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1. Introduction
While glasses count among the intrinsically strongest 
synthetic materials.(1) their practical strength is largely 
determined by the presence of surface flaws.(2–4) 
Such flaws may occur on various length scales, from 
macroscopic scratches to, ultimately, topological 
heterogeneity which may be pertinent to the glass 
itself.(5) They may originate from numerous sources 
such as forming and handling processes, corrosion 
and subcritical growth of smaller flaws, especially in 
the presence of water.(6–9) Since avoiding the typical 
sources of flaws is largely impossible, much effort 
is presently being put into strategies to improve 
the defect resistance and/or toughness of glasses 
for large-scale applications. Such strategies may 
comprise thermal and chemical tempering (toughen-
ing),(10–13) (thermal) polishing and etching(14–16) or the 
deposition of permanent coatings or glazes.(17–23) The 
latter are usually based on sol-gel processes, chemical 
vapour deposition and epoxy or colloidal systems. 
The actual mechanism which underlies the increase in 
mechanical strength after coating deposition is often 
not unambiguously clear because it typically com-
prises a convolution of effects, from defect coverage, 
crack tip blunting, corrosion protection and alteration 
of surface hardness to the creation of residual stresses.

In reality, the applicability of coating procedures 
to improve the mechanical performance of glasses is 
largely limited by cost. This limit can most effectively 
be overcome if coatings which are already applied 

to glass for a given application can be designed to 
additionally provide toughening functions. In this 
respect, the present study is focussed on the effects 
of physical vapour deposited (PVD) coatings on the 
mechanical properties of glasses for architectural 
applications, where PVD coatings are deposited on 
soda–lime–silica (SLS) float glass on a large scale. 
The primary purpose of such coatings is to generate 
specific spectral reflectivity. Typical applications are 
low emissivity (low-E) and solar protection as shown 
for example in Figure 1. Both types of coatings are 
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Figure 1. Spectral reflectance and transmission of low-
E, TiOx and uncoated SLS float glass. The relative solar 
spectral irradiance according to ISO 9050 is shown for 
comparison
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commonly deposited by magnetron sputtering on 
glass panes of >10 m2 in size.(24,25) The optical func-
tionality of such coatings is well understood and can 
be engineered in various fashions.(26) While it is, in 
principle, known that thin PVD coatings may increase 
practical strength of a glass,(27) only very few studies 
quantitatively describe the mechanical properties 
of sputtered PVD coatings.(27,28) Knowledge of their 
effect on the mechanical behaviour of architectural 
glazings and, hence, potential for optimisation is still 
unsatisfactory. The present study was motivated by 
the observation which is summarised in Figure 2: in 
a parallel series of experiments on the lifetime optical 
performance of low-E glasses, a strong dependence 
of the evolution of flexural strength with time on the 
presence of a coating was observed after long term 
storage in various atmospheres. In addition to a 
general increase in overall mechanical performance, 
the continuous decrease in flexural strength, typi-
cally a sign of surface corrosion, could be effectively 
overcome in the presence of a PVD coating. This 
clearly indicated the protective function of the PVD 
layer and motivated the present study.

2. Experimental

2.1. General
All analyses were performed on as-received com-
mercial SLS float glass (f-glass GmbH, Sülzetal, 
Germany) with a thickness of 3·8±0·05 mm, density 
ρ of 2·50±0·01 g/cm3, Young´s modulus E of 71±1 GPa 
and Poisson’s ratio ν of 0·23. A sufficiently large batch 
of sheet was provided from a single melting-forming 
campaign so that all glasses had the same age and, 
it was assumed, identical surface properties. From 
this batch, coated as well as, for reference, un-coated 
samples were produced.

2.2 PVD coating procedure

PVD coatings were applied on a 400×1000 mm sheet 
(~3 m/min) on an industrial magnetron sputtering 
line (Interpane, Plattling, Germany). Conditioning 
of as-received plates was performed in a flat glass 
washing machine using roller brushes, demineral-
ised water and an air knife for subsequent drying. 
The coating process involved a horizontal in line 
coater, comprising a series of individual sputtering 
cathodes (HIPCO, Interpane Entwicklungs- und 
Beratungsgesellschaft, Lauenförde, Germany). In this 
way, various multi- and single layer coatings were 
deposited. Here, we focus on two exemplary types of 
coatings: a conventional low emissivity (low-E) soft 
coating for architectural applications and a titanium 
oxide single layer of 50 nm thickness. Both types of 
coatings were deposited on the air side of the float 
glass. The low-E coating comprised a stack of TiO2 

(~25 nm), adhesion interlayers of metallic alloys (~5 

nm), Ag (~10 nm), and a top stack of various metal 
oxides (~50 nm). Titanium oxide films were sputtered 
from a substoichiometric TiOx (x=1·6–1·8) ceramic 
target. For reactive sputtering, oxygen and argon 
were used as sputter gases at a process pressure of 
2–4×10−3 mbar.

2.3. Strength tests

Ring-on-ring tests were performed according 
to DIN EN ISO 1288-5 to determine the biaxial 
flexural strength of coated, un-coated and corroded 
specimens. Each test series was conducted on 18–25 
specimens, using two different ring configurations 
(carbon steel) on a universal mechanical testing 
machine (Instron 4204, Instron Corporation, Texas, 
USA). Load and support ring diameters were 5 and 
22 mm (configuration ‘a’), and 8 and 35 mm (con-
figuration ‘b’). The load was controlled with a 50 kN 
load cell at a constant cross-head displacement rate 
of 0·5 mm/min. Analyses were carried out at room 
temperature and constant relative humidity. Thin 
silicone foils (0·2 mm) were placed between the load 
rings and the glass to ensure homogeneous sample 
contact. Individual measurements were carried-out 
on quadratic specimens with edge length l=60±0·8 
mm (ring configuration ‘a’) and l=100±1·5 mm (b), 
respectively. To exclude edge failure, all edges of 
each sample were coated with a thick silane layer. 
The flexural strength σ was then calculated using
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and F is the applied force at failure, t the thickness 

Figure 2. Evolution of ring-on-ring flexural strength of 
the air-side of SLS float glass with and without a low-E 
coating during 32 weeks of storage at 5, 45 and 95% rela-
tive humidity, respectively. Lines are guides for the eye
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of the specimen, d1 the diameter of the support ring 
and d2 the diameter of the load ring. For each series 
of strength data, failure probability and Weibull 
modulus m were calculated.(29) To account for the 
experimental dependence of strength on specimen 
size, the effective area Aeff, was estimated using(30,31,32)
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Aeff represents a measure of the tested area of the 
glass sample as a function of ring configuration. It 
scales the ring-on-ring test to a conventional tensile 
test and, hence, reflects the probability to encounter 
a critical flaw on a specimen of a given size.

2.4. Corrosion experiments

In a comparative set of experiments, the impact of 
storage in a humid environment on experimental 
strength was analysed. For that, sheet of 20×20 cm² 
were stored at room temperature for 4, 16 and 32 
weeks in relative humidities of 5, 45 and 95%. Low 
and high humidity values were controlled with 
silica gel and supersaturated potassium sulphate 
solution, respectively. The humidity value of 45% 
was generated in an air conditioned room. After 
exposure, samples were cut to a size of 50×50 mm2 
and immediately subjected to ring-on-ring tests as 
described above.

2.5. Surface characterisation

The surface topography of coated, uncoated and 
corroded samples was examined by atomic force 
microscopy (AFM, Veeco Dimension 3100, Veeco 
instruments, NY, USA) in tapping mode under ambi-
ent conditions, using silicon tips with a nominal tip 
radius of 6 nm (NT-MDT, NSG10/50). AFM scans 
were recorded at different sample locations over areas 
of 5×5 µm2 and 1×1 µm2, respectively, at a scan rate 
of 1 Hz, a drive frequency of 253 kHz, a tip velocity 
of 2 µm/s and a force constant of 0·08 N/m. Images 
were processed using the Gwyddion 2·22 software 
package.(33)

Mechanical properties of sample surfaces were 
studied using Vickers micro- and Berkovich dynamic 
nano-indentation experiments from which hardness, 
elastic modulus and fracture toughness were derived. 
Vickers indentation measurements were conducted 
by applying an indentation load P of 9·81 N for 10 s 
according to DIN EN ISO 6507. For comparison, ad-
ditional measurements were made applying a load of 
4·91 N. On each specimen, 20 indents were produced 
and evaluated. The indentation fracture toughness KIc 
was calculated from the cracks generated round each 

indent, assuming halfpenny (radial) cracking, using 
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where HV is the Vickers hardness, c is the semi-circular 
median radial crack length and η is a dimensionless cal-
ibration factor. For silicate glasses, η=0·016±0·004.(34–36) 
The critical flaw size a was then formally calculated 
from the characteristic flexural strength σθ

sq =
K
Y a

Ic  (5)

where Y is a geometrical factor equal to 2·24/π1/2 for 
half-penny cracks. It should be noted that the Vickers 
indentation fracture toughness test, however, can 
provide only an estimate of KIc.(37)

Dynamic nanoindentation measurements (Nano 
Indenter XP, MTS Nano Instruments, Oak Ridge, 
USA) were conducted according to the Oliver-Pharr 
method,(38) providing a qualitative, depth resolved 
estimate of stiffness. The load was applied with an 
oscillation frequency of 45 Hz and an oscillation 
amplitude of 2 nm. The maximum indentation depth 
h was 200 nm. For each experiment, 50 indents were 
produced on an area 2×104 µm2. The size and shape of 
the indents was analysed immediately after indenta-
tion by optical microscopy (Universal Microscope, 
Olympus BX51, Hamburg, Germany), scanning 
electron microscopy (ESEM, Quanta 200, FEI, Prague, 
Czech Republic) and AFM. Indentation data were 
corrected by the tip area function for indentation 
depths <200 nm.

3. Results and discussion

3.1. Flexural strength of coated and uncoated 
samples
In line with previous studies,(30,39,40) a characteristic 
Weibull flexural strength σΘ of the as-received SLS 
float glass of 280±8 MPa (air side) and 235±12 MPa 
(tin side), respectively, was obtained. Within the 
considered experimental range, these values did 
not depend on the employed ring geometry and, 
hence, tested area. Data are shown in Figures 3–4. 
The somewhat lower characteristic strength of the tin 
side is well documented in literature.(30,40,41) Weibull 
modulii (90% confidence interval) were 3·3±0·3 and 
5·4±0·2, respectively. Estimated effective areas were 
343±87 mm2 for the tin side and 483±115 mm2 for the 
air side (ring configuration ‘a’) and 848±208 mm2 

and 1047±261 mm2, respectively (ring configuration 
‘b’, Table 1). The differences in Aeff between tin side 
and air side result from different values of m and, 
hence, different flaw size distributions. The absolute 
characteristic flexural strength of the glass was found 
to increase by more than 70% when a multilayer 
low-E coating was applied to the air side (Figures 3 
and 4). That is, σΘ=478±10 MPa and m=5·4±0·6 (90% 
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confidence interval, Table 1, air side of low-E coated 
glass). A somewhat lower increase was observed 
when the single layer of TiO2 was applied (σΘ=378±5 
MPa, m=6·1±0·1). This indicates that the ultimate 
mechanical performance of the low-E coated glass is 
either determined by the thin top layers which were 
deposited onto the 25 nm intermediate TiO2 coating, 

or by the presence of interfaces with various degrees 
of plasticity. Interestingly, the uncoated tin-side of 
low-E as well as TiO2 coated glasses exhibited slightly 
lower σΘ and significantly higher m as compared to 
as-received SLS float glass (Table 1). This reflects a 
more uniform distribution of critical flaws. which 
may be a result of contact damage induced on the 

Figure 3. Weibull distribution of ring-on-ring flexural 
strength of coated (air- and tin-side) and uncoated SLS 
float glasses (coating on air-side, ring configuration "a") 

Figure 4. Weibull distribution of ring-on-ring flexural 
strength of coated (air- and tin-side) and uncoated SLS 
float glasses (coating on air-side, ring configuration "b")

Table 1. Ring-on-ring characteristic flexural strength σΘ, 
Weibull modulus m and effective area Aeff of tin- and air-
side of coated and uncoated SLS float glass. Values in the 
parenthesis represent the 90% -confidence interval for n 
specimens
Test  n σθ (MPa) m Aeff (mm2)
RoR configuration (a)
tin side 18 222 [198; 247] 5·2 [3·2; 7·2]  343 [289 ;463]
air side 21 288 [244; 339] 3·0 [2·1; 4·3]  483 [384; 613]
low-E on air side 21 486 [437; 539] 4·8 [3·3; 6·9]  360 [295; 454]
tin side of low-E 19 216 [201; 232] 7·9 [4·9; 11·1]  277 [240; 355]
TiOx on air side 24 373 [213; 471] 6·2 [4·1; 8·2]  312 [272; 396]
RoR configuration (b)
tin side 18 247 [222; 274] 5·5 [3·4; 7·6]  848 [718; 1134]
air side 21 272 [238; 311] 3·7 [2·5; 5·3] 1047 [865; 1387]
low-E on air side 16 467 [425; 513] 6·0 [3·9; 9·2]  809 [659; 1039]
tin side of low-E 18 222 [211; 236] 9·4 [6·4; 13·8]  653 [568; 782]
TiOx on air side 20 383 [351; 417] 6·0 [4·1; 8·7]  809 [675; 1007]

Figure 5. Fracture pattern after ring-on-ring flexural testing of the air-sides of coated and uncoated SLS float glass

Table 2. Vickers micro-hardness HV, fracture toughness KIc, average critical flaw size a, average rms roughness and 
maximum z-contrast hmax of tin- and air-side of coated and uncoated SLS float glass
Test HV 4·9N (GPa) HV 9·8N (GPa) KIc (kNm1/2) a (µm) rms 1 µm2 (nm) rms 25 µm2 (nm) hmax 25 µm2 (nm)
tin side 6·29  6·35  0·67 5·2 0·25 0·28  2·58
air side 6·08 6·34 0·70 3·9 1·46 1·87 48·50
low-E on air side 6·93 8·73 0·67 1·9 1·15 1·18 10·39
TiOx on air side 6·89 7·44 0·70 2·2 0·48 0·54  5·40
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  tin-side of the glass by the transport rollers inside the 
PVD-coating line. Noteworthy, post mortem analysis 
of fracture patterns clearly confirmed that in all cases, 
fracture originated in the centre of the samples. Due 
to the higher load at fracture, coating-side-tested 
glasses fractured into significantly smaller fragments 
(Figure 5). 

3.2. Surface topology

The most obvious origin of increasing practical 
strength after coating deposition is covering of sur-
face flaws and/or crack blunting. AFM analyses were 
therefore carried out to evaluate surface topology 
before and after coating. Data are summarised in 
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Table 2. An example surface scan of the as received 
SLS float glass is shown in Figure 6. Over an area of 
5×5 µm2, data revealed the presence of regularly dis-
tributed features with a z-dimension of 48 nm on the 
air-side. Ignoring these features, a root mean square 
roughness (rms-roughness) of 1·9 nm was found. 
For a scan size of 1×1 µm2, individual features of ~9 
nm in z-dimension were found at otherwise similar 

rms-roughness. In comparison, the tin-side appears 
significantly smoother with a rms-roughness of about 
0·27 nm for the same scan size. Notable spikes are not 
visible in this case. AFM analyses of coated surfaces 
are shown in Figure 7. For the low-E coating, the rms-
roughness was found to be 1·18 nm (5×5 µm2). Again, 
the sharp spikes which were seen on the uncoated air-
side are not visible on the coated specimen. Maximum 

Figure 6. Effective hardness and Young's modulus (inset) as a function of indentation depth for low-E and TiO2 coated 
SLS float glass respectively (air-side), as obtained by Berkovich-nanoindentation

Figure 7. AFM topographical images of the air and tin side of the as received soda lime silica float glass at two scales 
(5×5 µm and 1×1 µm)
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Figure 8. AFM topographical images of low-E and TiOx 

coated air side of soda lime silica float glass at two scales 
(5×5 µm and 1×1 µm).

z-contrast was 10 nm. Considering the thickness of 
the low-E coating of ~100 nm, one may assume that 
smaller features which are found on the uncoated 
glass surface were covered during the coating proc-
ess. As for the larger features, it is further assumed 
that they are the result of early-stage corrosion of the 
uncoated glass which was effectively avoided by the 
presence of the coating. That is, the larger features 
were not covered by the coating, but their occurrence 
was avoided altogether. Similar results were found 
for the TiO2 single layer (Table 2).

3.3. Surface hardness

Values of Vickers indentation hardness of coated 
and uncoated are summarised in Table 2. Average 
hardness values of 6·3 and 6·2 GPa were obtained 
for tin-side and air-side, respectively. For the coated 
samples, apparent hardness depended significantly 
on the applied load, i.e. 6·9 GPa for a load of 4·91 N 
and 8·7 GPa for a load of 9·81 N for the low-E coating 
and similarly 6·9 GPa for a load of 4·91 N and 7·4 GPa 
for a load of 9·81 N for the TiO2-coating. Average 
penetration depths were 7·5 µm for 4·9 N applied 
indentation load and 11·5 µm for 9·8 N, respectively. 
Figure 8 represents dynamic nanoindentation ex-
periments performed on low-E and TiO2 coated SLS 
float glass (air-side). Data represent apparent values 
of hardness and Young’s modulus, integrated over 
coating and substrate with progressing indentation 
depth. The complex coating architecture (low-E) and 
comparably low coating thickness allow only qualita-
tive conclusions. For an indentation depth of >100 
nm, the data obtained are largely determined by the 
glass substrate. For the considered coating thickness, 
substrate effects may be neglected only for the first 
10–30 nm.(42) The data clearly indicate higher hardness 
for the TiO2 single layer, and a dissipative effect which 
may be due to the Ag interlayer for the low-E coating. 
Both coatings exhibit similar elastic modulus of ~100 

GPa compared to the modulus of SLS of ~70 GPa. Data 
also show increasing experimental uncertainty with 
decreasing indentation depth which may be due to 
the geometry of the indenter and the related difficul-
ties in applying the appropriate tip area function.(43) 
When the indentation depth exceeds about 200 nm, 
hardness of both types of coated samples converges 
to about 6·5 GPa. This value is in good agreement 
with the microscopic Vickers experiment. 

The fracture toughness KIc was calculated from 
the median radial crack length generated by Vickers 
microindentation (no cracks could be found after 
nanoindentation for indentation depths <3 µm). For 
60% of the Vickers indents, halfpenny cracks were 
observed. From these, a value of 0·68±0·15 MPam1/2

 

was obtained for KIc for all specimens, independent 
on the presence of a coating. This value corresponds 
well to literature data (typically 0·65<KIc<0·8 MPam1/2 
under ambient conditions(34,44,45)). From this, the criti-
cal flaw size a was calculated, confirming the above 
discussion (Table 2).

5. Conclusions

In summary, the effect of PVD coatings on the 
ring-on-ring flexural strength of SLS float glass was 
studied. A 70% increase, i.e. from 280±8 to 478±10 
MPa was observed on the air-side of the glass after 
applying a multilayer low-E coating. A similar but 
less pronounced effect could be obtained with a TiO2 
single layer of 50 nm. At the same time, the Weibull 
modulus was found to approximately double for both 
coatings. Results are interpreted on the basis of two 
assumptions: initial defects on the glass surface are 
covered by the coating, and defect propagation is pre-
vented due to the protective function of the coating, 
especially as a humidity barrier. Both assumptions 
were confirmed by AFM and micromechanical analy-
ses. Interestingly, this leads to significantly improved 
resistance to long term fatigue and stress corrosion.
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