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Abstract 

The long-term durability of high-performance ceramics-coated glass should be appropriately 

evaluated prior to their practical applications. Fatigue properties of such materials should be 

clarified to ensure the long-term durability. In this work, a borosilicate glass was coated with 

alumina or silicon carbide thin films by sputtering method. Fatigue tests of coated glass were 

conducted under three-point bending. It was clarified that the fatigue life was elongated by 

coating ceramic thin films on glass and the fatigue life distribution in glass coated with 

thicker films shifted toward longer life region. Proof testing was carried out for coated glass 

specimens to remove specimens having lower fatigue lives. It was suggested that proof testing 

for fatigue of ceramics coated glass was effective as a screening procedure which can remove 

weaker specimens by static pre-loading before fatigue tests. In correlating average fatigue 

lives, fatigue resistance strength was introduced as the average bending strength divided by 

the applied maximum stress. It was revealed that the average fatigue lives of every coated 

glass, including average lives after proof testing, were well correlated by a power function of 

the fatigue resistance strength and its modified parameter, irrespective of film material and 

thickness and also applied stress level. 
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1. Introduction 

 

Glass materials coated with ceramic materials by sputtering are applied to various 

engineering apparatuses and components. Recent works reported that glass coated with 

ceramic thin film 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 ceramics 

coated glass, it is anticipated that they may suffer serious damages due to cyclic mechanical 

or thermal stresses. Consequently, to improve the long-term durability in their practical 

applications, the structural design of systems using ceramics coated glass requires a 

fundamental understanding of their fatigue characteristics. 

In the present work, fatigue behavior of a borosilicate glass coated with alumina (Al2O3) 

or silicon carbide (SiC) were experimentally investigated to clarify the fatigue life properties. 

A radio frequency (RF) magnetron sputtering method was adopted in producing thin ceramic 

films on glass. Coated glass materials were prepared by changing the film thickness for each 

ceramic film material. Hardness of coating films and strength of coated glass were measured 

as static characteristics of coated glass. Since 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 8), static strength and fatigue tests were conducted under 

bending mode, instead of axial loading mode. Fatigue life distributions of glass coated with 

ceramic films having different thicknesses were investigated. It is convenient that fatigue 

characteristics obtained by long-time tests can be evaluated by using static strength properties 

given in short-time tests. Therefore, the average fatigue life was correlated with hardness, 

static strength and fatigue resistance strength, which was proposed in a previous work (Ref 9), 

and resultant correlations were discussed. 

Information on the minimum life of coated materials should be mandatory in their 

fatigue design. It was revealed, however, that fatigue life distribution has a large dispersion. 

Consequently, some techniques to guarantee the minimum life are required. In this work, a 

procedure using proof testing is focused on as one of screening methods which can remove 

weaker specimens by static pre-loading before fatigue tests. Proof testing was carried out for 

coated glass materials before starting their fatigue tests and the effect of proof testing on life 

distribution was examined based on results in fatigue tests of specimens surviving after proof 

testing. 

 

2. Experimental procedures 

 

2.1. Material processing 

    A commercial borosilicate glass, TEMPAX
®
, was used as a substrate material. 

TEMPAX
®
 consists of 81% SiO2, 13% B2O3, 4% Na2O/K2O and 2% Al2O3. Alumina (Al2O3) 

of 99.99% purity and silicon carbide (SiC) of 99.8% purity were adopted as target materials. 

The geometry of glass substrate was a disk type with a diameter of 100 mm and a thickness of 

2mm. In the present work, each ceramic film was coated on glass substrate by sputtering 

procedure as mentioned below, and the thickness tf of coated film was controlled to be 1m, 3 

m or 5 m. Sputtered ceramic films as well as the substrate glass have amorphous 

microstructures, and then observed microstructures appear to be featureless. 

    An RF magnetron sputtering apparatus of upper deposit type was used in the coating 

process. The distance between substrate and each target material was set to be 40 mm in this 

apparatus. Substrate and target materials were being water-cooled during the processing. 

Before starting a steady sputtering, pre-sputtering was carried out for 300 s so that a 

contaminated layer of target material could be removed. The initial degree of vacuum in a 

processing chamber was kept less than 1.310
4

 Pa. The flow-rate and pressure of argon gas, 



which was used to activate the sputtering process in the chamber, were controlled to be 167 

mm
3
/s and 1.3 Pa, respectively. The initial temperature of substrate could be controlled, 

though the substrate temperature could not be controlled during sputtering of ceramic target 

materials. The RF output power was set to be 600 W. 

    Specimens of plate type with dimensions of 10 mm in width and 50 mm in length were 

cut out from coated glass and the glass substrates themselves for static strength tests and 

fatigue tests under bending mode. 

 

2.2. Measurements of film hardness and static bending strength 

    The surface hardness of coated materials was measured by using dynamic microhardness 

tester. To avoid the influence of the substrate hardness on the film hardness, an ultra-low 

loaded hardness tester is appropriate in measuring the film hardness (Ref 10-12). The 

hardness H is defined as H =  (F/D
2
), in which  = 3.86, and F and D are respectively 

indentation force in mN and depth of indenter in m (Ref 13). The indenter used in the tester 

is a Berkovitch type. The indentation force F was set to be 98 mN in this work. 

Three-point bending tests with span length of 20 mm were conducted to evaluate the 

static bending strength of glass substrate and ceramics coated glass. The bending tests were 

carried out under force-controlled condition. Since materials tested in this study are too brittle, 

nominal stresses generated in bending mode before ultimate fracture are proportional to 

applied forces. The force rate in loading was controlled so that the rate of nominal stress at the 

position subjected to the maximum tensile stress in a specimen should be 100 MPa/s. The 

stress rate of 100 MPa/s had been used in our previous works, which was adopted to prevent 

the slow crack growth during bending tests. 

 In setting a coated specimen on supporting equipment, the coated surface of the 

specimen was located in the tensile side. Fifteen specimens were prepared for each sputtering 

conditions. All tests were carried out in an ambient atmosphere. 

 

2.3. Procedures of fatigue tests and proof testing 

Fatigue tests of glass substrate and ceramics coated glass were conducted under a 

sinusoidal loading at a frequency of 20 Hz. The loading mode in fatigue tests and the setting 

of specimens were as same as those mentioned in the static bending strength tests. All tests 

were conducted in an ambient atmosphere. The maximum stress max generated in each 

specimen was controlled to be 70 MPa or 80 MPa 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 max = 70 MPa or 80 MPa was stopped when one day (24 hours) 

passed without failure. A number of cycles at stopping fatigue test after 24 hours is 1.72810
6 

cycles. 

Proof testing is noticed as one of screening procedures, which can remove weaker 

components among a group of the components. In this work, proof testing was done for one 

specimen before its fatigue test. The loading in proof testing was a type of triangular wave 

with constant stress-rates of 100 MPa/s in loading up to a proof stress and 100 MPa/s in 

unloading. The proof stress p was set to be 100 MPa in this work. Subsequent fatigue tests of 

specimens surviving after proof testing were conducted under the same conditions as the 

aforementioned fatigue test. 

 

3. Experimental results and discussions 

 

3.1. Hardness of coating films and strength of coated materials 

Table 1 summarizes static strength properties, i.e. average hardness Have of coating film 



and average bending strength f,ave of glass coated with ceramic film. Here, the average values 

of Have and f,ave imply the arithmetical means of fifteen strength values measured in each 

material. For reference, the average hardness and strength of glass substrate are also presented 

in Table 1. 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. This trend is more clearly seen in SiC coated 

glass. 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. 

The hardness and strength of ceramic materials such as Al2O3 and SiC are generally 

higher than those of glass materials mainly consisting of SiO2. Therefore, it is speculated that 

the aforementioned improvement in hardness and strength may be attributed to coating 

ceramic films harder and stronger than a glass material, though there is no clear evidence to 

verify such a speculation. 

 

3.2. Fatigue properties of coated glass 

 

(1) Fatigue life properties in stress- life relations 

Figures 1 and 2 show variations of fatigue life Nf of glass coated with Al2O3 or SiC film 

under max = 70 MPa and 80 MPa, respectively. Numbers attached to arrows in the figures 

correspond with the numbers of specimens surviving at the truncated number of cycles, i.e., 

1.72810
6
 cycles. In these figures, fatigue lives of glass substrates under max = 70 MPa and 

80 MPa are also depicted for reference. As seen in Figs. 1 and 2, the distribution of lives of 

specimens of every material, which were broken during fatigue tests, has a large dispersion, 

similarly to such a scatter as observed in static strength of monolithic ceramics. However, it 

seems that the minimum life shifts toward longer life region as decreasing an applied stress, 

and the number of surviving specimens is obviously larger under lower applied stress. 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 films, lower lives are 

observed than those of Al2O3 coated glass. As a whole trend for the same film material, 

fatigue life distributions of glass coated with thicker films shift toward longer life region. 

In the following, the average fatigue life, Nf,ave, is introduced as one of representative 

parameters, which enable us to investigate fatigue life property quantitatively, though the 

meaning of average value is problematic. Figure 3 presents the variation of the average 

fatigue life with respect to the film thickness. Here, the average value also implies the 

arithmetical mean. Dotted straight lines for max = 70 MPa and 80 MPa are drawn in Fig. 3 to 

show rough trends of the variations. The relations of dotted lines are approximated by fitting 

data of glass substrate and glass coated with ceramic films to exponential functions. 

Concerning the average fatigue life, too, it is seen that the average fatigue lives of ceramic 

film coated glass are longer than that of glass substrate, and the average fatigue life in glass 

coated with thicker films seems to become longer. It is noted that the variation of Nf,ave in 

changing the film thickness is very large under max = 80 MPa compared with that under max 

= 70 MPa, though the difference in average lives under max = 70 MPa and 80 MPa is small in 

glass coated with film of 5 m thickness. 

As mentioned in Section 3.1, ceramic materials such as Al2O3 and SiC are generally 

harder and stronger than glass materials. It is also speculated that the aforementioned 

improvement in fatigue properties may be attributed to coating harder and stronger ceramic 

films. Unfortunately, in this case, too, there is no clear evidence to verify such a speculation. 

 

(2) Correlations of average fatigue life with some static parameters 



In this section, the average fatigue life Nf,ave is focused on as one of representative 

parameters in fatigue life distribution, and 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. 4. 

Dotted straight lines in Fig. 4 indicate power functions of Have fitted to average fatigue lives 

of glass substrate and glass coated with ceramic films for respective two levels of max. 

Secondarily, the average fatigue life is correlated with the average bending strength f,ave in 

Fig. 5. Dotted straight lines in Fig. 5 express the relations of Nf,ave of glass substrate and glass 

coated with ceramic films, which are approximated as power functions of f,ave for respective 

two levels of max. By comparing results depicted in Figs. 4 and 5, it is seen that the average 

fatigue lives of glass coated with ceramic films can be more appropriately presented by the 

correlation with the average bending strength. However, the two approximated relations for 

max = 70 MPa and 80 MPa are separated each other as a matter of course. 

In a previous work (Ref 9), a new strength parameter was proposed to correlate the 

average fatigue lives of glass coated with single- or two-layered ceramic films. The parameter 

was designated as fatigue resistance strength, Sres, and it was defined as the average bending 

strength f,ave divided by the applied maximum stress max; i.e. 

 

Sres  (f,ave /max)                                                          (1) 

 

Figure 6 presents the relation between average fatigue lives and fatigue resistance strength. As 

seen in the figure, almost all of average fatigue lives are correlated by a power function of the 

fatigue resistance strength, irrespective of film material and maximum stress applied in 

fatigue tests. The solid straight line in Fig. 6 represents a power function expressed as; 

 

Nf,ave = 5.1410
3
 (Sres)

15.7
                                                     (2) 

 

Equation (2) is obtained by the best fitting for the results of glass substrate and glass coated 

with ceramic films. The relation given by Eq. (2) almost coincides with the relation in the 

previous work (Ref 9). In Fig. 6, two dotted straight lines are also drawn to show a scatter 

band of a factor of three. By using the fatigue resistance strength, the average fatigue lives of 

glass coated with ceramic films is almost estimated within the scatter range of a factor of 

three, independently of material and thickness of coated film as well as applied stress level. 

 

4. Effect of proof testing on life distribution 
 

In this part, an availability of proof testing is examined in guaranteeing the minimum life 

in fatigue of glass coated with ceramic thin films. 

Life distributions in fatigue tests conducted after proof testing are depicted in Figs. 7 and 

8. Solid marks in these figures present the minimum lives in ordinary fatigue tests of 

respective film materials as shown in Figs. 1 and 2. In every material, it is seen that the 

minimum lives in fatigue tests conducted after proof testing is longer than their corresponding 

minimum lives in the ordinary fatigue tests. Consequently, it may be concluded that the proof 

testing conducted under the condition set in this work is successfully applicable to removal of 

specimens having lower fatigue lives. This coincides with the result in bulk monolithic 

ceramics that the proof testing is effective for screening weaker specimens under fatigue (Ref 

14). 

The average fatigue lives in the ordinary fatigue tests and in the fatigue tests conducted 

after proof testing are compared in Fig. 9. As seen in Fig. 9, longer average fatigue lives are 

obtained by conducting proof testing before fatigue tests. Concerning the average fatigue life, 



too, the availability of proof testing is confirmed in removing specimens with lower fatigue 

lives. 

In correlating the average fatigue lives in fatigue tests conducted after proof testing, the 

proposed fatigue resistance strength should be modified by replacing the average strength 

f,ave, of the whole bending strength with another adequate strength parameter in Eq. (1). It is 

reasonable to consider that strength of specimens surviving after proof testing is higher than 

the proof stress, i.e. 100 MPa, if there is no damage during proof testing. Therefore, the 

average value, f,pave, of bending strength of specimens surviving after proof testing is 

employed as the strength parameter to be replaced in Eq. (1). Here, the average value also 

implies the arithmetical mean. The modified fatigue resistance strength Sres is defined as 

follows. 

 

Sres  (f,pave /max)                                                         (3) 

 

Figure 10 shows the relation between the average fatigue lives Nf,ave in fatigue tests conducted 

after proof testing and the modified fatigue resistance strength Sres. The solid straight line in 

Fig. 10 presents the relation of Eq. (2), and the dotted lines show a band of a factor of three. It 

is revealed that almost all data are included within the scatter band for the result observed in 

the ordinary fatigue tests, though the results under max = 70 MPa seem to shift toward 

slightly lower life region. 

 

5. Conclusions 

 

Fatigue properties of coated materials with high performance should be investigated to 

guarantee their long-term durability and integrity. This work aimed at clarifying fatigue life 

property as one of the durability characteristics of such materials as well as constructing a 

procedure to determine their minimum lives for fatigue design. In the present work, a 

borosilicate glass was coated with alumina or silicon carbide thin films by a radio frequency 

magnetron sputtering method, and the thickness tf of coated film was prepared to be 1 m, 3 

m or 5 m. Fatigue tests of coated glass were conducted under three-point bending mode 

and at stress ratio of 0.1. 

Although a large dispersion was observed in experimental life distributions, it was 

clarified that the fatigue strength was improved by coating ceramic thin films on glass. It was 

also found that the fatigue life distribution and the average life in glass coated with thicker 

film shifted toward longer life region. Hardness as surface characteristics of coated films, and 

bending strength as bulk property of coated glass were correlated with the average fatigue life. 

However, no good correlation was found between them. 

To guarantee the minimum fatigue life, proof testing was applied for all specimens 

before conducting their fatigue tests. Specimens with lower lives in ordinary fatigue tests 

were successfully removed by proof testing. The proof testing was found to be an effective 

procedure in screening out fatigue lives of ceramics coated glass. 

In correlating fatigue life with a static strength parameter, the fatigue resistance strength 

was introduced as the average bending strength divided by the applied maximum stress. It 

was clarified that the average fatigue lives of every coated glass, including average lives after 

proof testing, were fairly expressed by a power function of the fatigue resistance strength and 

its modified parameter, independently of material and thickness of coated film as well as 

applied stress level. 
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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 

1 m 3 m 5 m 

Average hardness 

Have 

Al2O3 314 338 362 
282 

SiC 345 369 390 

Average bending 

strength f,ave 

Al2O3 97.2 MPa 99.4 MPa 99.5 MPa 
88.5 MPa 

SiC 91.9 MPa 96.6 MPa 98.6 MPa 

 

 

 
Fig. 1 Fatigue life of Al2O3 coated glass under max = 70 MPa and 80 MPa 

 



 
Fig. 2 Fatigue life of SiC coated glass under max = 70 MPa and 80MPa 

 



 
Fig. 3 Average fatigue life correlated with film thickness 

 



 
Fig. 4 Average fatigue life correlated with average hardness 

 



 
Fig. 5 Average fatigue life correlated with average strength 

 



 
Fig. 6 Average fatigue life correlated with fatigue resistance strength 

 



 
Fig. 7 Fatigue life of Al2O3 coated glass after proof testing 

 

 
Fig. 8 Fatigue life of SiC coated glass after proof testing 

 



 
Fig. 9 Comparison of average fatigue lives after proof testing 

 



 
Fig. 10 Average fatigue life after proof testing correlated with modified fatigue resistance 

strength 


