is immersed, surface concentration Cs is almost instantaneously achieved and
so maintained for the whole immersion time. Under this boundary condition, and assuming a constant
interdiffusion coefficient D, the concentration profile can be obtained as solution of the diffusion
equation and it is expressed through the complementary error function (erfc) (Varshneya and Mauro
(2019) :

C(x,t)zCs-erfc<x/(2_\/m)> )

where D is the interdiffusion coefficient representing the effective diffusion coefficient of the incoming
ions. The average concentration can be calculated from equation (7) as follows:

Cave () = 1/ Ji COo, 0y =4 s/ - [Pt/ ®

Where d is the glass article thickness.This simple mathematical model allows the prediction of the
depth of compression layer. This approach can also be considered for the determination of the
interdiffusion coefficient. Assuming that the diffusion of the incoming ions follow the first Fick law the
flux of incoming ion is:

Jex,t) = - oDy &,

Based on equation (9) the total exchanged molar flux, Fkna is

Fina = [, J(0,)dt = 2- cs,/D U (10)

The exchanged molar flux has dimensions (mol/cm?). Following equation (1) and assuming an
equimolar exchange, the number of exchanged moles of alkali ions (N) can be obtained from equation
(2) dividing the weight increase AW of a glass sample after ion exchange by the difference of molar
weight of the two exchanged ions (Mwk-Mwna). Defining the exchange surface S which is the total
glass surface exposed to ion exchange, the molar flux (mol/cm?) can be measured by measuring the
weight increase AW of a glass sample:

Fgne = N/S = AW/[.S‘ *(Myx — Myna)] “v
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From equations (10) and (11) the interdiffusion coefficient is:

2

D=", (FKNa/(Z _ Cs)) (12)

The value of surface concentration (Cs) of Potassium can be, at maximum, the value of initial
concentration of Sodium. The exchange factor (y) represents the ratio of surface concentration and
original Sodium concentration (Cna):

y =5/, (13)

It results that the exchange factor is limited between 0 and 1: 0 <y < 1. Typically, and for efficient lon
exchange processes it is expected that at minimum y=0.9.

Experimental Part: characterization of molten salt bath by ion exchange test

Potassium Nitrate is an inorganic salt available at different levels of purity. We have to distinguish salt
coming from mining extraction and further purified and salt coming from chemical synthesis of
Potassium Hydroxide and Nitric Acid:

KOH + HNO; » KNO; + H,0 (14)

As already discussed even small contaminants of Calcium, Magnesium and Sodium may significantly
reduce the ion exchange performances of the salt. It is quite evident that purity level and contamination
control can be performed at any requested level by the chemical synthesis process as described in
Figure 3, The control of contaminants in the Potassium Nitrate is primarily achieved by the control of
the purity of the precursors of reaction (14) and, at a second level, by the control of all production steps
indicated in the production scheme of Figure 3.
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Fig. 3: Production of Potassium Nitrate from chemical synthesis.
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The salt coming from mining extraction, even though purified as indicated in figure 4, may contain
uncontrolled contaminants that may interfere in a negative way with the ion exchange of glass.
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Fig. 4: Production of Potassium Nitrate from mineral extraction.

The presence of anionic groups like sulfates and chlorates together with an excess of [OH] groups
may drive to a chemical corrosion attack to glass surface. The above arguments suggest that the best
way to characterize Nitrate Salts for ion exchange applications is to perform an ion exchange functional
test using a small quantity of salt and glass samples. The Nitrate Salt selection based only on a
chemical analysis is not sufficient to guarantee an efficient ion-exchange process. Usually in a chemical
analysis it is found the presence of what you look for, that means there can be a contamination level
at a part per million concentration that can negatively influence the ion exchange process. In this study
we have used a quantity of 6kg of Potassium Nitrate provided by Quality Chemical, manufactured by
chemical synthesis and identified with the code:145804 with a typical chemical analysis reported in
Table 1, this salt is identified for our purposes: KNO3-Synt. An additional, test was performed in a
different tank also with a technical grade (Assay 99.8%) Potassium Nitrate (KNO3-Prilled) coming from
mineral extraction, further purified and prepared in prilled form (see Figure 4, where “prilled” means
that anticaking agents is introduced to avoid agglomeration of salt).

Table 1: Typical analysis of KNO3 — Qemical ID:145804 (KNO3-Synt).

Determination Results [units]
Assay (Acidim,dried basis) 100.0 (%)
Chlorides (Cl) <0.002 (%)
Sulphates (SO4) <0.010 (%)
Arsenic (As) <0.0002 (%)
Iron (Fe) <0.0005 (%)
Heavy Metals (as Pb) <0.0005 (%)
Sodium (Na) <0.1 (%)
Calcium (Ca) <0.005 (%)
Magnesium (Mg) <0.002 (%)
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Four rectangular samples of soda-lime glass, namely clear (CLP) thickness 1.6mm and (CL) float,
thickness 6mm, low iron (EX) float, thickness 6mm and grey (GE) float thickness 6mm have been
submitted to ion exchange in a test performed at 450°C with an immersion time of 24h.The glass
samples with nominal dimensions 66x66mm have been cleaned and weighted on an analytical balance
with a resolution of 0.1 mg. The samples have been introduced in a supporting stainless steel (AlSI
316 L) basket than loaded in the pre-heating chamber of the test device and further immersed in the
bath. The pre-heating time is such that samples are heated at not less than 420 °C before immersion
in a tank of stainless steel (AISI 321) containing the molten salt. After the 24 hours immersion samples
have been extracted with no post heating. The cooling down to room temperature is performed to allow
washing out of residual salts on the surface of the samples. After careful drying samples have been
optically inspected to check any possible surface chemical attack or corrosion. After inspection
samples have been weighted again with the same analytical balance to determine weight increase
after ion exchange. Surface compression Sc (MPa) and compression layer depth Cd (um) has been
measured on all samples using a FSM 6000 differential surface refractometer manufactured by Orihara
(Japan).The instrument has a uncertainty of +/- 3um for case depth Cd and +/-30MPa for surface
compression. The total volume of glass samples in each ion exchange test is Vg=83.4 cm?® with a total
exchange surface of Sg=400.2 cm?, while the volume of salt bath is Vb=3000 cm3. The relevant
parameters are the volume ratio Vg/Vb and the exchangeable surface to volume ratio Sg/Vb (cm-).

Vb/Vg = 35.138 (152)

59/, = 01334 (1) (15b)

After this comparison tests, additional tests were performed at four different temperatures
(440°C,450°C,460°C,470°C), using the KNO3-Synt (Qemical ID: 145804) and using soda-lime float
glass (CLP) to determine the dependence on ion exchange temperature of the interdiffusion coefficient
D(T).

3. Results and Discussion

3.1. Molten salt comparison

A comparison based on ion exchange characteristics for a Potassium Nitrate salt manufactured by
chemical synthesis (KNO3-Synt) and a Potassium Nitrate salt manufactured by mineral extraction a
purified and finally prilled (KNO3-Prilled) is presented in table 2.

Table 2: Strengthening characteristics [Sc(MPa and Cd(um)] and chemical attack (Corr) on the different soda-
lime glasses for the two different salts.

Type of Glass— CFP CF EX GE

Type of salt Sc Cd Corr SC Cd Corr Sc Cd Corr Sc Cd Corr
KNO 3- Synt 499 282 No 531 25.0 No 531 274 No 476 24,7 No

KNO3- Prilled ND ND Yes ND ND Yes ND ND Yes ND ND Yes

“ND” means not-detectable
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Results reported in Table 2 clearly indicate that the KNO3-Prilled salt type is not suitable for ion
exchange and namely chemical strengthening of glass. We suspect that the main adverse issue is
related to the chemical agent used to avoid agglomeration of salt crystallite to get the “prilled” almost
spherical shape.
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Fig. 5: Potassium lons concentration in glass type CFP calculated from the interdiffusion coefficient determined
by the weight gain method outlined in section 2.1, equation 10. D=610-12 cmZ2/s. Blue curve is concentration
while red curve is the average concentration Cave. a) Overall curve in full range, b) focus on point where
C(x,t)=Cavg(t).

3.2. Determination of temperature dependence of the interdiffusion coefficient

Knowing the interdiffusion coefficient as a function of molten salt temperature D=D(T) and knowing the
immersion time it is possible to calculate the concentration profile of the incoming ions and,
consequently, it is possible to evaluate the compression layer depth Cd. As outlined by Gy (2008),
interdiffusion coefficient has an Arrhenius type behaviour with temperature according to the following
expression:

D=D0-exp(—Ea/(R_T)) (16)

where Ea (kJ) is the activation energy for the hopping diffusion of ions from one site to another.

This activation energy depends on the glass chemical composition and structure. R is the gas constant
and T is the absolute glass temperature in Kelvin at which diffusion occurs while Do is a pre-exponential
factor. The determination of the D(T) can be performed by measuring the values of D for a number of
temperature points following the method outlined in section 2.1 using equation (12). This approach has
been considered in the present study for glass type CFP which has the chemical composition reported
in table 3.
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Table 3: Chemical composition of soda-lime glass CFP used for process control (Main Components).

OXIDES Weight (%)
Sio2 724
Al203 0.6
Na20 13.1
Ca0O 9.0
MgO 4.2
Others 0.7

lon exchange tests has been performed at four immersion temperatures 440°C, 450°C, 460°C and
470°C. The interdiffusion coefficient has been determined by weight gain and evaluated according to
equation (12). Results are reported in Table 4.

Table 4: Interdiffusion coefficient D(cmZ2/s) for the ion exchange K+ Na+ for soda-lime glass CFP.

lon Exch.Temperature Interdiffusion coefficient
T(°C) D(cm?/s)
440 5.77-1012
450 7.75-102
460 1.11-10""
470 1.59-10-""

In Figure 6 a plot is reported with the experimental point and the regression curve which allow the
determination of the pre-exponential factor Do and of the activation energy Ea:

D(T)

,00E-10

- D(cm?/s)

icient

J00E-11

Injcerdiffusion Co,e_ff

J00E-12
475 470 465 460 455 450 445 440 435

Temperature T(°C)

Fig. 6: Interdiffusion coefficient for CFP soda-lime glass as a function of lon-Exchange temperature.
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From the best fit procedure applied to the experimental results (Table 4) and represented by the
continuous line of figure 6 it results:

Dy = 0.568 €™M°/ (17a)
E,=1502 M/ (17h)

The activation energy (17)b is in a good agreement with the value reported by Gy (2008) for soda-lime
glass.

4. Conclusions

From the results presented it can be concluded that the proposed method can be conveniently
considered for the determination of the parameters of chemical strengthening by ion exchange. The
limitation of the method is that it can be applied for ion exchange processes where stress relaxation
can be considered negligeable that mean within certain limitation of temperatures and immersion times.
The method can also be used for prediction of strengthening parameters for different molten salt
temperatures and immersion times. The application of the evaluation method to different types of
molten salts of Potassium Nitrate puts in evidence that, the presence of contaminants can be so
detrimental that no glass strengthening is detectable and, moreover, surface chemical attack may
develop corroding glass surface. This conclusion means that a great attention shall be focussed about
the selection of molten salt quality. A qualification protocol can be established based on the
methodology proposed in this study. Another important element to be considered is the need to have
an excess of salt volume in respect to glass volume and exchangeable surface. In this study we have
used a volume ratio higher than a factor of 30. Making sure of an excess of molten salt volume versus
glass volume or exchangeable surface guarantees that surface concentration of incoming ions can be
considered constant and not influenced by the enrichment of Sodium of the bath as a result of ion-
exchange. Surface concentration of incoming ions is strictly correlated with surface compression,
hence constancy of surface concentration implies in some way also constancy of surface compression.
A method has been introduced to evaluate interdiffusion coefficient as a function of temperature based
on an Arrhenius function. This allows to predict compression layer depth for ion exchange processes
for different temperatures and immersion times.
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