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Abstract: In this paper, we investigated the effects of substrate creep on the fatigue behavior of a 

model dental multilayer structure, in which a top glass layer was bonded to a polycarbonate 

substrate through a dental adhesive. The top glass layers were ground using 120 grit or 600 grit 

sand papers before bonding to create different sub-surface crack sizes and morphologies. The 

multilayer structures were tested under cyclic Hertzian contact loading to study crack growth and 

obtain fatigue life curves. The experiment results showed that the fatigue lives of the multilayer 

structures were impaired by increasing crack sizes in the sub-surfaces. They were also 

significantly reduced by the substrate creep when tested at relatively low load levels i.e. Pm < 60 

N (Pm is the maximum magnitude of cyclic load). But at relatively high load levels i.e. Pm > 65 

N, slow crack growth (SCG) was the major failure mechanisms. A modeling study was then 

carried out to explore the possible failure mechanisms over a range of load levels. It is found that 

fatigue life at relatively low load levels can be better estimated by considering the substrate creep 

effect (SCE).  

 

Keywords: Hertzian contact, dental materials, adhesive resin, polycarbonate, creep, fatigue, slow 

crack growth. 
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INTRODUCTION 

 

 In a variety of dental restoratives, a ceramic top layer is bonded to dentin or dentin-like 

substrate using adhesive resin to produce a multi-layer structure (Figure 1a) [1-4], in which the 

hard ceramic layer on top provides mechanical and chemical protection for the compliant 

substrate below. When concentrated loads are applied, the sub-surface region of the top ceramic 

layer is subjected to significant tensile stress [5-7]. Consequently, cracks in the sub-surface are 

prone to grow, leading ultimately to total degeneration. 

 The effect of pre-existing cracks on the strength of the top ceramic layer has been the 

subject of numerous studies [7-11] where a flat sandwich model (FSM) structure consisting of a 

top ceramic layer, an adhesive joint layer, and a polymeric substrate was tested under Hertzian 

contact loading (Figure 1b). Transparent top glass layers elastically equivalent to the enamel or 

crowns in actual dental restoratives were often used to facilitate in situ observation of crack 

growth. In order to induce radial crack growth in the sub-surface of the top ceramic layers, initial 

cracks were produced using various methods including sandblasts [7-9], random grinding with 

silicon carbide sandpapers [9,10], and micro-indention [11]. These studies showed that the sub-

surface cracks caused significant mechanical degradation under cyclic or monotonic loading [7-

11]. 

 It is found that the creep of the polymeric substrate had significant effects on the strength 

of the top ceramic layer [6,12,13]. When the loading rates increased from 1 N/s to 1000 N/s, the 

strength of the ceramic layer doubled [13]. Such creep effects were found in FSM structures with 

different combinations of top and substrate materials, such as  glass on polycarbonate [6,14], 

glass on Z100 restorative [6,13],  silicon on polycarbonate [14], and ceramic on Z100 restorative 

[6,13].  

Until now, substrate creep effects on fatigue behavior (tested on FSM structures) have not 

been studied. In this study, a glass-adhesive-polycarbonate FSM was used to investigate the 

substrate creep effects on fatigue behavior under cyclic contact loading. Elastically equivalent 

soda-lime glass slides were used as top layers to facilitate the monitoring of crack growth. The 

top glass layers were processed into two sets of specimens with different sub-surface crack sizes 

ground with silicon carbide sand papers of 120 grit or 600 grit before bonding. It has been found 

that fatigue life tested at relatively high load levels, i.e. Pm > 65 N (Pm is the maximum 
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magnitude of cyclic load) can be well predicted by the slow crack growth (SCG) model. But the 

fatigue life corresponding to relatively low load levels, i.e. Pm < 60 N, is merely a fraction of the 

SCG model prediction. We believed that the significant discrepancy is due to the substrate creep. 

A modeling framework involving substrate creep can provide a better estimate for fatigue life. 

 

 

MATERIALS AND EXPERIMENTAL METHODS 

 

Microscope soda-lime glass slides (EMS, Halfield, PA) with dimensions of 25.4 mm (L) 

 25.4 mm (L)  1 mm (H) were used as top layers. They were ground using 120 grit or 600 grit 

silicon carbide sand papers (Buehler, Lake Bluff, IL) before bonding to create different sub-

surface crack sizes and morphologies. After grinding, the glass slides were sonicated in 

deionized water for 30 min and then in acetone for 10 min. Isopropanol was then applied to the 

rough surfaces prior to blowing them with high pressure nitrogen gas. The surface morphologies 

and crack sizes were examined using a surface profiler (KLA-Tencor, San Jose, CA). A 5 μN 

load was used to enable the profiler tip to explore cracks of different sizes ranging from 

nanoscale to microscale.   

 Polycarbonate plates (Lexan, National City, CA) with dimensions of 25.4 mm (L) x 25.4 

mm (W) x 12.8 mm (H) were used as the substrates. An FSM structure was created by bonding 

the prepared glass slide to the polycarbonate plate using 3M RelyXTEM adhesive (3M ESPE, St 

Paul, MN), and light cured for 40 seconds. In the FSM structure, the ground glass surface 

became sub-surface when bonded to the polycarbonate substrate, as shown schematically in 

Figure 1b. The mechanical properties of these materials are summarized in Table 1 [6,15]. 

 Cyclic Hertzian contact testing was carried out in a desktop servo-hydraulic Instron 8872 

testing machine (Instron, Canton, MA) equipped with a 500 N load cell. A sinusoidal cyclic load 

was applied through a WC ball with a diameter of 3.18 mm (Figure 1b). The load frequency, f, 

was 5 Hz. A Questar  telescope (New Hope, PA) was set up and focused on the sub-surface 

regions right beneath the contact area. The crack growth and pop-in were recorded using 

Pinnacle Studio 9.0 (Pinnacle, Elgin, IL) software that was installed in a computer connected to 

the Questar  telescope. The imaging rate was 15 frames per second, sufficient to capture crack 

growth and subsequent pop-in. The images were post-analyzed to obtain crack growth rate.  
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RESULTS 

 

Sub-surface cracks 

 Figure 2a shows a three-dimensional sub-surface morphology of a top glass layer that 

was ground with 120 grit sand papers. Parallel cracks were generated varying in length in a range 

from less than 100 μm to about 1 millimeter. Their depths also vary. A distribution of the crack 

depths in a representative region of about 1  1 mm
2
 is shown in Figure 2b. The average crack 

depth is about 1.5 μm. 90% are less than 4.0 μm deep. The deepest cracks are about 16 μm deep. 

The positive values in the horizontal axis in Figure 2b suggest that there are protrusions in the 

glass substrate. They may be silicon carbide particles remaining in the glass surface.  

The morphology and depth distribution of the cracks generated using 600 grit sand papers 

were similar to those made using 120 grit papers, with the exception of shallower cracks, shown 

in Figure 3. A long crack about 1 μm deep, the maximum depth found in this glass slide, was 

observed in the scanned area of 500  500 m
2
. The average crack depth was only ~200 nm, 

which is one order smaller than those obtained using 120 grit sand papers (Figure 2). The 

average and maximum values of the sub-surface cracks of the two sets of specimens are 

summarized in Table 2.  

In the cyclic testing, efforts were made to set up the WC ball above one of the biggest 

sub-surface cracks visible in the telescope, as schematically shown in Figure 1b.  

 

Crack growth and S-N curves 

 Figure 4 shows crack growth in the sub-surface of a FSM specimen prepared using 

600grit sand papers. It was tested with a maximum load of 45 N.  Figure 4a was taken before 

applying the load. The white spots, indicated by white arrows, are the sub-surface cracks. 

Another crack, invisible in Figure 4a, started growing after applying cyclic loads. The location of 

this crack is indicated by a circle. Figure 4b shows the crack after ~ 997 cycles of testing. 

Significant crack growth was observed in the next ~ 9, 900 cycles, with increasing growth rates 

(Figure 4c). The crack then “popped in” at ~ 10,010 cycles, leading ultimately to failure of the 

top glass layer (Figure 4d). The cracks in Figure 4b and 4c appear distant from the immediate 

contact area. This is due to the orientation of the cracks. If a crack in the region right under the 

contact area is not exactly parallel to the optical axis of the telescope, the light is reflected in an 
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inclined angle with respect to the optical axis of the telescope. Crack images taken under these 

conditions are not indicative of their exact locations. 

 Sub-surface crack sizes and the corresponding cycles were obtained by carefully 

analyzing the in situ images recorded during testing. Representative curves showing crack size 

versus cycles are presented in Figures 5a and 5b for the two sets of specimens. For the first set of 

specimens with top glass layers prepared using 600 grit sand papers, the crack growth behavior 

was dependent on the applied maximum load levels. When the maximum load levels were 

relatively low, i.e. Pm < 60 N, most of the specimens exhibited four crack growth stages. The 

first stage was a short startup stage in which a crack grew and became rapidly visible. This was 

followed by a slow growing stage, in which the crack grew slowly. Figure 4b shows a crack at 

the end of this stage. The third was a fast growing stage. The cracks grew significantly with 

increasing rates in this stage, and their sizes doubled (Figure 4c). In the final stage, the cracks 

“popped-in” to maximum size within decades of cycles. The four stages of crack growth are 

illustrated schematically in Figure 6. In contrast, cracks grew rapidly under high maximum load 

levels, i.e. Pm > 65 N, and “popped in” to maximum size, leading ultimately to the failure of the 

top glass layer. 

The second set of specimens, whose sub-surfaces were prepared using 120 grit sand 

papers exhibited similar crack growth behavior (Figure 5b). At relatively low load levels, i.e. Pm 

< 60 N, the cracks underwent four stages of growth. Cracks grew rapidly and resulted in the 

failure of the top glass layer when the loads were relatively high, i.e. Pm > 65 N. The number of 

cycles corresponding to the onset of crack pop-in was accordingly defined as the fatigue life of 

the specimen (Figure 6).  

 Cyclic contact load testing was carried out on multiple specimens using different 

maximum load levels, and the maximum load levels versus the numbers of cycles until failure 

were obtained for both sets of specimens. The results are plotted in Figures 7a and 7b. As 

expected, the deeper surface cracks resulted in shorter fatigue lives for specimens that were 

tested at relatively high load levels, i.e. Pm > 65 N. This is consistent with previous studies 

[7,11,19]. The difference diminishes at relatively lower load levels, i.e. Pm < 60 N. 
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SLOW CRACK GROWTH 

 

 According to slow crack growth (SCG) theory [16,17], the relationship between the 

maximum load, Pm, and the fracture time, tf , is given [14, 19]: 

 
47.0

2ANtP f

N

m =                                                                                                                (1) 

where N = 18 is crack velocity exponent [17], and A is a fitting parameter which is independent 

of load and time [19]. The fracture time, tf, is determined by loading frequency, f, and the 

number of cycles to failure, n, i.e. tf = n/f. Rewriting Equation 1 in a log-log format gives:  

 N
m AfNn

N
P

1
47.0 )2log(log

1
log +=                                                                                (2) 

When all other quantities are constants, the log-log plot of Pm versus the number of cycles to 

failure is linear. Fitting curves from Equation 2 are superimposed in Figures 7a and 7b, and 

designated as predictions of slow crack growth (SCG) model. At relatively high load levels, i.e. 

Pm > 65 N, the experimental data are consistent with the model prediction. However, at lower 

load levels, i.e. Pm < 60 N, the measured data are significantly lower than the SCG model 

prediction. This suggests that slow crack growth is not the only mechanism of fatigue failure at 

relatively low load levels. 

 

 

SUBSTRATE CREEP EFFECTS  

 

 Recent studies have shown that creep of polymeric substrates has significant effects on 

deformation of glass-cement-polymer FSM structures [6,12,13]. As a result of the substrate 

(actually a combination of adhesive resin and polycarbonate substrate) creep, tensile stresses in 

the sub-surface regions increase with time, leading to reduced fatigue life compared to the 

predictions of SCG model (Equation 2). The time required for a radial crack to fracture a 

specimen can be obtained  by the following equation [12, appendix A]: 

            Ddt

ft

N
=

0

                                                                                                                       (3) 
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where, 
( ) 12/

0
12/

N

i

N

N

IC

avN

K
D , is independent of load and time, 

i
a  is the initial crack depth, 

0
v  is crack velocity coefficient,  is a crack geometry coefficient, which is 1.12 for an edge 

crack,  is the stress in the sub-surface of the top glass layer, 
IC

K  is the fracture toughness of 

soda-lime glass, which is in a range between 0.6 and 0.8 MPa m [20]. In this study, we take 0.7 

for the calculation. During fatigue testing, the stress will be assumed to vary sinusoidally 

between 0 and maximum stress amplitude, 
max

, that is:   

           +=
2

2sin1
2

max ft                                                                                              (4)  

Note that the maximum stress is not a constant due to substrate creep, i,e, )(maxmax t= .  

Substituting Equation 4 into Equation 3 gives: 

            Ddtft
t

ft NN

=+
0

max

2
2sin1

2

)(
                                                                         (5) 

It is difficult to obtain an explicit solution from the integration of Equation 5. Hence, we consider 

a simple worst-case scenario, in which the stress is taken to be the maximum 

value, ( )fm t
max

= . Under this simplicity and for periodic loading, we can solve Equation 5 by 

multiplying the number of cycles to failure with the integration over one cycle. We notice that 

( )[ ] 47.01

1

0

/22/2sin1 Ndxx
NN

=+  [19], and take the maximum stress in the sub-surface of 

the top glass layer as Pm =
B md

2

log CEc /Es( )
 [21]. The relationship between the maximum load and 

the failure time is: 

              
( )

NN

f

N

fs

cN

m dBDNt
tE

CE
P 247.02log =                                                                        (6)    

where d is the thickness of top glass layer, Ec and Es are Young’s moduli of the top layer and 

substrate, respectively, and B and C are dimensionless coefficients. The quantity C  is expected 

to be close to 1, because the tensile stress concentrate in the top coating must vanish when 

sc
EE = [19]. For simplicity, C  is taken to be 1 in this paper. Also, B was estimated to be 1.455 

by fitting with the finite element simulations of bi-layer model [12]. As the substrate creeps, the 
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Young’s modulus, 
s

E , varies with time. Here, we model the substrate as a 3-parameter spring-

dashpot solid model (Zener model) as shown in Figure 8. The Young’s modulus is then given by: 

( )++
=

21

21

21

2

1

exp1
11

kk

tkk

kk

k

kE
s

                                                                          (7) 

where t  is the time, 
1

k , 
2

k  and  are the parameters used in the viscoelastic model (Figure 8). 

These parameters were measured using creep testing and listed in Ref. [6]. Substituting Equation 

7 into Equation 6 gives the relation between the maximum load and the elapsed time for the sub-

surface radial crack to fracture the top glass layer as:   

 

( )
Ht

kk

tkk

kk

k

k

CE
P f

N

fcN

m =
++ 21

21

21

2

1

exp1log                                                (8)  

 

where
( ) 12/

0

20.47

12/

2N
=

N

i

N

N

IC

NN

avN

KdB
H  independent of load and time. Equation 8 gives the relation 

between the maximum load, Pm, and the time to induce the failure, tf. If the foundation is elastic, 

that is , Equation 8 reduces to Equation 1 and 
( ) )/log(12/ 12/

0

2

sc

N

i

N

N

IC

NN

ECEavN

KdB
A = . To 

compare the predictions of the slow crack growth (SCG) model (Equation 1) and the substrate 

creep effects (SCE) model (Equation 8) with the experimental results, we take 18=N , 

smv μ/6.1
0
= , which were measured from the experimental data published in Ref. (17),  

mMPaK
IC

7.0=  for glass, and mmd 1=  for our specimens. Figure 7 clearly shows that the SCE 

model, which considers the substrate creep behavior, gives much better estimates for fatigue life 

than SCG model. Since the viscoelastic parameters change with time, the fitting curves obtained 

using Equation 8 are not smooth [6].  

 The initial crack depth, 
i

a , is the only fitting parameter. The fitting values are 1.6 μm for 

the 600 grit sand paper case and 2.5 μm for the 120 grit sand paper case, respectively. These 

initial crack sizes do not perfectly match the measured values as listed in Table 2, particularly for 

the 120 grit sand paper case. Several factors could cause the discrepancy. First of all, perfect 

materials are assumed in the model, as contrast to the real tested samples with defects and 



 

9

inevitable structural variations. Secondly, the accurate crack depth under the ball is difficult to 

determine. Thirdly, the crack to induce failure may not be the one under the contact points 

between the loading ball and the top glass surface. Finally, the crack geometry in the subsurface 

could also affect model estimations. Nevertheless, this is a first piece of work to study the 

substrate creep effects. It is yet to be perfect, but a good point to start with. More vigorous work 

is clearly needed in the future. 

  

 

DISCUSSION 

 

 Comparing the two sets of data in Figure 7, one can see that the fatigue lives of the top 

glass layers were significantly reduced by the deep cracks produced using coarser sand papers 

(120 grit versus 600 grit). The FSM structure prepared using untreated glass slides did not fail at 

load levels less than 90 N (Figures 7a and 7b). When the applied loads were greater than 100 N, 

they failed due to top cone crack growth under monotonic loading. This observation implies that 

the substrate creep interacts with pre-existing sub-surface cracks to reduce fatigue life. 

 At relatively high load levels, i.e. Pm > 65 N, the FSM structures failed within a limited 

number of cycles (a few minutes). Within such a short duration the contribution from substrate 

creep to overall deformation was not substantial. However, when the FSM structures were tested 

at relatively lower load levels, i.e. Pm < 60 N, it took a longer time to fracture the top glass layer, 

possibly a few hours. For specimens prepared using 600 grit sand papers the fatigue life 

corresponding to a load level of 50 N was close to 10000 cycles, only a fraction of the life 

predicted by the SCG model. In both cases, the crack size was relatively small (less than ~ 100 

μm) before the last crack “pop-in” stage, in which crack grew to a size about 800 μm within 

decades of cycle. Compared to the overall fatigue life, this is a small fraction. In this sense, the 

small crack growth (SCG) theory and the substrate creep effect (SCE) models can be used to 

model the crack growth behavior. Furthermore, the SCG model predictions agree with the 

experimental data, suggesting that the use of SCG model and SCE model is suitable, and the 

relevant parameters in these two models are valid. Therefore, we believe that slow crack growth 

is the primary failure mechanism, and substrate creep accelerates crack growth, leading to 

premature fatigue failure of the top glass layer when the applied load levels were relatively low. 



 

10

In this study, the cracks in the sub-surface of the top glass layers were produced by 

grinding the glass slides on sand papers along a fixed direction. The sub-surface cracks generated 

using this methods have large length-to-depth ratio, and they are parallel to each other, as shown 

in Figures 2a and 3a. Such crack geometry is significantly different from a typical surface crack 

that is randomly oriented and has a comparable crack length and depth. This could possibly lead 

to different crack growth behavior in the multilayer structure. The effect of the crack geometry 

on fatigue failure of dental restorative may be investigated in the future studies. 

It is well known that initial crack size has significant effects on the fatigue life of 

multilayer dental structure [2,8,15,17-19]. To examine the fatigue life dependence on the initial 

crack size, the predictions by both SCG and SCE models are presented in Figure 9 for a series of 

initial crack sizes. It shows that the initial crack sizes do not affect the shape of the prediction 

curves. But increasing crack size significantly reduces the fatigue life. These are true for both 

models. This is consistent with the results of our earlier studies [6,12,13]. Corresponding to these 

initial crack sizes, the H and A values are also calculated and listed in Table 3. The parameter A 

and H are two parameters that are independent on load and time, but dependent on initial crack 

size. The values of H and A decrease with increasing initial crack sizes. 

It is important to note here that the cyclic contact loading applied during occlusal contact 

was not continuous. A certain amount of recovery time is implied because contact loads are not 

continuously applied directly to teeth. Such recovery can reduce the long-term effects of 

substrate creep, especially when compared to the current results obtained from specimens that 

were loaded continuously until failure. Further work is needed to explore the extent to which 

substrate creep/recovery effects contribute to the fatigue life under actual occlusal contact.  

 

 

SUMMARY AND CONCLUSIVE REMARKS 

 

 This study explores the effects of the substrate creep on the fatigue behavior of a dental 

multilayer structure. A summary of the work is provided below, along with salient conclusions.   

 

1. Glass slides were ground using 120 grit or 600 grit sand papers before bonding to prepare 

two sets of FSM specimens with different sub-surface crack sizes. When tested at relatively 
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high load levels, i.e. Pm > 65 N, the fatigue lives of both sets of specimens were well 

predicted by the SCG model (Equation 2). The deeper sub-surface cracks significantly 

impaired the fatigue life. 

2. When tested at relatively lower load levels, i.e. Pm < 60 N, the sub-surface cracks below the 

contact areas underwent four-stage growth: start-up stage, slow crack growth stage, fast crack 

growth stage, and crack pop-in stage. The fatigue life is only a fraction of the predictions 

made by SCG model.  

3. The substantial discrepancy between the measured fatigue life and SCG prediction can be 

attributed to the substrate creep, which results in increasing magnitudes of crack opening 

stresses in the sub-surface. This accelerates crack growth, and the fatigue life can be better 

estimated by the SCE model (Equation 8).  

4. The current study suggests that substrate creep should be considered when the mechanical 

performance of dental restorative is evaluated. However, such effects may also be relaxed 

when the occlusal loads are removed. Further work is needed to establish the significance of 

substrate creep during normal occlusal conditions in which contact loads may be removed for 

significant durations.  
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Appendix A - Slow Crack Growth under Varying Stress Condition 

          

 If a crack with an initial size, 
i

a , is in the sub-surface of the top glass layer (Figure 1b), 

it will slowly grow due to tensile stress, , induced by Hertzian contact loading. The growth rate 

is governed by the stress intensity factor, K , as [17]: 

( )N
IC

KKvdtda //
0

=                                                                                                     (A1) 

where a  is crack size, 
IC

K  is fracture toughness of glass, and N and 
0

v  are, respectively, crack 

velocity exponent and coefficient. The stress intensity factor, K , is expressed as: 

            2/1
aK =                                                                                                                     (A2) 

where  is a crack geometry coefficient, which is 1.12 for edge crack. Combining Equations 

(A1) and (A2), and integrating to the time at fracture, tf, gives: 

            Ddt

ft

N
=

0

.                                                                                                                   (A3) 

where 
( )
( ) N

N

f

N

i

N

IC

vN

aaK
D

0

2/12/1

12/
= , ai and af are the initial and final crack sizes, respectively. 

Since if aa >> , D  can be simplified as 
( ) 12/

0
12/

N

i

N

N

IC

avN

K
, which is independent of load and 

time. 
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17

Figure 1: (a) Schematic illustration of a dental restoration structure consisting of a top ceramic 

layer, an adhesive bond layer and dentin. (b) A flat sandwich model (FSM) structure consisting 

of a top ceramic layer, an adhesive joint layer and a polymeric substrate. 
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Figure 2: The glass sub-surface cracks and morphology prepared using 120 grit sand papers: (a) 

3-D surface morphology; (b) crack depth distribution in a representative area of ~1 mm
 

 1 mm. 
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Figure 3: The glass sub-surface cracks and morphology prepared using 600 grit sand papers: (a) 

3-D surface morphology; (b) crack depth distribution in a representative area of ~ 500 μm  500 

μm. 
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Figure 4: Crack growth and pop-in corresponding to increasing number of contact fatigue cycles: 

(a) n = 0, (b) n = 997, (c) n = 9,989, and (d) n = 10,010. Scale bars are 500 m. The specimen 

was prepared using 600 grit sand papers, and tested at Pm = 45 N. 
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Figure 5: Representative plots of crack size versus number of cycles for (a) specimens prepared 

using 600 grit sand papers; and (b) specimens prepared using 120 grit sand papers. 
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Figure 6: Schematic illustration of the sub-surface crack growth behavior at relatively low load 

levels, i.e. Pm < 60 N. 
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Figure 7: Measured fatigue life curves for specimens with different crack sizes in sub-surfaces 

prepared using (a) 600 grit sand papers and (b) 120 grit sand papers. The SCG model and SCE 

model predictions are also plotted for comparison. 
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Figure 8: 3-parameter spring-dashpot solid model (Zener model). 
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Figure 9: Effects of initial crack size on the fatigue life of the multilayer structure. 
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