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1  |   INTRODUCTION

Glass, especially soda lime silicate glass (SLS), surfaces 
play an integral role in human life: we constantly interact 
with SLS and other silicate glass surfaces. A contact with 
glass surfaces represents an increased risk of infection spread 
from microbes residing on the glass surfaces; such risk 
spikes in case of hospital-associated infections.1,2 Although 
the surfaces can be cleaned using chemicals, there are con-
cerns about the exposure of health care personnel to the 
anti-microbial agents.3-5 Self-disinfecting surfaces are an 

alternative solution to the use of disinfectants for reducing 
microbial activity; different strategies have been proposed 
for anti-bacterial applications: for instance, coating the glass 
surfaces with a layer containing active eluting agents such 
as silver, copper, tungsten or zinc nanoparticles, or intro-
ducing silver directly to the glass composition. 3,6-11 Most 
prominently, Ag+ release from the glass surface is a practical 
method to prevent microbial activity1,12,13. While introduc-
ing silver to the glass composition significantly increases 
the production cost, covering the glass surface with silver-
containing coatings, using, for example, sol-gel methods, is 
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Abstract
Although glass plays an important role in medical facilities such as countertops or in-
terfaces of medical equipment, where chemical and mechanical durability is of great 
concern, less attention has been paid to developing durable anti-microbial surfaces. In 
the present work, silver-containing surfaces were produced by ion exchange in soda-
lime silicate float glass, and the effects of residual surface compression produced by 
ion-exchange on the release of silver ions were investigated. Silver-doped surfaces 
were prepared by a sequential two-stage ion-exchange process in pure potassium ni-
trate, at 450°C for 4-24 hours, and subsequently in KNO3+ 1 wt% AgNO3, at 400°C 
for 10-30 minutes. Silver ions were found to penetrate 3-5 µm into the glass surface, 
causing only a limited decrease in surface compression induced by potassium ions. 
The silver-rich layer provides the required Ag+ leaching essential for anti-microbial 
applications, as confirmed by Ag+ ion leaching tests. The silver release can be altered 
by surface compression.
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economically favorable. However, the coatings’ mechanical 
performance and durability are questionable.14

Ag+-Na+ ion-exchange is a well-established technique to 
modify the optical properties of soda lime silicate glass by re-
placing glass sodium ions with silver ions at the surface.15-20 
Moreover, if Na+ ions are replaced with larger potassium ions 
at a temperature below the glass transition temperature, the 
“stuffing” effect produces surface compression that improves 
the practical strength.21 When K+-Na+ ion-exchange is done 
in order to improve mechanical properties, it is also called 
chemical strengthening.22-24 In typical industrial situations, 
chemical strengthening of SLS glass is performed by plac-
ing glass components for several hours in a molten potas-
sium nitrate salt bath.25 Although both Ag+-Na+ and K+-Na+ 
ion-exchange can be carried out simultaneously using a salt 
mixture of potassium nitrate and silver nitrate, large amounts 
of silver penetrate into the glass, deteriorating the efficiency 
of chemical strengthening with no beneficial impact on anti-
bacterial activity.26,27

Multi-step ion-exchange can be used to produce different 
ion-exchanged layers on a glass surface.28,29 The production 
of different layers with various chemical compositions can 
provide anti-microbial properties and, at the same time, im-
prove mechanical performance. In this work, commercial 
soda-lime silicate float glass was subjected to a two-step ion-
exchange to introduce silver to the glass surface and suppress 
the surface compression degradation so as to obtain glasses 
which are simultaneously strengthened and silver-releasing. 
The produced samples were then characterized in terms of 
silver and potassium concentration at their surface, residual 
stress, and silver release to define the silver release's influen-
tial factors.

2  |   EXPERIMENTAL PROCEDURE

Soda-lime silicate float glass with a thickness of ca. 4 mm 
used in the present work was obtained from a commercial 
source (AGC Trencin, s.r.o., AGC Europa). The softening 
temperature of the glass, Ts, was determined using a thermo-
mechanical analyzer, TMA, (TMA 402 Hyperion, Netzsch, 
Germany) following the ASTM C338-93 norm.30 The glass 
softening temperature is at approximately 568  ±  2°C. The 
Na2O and K2O content in the used glass was measured by 
X-Ray Fluorescence method using a wavelength disper-
sive spectrometer (S8 TIGER 4 kW, Bruker, Billerica, MA, 
USA) equipped with an X-ray tube with Rh anode (30 kV 
and 100 mA). The glass contains 12.70 ± 0.50 mol% Na2O 
and 0.10 ± 0.03 mol% K2O.

Three different salt baths were used for ion-exchange pro-
cesses: pure KNO3, KNO3 + 0.2  wt% AgNO3, and KNO3 
+ 1.0 wt% AgNO3. Potassium nitrate (Sigma-Aldrich, ACS 
grade >99.0) and AgNO3 (Sigma-Aldrich, ACS grade >99.0) 

were used to prepare the salt baths. The salts were dried at 
105°C for 72 hours and mixed. The salt baths were prepared 
by melting the mixtures at 450°C for 8 hours. Square sam-
ples, nominally 30  ×  30  mm, were cut from the original 
glass sheet. The sharp edges of samples were polished using 
125 µm diamond grinding disks. The samples were ultrasoni-
cally cleaned in deionized water, washed with isopropyl alco-
hol, and dried at 70°C overnight.

Ion-exchange treatments were carried out in the molten 
salts using stainless steel crucibles kept in a laboratory muf-
fle furnace; the glass-to-salt weight ratio was always kept 
below 1:20. Single-step ion-exchange processes were con-
ducted at 450°C for 4 hours and 24 hours in KNO3, KNO3 
+ 0.2 wt% AgNO3, and KNO3 + 1.0 wt% AgNO3. Two-step 
ion exchanges were performed on the samples subjected to 
ion-exchange at 450°C in pure potassium nitrate for 4 and 
24 hours; then, the ion-exchanged samples were immersed in 
the potassium nitrate salt bath containing 1.0 wt% AgNO3 at 
400°C for 10 minutes and 30 minutes. Samples were kept at 
350°C for 10 minutes before and after ion-exchange to avoid 
thermal shock.

Surface compression was measured using a surface stress 
meter (FSM 6000, Luceo Co Ltd., Tokyo, Japan) according to 
ASTM C1279-13 norm31; the measurements were performed 
only on the gas side of the glass; the surface compression 
was measured on at least five samples. The measurement was 
repeated twice for each sample, and the sample was rotated 
90°C before the second measurement.

Vickers’ indentation was carried out using a maximum 
load of 1 kgf and 15 seconds holding time; the indentations 
were produced in ambient air (T = 20°C and relative humid-
ity 50%). At least 10 indentations were performed for each 
sample. The optical micrographs were taken using a wide-
field confocal microscope (Zeiss Smartproof 5, Zeiss, Jena, 
Germany) a few seconds after indentation to avoid humidity-
induced subcritical crack growth.

Ion-release experiments were carried out on the gas side 
of samples; the tin-side was covered using a temperature-
resistant paint. Afterward, the samples were immersed 
in 10 ml of deionized water in a Teflon vessel and kept at 
40°C for 24 hours. The amounts of ions leached from glass 
(Ag, Na, K, Fe, Ca, Mg, Al, and Si) to the corrosion solu-
tion were determined by Inductively Coupled Plasma Optical 
Emission Spectroscopy (ICP-OES Agilent 5100 SVDV, 
Agilent Technologies Inc., Santa Clara, CA). The calibra-
tion solutions for ICP analyses were prepared from single-
element standards (Analytika, Prague, Czech Republic) with 
a concentration of 1000 ÷ 2 mg·l−1 of Ag, Na, K, Fe, Ca, Mg, 
Al, and Si. Along with the testing of the corrosion solutions, 
analyses of blank solutions (test corrosion medium without 
any sample) were carried out. The analyses of blank samples 
were conducted to exact the measured values of individual 
element concentrations relating to the content of the elements 
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present in the blank and not originating from prepared glass 
samples.

Transmission spectra were measured in the wavelength 
range between 200 and 2000 nm using a UV-Vis-NIR spec-
trophotometer (Cary 5000, Agilent, Santa Clara, CA).

The semi-quantitative concentration of specific elements 
(Si, K, Ca, Mg, Na, and Ag) was measured on a clean region 
of about 0.5 mm2 on the gas side of samples by energy disper-
sion X-ray spectroscopy (Aztec EDX, Oxford Instruments, 
Oxford, UK) within SEM (JEOL 7600F, Tokyo, Japan); 
accelerating voltage of 15 kV and dwelling time of 15 sec-
onds were used. The concentrations of sodium, potassium, 
and silver were calculated by assuming that the elements 
exist as Na2O, K2O, and Ag2O in the glass. Before analy-
sis, the samples were coated with Au-Pd alloy using SEM 
sputter coater (JEOL JFC-1300, Japan). The depth of the ion-
exchanged layer, DOL, was measured at the fracture surface 
of ion-exchanged samples near the gas side on a straight line 
from the surface to a depth of about 50-200 µm; the noise of 
the microprobe analysis was reduced by the moving average 
method. The measurements were carried out over at least five 
different spots.

3  |   RESULTS

Table 1 summarizes the residual surface compression pro-
duced by performing a single-step ion-exchange at 450°C 
for 4 and 24 hours in salt baths with different amounts of 
AgNO3. Longer processes produced smaller surface com-
pression and deeper compressive layers than the shorter 
ion-exchanges: Thee surface compressive stress is around 
550-590  MPa for samples subjected to ion-exchange for 
4 hours, whereas it is about 400-450 MPa for the sample 
ion-exchanged for 24  hours. These values compare-well 
to ion-exchange properties of similar SLS glasses.32,33 
The ion-exchange for 4 and 24 hours produced a compres-
sive layer with a thickness of 11 and 27 µm, respectively. 
However, the thickness of the ion-exchanged layer was 
larger than the measurement window of the surface stress 
meter for samples subjected to ion-exchanged in KNO3 + 
1.0 wt% AgNO3; measuring the surface compression was 
therefore not possible.

Figure 1 shows representative imprints produced by 
Vickers indentation on the as-received and ion-exchanged 
glass using 1 kgf load. Radial cracks are visible in the as-
received glass, while no cracks are observed in the glass sub-
jected to ion-exchange for 4 hours in KNO3. This indicates 
that the surface compression is sufficient to prevent crack 
formation or extension. Conversely, the samples subjected 
to ion-exchange in AgNO3 containing salts show cracks at 
the edges of indentation imprint. This indicates, in contrast 
with the stress measured by the surface stress meter, that 
the surface compression of samples ion-exchanged in silver-
containing salts is smaller than the samples ion-exchanged 
in pure KNO3. The overestimation of surface compression 
is the result of the changes in the refractive index of glass 
after silver penetration.34 The ion-exchanged glass in KNO3-
1.0 wt% AgNO3 exhibits larger cracks than that prepared in 
KNO3-0.2  wt% AgNO3. Moreover, the light birefringence 
patterns around the indentation indicate lateral cracks be-
neath the surface of samples ion-exchanged for 24 hours in 
pure KNO3 and in the salt with 0.2 wt% AgNO3. The ion-
exchanged glass in KNO3-1.0 wt% AgNO3 exhibits mainly 
radial/median cracks.

Table 2 summarizes the surface compression in the sam-
ples subjected to a two-step ion-exchange. The produced 
surface compression by the first ion-exchange at 450°C in 
KNO3 remains substantially unchanged after the second ion-
exchange. However, it was impossible to measure the sur-
face compression of samples prepared by performing the first 
ion-exchange for 4  hours and the second ion-exchange for 
30 minutes. Figure 2 shows indentations produced on the gas 
side of samples subjected to two-step ion-exchange using the 
load of 1 kgf. Although small cracks are visible surrounding 
the indentations, they are smaller than those observed in the 
single-step ion-exchanged sample in KNO3-1.0 wt% AgNO3 
for 24  hours. This indicates that although the second ion-
exchange decreases the surface residual stress, it reduces the 
surface compression less than the long treatments in silver-
containing salts.

Figure 3 shows the semi-quantitative molar concentra-
tions of Na2O, K2O, and Ag2O on the surface of treated 
samples; the surface composition of as-received glass is 
also shown for comparison. Although sodium is largely 
substituted with potassium by K+-Na+ ion-exchange, there 

Salt composition KNO3

KNO3 + 0.2 wt% 
AgNO3

KNO3 + 
1.0 wt% AgNO3

Time (h) 4 24 4 24 4 24

Surface 
Compression 
(MPa)

566 ± 5 411 ± 26 587 ± 5 448 ± 5 N.D. N.D.

Case depth (µm) 11 ± 1 27 ± 1 10 ± 1 27 ± 1 N.D. N.D.

T A B L E  1   Compressive surface residual 
stress and case depth (± SD) of samples 
produced by single-step ion-exchange 
(N.D.: not determined)
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is still a limited amount of residual sodium present in the 
samples. The surface compositions of the samples ion-
exchanged in pure KNO3 for 4 hours, and 24 hours are simi-
lar. Moreover, the samples ion-exchanged in KNO3-0.2 wt% 
AgNO3 for 4 hours show a very similar surface composition 
as the samples treated in pure KNO3; however, the concen-
tration of K2O increases slightly in samples subjected to 
24  hours ion-exchange, with some traces of Ag2O on the 
surface. It is important to mention that a relatively large 
error accompanies the reported silver concentrations; it is 
perceivable that the reported Ag2O concentrations result 
from the applied constraints in semi-quantitative measure-
ments by EDX. 35 Therefore, the concentration of silver at 
the surface should be effectively considered close to zero. 
In contrast, the samples subjected to the ion-exchange in 
KNO3-1.0 wt% AgNO3 salt are characterized by significant 
amounts of silver on the surface: The concentration of sil-
ver oxide is equal to the concentration of potassium oxide. 

Interestingly, the samples ion-exchanged for 4 hours exhibit 
larger amounts of silver, whereas the 24 hours samples con-
tain more potassium.

The two-step ion-exchange effectively increases the silver 
concentration in the glass surface: the silver concentration 
increases with the duration of both the first and the second 
ion-exchange (Figure 3C). The glass produced by subsequent 
ion-exchanges for 4  hours and 10  minutes contains about 
4  mol% of Ag2O, whereas the Ag2O concentration of the 
glass subjected to ion-exchanges for 24 hours and 30 min is 
6 mol%, which is comparable with the samples subjected to 
ion-exchange for 24 hours.

Figure 4 shows potassium concentration profiles near the 
surface of samples produced by ion-exchange in pure KNO3 
for 4 and 24 hours. The potassium concentration is expressed 
in relative units between 100 and C0, corresponding to the 
potassium concentration in the glass surface and at a depth 
of 2 mm from the surface, representing the as-received glass. 
The potassium concentration decreases continuously from 
the surface toward the glass center, which resembles a typical 
diffusion profile that can be fitted by a complementary error 
function:

where x is the distance from the surface and t is ion-exchange 
time. Cs and C0 are the potassium concentration on the surface 

(1)Ck (x, t) =
�

CS − C0

�

erfc

�

x

2
√

%Dt

�

+ C0

F I G U R E  1   Indentations produced with 1 kgf on the gas side of (A) as-received glass, samples subjected to single-step ion-exchange for 4 h 
in (B) KNO3, (C) KNO3+ 0.2 wt% AgNO3, (D) KNO3+ 1.0 wt% AgNO3, and for 24 h in (E) KNO3, (F) KNO3+ 0.2 wt% AgNO3, (G) KNO3+ 
1.0 wt% AgNO3

(A) (B) (C) (D)

(E) (F) (G)

T A B L E  2   Compressive surface residual stress and case depth 
(± SD) of samples produced by two-step ion-exchange (N.D.: not 
determined)

First Ion-exchange 
conditions KNO3-4 h KNO3-24 h

Second ion-exchange 
time (min)

10 30 10 30

Surface Compression 
(MPa)

548 ± 3 N.D. 442 ± 7 450 ± 4
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and of the as-received glass, respectively. D̃ is the inter-diffusion 
coefficient, which is defined by the Nernst–Plank equation:

where Di is the self-diffusion coefficient of ion i (Na+ or K+) 
and Ci is the mole fraction of the ion. Although it is reported that 

the interdiffusion coefficient may depend on the concentration 
of ions,36-38 to simplify the estimations , D̃ can be considered 
invariable. The experimental potassium concentration profiles, 
Figure 4, are fitted using Eq. 1 and assuming that the inter-
diffusion coefficients are constant. There is a good agreement 
between the experimental data and fitting curve, presented by 
solid lines, suggesting that the variations of inter-diffusion coef-
ficient with concentrations are insignificant. The depth at which 

(2)D̃ =
DNaDK

DNaCNa + DKCK

F I G U R E  2   Indentations on the gas 
side of samples produced by two-step 
ion-exchange: ion-exchanged in KNO3 for 
4 h and then subjected to ion-exchange in 
KNO3+ 0.2 wt% AgNO3 for (A) 10 min 
and (B) 30 min; samples, ion-exchanged in 
KNO3 for 24 h and then subjected to ion-
exchange in KNO3+ 1.0 wt% AgNO3 for 
(C) 10 min and (D) 30 min

(A) (B)

(C) (D)

F I G U R E  3   Na2O, K2O, and Ag2O concentration on the glass surface before and after ion-exchange. (A) single-step ion-exchange in KNO3, 
(B) single-step ion-exchange in silver-containing KNO3, (C) two-step ion-exchange in KNO3 and, then, KNO3+ 1.0 wt% AgNO3
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K concentration becomes equal to the as-received glass con-
centration (±2%) was considered as representing the thickness 
of glass involved in ion-exchange, depth of layer (DOL). It is 
12 µm for 4 h, and 28 µm for 24 hours ion-exchange. The inter-
diffusion coefficients are estimated to be 1.4 ± 0.1 × 10−11 cm2 
s−1 and 1.6 ± 0.1 × 10−11 cm2 s−1 for 4 hours and 24 hours, 
respectively.

Figure 5 shows potassium and silver concentration pro-
files produced in samples single step ion-exchanged in 
silver-containing salts. The potassium concentration pro-
files in samples produced by KNO3+0.2  wt% AgNO3 are 
similar to those produced in pure KNO3. The estimated in-
terdiffusion coefficients are 1.4 ± 0.1 × 10−11 cm2 s−1 and 
1.8 ± 0.2 × 10−11 cm2 s−1 for 4 hours and 24 hours, respec-
tively. These agree with the surface composition of samples 
indicating that the silver penetration in KNO3+0.2  wt% 
AgNO3 is insignificant. Conversely, in the samples ion-
exchanged in KNO3+1.0 wt% AgNO3, silver-diffused deep, 
whereas the penetration of potassium is only slightly larger 
than in the samples ion-exchanged in pure KNO3. The 

F I G U R E  4   Potassium relative concentration data obtained from 
EDX measurements for samples ion-exchanged at 450°C in KNO3 for 
4 and 24 h; the continuous lines represent the fitting curves calculated 
by Eq. 1

F I G U R E  5   Potassium and silver relative concentration data obtained from EDX measurements for samples ion-exchanged at 450°C in KNO3+ 
0.2 wt% AgNO3 for (A) 4 h and (B) 24 h, and, in KNO3+ 1.0 wt% AgNO3 for (C) 4 h and (D) 24 h. The continuous lines represent the fitting 
curves calculated by Eq. 1
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thickness of the silver-containing layer is 60 µm after 4 hours 
ion-exchange and 180 µm after 24 hours, whereas the depth 
of the K+-Na+ ion-exchanged layer is 14 µm and 30 µm for 
4  hours and 24  hours, respectively. There is a discrepancy 
between the experimental data and predicted concentration 
profile using Eq. 1; this is probably due to the interdepen-
dence of alkali ions and silver fluxes.39

Figure 6 shows potassium and silver concentration profiles 
in the samples subjected to two-step ion-exchange by, first, K+-
Na+ ion-exchange in pure KNO3 at 450°C for 4 or 24 hours, 
and then, immersing in KNO3 + 1.0 wt% AgNO3 salt at 400°C 
for 10 or 30 minutes. Two-step ion-exchange produces a silver-
containing layer near the glass surface; the layer's thickness 
increases from 3 µm to 5 µm when the second ion-exchange 
duration increases from 10 to 30 minutes. The Ag+-K+ ion-
exchange at the surface resulted in a decrease in potassium con-
centration, and consequently, the maximum of K concentration 
profiles was moved to the depth of 2-3 µm in samples initially 
ion-exchanged for 24 hours (Figure 6 c and d). It should be 
noted that the second ion-exchange has no significant influence 
on the depth of the Na+-K+ ion-exchanged layer.

Figure 7 shows the normalized silver release of ion-
exchanged samples after being immersed in distilled water at 
40°C for 24 hours. The concentration of released silver, QAg, 
was calculated according to:

where CAg and CB are the silver concentrations in the experi-
ment solution and the reference solution, respectively. S is the 
surface area of the sample subjected to ion-release experiments, 
and V is the volume of the corrosion solution.

The variations in silver concentration in the liquid for 
the samples produced by ion-exchange in KNO3 +0.2 wt% 
AgNO3 was below the detection limit of ICP analysis and, 
therefore, the silver release was considered zero and is not 
shown in Figure 7. The silver release of samples subjected to 
single-step ion-exchange is about 1.0 µg.cm−2 and indepen-
dent of the ion-exchange conditions. In contrast, the increase 
in second step ion-exchange time from 10 to 30 minutes de-
creases the silver release: from 3.0 to 2.0 µg.cm−2 for samples 

(3)QAg =
(CAg − CB ) ∙ V

S

F I G U R E  6   Potassium and silver relative concentration data obtained from EDX measurements for samples produced by two-step ion-
exchange: first ion-exchanged in KNO3 for 4 h, then, ion-exchanged in KNO3+ 1.0 wt% AgNO3 for (A) 10 min and (B) 30 min. and, first 
ion-exchanged in KNO3 for 24 h, then, ion-exchanged in KNO3+ 1.0 wt% AgNO3 for (C) 10 min and (D) 30 min
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ion-exchanged for 4 hours, and from 6.0 to 2.0 µg.cm−2 or 
samples ion-exchanged for 24 hours.

The samples exposed to the silver-containing salt appeared 
yellowish-brown. The discoloration is observed in partic-
ular on the tin-side of the glass. Figure 8 shows the trans-
mission spectra from ultraviolet to the near-infrared range of 
glasses after ion-exchange in KNO3 + 1.0 wt% AgNO3 salt. 
The spectra of as-received glass and Na+-K+ ion-exchanged 
samples are also shown for comparison. It should be noted 
the transmission spectra are unavoidably affected by light 
interaction with both glass surfaces; thus, the colored sur-
face, tin side, mainly determines the optical characteristics of 
glass. Although the glasses subjected to pure KNO3 exhibit 
a spectrum identical to the as-received glass, the transpar-
ency of samples ion-exchanged in KNO3 + 1.0 wt% AgNO3 
decreased. The loss of transparency is significant in the case 

of single-step ion-exchange glasses. Moreover, the ultravio-
let cut-off of samples subjected to single-step ion-exchange 
is shifted from 310 nm to 500 nm. Two-step ion-exchanged 
samples exhibit higher transmission than the samples pro-
duced by the single ion-exchange in silver-containing salts. 
In the case of two-step ion-exchange, the increase in either 
first or second ion-exchange time decreases the light trans-
mission of samples.

4  |   DISCUSSION

During chemical strengthening, the surface compressive 
stress is generated by the stuffing of larger potassium ions 
into the smaller sodium sites in the glass surface and the di-
lation of the glass network.23,24 Although the compressive 
stress build-up during chemical strengthening is a complex 
process,40 the surface compression, intuitively, depends on 
the size of invading ions and the produced concentration pro-
file. Ion-exchange at 450°C for 4 hours replaces almost all 
sodium with potassium at the glass surface, producing com-
pressive stress of about 550 MPa. Despite the very similar 
surface composition of glass after 24 hours ion exchange, the 
samples show smaller surface compression (about 450 MPa) 
due to the stress relaxation below the glass-transition tem-
perature.41 Silver can exist in soda-lime silicate glass in 
the form of individual ions, atoms, or clusters depending 
on its chemical state: Ag+, Ag0, or Ag2+, respectively.17,42 
Although the EDS analysis cannot determine the chemical 
state of silver, the experimental results confirm that silver is 
present in the glass, and the semi-quantitative results can be 
used to compare the concentration of silver.

The equilibrium between the glass and salt bath deter-
mines the concentration of stuffed cations (i.e., K+ and 
Ag+) and, in turn, the surface compression. Araujo et al. 
proposed a thermodynamic model describing the equilib-
rium concentration of salt bath cations on the glass sur-
face43,44: the surface concentration of the salt's cations is a 
sigmodal function of their concentration in the bath. The 
obtained results have indicated that the lower concentra-
tion of Ag+ in the salt (0.2 wt% AgNO3) is not sufficient 
to introduce a significant amount of silver to the glass sur-
face, while using 1.0 wt% AgNO3 can change the surface 
composition. It is interesting to point out that although the 
molar ratio of Ag+/K+ is very limited (Ag+/K+ ≈ 10−4), the 
silver concentration on the surface is significant, which is 
probably accounted for by the preferential Ag+-Na+ ion-
exchange, micro-inhomogeneity of salt, and different ion 
mobility. However, stuffing smaller silver ions instead of 
larger potassium ions results in the production of smaller 
surface compression.

Moreover, small changes in salt composition, particu-
larly, small monovalent ions, can accelerate the relaxations 

F I G U R E  7   Silver release of ion-exchanged glass after 24 h 
immersion in DI-water after at 40°C

F I G U R E  8   In-line transmittance against the wavelength of as-
received glass and samples produced by ion-exchange



      |  9TALIMIAN et al.

mechanisms at the surface resulting in the decrease in re-
sidual stress45; this is probably responsible for the smaller 
surface compression in samples subjected to ion-exchange in 
KNO3 + 0.2 wt% AgNO3 despite the amount of potassium 
similar to the samples treated in pure KNO3.

Surface compression is another factor influencing the 
exchange of monovalent ions in the glass.46 Due to the low 
treatment temperature, 400°C, the surface compression of 
ion-exchanged samples remains substantially unchanged 
(Tables 1 and 2). Figure 9 shows the Ag2O concentration as a 
function of surface compression in samples subjected to two-
step ion-exchange. The samples whose surface compression 
is smaller show a higher silver concentration after the second 
ion-exchange. According to the theory of chemical strength-
ening, surface compression is produced at the expense of a 
decrease in glass free volume during the stuffing of larger 
potassium ions into sodium sites; thus, the glass with larger 
surface compression has less free volume available for K+-
Ag+ ion-exchange.22,47,48

The Ag+-Na+ layer thickness is significantly larger than 
the K+-Na+ one in the samples subjected to ion-exchange in 
KNO3+ 1.0 w% AgNO3 salt. Due to their size, the higher 
diffusivity of Ag+ ions is responsible for the deep penetra-
tion during the Ag+-Na+ ion-exchange. Moreover, the depth 
of the K+-Na+ ion-exchanged layer, DOL, is larger in sam-
ples in which silver concentration profiles are produced. 
It is interesting to compare the effect of ion-exchange 
time on the penetration depth of potassium into the glass. 
According to Eq. 1, the DOL is proportional to the square 
root of time: it is therefore expected that the DOL increases 
by the factor of ≈2.4 when the ion-exchange time increases 
from 4 to 24  hours. While the ratio of DOLs of samples 

ion-exchanged for 24 hours and 4 hours in pure KNO3 and 
KNO3+ 0.2 w% AgNO3 is about ≈2.3, it is ≈3.1 for sam-
ples treated in KNO3+ 1.0 w% AgNO3. A more complex 
model is required to calculate ion-exchanged depth when 
the fluxes of diffusing elements (Na+, K+, and Ag+) are 
influenced by each other.39 Nevertheless, the diffusion of 
monovalent cations can be described using a conservative 
explanation. Ag+, owing to its high diffusivity, penetrates 
faster than potassium ions. Therefore, the ion-exchange 
process can be considered to consist of two events: first, 
Ag+-Na+ exchanged at the frontier of ion-exchanged layers 
and, then, Ag+-Na+ and K+-Na+ exchange close to the glass 
surface. It is reported that Ag+-Na+ ion-exchange changes 
the cation environment and coordination number and, thus, 
the glass structure49,50; this might facilitate further diffusion 
of potassium ions into the glass. However, more studies are 
required to understand how ion-exchange influences further 
diffusion of ions.

The produced K+-Na+ ion-exchanged layers generate 
compressive stress of sufficient depth to reinforce the surface 
flaws formed during the glass processing and increase the 
glass strength.51 Although the single ion-exchange in KNO3+ 
1.0 w% AgNO3 produced limited compressive stress on the 
glass's surface, the second ion-exchange has no detrimental 
effect on the surface compression. Therefore, the two-step 
ion-exchange can be potentially used as a practical approach 
to introduce silver to the glass surface.

Based on the obtained ion-release results, two-step 
ion-exchanged samples are capable of releasing silver 
ions, which enables the anti-bacterial activity of glass 
surfaces. Indeed, chemical strengthening parameters in-
fluence the silver concentration in the glass surface, the 
silver release, and, in turn, the anti-bacterial properties. 
It is known that the residual compressive stress decreases 
the mobility of alkali ions in glass and, therefore, has a 
negative influence on the release of silver.46 However, 
whether Na+-K+ ion-exchange can be exploited to modify 
the release of silver ions is questionable. Figure 10 shows 
the silver release of samples produced by two-step ion-
exchange as a function of surface Ag2O concentration; the 
results for the glass prepared by single-step ion exchange 
are also shown for comparison. Although single-step ion-
exchange produced the highest Ag2O concentration, silver 
release is lowest; moreover, the samples subjected to the 
second ion-exchange for 30  minutes exhibit smaller sil-
ver release despite their higher Ag2O concentration. One 
might speculate that the surface compression is the only 
parameter that has an evident influence on the silver re-
lease; however, the similar silver release after the second 
ion-exchange for 30 minutes from samples produced using 
different initial steps indicates that other parameters may 
also be at play. The glass surface structure is another factor 
playing an influential role in the silver release. Although 

F I G U R E  9   Ag2O concentration on the surface of glass subjected 
to two-step ion-exchange against compressive stress produced in the 
first step (dashed lines are to guide the eyes)
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it is well-known that the glass structure undergoes a se-
ries of structural changes by stuffing larger ions during 
chemical strengthening,52 how exchanging larger cations 
with smaller ions changes the glass structure is still equiv-
ocal. Moreover, the establishment of the thermal equilib-
rium between the salt bath and the glass surface may take 
some time. Apparently, 30 minutes ion-exchange provides 
enough time for establishing new equilibrium conditions 
between the salt bath and glass surface, and, consequently, 
the samples show similar silver-release behavior regard-
less of the first step ion-exchange or surface compressive 
stress. Nevertheless, further studies are needed to under-
stand how the second step ion-exchange can influence the 
surface properties of glass and the silver release kinetics.

5  |   CONCLUSIONS

Two-step ion-exchange was successfully employed in 
order to produce silver releasing surfaces in glasses sub-
jected to chemical strengthening without impairing the sur-
face compressive stress: These glasses are simultaneously 
strengthened and silver-releasing. Applying different times 
of ion-exchange on a commercial soda-lime silicate float 
glass produces different surface compression and depth 
of modified layer, resulting in different silver release be-
havior that can be correlated to different extents of surface 
compression.

Although the silver release was limited in the glass with larger 
surface compression, other parameters, such as the second step 
ion-exchange duration, seem to be influential in silver release. 
Careful design of the duration of the second ion-exchange step 
appears to be the key to efficient tailoring of release behavior. It 

will be necessary to verify the impacts of other parameters such 
as temperature and the salt bath composition on the efficiency 
of ion-exchange and, thus, silver release.
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