
 

Cronfa -  Swansea University Open Access Repository

   

_____________________________________________________________

   
This is an author produced version of a paper published in:

Journal of Non-Crystalline Solids

                                         

   
Cronfa URL for this paper:

http://cronfa.swan.ac.uk/Record/cronfa50387

_____________________________________________________________

 
Paper:

Fernández-Posada, C. & Barron, A. (2019).  Analysis of commercial glasses with different strengthening treatments:

Emphasis on the tin side, defects, structure connectivity and cracking behavior. Journal of Non-Crystalline Solids, 518

, 1-9.

http://dx.doi.org/10.1016/j.jnoncrysol.2019.05.006

 

 

 

 

 

 

 

_____________________________________________________________
  
This item is brought to you by Swansea University. Any person downloading material is agreeing to abide by the terms

of the repository licence. Copies of full text items may be used or reproduced in any format or medium, without prior

permission for personal research or study, educational or non-commercial purposes only. The copyright for any work

remains with the original author unless otherwise specified. The full-text must not be sold in any format or medium

without the formal permission of the copyright holder.

 

Permission for multiple reproductions should be obtained from the original author.

 

Authors are personally responsible for adhering to copyright and publisher restrictions when uploading content to the

repository.

 

http://www.swansea.ac.uk/library/researchsupport/ris-support/ 

http://cronfa.swan.ac.uk/Record/cronfa50387
http://dx.doi.org/10.1016/j.jnoncrysol.2019.05.006
http://www.swansea.ac.uk/library/researchsupport/ris-support/ 


 Submitted to Journal of Non-Crystalline Solids 

1 

 

 

Analysis of commercial glasses with different strengthening 

treatments: emphasis on the tin side, defects, structure 

connectivity and cracking behavior 

Carmen M. Fernández-Posada,a Andrew R. Barrona,b,c,* 

a Energy Safety Research Institute, Swansea University Bay Campus, Swansea, SA1 8EN, 

Wales, United Kingdom  

b Department of Chemistry, Rice University, Houston, TX 77005, USA.  

c Department of Materials Science and Nanoengineering, Rice University, Houston, TX 

77005, USA. 

 

ABSTRACT 

Tin side of commercial glasses with different strengthening treatments (i.e. tempered, heat 

strengthened, chemically strengthened) and without treatment (annealed soda-lime glass) 

have been compositional and surface characterized and then, compared with Gorilla Glass®. 

Surface flaws from the strength treatment were observed in thermally treated samples by 

AFM. Raman studies show differences in the network connectivity (Q2/Q1 ratio) because the 

different structures caused by the treatments. XPS was used to evaluate the oxidation state of 

the tin and compare the variations through the different treatments. Complementary, a study 

about the crack behaviour using a Vickers indenter was performed; different cracking pattern 

was obtained for float soda-lime glass in comparison with Gorilla Glass®. In addition, the 

IQ2:IQ1 ratio as determined from Raman spectroscopy correlates with crack size from 

indentations.  
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1. Introduction 

Silicate glasses are the most used industrial glasses as the natural occurrence of its 

components [1]. It represents around the 70% of the glass industry and it is used for various 

applications such as windshield [2], containers [3], bioactive glasses [4]. Ideal silicate glass 

can be described as a random three-dimensional network of [SiO4]
4- tetrahedra. Disorder in 

this structure is introduced by different Si-O-Si angles and rotations of the [SiO4]
4- tetrahedral 

around the linking O or around the line connecting the linking oxygen with one of the silicon 

atoms. The disorder is also defined by the existence of bridging oxygen (BO) and non-

bridging oxygen (NBO) or terminal species. The addition of other elements changes the 

connectivity of the Si-O network. For example, optimal properties of soda-lime-silicate glass 

can be achieved by compositional compromises between Na2O, which is added to reduce 

melting temperatures and the amount of CaO, which helps to prevent phase separation and 

increment its durability [5].  

Nowadays, commercial silicate glasses are still called soda-lime silicates even though; 

they have around six other kinds of oxides added to improve their properties. The most 

extended method of manufacturing flat soda-lime silicates sheets at the industry is using a tin 

bath in which the molten glass “floats” with the aim of obtaining uniform thickness of the 

final product [6]. As a result of the process, “float glass” ends up with one of the sides having 

tin incorporated (“tin side”) and another one (“air side”) without it or in a very small amount. 

The tin side is meant to have higher hardness and elastic modulus because the Sn(II)/Sn(IV) 

acts as a modifier of the network [7]. However, some studies show a tin side of commercially 

available glasses with similar or lower hardness properties than air side [8,9]. This 

inconsistency of results has been sometimes attributed to a higher concentration of flaws 

produced by the rollers used in the heat treatment during its processing or because the studies 

have been carried out inducing cracks [10].  

Multiple methods have been developed to increase the strength in glass [11]. Thermal 

treatment of glass is a well-established technology for car windshields [12]. Glass from the 

float process has already been subjected to an annealing treatment [13], but an additional 
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thermal treatment (650 °C) can increase the strength of the glass (>2×) although also making 

it more brittle as a consequence. Tempered glass is obtained by doing an air quenching, 

which allows obtaining higher surface compression. Whereas for heat strengthening glass the 

cooling down is slower and as a result, the surface compression achieved is lower.  

Unfortunately, heat treatments don’t work for thin glass as the required temperature 

gradient through the thickness cannot be obtained. Alternatively, chemical strength methods 

or ion exchange strengthening have been developed to be used in all range of thickness, and 

its application is even possible on shaped glass [14, 15]. Ion exchange is the most common 

industrial process that places the float glass in a vessel containing a molten salt, (usually 

KNO3) during several hours at temperatures below the strain point. The K+ (1.52 Å) 

exchange places with the smaller Na+ (1.16 Å) in the surface of the glass. The final strength 

improvement depends on the concentration of the ions present in the salt bath and its nature, 

as well as the bath temperature and immersion time [16].  

Alkali aluminosilicate glasses (e.g., Corning Gorilla Glass®) with exceptional strength 

properties have been strengthened by ion exchange in order to satisfy needs of such a glass in 

electronics devices like the screens of phones [17]. This glass is made by fusion process 

instead of float glass, which provides a uniform thickness of the glass sheet [18]. Studies of 

the influence of ion exchange in alkali aluminosilicate glass and float glass suggesting a 

lower diffusion value of ion-exchange for the latter [19], presumably attributed to tin acting 

as a block of ion-exchange [20]. However, similar values of final potassium concentration 

have been obtained for alkali aluminosilicate glass in both sides [19]. No studies investigating 

the influence of ion-exchange process into the tin side of commercial float glass has been 

performed prior to the present work.  

The surface chemistry of glasses is important as its influences the interaction with 

coatings and weathering behaviour [21]. The incipient coating technologies (i.e., 

superhydrophobic, anti-bacterial, and self-cleaning [22]) should be able to work with 

commercial glasses no matter what supplier of the glass is used and in both sides. This is 
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because for architectural building applications the instillation is random with regard to tin 

side or air side being on the outside, and therefore the surface to be coated.  

The present study has been performed to shed light about the properties found in 

commercial glasses with various strengthening treatments. The study was aimed at providing 

baseline data for the development of coatings able to work in non-ideal conditions of 

cleanness, for a variety of commercial glasses and to help researches to transfer their 

technology to the industry [23]. In real-world applications, the majority of these surface 

treatments result in particulate contamination and/or modification of the top surface [24]. 

Moreover, home-based applications of coatings won’t have a pristine surface before applying 

the coating. In addition, the crack behaviour of the tin side of the glasses with different 

strengthening treatments as well as Gorilla Glass® are reported. 

 

2. Materials and Methods 

2.1. Materials 

All samples were glass square sheets purchased from commercial sources (Table 1).  

Table 1 

Glasses analysed in this work, their dimensions and suppliers.  
Sample Type Dimensions 

(mm) 

Thickness 

(mm) 

Supplier 

 

AA1 Annealed float glass 20 x 20 

 

3.0  Stemmerich, Inc., St. Louis, 

MO USA 

AA2 Annealed float glass 20 x 20 1.1 Stemmerich, Inc., St. Louis, 

MO USA 

HS Heat strengthening float 

glass  

20 x 20 3.85 Stemmerich, Inc., St. Louis, 

MO USA 

T Tempered float glass  20 x 20 3.85 Stemmerich, Inc., St. Louis, 

MO USA 

CS Chemically strengthened 

float glass  

16 x 16 0.7 Cat-i Glass, South Elgin, IL 

USA 

GG Chemically strengthened 

alkali aluminosilicate 

(Corning Gorilla Glass®) 

16 x 16 0.55 Cat-i Glass, South Elgin, IL 

USA 

 

2.2. Characterization methods  
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The morphology of the samples was studied by a JPK NanoWizard II atomic force 

microscope (AFM) using tapping mode and RTESP-300 (Bruker tips) at a scan rate of 0.5-1 

Hz and an image resolution of 512 × 512 pixels. The images were processed and analysed 

using Gwyddion software.  

The composition of the samples was obtained by X-ray analyser (Inca X-ray analysis 

system, Oxford Instruments, Abingdon, UK), which is coupled with a Hitachi TM3030 

bench-top scanning electron microscopy (SEM). Three different sites were measured to get 

average values and its standard deviation. X-ray photoelectron spectroscopy (XPS) analysis 

was carried out using a Kratos AXIS Supra (Kratos Analytical, Manchester, UK) 

spectrometer operating in the constant analyser energy mode. A monochromatic Al-Kα source 

(1486.74 eV) and a charge neutraliser were used. Survey scans were acquired using pass 

energy of 160 eV and high-resolution data at a pass energy of 20 eV. Three spectra at room 

temperature from different areas of the sample were acquired and then normalised. The 

energetic position of the C 1s emission line (binding energy of 284.6 eV) was chosen to 

calibrate the energy scale of the spectra. CASA XPS software was used to analyse each 

spectrum, using a Gaussian-Lorentzian curve fitting (GL(70)) and Shirley-type background.  

The Si-O network was studied by un-polarised Raman spectroscopy measured on a 

Renishaw inVia Reflex Raman Spectrometer System. The excitation source was a 485 nm 

line at power levels of 100% and as an average of 100 scans for each sample. The instrument 

enables collecting shifts in Raman band position within an error of ±0.02 cm-1. LabSpec 

software was used for the deconvolution of the peaks obtained in each spectrum using a 

Gaussian-Lorentzian curve fitting and a linear baseline was subtracted from all the spectra 

collected.  

Crack indentation behaviour Vickers indentation hardness using 5 kg, dwell 10 s 

measures were carried out by the hardness test instrument NEXUS 4303. Images of the 

cracks obtained where taken using a Zeiss Reichart optical microscope and Hitachi TM3030 

bench-top SEM in backscattering mode and charge-up reduction mode using 15 kV was used. 

The later process of the SEM images was carried out by 3D Viewer software in order to 
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measure the depth of the cracks. Three measures were performed for each sample to get an 

average and its standard deviation of the values obtained.  

 

3. Results and discussion  

3.1. Surface defects analysis 

Fig. 1 shows the AFM images recorded and the average roughness (Ra) of the tin side for 

all the samples listed in Table 1. AFM is very sensitive to dirtiness and many particles 

appeared because the sample was not previously cleaned. The roughness of all samples is 

quite dependent on how the samples are cleaned and free from organic contamination. Since 

we are interested in the surface performance of glass in the state that it would be found prior 

to secondary in-situ treatment, the only reliable observation is the flaws observed in the 

samples, because these are not artefacts of surface contamination. However, we note that CS 

is the roughest sample (Ra = 2.14 ±0.27 nm, see Fig. 1e) and shows additional circular 

abrasions not seen in the other samples, probably due to the ion exchange process. The 

flattest surface was observed for GG (Ra = 0.27 ±0.07 nm, Fig. 1f) because it is made by 

fusion process instead of regular float glass [13,18].  
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Fig. 1. AFM images, average roughness (Ra) and its standard deviation obtained after the 

measurement of 3 lines across the image for the tin side of regions (10 x 10 μm) of (a) AA1 

(b) AA2 (c) HS (d) T (e) CS and (f) GG.  

 

The average and distribution of flaw size and depth are shown in Fig. 2. The two AA 

samples show similar flaw size and depth; however, the distribution of flaw depth is 

decreased with increased thickness of the glass. T glass shows a statistical increase in the size 

of the flaws, but a decrease in their average depth. The CS sample shows a significant 

increase in the size and depth of the flaws, especially when compared to the T sample of 

similar thickness (3.85 mm).  

 

  

 

Fig. 2. Average size (a) and depth (b) of flaws as determined from AFM measurements for 

the tin side of glass samples, with the distribution shown by error bars. Note: the GG samples 

showed no measurable flaws.  

 

3.2. Compositional analysis 

Table 2 shows the average atomic percentage values obtained at 3 different sites of each 

kind of glass analysed and for tin and air sides obtained using EDX. Considering the same 
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kind of glass, no significant difference between tin side and air side is observed except for the 

obvious addition of Sn on the former. For similar glasses (i.e., AA1 versus AA2) there is a 

correlation between Sn content and the thickness of the samples (Table 2), as would be 

expected since the thickness of the sample influences the incorporation of tin by the SnO2 

bath.  

 

Table 2 

Atomic percentage obtained by EDX for both sides of the as received glass samples. 

Sample Side O Si Na Ca Mg Al K S Sn 

AA1 Air 61.69 

±0.18 

24.27 

±0.16 

8.88 

±0.05 

2.86 

±0.06 

2.02 

±0.04 

0.30 

±0.04 

   

Tin 61.56 

±0.36 

23.64 

±0.33 

8.75 

±0.03 

3.03 

±0.08 

1.99 

±0.36 

0.33 

±0.16 

  0.70 

±0.10 

AA2 Air 61.79 

±0.37 

23.92 

±0.06 

8.32 

±0.19 

2.40 

±0.03 

2.38 

±0.08 

1.05 

±0.54 

0.15 

±0.03 

  

Tin 61.71 

±0.30 

23.93 

±0.20 

8.49 

±0.21 

2.57 

±0.01 

2.35 

±0.04 

0.74 

±0.19 

  0.22 

±0.02 

HS Air 61.68 

±0.12 

24.59 

±0.07 

8.47 

±0.05 

2.84 

±0.01 

1.78 

±0.03 

0.52 

±0.03 

0.09 

±0.01 

0.03 

±0.04 

 

Tin 61.22 

±0.03 

24.18 

±0.04 

8.71 

±0.03 

3.07 

±0.03 

1.79 

±0.03 

0.51 

±0.01 

  0.53 

±0.03 

T Air 61.50 

±0.11 

24.65 

±0.07 

8.38 

±0.02 

2.95 

±0.03 

1.76 

±0.02 

0.48 

±0.02 

0.11 

±0.01 

0.08 

±0.07 

 

Tin 61.76 

±0.23 

23.68 

±0.13 

8.68 

±0.04 

2.95 

±0.02 

1.76 

±0.02 

0.49 

±0.02 

0.10 

±0.09 

 0.58 

±0.06 

CS Air 61.82 

±0.12 

24.25 

±0.05 

3.71 

±0.10 

2.44 

±0.02 

2.33 

±0.02 

0.84 

±0.15 

4.63 

±0.07 

  

Tin 62.17 

±0.16 

23.75 

±0.11 

3.65 

±0.01 

2.37 

±0.04 

2.27 

±0.04 

0.79 

±0.01 

4.62 

±0.05 

 0.39 

±0.03 

GG Aira 63.54 

±0.11 

19.81 

±0.03 

2.85 

±0.01 

 0.72 

±0.02 

7.77 

±0.05 

5.31 

±0.05 

  

a No tin side is present for the GG sample.  

 

A small amount of sulphur was found in the thermally treated samples (T and HS). 

Although it is not ordinarily related to the thermal treatment, it is more likely a function of 

the particular manufacturer’s process. Sulphur is normally added as a refining agent in the 

float glass melting furnace, usually in the form of Na2SO4 or gypsum (CaSO4) [25], reacting 
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with the soda in the glass to form a protective layer. It usually washes out at the end of the 

process but sometimes is retained in the glass composition as a small percentage as SO3. The 

CS sample has low sodium content and high potassium content even in the tin side suggesting 

that the ion-exchange process occurs more or less in a similar level despite the tin. GG is an 

alkali aluminosilicate glass and, as expected, high levels of aluminium and low levels of 

sodium and magnesium, and no calcium was found. The process of fabrication of GG 

incorporates an ion exchange strengthening as evidenced by the high quantities of potassium 

[19].  

Previous research suggests the presence of mix valence tin (i.e., Sn(IV)/Sn(II)) [19,26-

28], but the valence ratio in the samples is important because Sn(IV) is reported to increase 

the connectivity of the glass structure (and hence the hardness) more than Sn(II) [26]. Many 

factors (composition, thickness, treatment, quality of the surface) influence the glasses in this 

study, therefore, the Sn(IV)/Sn(II) ratios were calculated from the high-resolution Sn 3d XPS 

curve fitted spectra for each glass (Fig. 3). It is worthy to mention that the Sn 3d3/2 peak 

overlaps with Na KLL Auger peaks [29]. Such peaks have a non-regular shape but they don’t 

contribute to the calculus of the elemental composition. An anomalous survey spectrum was 

found for annealed thick glass (AA1, Fig 3a), in which all the peaks are doubled. This 

phenomenon is due to different charging environment of the elements (all these doubled 

peaks have a Δ ~2 eV respect to the position that it should be) [30]. As a result, it was not 

possible to obtain reliable calculations of Sn(IV):Sn(II) ratio.  

 

 



Submitted to Journal of Non-Crystalline Solids 

10 

 

 

 

Fig. 3. High resolution Sn 3d spectra peak fit for tin side of (a) AA1, (b) AA2, (c) HS, (d) T, 

and (e) CS glass samples. The black curves are the experimental data, the lines with different 

colours correspond to the fitting of the experimental data. The residual standard deviation 

obtained from the model used is shown for each sample.  

 

The highest Sn(IV):Sn(II) ratio was found for chemical strength glass (Table S2, see 

Supplementary Material). This is consistent with previous reports that the oxidation of Sn(II) 

to Sn(IV) results after the ion-exchange treatment [19]. Tempered glass seems to have also 

higher amount of Sn(IV) that could be related with the high temperature of the thermal 

treatment [31] followed by the rapid cooling that stabilizes a greater amount of oxidized 

species. However, heat strengthening seems to have an even lower amount of Sn (IV) than 

annealed glass. This fact could be related to the stability of the valences states in the glass. If 

Sn(II) is more stable a slow cooling in the furnace will favour its formation over the other 

valence states.  
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Fig. 4. Plot of Sn(IV):Sn(II) ratio with its error bars as determined by XPS as a function of 

glass thickness (mm) for AA2, HS, T, and CS glass samples.  

 

The XPS survey analysis of all the glass samples is given in Table S2. The elemental 

composition of the glass varies between EDX and XPS analysis. EDX values in Table2 are an 

average of three different spots of around 100 x 100 μm with a depth of 1-2 μm, providing a 

near bulk composition. In contrast, XPS analysis over a 700 x 300 μm spot size with a few 

nm in depth, i.e., surface analysis. XPS analysis indicates that the GG sample, while not 

containing Sn, has an Al:Si ratio of 0.527 ±0.014, and Na:Al ratio of 0.212 ±0.022, showing 

an aluminium rich surface of this glass. 

 

3.3. Network connectivity 

In order to understand the crystallization behaviour of silicate melts, as well as properties 

such as viscosity, density, and compressibility, it is necessary to know the proportions of the 

structural units that occur in the glass samples. Such information can be obtained from the 

analysis of Raman spectrum as the area ratios of individual bands can be related to relative 

abundance of the associated structural units [32].  

Fig. 5 shows all the spectra obtained for the tin side of the samples received which have 

been recorded between 400 - 1500 cm-1. The thicker samples (AA1, HS, T) present a 

spectrum with more noise and lower intensity than thin ones (AA2, CS, GG). This 

observation is related to the higher surface stresses in the thick samples in comparison with 
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the thin ones. Table 3 present the width of the main peak envelope obtained for the different 

glasses. The increase of the width of this band is related with the relative order of the Si-O 

network; it becomes wider when the sample shows high disorder of the network in the form 

of bond length and/or angle fluctuations [33]. It should also be noted that the spectrum for 

AA1 shows a higher intensity of the band at 780 cm-1. This band has been suggested to be 

due to either Si motion in the oxygen tetrahedral environment [34], a stretching motion Q0 

[NBO/Si = 4] [35,36], or a Si-O-Si symmetric stretching of bridging oxygen [BO] between 

tetrahedra [37].  

 

Table 3 

Width of the main peak envelope at 1090 cm-1 in the Raman spectra of glass samples.  

Sample Envelope width (cm-1) 

AA1 162.20 

AA2 248.06 

HS 228.85 

T 233.23 

CS 250.62 

GG 252.37 
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Fig. 5. Raman spectra and curve fit of raw data collected for the tin side of (a) AA1, (b) AA2, 

(c) HS, (d) T, (e) CS, and (f) GG glass samples. The black curves are the experimental data, 

the linear red line is the baseline, the curves with different colors correspond to the Gaussian-

Lorentzian fit to the experimental data by using Labspac software. Χ2 of the fitting displayed 

for each spectrum.  

 

All glasses show high intensity of the stretching mod envelope (800 – 1200 cm-1), which 

is characteristic of networks containing a large quantity of alkali and alkaline earth modifiers, 

which breaks the Si–O-Si links [BO]. This band was fitted using four peaks (950, 1020, 1090 

and 1150 cm-1), which are reported to correspond to Si–O stretch vibrations in specific 

structural units. The band ~950 cm-1 is assigned to vibration in Q1 (NBO/Si = 3); the band 

~1020 cm-1 is usually correlated with vibration in Q2 (NBO/Si = 2) and can be also assigned 

to a vibration in structural units with the metal cations; the most intense band centred ~1090 

cm-1 come from vibrations in Q3 (NBO/Si = 1). The final band ~1150 cm-1 is related with 

stretch vibrations of Q4 (NBO/Si = 0) or Q3 units with two different neighbours [38-40]. All 

samples show large half-width which is expected for glasses [32]. Frequencies, area % and 

intensities of Raman bands obtained from their deconvolution are listed in Table 4.  

 

Table 4 

Frequencies (ν, cm-1), relative area (%), and intensities (I) of Raman bands assigned to the 

structural units present in the glass samples. 

Sample  Q0 (or Si 

motions in 

oxygen cage) 

Q1 Q2 Q3 Q4 

AA1 ν (cm-1) 792.76 938.7 1039.34 1091.3 1150.25 

%A 21.85 1.44 5.38 52.78 10.19 
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I 68.04 23.38 39.18 58.14 41.5 

AA2 ν (cm-1) 786.15 937.9 1019.61 1092.32 1162.74 

%A 6.48 1.91 20.51 52.27 5.79 

I 52.3 30.92 100.2 67.1 49.84 

HS ν (cm-1) 793.39 936.05 1022.93 1091.22 1159.87 

%A 14.12 1.79 8.92 54.20 1.94 

I 64.43 29.32 106.28 66.08 26.67 

T ν (cm-1) 790.12 937.82 1004.15 1091.33 1167.84 

 %A 7.48 1.68 13.90 62.25 3.28 

 I 57.12 27.58 86.44 75.29 43.92 

CS ν (cm-1) 785.26 936.69 1006.09 1092.77 1167.02 

%A 4.81 1.84 19.76 56.53 5.0 

I 50.17 32.44 94.61 73.8 49.77 

GG ν (cm-1) 785.95 935.75 1006.58 1091.84 1165.4 

%A 4.85 1.84 20.20 55.75 5.64 

I 50.66 32.42 95.24 72.68 52.03 

 

Polymerization index (Ip) is defined as the ratio area between the bending and stretching 

envelopes, Eq. 1), where A500 and A1000 correspond to the bending bands around 500 cm-1 and 

1000 cm-1, respectively. This index has been used in a number of reports to classify glassy 

materials [36,41]. The Ip values (Table 5) indicate that all glasses belong to “Family 1”, 

which corresponds to glasses with a high number of modifiers breaking a large number of Si-

O-Si links, i.e., high NBO, low BO. For this class of glass, the Q2/Q1 ratio is used instead of 

Ip, for comparing the extent of polymerization [36]. The higher the number of Q2 species, the 

higher the densification of the material, and the higher interconnectivity, by contrast, isolated 

species means low connectivity. The more free space in the glass network is occupied the 

higher becomes the density, which leads to an increase in hardness as is proved below 

[41,42]. As would be expected, there is a linear correlation between Ip and the Q2/Q1 and the 

Q2/Q3 ratios confirming the extent of polymerization’s dependence on BO (Fig. S1, see 

Supplementary Materials).  

 

Ip = A500/(A1000 × A500)       (1) 

 

Table 5 
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Polymerization index (Ip) areas ratio (AQ2/AQ3, AQ2/AQ1) and intensities ratio (IQ2/IQ3, 

IQ2/IQ1) as determined from Raman spectroscopy of the different structural units present in 

the glass samples.  

Sample Ip AQ2/AQ3 AQ2/AQ1 IQ2/IQ3 IQ2/IQ1 

AA1 0.24 0.10 3.75 0.13 1.84 

AA2 0.16 0.39 10.72 0.27 3.28 

HS 0.30 0.16 4.98 0.10 1.36 

T 0.13 0.22 8.26 0.21 2.62 

CS 0.14 0.34 10.71 0.28 3.65 

GG 0.13 0.36 10.99 0.29 3.71 

 

GG shows the lower number of Q1 (NBO/Si = 3) being the sample the more polymerized 

structure. It should be noted that the difference between AA1 and AA2 (Table 5) would 

suggest that thicker samples have a lower IQ2/IQ1 ratio (i.e., less polymerized); however, the 

extent of polymerization (GG > CS > AA2 > T > AA1 > HS) seems more related to the 

treatment than the thickness (GG < CS < AA2 < AA1 < HS = T). Furthermore, considering 

samples with a strengthening treatment, the more Sn(IV) implies more polymerization of 

surface as can be seen in Fig. 6.  

 

 

Fig. 6. Plot of IQ2/IQ1 ratio as a function of the Sn(IV):Sn(II) ratio with the error bars. A line 

is drawn as guides to the eyes.  
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3.4. Crack indentation behaviour 

Analysis of the crack dimension obtained by applying 5 kg of load in the tin side of the 

glasses (and GG) was investigated to establish a mechanical-structural relationship. Fig. 7 

represents the indentation imprint obtained because the Vickers indenter as the lateral cracks 

normally achieved in glass samples 

 

 

Fig. 7. Schematic representation of the crack generated after applying a Vickers indentation 

to the glass surface showing the full crack length (2c) and the diagonal of the crack (a).  

 

A representative set of images obtained with an optical microscope of the indentation 

cracks after applying the load is showed in Fig. 8. Table 6 shows the averages values of the 

diagonal of the full crack 2c, the diagonal of the indentation crack a (see Fig. 7), and depth of 

the crack, all of them obtained from SEM for more precision and analysed by 3D-Viewer 

software (see Fig. 9). The average values of the diagonals consider horizontal and vertical 

diagonal. Values of the hardness were obtained directly from the instrument. 
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Fig. 8. Cracks obtained by Vickers indentation applying a load of 5 kg in the tin side of (a) 

AA1, (b) AA2, (c) HS, (d) T, (e) CS, and (f) GG (air side).  

 

Table 6 

Crack measures and standard deviations obtained by SEM and hardness for the different 

glasses analysed 

Sample Lateral crack (2c) 

(μm) 

Vickers indent (a) 

(μm) 

Depth of the crack 

(μm) 

Hardness  

(GPa) 

AA1 558.13 ±29.40 124.83 ±4.45 10.41 ±0.90 4.86 ±0.21 

AA2 590.13 ±15.83 133.38 ±3.37 12.53 ±0.90 5.42 ±0.25 

HS 312.92 ±21.88 123.35 ±1.41 10.59 ±0.75 5.39 ±0.04 

T 316.92 ±10.57 129.87 ±3.52 11.83 ±0.66 5.17 ±0.10 

CS 466.85 ±6.97 119.78 ±3.92 13.42 ±0.50 5.37 ±0.14 

GG 0 117.76 ±3.56 12.18 ±2.16 6.03 ±0.14 
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Fig. 9. Representative 3D visualization of Vickers indentation after applying a load of 5 kg to 

the tin side of CS.  

 

The GG sample doesn’t show lateral cracks (Fig. 8f), although a significant range of 

indentations is made despite having the higher hardness due to the high aluminium content. 

The heat-treated glasses (T and HS) show a significant diminution of the lateral cracks (2c in 

Fig. 7) in comparison to the annealed samples (AA1 and AA2) as well as better crack 

resistivity than CS in a similar manner that has been reported for the air side [42]. There are 

no correlations observed between the lateral of the crack (2c in Fig. 7) or diagonal of the 

crack (a in Fig. 6) and depth of the crack or the  hardness of the glass. Furthermore, there is 

no correlation between original flaw size and the induced the cracks measured hardness of the 

glasses increases with increase IQ2/IQ1, although the HS sample is harder than expected.  

The one distinct relationship that is observed is the depth of crack increases with increase 

IQ2/IQ1 ratio (i.e., more polymerized). As shown in Fig. 9 there is a good correlation, despite 

the wide range of data for GG. A similar correlation (R2 = 0.79) is observed for the IQ2/IQ3 

ratio, suggesting that maximisation of the Q2 species (NBO/Si = 2) is key in minimising 

crack depth. As would be expected, therefore, the depth of crack increases with decreasing Ip, 

but the correlation is not as good (R2 = 0.63). It may be postulated that the depth of crack 

relates to the deformation of the glass, which would be expected to decrease with increased 

polymerization of the glass; however, the depth of the crack does not relate to hardness of the 

glass.  

 



Submitted to Journal of Non-Crystalline Solids 

19 

 

 

Fig. 9. Plot of the depth of the crack (μm) with error bars obtained by Vickers indentation 

applying a load of 5 kg as a function of the IQ2/IQ1 ratio. The solid line is a linear fit to the 

experimental data with R2 = 0.92.  

 

Consideration of the non-chemically strengthened glasses (i.e., AA1, AA2, HS, and T) 

there is a direct correlation between Vickers indent (a) and IQ2/IQ1 ratio (Fig. 9). Based upon 

the IQ2/IQ1 ratio of the chemically treated glasses (CS and GG) suggests that without the 

treatments employed, they would have a crack formation comparable to annealed float glass, 

i.e., the original source of the glass employed. Regarding the Sn(IV):Sn(II) we find that the 

sample with the smaller Vickers indenter crack is the one with higher Sn(IV) content, that is 

the chemical strengthening glass. However, compressive stress of the surface plays definitely 

a role in the mechanical properties [42] as the thermally treated glass (HS and T) are the ones 

with smaller lateral cracks. In addition, the surface quality of the sample (number of flaws) 

definitely may have an impact on the mechanical properties and makes it difficult to establish 

other patterns. 

 

4. Conclusions 

For the first time, the tin side of different commercial float glasses with a variety of 

strengthening treatments has been compared to standard annealed float glass and Gorilla 

Glass®. Surface defects in the glass have diverse origins: manufacturer related, shipping and 

manipulation. Pick out defects can be obtained in the tin side if the glass gets stuck into the 



Submitted to Journal of Non-Crystalline Solids 

20 

 

rollers during the thermal treatment. These defects are clearly observed by AFM for heat 

treated float glass, for tempered samples and for heat strengthening glass but none or few was 

found for annealed float glass or float glass with chemical strengthening. The debate about 

the weakness of the tin side of float glass seems to be clearly due to a different kind of 

surface quality depending on the supplier that could provoke pick out defects also in float 

glass without any strengthening treatment. The presence of these defects should be tried to 

avoid by the commercial manufacturers in order to get high strength glass. In addition, 

everyone working on coating technology should keep in mind that a fraction of the glass used 

over their product will contain these kinds of defects.  

Raman analysis has been proven to be a valuable technique for the calculation of the Si-

O species present into the glass as it takes into account directly the different Si-O vibrations. 

The polymerization of the Gorilla Glass® is the highest one due to the presence of huge 

amounts of aluminium that contributes to having more connectivity in the glass network by 

reducing the number of NBO. Chemically strengthening float glass, heat strengthening float 

glass and tempered float glass show higher polymerization than annealed float glass, as the 

number of Q2 species is higher. For the first time, we report a correlation between the Q2 

species and the indent size caused by indentation.  

The presence of Sn(IV) in all samples, with the exception of Gorilla Glass®, was 

determined by XPS analysis. Chemically strengthening float glass and tempered float glass 

are the ones with higher Sn(IV) amount and it is correlated with the high Q2 

number/polymerization of the glass. Heat strengthening float glass show less Sn(IV) quantity 

than annealed glass, in agreement with the low polymerization according to Raman analysis.  

The higher glass connectivity the more hardness surface is achieved, the strengthening 

methods provide an improvement into the resistance to lateral cracking after applying a 

localized forced in the tin side as well. Finally, chemical routes to increase the relative 

number of Q2 species should be the focus of research on post-fabrication strengthening 

treatment.  
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