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Abstract. Chemical strengthening by diffusive ion exchange (IOX) is a common method to 
improve the mechanical performance of glass products. However, the process of ion-stuffing 
is often associated with an increase of surface hardness and a decrease of the resistance to 
abrasive wear during scratching, even when the thickness of the exchanged layer is low. Au-
toclave steam-treatment presents a way to compensate the enhanced surface brittleness ac-
companying IOX. It causes a notable shift in the load threshold for microabrasion to more 
abrasion-resistant glasses. Subject to the specific processing parameters, the softening effect 
is constrained to a surface layer of less than 500 nm in thickness; therefore, the overall com-
pressive stress profile is not affected and the advantages of IOX strengthening are retained. 
In turn, ion-stuffing by IOX counteracts severe autoclave corrosion of soda-lime silicate 
glasses, making them suitable for a combination of both processes. 

Keywords: Chemical strengthening, Mechanical properties, Steam, Defect resistance, Abra-
sive wear 

1. Introduction 

Silicate glasses are ubiquitous in architecture [1], packaging [2], electronics [3], telecommuni-
cation [4] and transport [5]. In many of these applications, glass products are exposed to harsh 
environments [6] and abrasive wear [7], [8]. Surface flaws and defects generated from such 
exposure reduce the mechanical performance of a glass product by orders of magnitude [9]. 
While variations in chemical composition can be adapted in order to enhance the defect re-
sistance of glasses [10], [11], the range of glass formulations suitable for practical application 
has remained limited by constraints in production cost, volume needs and processing capabil-
ity. Post-processing techniques have therefore been established by which the mechanical 
properties of glass surfaces can be improved [12]. Most prominently, thermal or chemical 
strengthening are widely employed to impose a surface compressive layer which counteracts 
tensile loading [9]. Thermal strengthening requires relatively thick glass sheet (or container 
walls) and rapid quenching of the surface of a hot glass product [13], for example to be used 
as solar covers, safety windows or in roof-top applications. Chemically strengthened glasses 
are produced by diffusive exchange of the mobile alkali ions (IOX) present in the precursor 
glass through immersion of the glass in a bath of molten salt. Thereby, IOX of smaller alkali 
species (Li+ or Na+) by larger ones (typically K+) at a temperature below the glass transition Tg 
creates a surface compressive layer [14], [15]. Regarding the length scale of diffusive ex-
change, chemical strengthening is suitable for thin glass products; it is commonly applied for 
display covers and bendable or flexible glass sheets [16], but has also been used in other 
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applications such as pharmaceutical packaging [17], or smart window devices [18]. For bench-
mark aluminosilicate glasses, the surface compressive stress (CS) generated by IOX reaches 
a level of ~ 1 GPa. As the second target parameter affecting surface defect resistance, the 
depth of the IOX layer (DOL) is typically on the order of 102 µm, but may be also as low as 10 
µm. Both parameters depend on base glass chemistry, IOX bath composition and processing 
details; they are usually much lower for the commodity soda lime silicate (SLS) glass [19]–[21]. 
As a downside, the higher atomic packing density resulting from ion stuffing by IOX reduces 
the threshold load for scratch-induced microcracking and abrasion [21].  

Given its commercial relevance, a substantial amount of work has been devoted to the 
understanding of the IOX process, e.g., regarding the structural origin of the compressive 
stress layer [22]–[26] or resulting optical and mechanical properties [7], [14], [27], [28]. Aside 
further tailoring surface mechanical performance, a major objective is to find possible routes 
which could enable faster IOX at lower temperature, thus improving throughput and processing 
cost for wider applicability. For example, it was shown that H2O vapor treatments can be used 
to modify the surface mechanics of various silicate glasses in very short treatment times[29]. 
Similar to IOX, the incorporation of water into the glass surface is thought to enable the gen-
eration of persistent layers of compressive stress [30], [31], while also affecting material plas-
ticity, elastic properties and fracture characteristics [32], [33]. 

Here, we combine IOX with subsequent steam treatment at elevated temperatures on 
commodity soda-lime silicate glass in order to impose chemically strengthened glasses with 
additional resistance to scratch and abrasion damage. Statistical data are provided on how 
such combined treatments induce variations in the threshold loads for microcracking and abra-
sive wear at silicate glass surfaces. 

2. Materials and methods 

2.1 Chemical strengthening 

A commercial soda-lime silicate (SLS) float glass was used as the base material in this study 
(Sisecam, Turkey). All surface-specific analyses were performed on the air-side of the glass. 
Pristine sheets of glass with a thickness of 1.10 mm were cleaned in two 5 min cycles of ultra-
sonication, first immersed in de-ionized (DI) water and subsequently in ethanol. Cleaned sam-
ples were dried with compressed air before being immersed into a molten KNO3 salt bath to 
induce Na+/K+ ion-exchange. Two conditions were chosen for IOX, i.e., a more “typical” ex-
change temperature of ~0.85 Tg (420 °C) and a more extreme condition at ~0.9 Tg (470 °C); 
the latter would potentially allow for a certain degree of structural relaxation in parallel to IOX 
over the exchange time of 8 h. Values of CS and DOL were evaluated using a surface stress 
meter (FSM-6000LE, Luceo Co., Ltd.) by averaging over two measurements on the same po-
sition perpendicular to each other. IOX conditions and resulting CS and DOL parameters are 
summarized in Table 1. 

Table 1. Ion-exchange (IOX) conditions and resulting surface compressive stress (CS) and depth-of-
layer (DOL) in untreated and steam treated (labelled “ST”) chemically strengthened soda-lime silicate 
glasses. IOX treatment times were 8 h for all samples. The instrument accuracy is ± 20 MPa for CS 

and ± 2 µm for DOL [34]. 

Sample 
Code 

IOX treatment temperature 
(°C) 

CS 
(MPa) 

DOL 
(µm) 

SLS pristine base glass - - 
IOX420 420 723  6.8  
IOX420-ST 420 707 6.8 
IOX470 470 483 22.7 
IOX470-ST 470 479 22.6 
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2.2 Steam treatment 

Steam treatment was conducted in a laboratory high-pressure reactor (Novoclave 600, 
Büchi AG, Switzerland) that was filled to 20% capacity with DI water. Glass samples (~10 x 20 
mm²) were placed vertically above the liquid water level on a stainless-steel holder to ensure 
exposure to avoid immersion in liquid water. Treatments in saturated steam lasted for 24 h at 
T=150 °C ± 5 °C (~5 bar). Samples were recovered after cooling the reactor to a temperature 
below 80 °C within 30 min. For reference, ambient-pressure steam corrosion experiments were 
conducted in a climate control chamber (VCL 4003, Vötsch) at 80 °C and 80 % relative humidity 
(r.H.) for 1030 h. The purpose of creating these reference samples was to elucidate the differ-
ence between (intentional, high-pressure) autoclave treatment and (unintentional) long-term 
corrosion at ambient pressure. Aside such comparison, the latter is not in the scope of this 
study. 

2.3 Characterization 

Spectroscopy 

Potential reaction of the glass with water was analyzed by Fourier-transform infrared spectros-
copy (FT-IR) in transmittance (Perkin Elmer Spotlight 200i). An average of 10 spectra was 
recorded in the range of 7800 to 400 cm−1 at a resolution of 2 cm−1. Three measurements were 
carried out on each sample at different locations. The presented data are averages of these 
three measurements. UV-Vis transmission and reflection spectra were collected using a dou-
ble-beam spectrometer (Cary 5000, Agilent Technologies) under 6° incidence, over the wave-
length range of 250 to 800 nm, with a slit size of 1 nm and a scan rate of 30 nm min-1. 

Grazing Incidence X-ray diffraction 

Grazing Incidence X-ray diffraction (GID) was employed in order to identify any surface crys-
tallization reactions following steam treatment and corrosion, respectively. For this purpose, 
an X-ray diffractometer (Rigaku Smartlab) was used with a 3 kW Cu-Kα X-ray generator, 5° 
Soller slits and a 0.5° parallel-slit analyzer to complement the parallel-beam configuration. Dif-
fraction patterns were collected for the 2θ range of 10 to 60° at a scan rate of 2.5 °/min with a 
fixed incidence angle of 1°. 

Surface topography 

Surface microstructure was investigated on samples without any conductive coating using a 
low-vacuum scanning electron microscope (JEOL 6510LV) at 20 kV acceleration in electron 
backscattering mode. Surface roughness was characterized with optical profilometry using a 
confocal laser scanning microscope (Zeiss Axio LSM700) with a 488 nm laser and a 50x ob-
jective (NA0.8). Measurements were performed at three different positions on the same sam-
ple for each treatment condition. Surface roughness (root mean square value) was determined 
on areas of 20 x 20 µm2 according to ISO 25178. The surface roughness values obtained in 
this way were used as qualitative measures. Due to the physical limitations of determining 
roughness on transparent materials with an optical method [35], they are denoted effective 
roughness.  

Indentation and scratch behavior 

Characterization of the surface mechanical properties was carried out by instrumented nano-
indentation (G200, KLA Co.) with a Berkovich diamond tip (Synton-MDP Inc.) using the con-
tinuous stiffness measurement (CSM) mode similar to previous studies [21], [36], [37]. Depth 
profiles of surface Young's modulus E and hardness H were recorded over a displacement 
range of 2 µm from a total amount of 20 indentations per sample, created at constant strain-
rate of 0.05 s-1. Constant-load scratching experiments were carried out with another Berkovich 
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indentation stylus in edge-forward orientation, monitoring the lateral force acting on the tip 
upon plowing through the glass at a constant scratch velocity of 50 µm s-1. On each glass 
sample, sets of 10 tests were performed at different normal loads from 30 to 150 mN over a 
scratch length Ls = 200 µm. The work of deformation (Ws) and the scratching volume (Vs), 
which in turn provide the scratch hardness Hs, were calculated according to [38]. Ramp-load 
scratch testing was carried out using a sphero-conical stylus (Synton- MDP Inc.) having a 
nominal tip radius of 5.10 µm and a 60° cone opening angle. On each glass sample, 25 
scratches were created with a monotonically increasing load up to 325 mN over a scratch 
length of 650 µm, at a scratch velocity of 50 µm s-1 [21], [37], Post-mortem images of scratch 
grooves obtained in this way were taken on a wide-field confocal microscope (Zeiss Smartproof 
5). 

3. Results and discussions 

IOX and steam treatment 

Surface stress profiles obtained after chemical strengthening and after steam treatment are 
presented in Figure 1A, showing the strong impact of the exchange temperature on CS and 
DOL [39]. Steam treatment does not seem to notably affect the profiles. No crystallization was 
detected by GID on any of the samples following steam treatment (Fig. 1B). Variations in the 
shape and position of the amorphous hump detected by GID cannot be interpreted unambig-
uously at this stage, given the variations in ion stuffing, water interaction and structural relax-
ation. The FTIR transmittance data (Fig. 1C) indicate the presence of molecular water (H2O(m), 
~1.9 µm) after steam treatment, in particular, for IOX470-ST. The strength of the H2O-related 
absorption bands is a qualitative indicator for the extent of water uptake, which is depending 
on the way each glass was processed before steam treatment. Sample IOX470-ST exhibiting 
the strongest water uptake provides confirmation that reduced stuffing (by partial structural 
relaxation at elevated temperature) favors the incorporation of water [32], [40]–[42]. In addition, 
the potassium-containing glass (after IOX) is more sensitive to steam treatment than the pris-
tine SLS surface [30], [43]. This underpins the importance of initial IOX conditions for tailoring 
the effects of subsequent steam treatment. As ion-exchange is rarely performed at 0.9 Tg, 
(here: ~470 °C) the sample exchanged at 470 °C does not represent a typical IOX glass and 
will be omitted from our further discussion. 

 

Figure 1. (A) Stress profiles of IOX glasses before and after steam treatment (“ST”; profiles are 
strongly overlapping). Values of CS and DOL are provided in Table 1. (B) Grazing Incidence X-ray dif-
fraction patterns of the pristine SLS and ion-exchanged glass surfaces before and after steam treat-

ment. (C) FTIR transmittance spectra. Absorption bands related to molecular water and total water are 
marked at ~1.9 µm and ~2.9 µm, respectively. 

Microscopic changes of the glass surfaces upon steam treatment are shown in Figure 2. In 
particular, the corroded SLS sample SLS-ST-CC exhibited a significant loss in direct light trans-
mission caused by optical scattering, whereas changes on all other glasses were much less 
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pronounced (Fig. 2A). The origin of optical scattering is revealed in the correlation between 
effective surface roughness and average scattered intensity (Fig. 2B; the average scattered 
intensity S is estimated for the visible spectral range of 400-800 nm via S = 1-T-R, with direct 
optical transmittance T and specular reflection R). Both, steam treatment and weathering in 
the climate control chamber, result in higher surface roughness in SLS glass [6], [44], [45]. For 
the IOX glass, this effect is much weaker, assumedly as a result of improved resistance to 
surface degradation following potassium-for-sodium exchange and the higher solubility of po-
tassium carbonates in water. SEM micrographs of the different surface states are shown by 
way of example in Figs. 2C-F, confirming this interpretation. On the steam-treated SLS glass 
(Fig. 2C), pronounced formation of µm-scale residue features is observed, whereas the steam 
treated IOX glass does not exhibit such surface degradation (Fig. 2E). Similar observations 
are made on the weathered glass surfaces (“CC” samples, Figs. 2D-F). Overall, these results 
indicate how chemical strengthening of SLS glass improves the chemical durability of its sur-
face in terms of the formation of optically scattering residues. This is an important feature, as 
it suggests a more sensible use of water/steam treatment on these glasses for altering surface 
mechanical properties without degrading surface appearance. 

 

Figure 2. (A) Sum of direct optical transmission (T) and specular reflection (R) of pristine SLS, IOX 
glasses and materials after steam treatment (“ST”) and subsequent long-term weathering (“ST-CC”). 

(B) Average optical loss in the wavelength range between 400 and 800 nm (red bars) and surface 
roughness (RMS, blue bars). (C-F) SEM micrographs of glass surfaces of SLS (C,D) and IOX glass 
(E,F) after steam treatment (C,D) and after subsequent weathering for 1030 h at 80 °C and 80 %r.H. 

The scale bars are 10 µm. 

Surface hardness 

The impact of steam treatment on the indentation deformation and the scratch hardness of 
SLS and IOX glasses is presented in Figure 3, revealing the expected increase of both inden-
tation hardness, H (Fig. 3A) and surface Young’s modulus E (Fig. 3B) upon ion-exchange [14], 
[21], [44]–[47]. 

While steam treatment does not have any notable effect on the bulk indentation re-
sponse at a depth exceeding 500 nm, it leads to a reduction of hardness and stiffness in the 
upper surface to a depth of few hundred nanometers [48], [49]. In all cases, the affected depth 
is much lower than the IOX DOL, what might be the reason for the unaffected stress profiles 
(Fig. 1A). The softening effect is qualitatively strongest for the steam-treated SLS glass, but 
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pronounced corrosion (see Fig. 2C) lead to an inhomogeneous indentation response in this 
case. Much more homogeneous depth profiles are obtained for the IOX samples (Figs. 3A-
B). 

 

Figure 3. Indentation depth-profiles of (A) hardness H and (B) Young’s Modulus E of pristine SLS, IOX 
glasses and the corresponding materials after steam treatment (“ST”). The insets in (A-B) highlight the 

surface regions to a depth of 450 nm (excluding the SLS-ST sample because of high scattering, as-
sumedly resulting from the surface corrosion seen in Fig. 2C). (C) Work of deformation, Ws, over 

scratched volume, Vs, and corresponding linear fits. The inset in (C) shows the corresponding scratch 
hardness values, Hs determined from the slopes of the linear regression curves according to reference 

[38]. 

In addition to indentation hardness, the scratch hardness was determined using a con-
stant load scratch test with a sharp Berkovich tip [36], [50]. The work of deformation WS ob-
tained as a function of scratched volume VS is shown in Fig. 3C. Very similar dependencies 
were found in this experiment for all glasses except for SLS-ST, which exhibited a significant 
decrease in scratch hardness HS = dWS (dVS)-1 (Fig. 3C, HSSLS = 5.79 ± 0.07 GPa, 
HSSLS-ST = 5.22 ± 0.09 GPa). As with the softening in normal indentation, this decrease is at-
tributed to surface corrosion, reducing the glass’ resistance against lateral plowing (Fig. 
3C).[51] Aside from this observation, the effect of steam treatment on sharp scratching of IOX 
glasses is within the accuracy of data acquisition (HSIOX420 = 6.08 ± 0.04 GPa, 
HSIOX420-ST = 6.00 ± 0.07 GPa). The minor decrease in HS following steam treatment probably 
reflects the softer surface layer seen in normal indentation (Fig. 3A; in the normal load range 
of PN = 30 – 150 mN, the residual scratch depth was ~ 180 – 450 nm, therefore, the observed 
scratch hardness is partially affected by the surface softness). 

Scratching behavior and abrasion 

The observed surface softening by steam treatment had substantial effects on the glass’ defect 
susceptibility and damage infliction behavior during scratching. In order to resolve variations 
in ductile yielding and the statistics of microcracking and brittle abrasion, scratching was con-
ducted at a low apex load using a sphero-conical stylus [21], [37]. Microscopic images of typical 
scratch grooves generated in this way are shown in Figure 4, together with in-situ data of the 
displacement into the surface h and the build-up of lateral force FL acting on the tip as functions 
of the gradually increasing normal load applied on the indenter (and the length of the scratch 
distance created at a constant sliding speed of 50 µm s-1). The most prominent features in 
these profiles are the onsets of microcracking and of abrasive wear, visible in local bursts in 
the h data and a sudden increase in the FL plot, respectively (in addition, both events qualita-
tively recur in the post mortem scratch profiles, which also enable to distinguish between mi-
crocracks formed during scratching or after unloading, that is, after the stylus has passed a 
certain region of the sample [21]). 
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Figure 4. Examples of ramp-load scratch tests showing the build-up of lateral force FL acting on the tip 
and the depth h of the scratch groove during scratching using a sphero-conical diamond stylus with a 
nominal radius of 5.1 µm (solid lines; dashed lines depict the residual depth profiles recorder after un-
loading by re-tracing the stylus at a constant normal load of 50 µN). Top: optical micrographs of the 

residual scratch grooves. (A) Pristine SLS; (B) steam-treated SLS (“ST”); (C) ion-exchanged, and (D) 
ion-exchanged and steam-treated glass. 

As seen in Figure 4, the onset of microabrasion is strongly affected by the surface state. IOX 
leads to a shift to lower normal loads (Fig. 4B), in accordance with previous observations [21]: 
ion stuffing reduces the surface resistance to brittle abrasion. However, subsequent steam 
treatment compensates this effect (Fig. 4D). A statistical analysis of the load thresholds for 
microcracking and abrasive wear is shown in Figure 5, using data from up to 25 individual 
scratch tests per specimen. 

 

Figure 5. Statistical analysis of the load thresholds for microcracking and microabrasion in pristine 
SLS, IOX glasses and the corresponding materials after steam treatment (“ST”). Data represent the 
cumulative probability F(P) (scatter plots) and probability density f(P) (shaded areas) of the normal 
load P at the onset of microcracking and microabrasion. A bimodal distribution of the onset of mi-

crocracking originates from the presence of multiple defect modes, in particular, random preexisting 
defects which are suppressed by the compressive stress profile in the IOX glasses [21]. 

The two SLS glasses (SLS and SLS-ST) exhibit a bimodal distribution of the load threshold for 
microcracking, caused by random, pre-existing surface defects [21]. The steam-treated SLS-
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ST has the highest propensity for microcracking at the low-load failure mode, which we attrib-
ute to defect growth by surface corrosion (Fig. 2C). The low-load failure mode is completely 
suppressed in the IOX glasses, which have a mono-modal failure distribution for microcrack-
ing. In all glasses, stream treatment causes a minor shift of the microcracking onset (high-load 
failure modes) to slightly lower normal load. In addition, there is a broadening of the mi-
crocracking probability density distribution upon steam treatment. For the IOX glass, the former 
is attributed to a release of top-layer surface stress (counteracting microcracking), while the 
latter indicates inhomogeneous defect growth during steam treatment. 

More importantly, the onset of microabrasion is strongly shifted to higher normal loads 
following steam treatment. Such a strong effect might be somewhat expected for the steam-
treated SLS glass, where treatment caused surface corrosion (Figs. 2C, 3A) resulting in en-
hanced plastic deformation during lateral loading (also visible in the reduced scratch hardness, 
see Fig. 3C). It is more interesting for the steam-treated IOX glass, in which severe autoclave 
corrosion was suppressed by IOX stuffing.  

The abrasive wear resistance is more strongly affected by the steam treatment than 
the scratch hardness (Fig. 3C). This is initially somewhat unexpected given the larger pene-
tration depth of the sphero-conical indenter tip at the onset of microabrasion (Fig. 4D) in com-
parison to the displacement range considered for the evaluation of scratch hardness. However, 
abrasive scratching is dominated by chipping events near the apex of the sliding indenter tip. 
The glass surface is the most likely location to initiate crack growth. It is therefore not surprising 
that the state of the upper surface layer defines the threshold for microabrasion disproportion-
ately. 

4. Conclusion 

While the detailed mechanism of surface softening in steam-treated IOX glass remains unre-
solved, it is clearly associated with stress relaxation [29], [52], proton exchange reactions lead-
ing to reduced stuffing levels[48], [49], [53] and indeed hydration of the top surface [45], [51], 
[54], [55]. As a result, autoclave steam-treatment presents a way to partially compensate the 
enhanced surface brittleness accompanying IOX. This causes a notable shift in the load 
threshold for microabrasion to more abrasion-resistant glasses. Within the range of the current 
processing parameters, the softening effect is constrained to a surface layer of less than 500 
nm in thickness, therefore, the overall compressive stress profile is not affected. 
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