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Abstract 
The long-term durability of ceramics coated glass with high performance should be 
appropriately evaluated prior to their applications. Fatigue properties of such materials should 
be clarified to ensure the long-term durability. In this work, a borosilicate glass was coated 
with single- and two-layered ceramic thin films by a sputtering method. Fatigue tests of 
coated glass were conducted under bending mode, and fatigue properties of coated glass were 
investigated. It was revealed that the fatigue life of glass coated with two-layered film became 
longer compared with those of glass substrate and glass coated single-layered film. Hardness 
as surface characteristics of coated films, and bending strength as bulk property of coated 
glass were correlated with the average fatigue life, though no good correlation was found 
between them. Fatigue resistance strength was proposed as another strength parameter. It was 
found that the average fatigue life was adequately expressed by a power function of fatigue 
resistance strength. 
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1. Introduction 
 

Glass coated with ceramic materials is applicable to various engineering apparatuses. 
Recent works reported that glass coated with ceramic thin films by sputtering is functionally 
used as magnetic/electronic device materials (Ref 1-3) as well as optical ones (Ref 1, 4-7). In 
functional and/or mechanical applications of coated glass materials, their mechanical 
properties should be clarified for design to prevent their failure. The authors and their 
co-workers have investigated static mechanical properties, such as hardness and bending 
strength, of glass coated with single-layered and two-layered ceramic films (Ref 8-11). In 
practical application, however, it should be also considered that coated glass materials suffer 
fatigue damages due to cyclic thermal and/or mechanical stresses. Consequently, for 
improvement of the long-term durability in their practical applications, the structural design 
of systems using coated glass materials requires a good understanding of their fatigue 
properties. From this aspect, the authors revealed fundamental fatigue property of glass coated 
with single-layered ceramic film (Ref 12), though fatigue properties of two-layer film coated 
glass are unknown at present. 

In the present work, a borosilicate glass was coated with two-layered ceramic films, 
which were produced by sputtering alumina (Al2O3) and silicon carbide (SiC), and fatigue 
tests of the coated glass were conducted to clarify the fatigue life properties, which may 
depend on state or kind of coating film. Fatigue properties of the same glass material coated 
with Al2O3 or SiC single-layered film in a previous work (Ref 12) were also re-examined as 
comparative reference in this work. A radio-frequency (RF) magnetron sputtering method was 
adopted in producing thin ceramic films on glass. Coated glass materials were prepared by 
changing a combination of film materials and their thickness. Hardness of coating films and 
strength of coated glass were examined as static characteristics of coated glass. Axial loading 
tests, such as tensile tests, of brittle glass or ceramic materials are very difficult to be 
performed in evaluating their strength characteristics adequately (e.g. Ref 13). Therefore, 



static strength and fatigue tests were conducted under bending mode, instead of axial loading 
tests. Fatigue life distributions for various thicknesses of coated ceramic film were 
statistically discussed. It is convenient that fatigue characteristics obtained by long-time tests 
can be evaluated by using static strength properties given in short-time tests. In this work, the 
average fatigue life was correlated with some static strength parameters, and resultant 
correlations were discussed. Finally, a new strength parameter, “fatigue resistance strength,” 
was proposed to get a better correlation with the average fatigue life. 
 
2. Experimental Procedures 
 
2.1 Material processing 

A commercial borosilicate glass was used as a substrate material. The geometry of glass 
substrate was a disk type with a diameter of 100mm and a thickness of 2mm. An oxide 
ceramics Al2O3 of 99.99% purity and a carbide ceramics SiC of 99.8% purity were selected as 
target materials. In the present work, Al2O3 or SiC film of single-layer was coated by 
sputtering procedure as mentioned below. Glass coated with single-layered ceramic film for 
tests to get static strength properties was prepared so that the film thickness tf of 
single-layered ceramics should be 1µm, 3µm or 5µm. In addition, glass coated with 
two-layered ceramic film was also produced for static and fatigue tests. In coating 
two-layered films, Al2O3 film was first coated on the substrate glass, and afterward SiC film 
was coated on Al2O3-coated glass. This layer order of coating films has an advantage in 
tribological aspect because SiC is harder than Al2O3. In two-layer coated glass, the thickness 
tf of Al2O3 film as the first layer was set to be 3µm, and SiC film in the second layer was 
coated to be 1µm, 3µm or 5µm in its thickness. 

An RF magnetron sputtering apparatus of upper deposit type was used in the coating 
process. The distance between substrate and target material was fixed to be 40mm in this 
apparatus. Substrate and target materials were being water-cooled during the processing to 
protect the materials from failure due to thermal deformation. Before starting a steady 
sputtering, pre-sputtering was carried out for 300s so that a contaminated surface of target 
material could be removed. The initial degree of vacuum in a processing chamber was kept 
less than 1.3×10−4Pa. The flow-rate and pressure of argon gas, which was used to activate the 
sputtering process in the chamber, was controlled to be 167mm3/s and 1.3Pa, respectively. 
The initial temperature of substrate could be controlled, though the substrate temperature 
could not be controlled during sputtering of ceramic target materials. The initial temperature 
was set to be room temperature. The RF output power PRF was set to be PRF = 600W. 

Plate type specimens with dimensions of 10mm in width and 40mm in length were cut 
out from coated glass and the glass substrate itself for static and fatigue tests. 
 
2.2 Measurements of film hardness and bending strength 

The hardness of coated film is one of important factors in characterizing the strength of 
coated materials. To avoid the influence of the substrate hardness on the film hardness, a 
dynamic microhardness tester was adopted to measure the film hardness (Ref 10, 11, 14).  

Three-point bending tests with span length of 20mm were conducted to evaluate the 
static bending strength of glass coated with single- and two-layered ceramics coated glass as 
well as glass substrate. The loading rate in bending test was controlled so that the rate of 
nominal stress at the position subjected to the maximum tensile stress in a specimen should be 
100MPa/s. In setting a coated specimen on supporting equipment for bending, the coated 
surface of the specimen was located in the tensile side. All tests were carried out in an 
ambient atmosphere. 
 



2.3 Procedures of fatigue tests 
Fatigue tests of ceramics coated glass and glass substrate and glass coated were 

conducted under three-point bending mode with a sinusoidal wave of 20Hz. The loading 
condition and the setting of specimens in fatigue tests were as the same as those in the static 
bending tests as mentioned in section 2.2. All fatigue tests were conducted in an ambient 
atmosphere. 

The maximum stress σmax generated in each specimen was controlled to be 70MPa or 
80MPa during the fatigue tests. Theses maximum stress levels were selected to be lower than 
the lowest strength in static bending tests. A stress ratio R, which is defined as the ratio of 
minimum stress to maximum stress, was set to be 0.1. Each fatigue test under σmax = 70MPa 
or 80MPa was stopped when one day (24 hours) passed without failure. A number of cycles at 
stopping fatigue test after 24 hours is 1.728×106 cycles . 
 
3. Experimental Results and Discussions 
 
3.1 Static strength properties 

Table 1 presents static strength properties, i.e. average hardness Have and average 
bending strength σf,ave of glass coated with single-layered ceramic film together with those 
of glass substrate. Table 2 summarizes hardness and bending strength of glass coated with 
two-layered ceramic films. The static strength properties of every coated glass are larger 
than respective properties of glass substrate. It is found that coating of ceramic films results 
in the improvement of static strength of glass. In each coated material, the hardness and 
strength become higher as the film thickness is increased. Table 1 reveals that SiC-coated 
glass is harder than Al2O3-coated one, though SiC-coated glass is a little weaker than 
Al2O3-coated one. As seen in Tables 1 and 2, the hardest material is gained in glass coated 
with two-layered ceramic films. 

 
3.2 Fatigue properties 
(1) Fatigue life characteristics in stress- life relations 

Figures 1(a) and (b) show variations of fatigue life Nf of glass coated with two-layered 
films under σmax = 70MPa and 80MPa respectively. The number attached to the arrow in the 
figure presents the number of specimens surviving at the truncated number of cycles, i.e., 
1.728×106 cycles. Obviously, the number of surviving specimens is larger under lower 
applied stress. Fatigue lives of glass coated with single-layered ceramic films as well as glass 
substrate, which were obtained in a previous work (Ref 12), are also plotted as reference. 
Concerning data of single-layered film coated glass plotted in Fig. 1, data of only glass coated 
with Al2O3 film of 3µm thickness and SiC films of 1µm, 3µm and 5µm thickness are 
presented to avoid a complication in plotting. The Al2O3 and SiC films of the thickness 
specified as above were respectively selected as the first and second layers in glass coated 
with two-layered films. Fatigue lives of glass coated with single-layered SiC films are 
depicted with small marks. 

As seen in Fig. 1, the life distribution of specimens broken during fatigue tests of every 
material has a large dispersion, similarly to such a scatter as observed in static strength of 
ceramics. It is seen that, comparing with fatigue lives of glass substrate, lives of glass coated 
with each ceramic film shift toward longer life region. In glass coated with SiC single- and 
Al2O3-SiC two-layered films, lower lives are observed than those of Al2O3 coated glass. 
When fatigue lives of glass coated with single-layered SiC film and two-layered Al2O3-SiC 
film are compared for the same thickness of SiC coated film, fatigue lives of glass coated with 
two-layered film shift toward longer life region as a whole trend. This implies that inserting 
Al2O3 film as the first layer results in improvement of fatigue life. 



Figure 2 shows the average fatigue life Nf,ave correlated with the total film thickness. In 
glass coated with two-layered ceramic film, the total thickness is identical to the sum of Al2O3 
and SiC film thickness. It is seen that the average lives of single-layered film coated glass are 
longer than that of glass substrate under σmax = 70MPa and 80MPa. As a whole trend, the 
average fatigue life in glass coated with single-layered film seems to become longer in 
materials coated with thicker films, though its variation is small under σmax = 70MPa. Two 
dotted curves drawn in Fig. 2 are the relations approximated by fitting data of glass substrate 
and glass coated with single-layered film to polynomial expression, for the respective applied 
maximum stresses σmax = 70MPa and 80MPa. Although the average fatigue lives of glass 
coated with two-layered film coincide with the relation approximated for the other materials 
under σmax = 80MPa, they are lower than the relation expected from the approximation for 
glass coated with single-layered film under σmax = 70MPa. 

In the following, statistical aspects of fatigue life characteristics are discussed. Statistical 
parameters related with fatigue life are summarized in Tables 3, 4 and 5. In addition to the 
average fatigue life Nf,ave and minimum one Nf,min, shape-parameter α, scale-parameter NS and 
location-parameter NL are also listed in the tables. These parameters are given by fitting 
respective cumulative probability-function F(Nf) of fatigue life Nf in experiments to 
three-parameter Weibull distribution function F(Nf), i.e., 
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Most of all results shown in Tables 3, 4 and 5 are adequately expressed by Eq. (1). As seen in 
Tables 4 and 5, however, the location-parameters are zero in two life distributions obtained 
under σmax = 70MPa especially. These life distributions cannot be fitted to Eq. (1). Since 
two-parameter Weibull distribution function is given by setting NL = 0 in Eq. (1), these life 
distributions are more adequately fitted to two-parameter Weibull distribution functions. 
Non-zero location parameter NL in Eq. (1) corresponds to the minimum life expected in the 
fitted life distribution. Now, compare observed minimum fatigue lives with location 
parameters having non-zero values in Tables 4, 5 and 6. Most of location parameters are less 
than the minimum fatigue lives. This suggests that the location parameter gives a conservative 
estimation for the minimum fatigue life. 
 
(2) Correlations of average fatigue life with some parameters 

In this section, the average fatigue life Nf,ave is focused on as one of representative 
parameters in fatigue life distribution. In the following, the average fatigue life is correlated 
with some static parameters, which can be obtained rapidly and easily in experiments. 

At first, the average fatigue life is correlated with the average hardness Have in Fig. 3. 
The dotted straight lines in Fig. 3 indicate power functions of Have fitted to average fatigue 
lives of glass substrate and glass coated with single-layered film for respective two levels of 
σmax. Secondarily, the average fatigue life is correlated with the average bending strength 
σf,ave in Fig. 4. The dotted straight lines in Fig. 4 express the relations of Nf,ave of glass 
substrate and glass coated with single-layered film, which are approximated as power 
functions of σf,ave for respective two levels of σmax. By comparison of results depicted in Figs. 
3 and 4, it is seen that the average fatigue life of glass coated with two-layered film can be 
more appropriately expressed by the relation with the average bending strength, though the 
two approximated relations for σmax = 70MPa and 80MPa are separated each other as a matter 
of course. 



In this work, a new strength parameter was proposed to correlate the average fatigue life. 
The parameter was designated as fatigue resistance strength Sres, and it was defined as the 
average bending strength σf,ave divided by the applied maximum stress σmax; i.e. 
 
Sres ≡ (σf,ave /σmax)                                                          (2) 
 
Figure 5 presents the relation between average fatigue lives and fatigue resistance strength. As 
seen in the figure, almost all of average fatigue lives are expressed by a power function of the 
fatigue resistance strength, irrespective of film material and maximum stress applied in 
fatigue tests. The straight solid line in Fig. 5 expresses a power function expressed as; 
 
Nf,ave = 5.15×103 (Sres)15.7                                                     (3) 
 
Equation (3) is obtained by the best fitting for the results of glass substrate and glass coated 
with single-layered film. In Fig. 5, two dotted lines are also drawn to show a scatter band of a 
factor of two. By using the fatigue resistance strength, the average fatigue life of glass coated 
with two-layered film is almost estimated within the scatter range of a factor of two. 
 
4. Conclusions 
 
    The long-term durability of ceramics coated glass with high performance should be 
adequately evaluated prior to their application. This work was done to aim at clarifying 
fatigue properties as the long-term durability of such materials. 
    In the present work, a borosilicate glass was coated with ceramic thin films by a 
radio-frequency (RF) magnetron sputtering method. Alumina (Al2O3) and silicon carbide 
(SiC) were adopted as coating film materials. Fatigue properties of glass coated with ceramic 
thin films were investigated. Under RF output power of 600W, the thickness tf of coated film 
was prepared to be 1µm, 3µm or 5µm for glass coated with single-layered film, and glass 
coated with two-layered Al2O3-SiC film was also produced. In producing glass coated with 
two-layered film, the thickness tf of Al2O3 film as the first layer was set to be 3µm, and tf of 
SiC film as the second layer was changed to be 1µm, 3µm or 5µm. As static strength 
properties, hardness of coated ceramic films was measured and the static strength of coated 
glass was evaluated under three-point bending mode. As a whole trend, the hardness and 
bending strength became higher with increasing film thickness. 
    Fatigue tests of coated glass were conducted under three-point bending mode and at 
stress ratio of 0.1. It was clarified that the fatigue life distribution of glass coated with 
two-layered Al2O3-SiC film was found to shift toward longer life region compared with that 
of glass coated with single-layered SiC film. Most of fatigue life distributions were able to be 
fitted by using three parameter Weibull distribution functions. The average fatigue life of 
every coated glass was correlated with the average hardness and strength. However, no good 
correlation of the average fatigue life was observed with these parameters. Another strength 
parameter, i.e. fatigue resistance strength, which was defined as the average bending strength 
divided by the maximum applied stress, was adopted, and correlated with the average fatigue 
life. It was found that the average fatigue life was adequately expressed as a power function of 
the fatigue resistance strength, irrespective of film material kind and applied fatigue stress. 
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Table 1 Static strength properties of glass coated with single-layered ceramic film 
 

Mechanical property 
Glass coated with single-layered ceramics Glass 

substrate Film 
material 

Film thickness tf 
1µm 3µm 5µm 

Average hardness 
Have 

Al2O3 314 338 362 282 SiC 345 369 390 
Average bending 

strength σf,ave 
Al2O3 97.2MPa 99.4MPa 99.5MPa 88.5MPa SiC 91.9MPa 96.6MPa 98.6MPa 

 
 

Table 2 Static strength properties of glass coated with two-layered ceramic film 
 

Film material SiC films coated on Al2O3 coated glass 
Al2O3 film thickness tf 3μm 
SiC film thickness tf 1μm 3 μm 5 μm 

Average hardness Have 472 469 524 
Average bending 

strength σf,ave 
93.5MPa 96.9MPa 107MPa 

 
 

Table 3 Results in fatigue tests of glass substrate and Al2O3 single-film coated glass 
 

Material Glass substrate Glass coated with 
Al2O3 film of 3μm 

Maximum stress σmax 70MPa 80MPa 70MPa 80MPa 
Average fatigue life Nf,ave (cycles) 3.44×105 6.49×103 2.61×105 1.16×105 

Minimum fatigue life Nf,min (cycles) 169 41 1033 982 
Shape parameter α 0.41 0.43 0.35 0.39 

Scale parameter NS (cycles) 1.62×105 7.82×102 9.74×104 3.67×104 
Location Parameter NL (cycles) 5 41 978 963 

 
 

Table 4 Results in fatigue tests of SiC single-film coated glass 
 

Film thickness tf 1μm 3μm 5μm 
Maximum applied 

stress σmax 
70MPa 80MPa 70MPa 80MPa 70MPa 80MPa 

Average fatigue life  
Nf,ave (cycles) 1.85×105 2.48×104 3.08×105 9.17×104 1.35×105 3.36×105 

Minimum fatigue life 
Nf,min (cycles) 314 47 433 111 1546 145 

Shape parameter α 0.49 0.30 0.41 0.36 0.51 0.28 
Scale parameter NS 

(cycles) 1.20×105 2.52×103 1.65×105 3.65×104 8.62×104 1.08×105 

Location Parameter 
NL (cycles) 0 47 65 99 1250 121 

 
  



Table 5 Results in fatigue tests of two-layered films coated glass 
 

Al2O3 film thickness tf 3μm 
SiC film thickness tf 1μm 3μm 5μm 
Maximum applied 

stress σmax 
70MPa 80MPa 70MPa 80MPa 70MPa 80MPa 

Average fatigue life  
Nf,ave (cycles) 1.66×105 2.85×104 1.62×105 1.20×105 2.86×105 2.33×105 

Minimum fatigue life 
Nf,min (cycles) 383 94 322 990 1289 1070 

Shape parameter α 0.40 0.35 0.39 0.34 0.53 0.39 
Scale parameter NS 

(cycles) 4.28×104 1.19×104 8.40×104 4.05×104 1.92×105 1.10×105 

Location Parameter NL 
(cycles) 367 87 125 972 0 910 

 
 

 
 

 
Fig. 1 Fatigue life of coated glass; (a) σmax = 70MPa, (b) σmax = 80MPa 



 
Fig. 2 Relation between mean fatigue correlated and total thickness of coated film 

 

 
Fig. 3 Average fatigue life correlated with average hardness 

 
 



 
Fig. 4 Average fatigue life correlated with average bending strength 

 

 
Fig. 5 Average fatigue life correlated with fatigue resistance strength 


