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Abstract 
 
Glass is a common material in the everyday life. It is widely used in a variety of 
applications e.g. architectural, automotive, containers, drinking vessels, displays, 
insulation and optical fibers due to its universal forming ability, transparency, chemical 
durability, form stability, hardness and relatively low price. Flat glass is a wide market of 
the glass industry and generally ninety percent of all flat glass produced worldwide is 
manufactured using the float forming process. There is a large market strive for thinner 
and stronger glass in order to reduce costs, save energy, reduce environmental footprint, 
find new applications and to improve the working environment for labour working with 
mounting flat glass.  
 
This study comprises the modification of flat/float glass surface by a novel route; 
exchange of ionic species originating from in-line vapour deposition of salt compared to 
the conventional route of immersing the glass in molten salt baths. The aim of this work 
is to develop a novel process in order to improve the mechanical strength of flat/float 
glass by introducing external material to the surface in a process with the obvious 
potential to be automatic in industrial processes. Chemical strengthening has been 
performed by applying potassium chloride to the glass surface by vapour deposition and 
thermally activated ion exchange. The method presented here is anticipated to be used in 
production in the future and would make it possible to produce larger quantities of 
chemically strengthened flat glass to a considerably lower cost. 
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can be automated in a flat glass manufacturing line. Chemical strengthening of glass is 
currently a topic that attracts much attention due to its commercial success as display 
glasses. It is though still a very expensive process performed separately to the flat glass 
manufacturing. The purpose of the project was to validate the idea on how to improve the 
chemical strengthening process of glass and show the possibilities to lower the costs of 
the process. Results of the project were presented as a poster at FFAG6 (6th International 
workshop on Flow and Fracture of Advanced Glasses) in Weimar, Germany (7th-10th of 
October, 2014). 
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Lothar Wondraczek (Otto Schott Institute of Materials Research, Friedrich Schiller 
University of Jena). 
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Sammanfattning  
 
Glas är ett vanligt material i vardagen. Det används frekvent i en mängd olika 
applikationer t.ex. arkitektoniska, fordon, flaskor/burkar, dricksglas, displayer, isolering 
och optiska fibrer på grund av den allsidiga formningsförmågan, transparensen, kemisk 
beständigheten, formstabiliteten, hårdheten och det relativt låga priset. Planglas är en stor 
marknad för glasindustrin och generellt tillverkas nittio procent av allt planglas i världen 
med floatprocessen. Det finns ett stort marknadsdriv efter tunnare och starkare glas för att 
reducera kostnaderna, spara energi, minska miljöpåverkan, hitta nya tillämpningar och för 
att förbättra arbetsmiljön för arbetskraft som arbetar med montering av planglas. 
 
Denna studie omfattar kemisk härdning av planglas genom en ny metod; utbyte av joner 
genom in-line ångdeposition av salt på planglas. Traditionellt tillverkas kemiskt härdat 
glas genom nedsänkning av glas i smält saltbad. Syftet med projektet är att utveckla ett ny 
metod för att förbättra den mekaniska styrkan av planglas genom att införa externt 
material till ytan i en process med det uppenbar potential att bli automatisk i industriella 
processer. Kemisk härdning har utförts genom att applicera kaliumklorid på glasytan med 
ångdeposition och termiskt aktiverat jonbyte. Metoden som presenteras förväntas att 
användas i produktion i framtiden och gör det möjligt att producera större mängder av 
kemiskt härdat planglas till en betydligt lägre kostnad. 
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1 Introduction  
 
Glass is a fantastic material with several desirable properties: transparency, high 
hardness, good chemical durability, form stability, forming ability, relatively low price 
and with the possibility of recycling. Glass is used in a wide variety of applications, e.g. 
windows, containers, displays, thermal insulation, optical lenses, bioactive glasses and 
telecommunications. The fact that glass is a relatively hard material depends on the nature 
of the intrinsic bonds of the vitreous network. The mechanical strength on the other hand 
depends on entirely different factors, mainly the distribution of defects in the glass 
surface and surrounding environmental factors causing surface defects, see Fig. 1.  As 
glass has found many applications due to its universal process-ability and optical 
properties the use of glass is frequently limited by its brittle nature and unreliable 
mechanical fracture. 

 
Figure 1: The effect of surface flaws on the tensile strength of soda-lime-silicate glass. 
 
There are many different ways to increase the strength of glass [1]; most of them involve 
the modification of the surface [2]. A method which has received much attention recently 
is chemical strengthening. It is based on substituting smaller ions in the glassy matrix 
with larger ions from a molten salt e.g. Na+ is substituted for K+, see Fig. 2. The larger 
ions are literally squeezed into the sites of the smaller ions generating compressive 
stresses in the glass surface which counteracts applied tensile stresses from the 
environment.  

 
Figure 2: Schematic ion exchange process for the modification of glass surfaces. 
 
The most commonly described route of chemical strengthening is K+-Na+ ion exchange, 
which was discovered by Kistler [3] and Acloque [4] independently. Chemical 
strengthening of glass has recently been reviewed extensively by several authors [2, 5-8]. 
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Despite the fact that it was discovered more than half a century ago, chemical 
strengthening has failed to reach wide markets until recently when large specialty glass 
companies launched chemically strengthened flat glass e.g. Corning® Gorilla® Glass [9], 
Schott XensationTM [10], AGC DragontrailTM [11] and NEG CX-01TM [12]. Today, 
chemically strengthened flat glass is found in most touch display smartphones available 
in the market [13]. Despite the considerably higher cost of chemically strengthened flat 
glass it was worthy to use it as cellphone displays. However, for larger sheets and other 
types of applications as for instance in large displays, substrate for photovoltaic cells, car 
windows, buildings and furniture’s, the cost for chemically strengthened glass is still too 
high. 
 
Chemical strengthening of glass is complex and many factors affect the ion exchange 
process as well as the resulting strength [14]. 
 
(i)  The temperature effect on the interdiffusion coefficient. 
(ii)  The time of exchange. 
(iii)  The interface between glass and salt. 
(iv)  The glass composition. 
(v)  The exchanging pair of ions. 
(vi)  The temperature influence on relaxation. 
 
With the present knowledge many of these factors have been optimized for specific 
products with the cost limitations present. There are though other possibilities to reduce 
the price of chemical strengthening even further – by optimizing the large-scale process. 
Optimization of industrial processes are most often performed by automation of the 
process [15]. Chemically strengthened flat glass is today manufactured by immersing 
prefabricated flat glass into a molten salt bath.  
 
In this project we suggest a novel process approach: vapour deposition and in-line alkali 
metal ion exchange, see Fig. 3. A similar approach has previously been studied by 
Sil’vestrovich et al [16, 17], however, there the vapour deposition and the ion exchange 
process were separated into two different steps while in the current work we combine 
them into one step. The aim of the work is to present a novel process route to reduce the 
costs of chemically strengthened glass. There are also alternative approaches, where the 
glass is spray-coated with a salt mixture and subsequently dried as well as heat treated 
[18]. 

 
Figure 3: Overview of the in-line vapour deposition of salt for chemical strengthening of 
flat glass. 
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2 Experimental Procedure and 
Characterization 

 

2.1 Glass Composition and Experimental Procedure 
 
The glass used was a conventional soda-lime-silicate float glass (4 mm) with the chemical 
composition analyzed using different wet chemical methods e.g. Atomic Absorption 
Spectroscopy (AAS). The dissolution of the sample and quantification followed BS 2649 
except for TiO2 and SO3. Due to safety reasons other acids replaced perchloric acid. The 
normalized chemical composition of the float glass used in the experiments is given in 
Tab. 1. For experiments, individual specimens of 2 x 10 cm were prepared. The 
specimens were cleaned with ethanol (99.5%) and deionised water, thereafter they were 
dried before weighing of the specimens. Reagent grade quality KCl delivered by Scharlau 
Chemie SL was mixed with water to obtain different concentrations (10, 15 and 20 g per 
100 ml H2O). The experimental process parameters and specimen overview are given in 
Tab. 2. Concentrations of 10, 15 and 20 g per 100 ml H2O was run for 2, 4 and 6 h at 
constant temperature. The as-received glass is denoted “Ref” in the report. 
 
Table 1: Normalized chemical composition of the float glass used in the experiments. 
  wt% mol% 

SiO2 72.80 71.32 

Na2O 13.39 12.72 

K2O 0.04 0.03 

Al2O3 0.12 0.07 

MgO 4.07 5.94 

CaO 9.25 9.71 

Fe2O3 0.10 0.04 

SO3 0.21 0.16 

TiO2 0.02 0.01 

Sum 100 100 
 
Table 2: Process parameters of in-line vapour deposition on float glass. 

Notation 

KCl 
Conc. 
(g/100 

ml 
H2O) 

Furnace 
Temperature 

– (start at 
700°C) 

Time 
(h) 

Thermocouple 
Temperature 
(at sample) 

KCl20 10 800 °C 2 ~450°C 
KCl16 15 800 °C 2 ~450°C 
KCl21 20 800 °C 2 ~450°C 
KCl19 10 800 °C 4 ~450°C 
KCl15 15 800 °C 4 ~450°C 
KCl24 20 800 °C 4 ~450°C 
KCl18 10 800 °C 6 ~450°C 
KCl17 15 800 °C 6 ~450°C 
KCl23 20 800 °C 6 ~450°C 
 
The experiment setup is given in Fig. 4. An aerosol generator from PALAS Particle 
Technology model AGK 2000 was used, it was consistently run at 2 bar pressurized air in 
the experiments. The tube furnace was a Carbolite Tube Furnace model 12/65/550 with a 
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max temperature of 1200 °C. The temperature distribution was measured with thermo 
elements – in the middle of the furnace it was 800 °C (at start 700 °C) while at the middle 
of the specimen ~450 °C, the whole sample was covered within 450±60 °C.  
 

 
Figure 4: Experimental setup of the vapour deposition and in-line ion exchange. 
 

2.2 Characterization 
 
The thickness of the deposited salt layer was analysed using an optical profilometer, 
NPFLEX 3D Surface Metrology System from Bruker Corporation equipped with an 
objective of 5x magnification. The salt layer was removed in the middle of the sample  so 
that an edge was created, see Fig. 5 below. The edge was scanned and the approximate 
thickness ranges were estimated from the image data. 
 

 
Figure 5: Optical profilometer 3D vision of the created edge of the salt layer.  
 
Scanning Electron Microscopy (SEM) equipped with Energy Dispersive Spectroscopy 
(EDS) was used for analyzing concentration profiles of the samples. The SEM was of the 
model JEOL JXA 840A and the EDS, Oxford Instruments 6506. The SEM/EDS 
instrument was calibrated using a cobalt standard. The samples were casted in epoxy 
resin and coated with carbon. The profiles were measured at the cross section of the 
samples approximately in the middle of the samples i.e. where the treatment temperature 
was approximately 450 °C, see Fig. 4. The count time was 30 s at  60 µA/20 kV. The 
displayed concentration profiles in section 3.2 are given as the average of three different 
line scan analyses at three different locations. Effective Diffusion Coefficients were 
calculated from the average concentration profiles according to Eq. 1, Green’s function 
[19].   
 

√
/       (1) 
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Contact angle was measured with PGX+. The samples were cleaned with water and 
dishwashing detergent prior to the measurements. 4 µl of deionised water were dropped 
on the glass and the delay was 3 s before measuring the contact angle. The samples were 
measured in two different ways, (i) 10 measurements at the same spot (hot end) and (ii) 
over the whole sample (as many measurements that could fit). 
 
Transmission and Reflectance was measured with an Agilent Technologies UV-VIS-NIR 
model Cary 5000, 200-3200 nm and 200-2500 nm respectively. Scan rate was 600 
nm/min. At 800 nm the detector was changed, therefore a jump in transmission/reflection 
was recorded. The transmission and reflectance was measured at the hot-end of the glass 
samples. The Refractive Index of the glass was calculated from the transmission spectra 
according to Eq. 2 and from the reflectance spectra according to Eq. 3. Where ns is the 
refractive index of the glass and Tmax is where it was a minimum in the absorption (520 
nm). It shall be noted that there exist other equations to calculate the refractive index 
from the transmission spectra, therefore the results shall be viewed as comparable to each 
other and not comparable to other published results. 
 

      (2) 

 
√        (3)  

 
Infrared Reflectance Spectroscopy (IR-RS) was measured with an instrument from 
Shimadzu Scientific Instruments, IRAffinity-1. The range was 400-4000 cm-1 with a 
resolution of 4 cm-1. 64 number of scans were used in the measurements. The spectra 
were transformed according to Kramers-Kronig transformation. As a baseline an 
aluminum mirror was used. The IR-RS spectra was measured at the hot end of the glass 
samples. 
 
Nanoindentation was measured with Agilent Technologies G200. The tip was a 
Berkovich tip (TB 21071ISO). Ten measurements was made for each sample. The 
indentation hardness and Young’s modulus are reported as average values from the range 
400 – 1800 nm. The nanoindentation was measured at the cold end of the glass samples. 
The scratch/wear resistance was measured with the same nanoindenter instrument 
(Agilent Technologies G200). The tip was a cone shaped tip (CONE 0021077 ISO). In 
total, 100 wear cycles with constant load (25 mN) were made with a speed of 50 µm/s at 
five different locations. The average of the five different locations are reported in the 
results. The scratch/wear resistance was measured at the cold end of the glass samples.                                         
  

3 Results 
 

3.1 Deposit of salt 
 
The weight of the deposited KCl salt and the thickness of the salt layer from the vapour 
deposition can be seen in Tab. 3. The thickness of the salt layer was determined by 
optical profilometer measurements. The deposit of the KCl salt in grams on the glass 
samples has been plotted versus the max thickness of the deposited layer, see Fig. 6. 
Fairly linear trends can be seen for the different concentrations, this proves that the salt 
deposition works with the experimental setup. Similar trends was also observed when 
plotting series of treatment time versus the max thickness of the deposited layer. The 
trend when plotting deposit of salt in grams respectively max thickness of the deposited 
layer versus treatment time are as well fairly linear. On the other hand when plotting 



 

de
co
 
Ta
lay

(g

 

Fi
 
 

3.

 
Th
de
ch
co
de
 

A

 
3.
 
Th
ef

eposit of sa
oncentration 

able 3: Depo
yer. 
KCl Conc. 

g/100 ml H2O
10 
15 
20 
10 
15 
20 
10 
15 
20 

igure 6: Max

.2 C
C

he deposited
escribed by E
hemical poten
onsidered to 
eposited salt 

saltglass BA





2.1 C

he effectiven
ffective diffu

alt in grams
then the tren

osit results ex

O) 
Time (

2 
2 
2 
4 
4 
4 
6 
6 
6 

x thickness of

Concentra
Coefficien

d salt reacts w
Eq. 4. Ion e
ntial or the G
be driven by
contains K+ 

sglass AB 



Concentratio

ness of the 
usion coeffic

s respectivel
nds are more 

xpressed as w

h) 
Deposit

sam
0.
0.
0.
0.
0.
0.
0.
0.
0.

f deposited la

ation prof
nts 

with the glass
exchange is 
Gibb’s Free E
y the concen
ions which s

salt   

on profiles 

ion exchang
ients. In Fig

 

ly max thic
exponential

weight of cha

t of salt on 
mple (g) 

0028 
0031 
0037 
0054 
0086 
0287 
0107 
0170 
0330 

layer in µm v

files and E

s surface via
driven by th
Enthalpy gra

ntration gradi
substitutes th

 

ge can be de
g. 7-9 the ave

ckness of th
. 

ange with sa

Thickness 
layer

1-4 µm
1-4 µm

4-16 µ
2-14 µ
2-20 µ

30-45 µ
25-35 µ
30-40 µ
50-60 µ

vs deposit of 

Effective 

a an ion exch
hermodynam
adient [20]. I
ient between
he Na+ ions in

escribed by 
erage concen

he deposited

lt and thickn

of salt 
r 
m 
m 
m 
m 
m 

µm 
µm 
µm 
µm 

 
salt in grams

Diffusion

hange proces
mics of the re

n the presen
 the salt and
n the glass su

(4) 

concentratio
ntration profi

d layer vers

ness of salt 

s. 

n 

ss which can 
eaction i.e. t

nt case it can 
d the glass. T
urface.  

on profiles a
files are show

12 

sus 

be 
the 
be 

The 

and 
wn. 



 

13 
 

The results show that both the treatment time and the concentration matter, however, the 
treatment time matters more. In general, the samples treated for 2 h gave an approximate 
depth of 4 µm while those treated for 4 and 6 h gave depths exceeding 6 µm. The 
concentration profile in Fig.8 treated with the concentration 15g KCl per 100 ml H2O 
during 4 hrs have a somewhat different profile than the others, we believe there might 
have been a discrepancy in the experiment. In general, the results show that for the ion 
exchange kinetics the optimal concentration is 10<x<20 g KCl per 100 ml H2O and that 
the optimal treatment time is 2<x<6 hrs. Sil’vestrovich et al [16] found somewhat larger 
penetration depths of K+ ions. However, this can be explained by the different in the 
experimental procedure i.e. the two step procedure by Sil’vestrovich et al compared to 
our one step procedure in the present work. 
 

 
Figure 7: Concentration profiles of series treated with 10 g KCl per 100 ml H2O. 
 

 
Figure 8: Concentration profiles of series treated with 15 g KCl per 100 ml H2O. 
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Figure 9: Concentration profiles of series treated with 20 g KCl per 100 ml H2O. 
 
 
3.2.2 Effective Diffusion Coefficients 
 
Effective Diffusion Coefficients were calculated from the concentration profiles 
according to Green’s function (c.f. Eq. 1). For the samples treated for 2 h the 
concentration profile values between 0.5 - 4 µm were used and for the others values 
between 0.5 - 6 µm were used (c.f. Fig. 7-9). The calculated Effective Diffusion 
Coefficients are given in Tab. 4. It can be seen that the Effective Diffusion Coefficients 
ranges between 1.2.10-12 and 4.2.10-12. It is considerably lower Effective Diffusion 
Coefficients than previously reported results [19], however, there are many parameters 
that effect the ion exchange kinetics. An important factor is believed to be the thickness 
of the deposited salt layer, it is very thin compared to any other reported study. The 
concentration of K+ ions in a thinner salt layer will decrease more rapidly than with a 
thicker as the ion exchange process proceeds, it might even be depleted. This might be the 
reason why the optimal treatment time is less than 6 hrs. 
 
Table 4: Effective Diffusion Coefficients calculated with Green’s function from 
concentration profiles. 
KCl Concentration 
(g/100 ml H2O) 

Treatment time 
(h) 

Effective Diffusion Coefficient 
(cm2.s-1) 

10  2  1.3 . 10-12  
10 4  1.7 . 10-12 
10 6  2.1 . 10-12 
15 2  1.7 . 10-12 
15  4  4.2 . 10-12 
15  6  2.0 . 10-12 
20  2  1.5 . 10-12 
20  4  1.5 . 10-12 
20  6  1.2 . 10-12 

 
 

3.3 UV-Vis-NIR Transmission/Reflection and Refractive 
Index 

 
The transmission spectra of the modified samples were recorded between 200 and 3200 
nm and the results are shown in Fig. 10 and 11. The spectra does not show any extra-
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Table 9: Hardness and Young’s modulus data from Nanoindentation measurements 
determined as average values from the range 400 – 1800 nm. 

Concentration 
(g / 100 ml H2O) 

Treatment  
time (h) 

Hardness (GPa) 
Young’s 

modulus (GPa) 
Temperature  

(° C) 

    Avr. StDev. Avr. StDev. Avr. StDev. 

Ref Ref 6.84 0.03 77.3 0.3 30.8 <0.1 

10 2 7.07 0.04 77.4 0.2 30.7 <0.1 

10 4 6.95 0.05 77.5 0.2 30.8 <0.1 

10 6 7.41 0.04 78.7 0.4 31.2 <0.1 

15 2 7.03 0.04 77.8 0.2 31.1 <0.1 

15 4 7.39 0.03 78.9 0.2 31.1 <0.1 

15 6 7.41 0.04 79.1 0.3 31.2 <0.1 

20 2 7.07 0.03 77.6 0.2 31.3 <0.1 

20 4 7.31 0.04 78.2 0.3 31.6 <0.1 

20 6 7.40 0.04 78.9 0.3 31.4 <0.1 
 
In Fig. 20 the hardness data are plotted versus the treatment time. The series of 15 g and 
20 g together with the reference sample show both relatively linear relationship. The 
sample treated with 10 g during 4h makes the trend of the 10 g series irregular. However, 
the other samples in the 10 g series coincide well with the trends of the other series. As 
can be deduced from Fig. 20, the concentration of the salt mixture itself does not affect 
the hardness much. The treatment time seem to be dominant for the hardness 
improvement. In Fig. 21 the Young’s modulus data are plotted versus the treatment time. 
In the plot one can see that the are some deviation for the samples treated at 4h while the 
others are fairly close to each other. The trends of the series are not linear but rather 
exponential, even the 10 g series have a relatively exponential trend. Similar to the 
hardness plot (Fig. 20), the concentration does not seem to have much to do with the 
increase of Young’s modulus as the treatment time have. However, it is though some 
small changes with concentration, it is in the order 15g>20g>10g (KCl per 100 ml H2O),  
see Figure 20. The same order is not seen in the hardness data, where the values are more 
close to each other, except for the series treated for 4h where we can see the same order, 
15g>20g>10g (per 100 ml). Several studies on the hydration treatment of soda-lime-
silicate glasses [28-30] observed small reductions (if any reduction depending on 
composition) in the hardness and the Young’s modulus due to the hydration. Kolluru et al 
[30] suggested that the reduction of the nanomechanical properties may also depend on 
the exposure history of the glasses. However, the studies of the nanomechanical 
properties of hydration treatments of SLS glass are well below (< 200 nm) the penetration 
depth of the indenter tip in our study (400 – 1800 nm) [28-30]. Fett et al [31] studied 
stresses in hydronium ion exchanged SLS glasses and found that very high compressive 
stresses are achieved due to the ion exchange. Furthermore, they found that the depth of 
the layer to a large extent depends on the temperature but also on the square root of the 
treatment time. Sil’vestrovich et al [16] also reported data on the indentation hardness, an 
increase from 5.20 GPa to 6.25 GPa was found for the aerosol method while the salt bath 
gave an indentation hardness of 7.1 GPa. The increase in the present study is considerably 
lower than what was reported by Sil’vestrovich et al, however, there are also differences 
in the experimental procedure which can explain this. 
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Figure 20: Average wear displacement as a function of number of wear cycles. 
 
 

4 Conclusions and Future Work 
 
The method of chemical strengthening of flat glass by vapour deposition of KCl salt and 
in-line K+ ion exchange has been demonstrated. It has been shown that it is possible to 
modify the glass surface. Potassium ions penetrate into the surface and the surface 
modification changes the properties of the glass surface. The method has the potential to 
be used in a production line of flat glass e.g. float line, down/up - drawn flat glass or 
fusion process. The process can also be used for chemically strengthen other glass 
compositions as well e.g. alkali alumina silicate compositions which are generally more 
effectively strengthened. Furthermore, the process of salt deposition on flat glass and in-
line ion exchange is difficult to predict, it is a complex and challenging process. There are 
many parameters to control e.g. temperature, concentration, treatment time, pressure in 
aerosol generator, salt distribution on glass as well as salt adhesion to the glass. 
 
Future work is advised to involve another glass composition and bending strength tests to 
quantify the actual strengthening effect of the treatment. It is advised to use two furnaces, 
one furnace for aerosol generation and another furnace for salt deposition so that a 
constant temperature over the whole samples is created. Also the pressure in the aerosol 
generator can be modified in order to create a more homogeneous salt layer. Potentially 
the method can find applications where the penetration depth of chemically strengthened 
glasses does not need to be so deep and for glass products which only allows low 
production costs. 
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