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Measurements 1 2 3 4 5 6 7 8 9 10 
Averag

e Stv 

Prism 
 

Contact 
Stiffness 1494.67 1499.40 1500.98 1505.74 1500.98 1485.26 1502.57 1505.74 1504.15 1507.33 1500.68 6.56 

Elastic 
Modulus 108.06 108.90 109.18 110.03 109.18 106.41 109.46 110.03 109.75 110.32 109.13 1.16 

Sheath 
 

Elastic 
Modulus 92.45 96.12 97.79 96.12 93.12 93.57 97.79 94.72 97.31 98.03 95.70 2.10 

Contact 
Stiffness 1428.68 1452.85 1463.56 1452.85 1433.18 1436.19 1463.56 1443.73 1460.49 1465.10 1450.02 13.7 
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�� A B C D
No.� Prism Sheath Prism Sheath Prism Sheath Prism Sheath

1 1494.67 1428.68 1047.80 1042.10 949.33 933.34 1496.25 1394.70 
2 1499.40 1452.85 1045.52 1038.69 987.30 928.04 1477.47 1399.09 

3 1500.98 1463.56 1065.04 1076.65 967.66 926.98 1485.26 1433.18 

4 1505.74 1452.85 1042.10 1008.32 953.62 887.34 1491.53 1430.18 

5 1500.98 1433.18 1052.38 1056.97 946.12 925.93 1494.67 1399.09 
6 1485.26 1436.19 1073.16 1029.62 972.00 879.12 1488.39 1422.71 

7 1502.57 1463.56 1050.09 1020.62 962.24 883.22 1475.92 1413.80 

8 1505.74 1443.73 1058.12 1015.01 966.57 871.96 1493.10 1399.09 

9 1504.15 1460.49 1053.53 1047.80 986.21 883.22 1488.39 1406.42 
10 1507.33 1465.10 1047.80 1047.80 965.49 866.87 1488.39 1391.79 

Ave� 1500.68 1450.02 1053.55 1038.36 965.65 898.60 1487.94 1409.00 

Stv� 6.56 13.70 9.50 20.67 13.91 26.50 6.80 15.08 

 
 
 
 
 
 
 
 
 



72



73



74



75



76



77



78



79



80



81



82



83



84



85

�



86



87



88



89



90



91



92



93



94



95



96



97



98



99



100



101



102



103



104



105



106



107



108



109

Boiling Degradation Time [Hours] 

  F
le

xu
ra

l S
tr

es
s [

M
Pa

] 

0 20 40 60 80
0

200

400

600

800

1000

1200



110

(a) 

(b) 



111

0

1

2

3

4

5

6

0 20 40 60 80 100 120
Degradation Exposure (Hours)

Ep
ox

y 
El

as
tic

 M
od

ul
us

, E
s (

G
Pa

)



112

0

1

2

3

4

5

6

2 2.1 2.2 2.3 2.4 2.5 2.6
Applied Force, Fc (�N)

Ep
ox

y 
El

as
tic

 M
od

ul
us

, E
s (

G
Pa

) 0 hrs

24 hrs

48 hrs

72 hrs

96 hrs
120 hrs



113

Radial Position from Fiber [�m] 

   
A

FA
M

 P
ha

se
 A

ng
le

 [D
eg

re
es

] 

0 0.1 0.2 0.3 0.4 0.5 0.6
80

90

100

110

120

130

140

150



114

0

1

2

3

4

 E
la

st
ic

 M
od

ul
us

 [G
Pa

] 

Undegraded        Salt Water De       DI Water De 



115



116



117

3000 2500 2000 1500 1000 500

 undegraded
salt water degradation
deionized water degradation

  R
am

an
 In

te
ns

ity
 

Raman Shift  [cm-1]



118

(a)

(b) 

10�m 

10�m 



119

(a)

(b)

10�m 

10�m 



120

0 1 2 3 4 5 6
1.00

1.01

1.02

1.03

1.04

1.05

           Degradation Time [Days] 

   
Pe

rc
en

t M
as

s C
ha

ng
e 



121

0 0.2 0.4 0.6 0.8 1.0 1.2
0.6

0.8

1.0

1.2

1.4

C
on

ta
ct

 S
tif

fn
es

s [
kN

/m
] 

Spatial Distance [�m] 

(a) 

(b) 

Matrix�

�� Fiber�



122

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

Boiling Degradation Time [Days] 

   
In

te
rp

ha
se

 W
id

th
 [�

m
] 



123

    0                   2                     6 
0%

20%

40%

60%

80%

Boiling Degradation Time [Days] 

St
iff

ne
ss

 P
er

ce
nt

ag
e 

D
iff

er
en

ce
 



124

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 Undegraded 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 Degraded 2 Days 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4 Degraded 6 Days

Distance [�m] 

Distance [�m]

Distance [�m]

C
on

ta
ct

 S
tif

fn
es

s [
kN

/m
] 

C
on

ta
ct

 S
tif

fn
es

s [
kN

/m
] 

C
on

ta
ct

 S
tif

fn
es

s [
kN

/m
] 

(a) 

(b) 

(c)



125

  100 �m 



126

10 �m 



127

10 �m 



128



129



130



131



132



133



134



135



136



137



 138



 139



 140



 141



 142



 143



 144

)(

*
*

a
KE
2

	

sE
s

tE
t

E

�� �
�

�
	

111
*

tE tv

a

3
4
3

*E
RFa c

H 	



 145



 146

n)(1,2n    where,2
122

1
���

�
	 nx

nR
h

)(

)()(

)(*

1231
242

12
4 12

��
�

�
�
�

	
�

n
n

n
anEA

F
n

n
n

�

�

nF

122

1
�

	
nR

An
)(

)()()(

)(*

1231
242

212
4

12

12

��
�

�
��
�

	 �

�

n
n

Rn
anEF n

n

n
�

�



 147

2nor,
15
8

3

5
	�	 f

R
aEFn

*

3nor,
35
6

5

7
	�	 f

R
aEFn

*

2nor,
60
1

4
3

5

	�	 f
FR
kE

n

*
*

3nor,
35
3

2
1

6
5

7

	��	 f
FR
kE

n

*
*



 148



 149



 150



 151



 152



 153



 154

'R

R 'R

RNR �	'

'R 'a



 155



 156



 157



 158



 159

190
3
11

3
2 .)tanln(

*
�

�
�
�

�
�
�

�	 �
Y
E

Y
p

*E

p

Yppm 3
2

�	

2a
Ppm �

	



 160

�
�
�

�
�
�

�	 )tanln(.
*

��
Y
EaYP

3
1

3
214312

�

Ra 22 	



 161

�

R
a

a 2
tan 		

�

�

�
�
�

�
�
�

�	 )
6
1ln(

3
2143.1

*
2

YR
aEaYP �

�
�
�

�
�
�

�
��

�	 )
6

2ln(
3
2143.12 2/1

2/12/1*

RY
ERYP �

�
�
�

�
�
�

�		 )
6
1ln(

3
2476.12*

*

YR
aERY

d
dPk �


�
�
�

�
�
� ��	 ).*(exp* 95272

4
36

RY
k

E
YRa

�

a

�
�
�

�
�
� ��

�
	 ).*(exp

)(
*

* 95272
4
3326

RY
k

P

Y
R
k

YRE
�

�

*E



 162



 163

n
n x

R
h 2

)12()2(
1

�	

Ra 22 	

n
n a

R
2

)12()2(
1

�	

�

)(
)()(

tan 12
122

1 �
�

		 n
n a

Ra
�

�

�
�
�

�
�
�

�	 �

�

)
)2(3

1ln(
3
2143.1 )12(

)12(*
2

n

n

RY
aEaYP �

�
�
�

�
�
�

���	
���

))2(
3
1ln(

3
2143.1)2(

)
2
11()1

2
1(*)12(1

nnnn R
Y
ERYP �

�
�
�

�
�
�

����		
���

3
2181.0)

3
1ln(

3
2)2(*

*)12()11(

nYa
E

n
RY

d
dPk nn �


��

�
�
�

��

�
�
�

��
�
�
�

�

�
�
�

�
�
 
!

"
#
$��	

�
��

3
2181.0

23
1ln

3
2)2(*

)12(*
)22()12(

nR
a

Y
E

n
aRYk

n
nn�



 164

�
�

�
�
�

�
��
 

!
""
#

$
��

��
��

 
!

"
#
$	 ��

�

3
2181.0

)2(2
3exp23* )22()12(

*)12(

naRY
kn

a
RYE nn

n

�

�
�
�

�
�
�

��	 �� )
)2(

*
3
2

3
1

)22()12(
2

nn aRY
nk

n
aYP

�
�

a

4
3

2

2
2 a
R
kaYP )()(

*
��	 �

6
5

2

2
3

3
7 a

R
kaYP

)(
*

�	 �



 165

21
3233

4
2822

/

*
)(])[()(

��

�
�
�

��

�
�
� ���

	
k

RPYRYR
a

��

312135255

27
27

6
2

6
2

//

*
)(

*
)(

*
)(

�
�

�
�

�

�
�

�
�

�

�
�

�

�

�
�

�

�

��
 

!
""
#

$ �
���

 

!
""
#

$ �
��

�

�
�
�

� �
	

k
RY

k
RP

k
RPa �

312135255

27
27

6
2

6
2

//

*
)(

*
)(

*
)(

�
�

�
�

�

�
�

�
�

�

�
�

�

�

�
�

�

�

��
 

!
""
#

$ �
���

 

!
""
#

$ �
��

�

�
�
�

� �
�

k
RY

k
RP

k
RP �

�
�
�

�

�
�
�

�
��
 

!
""
#

$
��

�
���

 
!

"
#
$	

3
24050

2
323 3

23

.
)(

*exp*
RY
ak

a
RYE

�

�
�
�

�

�
�
�

�
��
 

!
""
#

$
��

�
���

 
!

"
#
$	

3
2270

22
1523 5

45

.
)(

*exp*
RY
ak

a
RYE

�



 166

Ra 22 	

R
a

a 2
		

�tan

�

�
�
�

�
�
�

�	 )
6
1ln(

3
2143.1

*
2

YR
aEaYP �

a
kE
2

*
* 	

�
�
�

�
�
�

��	 )
12
1ln(

3
2143.1)

2
(

*
2

*

*

YR
k

E
kYP �

��

�
�
�

��

�
�
�

���
�
 

!
"
"
#

$
	 )ln(.

**
*

YR
kk

P
YE

12
1

3
21431

2

2
�

a
kE
2

*
* 	



 167



 168



 169



 170

1% 2%



 171



 172

 

&% E	
dt
d&'% 	

� �� � %& �
�

�
�
�

�
���	 Tt

EE
/exp111

21

22ET /'	

0(t

&% 1E	



 173

3 2
16 RPEk ** 	

P R

stt 	 � � 0(� Tt /exp

&% �
�

�
�
�

�
�

	
21

21

EE
EE

31

4
3 /

�
 
!

"
#
$	
E
PRa

31

21

21

4
3

/

��
 

!
""
#

$ �
	

EE
EEPRa

3

2

21

216 RP
EE
EE

d
dPk ��

 

!
""
#

$
�

		


*

*k

2
21

21 E
EE
EE

)
� 1E 2E



 174

� � 3

2

21

21621 RP
EE
EE

d
dPk ��

 

!
""
#

$
�

�		 .*


1E

2E

21

21

EE
EEE
�

	*

 



 175

21

1
2

2

EE

E
dt
d

E
E

dt
d

�

��
 

!
""
#

$
��

	
&%%'

'&

0(t

*	
dt
d%

*	
dt
d&

dt
d

dt
dEE %&

	� )( 21

CEE ��	 &% )( 21

3 2
216 RPEEk )(* �	

vtt 	

0	
dt
d%

� � %
'

&
'

& 221
21

EEE
dt
dEE 	��



 176

C
E

�	 %&
1

1

C

3 2
16 RPEk ** 	

3 2
1621 RPEk *.* �	



 177



 178



 179

Flat Punch 

Probe  Hertzian 



 180

Body Revolution  Flat Punch  



 181



 182

(a) 

(c) (d) 

(e) 

(b) 

0 1 2 3 4 5 6 7 8
10

15

20

25

30

35

40 Flat Probe (small)

 Epoxy
 Lead
 Indium

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

20

30

40

50

60

70 Flat Probe ( large)

 Epoxy
 Lead
 Indium

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
10

15

20

25 Sharp Probe #1

 Epoxy
 Lead
 Indium

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
25

30

35

40

45

50

55

60

65

70
Round Probe

 Epoxy
 Lead
 Indium

Applied Load [�N] 

0 0.5 1.0 1.5 2.0 2.5 3.0
5

10

15

20

25

30
Sharp Probe #2

 Epoxy
 Lead
 Indium

Applied Load [�N] Applied Load [�N] 

Applied Load [�N] 

Applied Load [�N] 

K
*/K

c 

K
*/K

c 
K

*/K
c 

K
*/K

c 

K
*/K

c 



 183

(a) 

(b) 

(c) 

(d) 

(e) 

B
ef

or
e

M
ea

su
re

m
en

ts

A
fte

rM
ea

su
re

m
en

ts



 184

(a) 

(b) 

(c) 

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

Applied Load [�N] 

Applied Load [�N] 

Applied Load [�N] 



 185

(c) 

(a) 

(b) 

Applied Load [�N] 

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

Applied Load [�N] 

Applied Load [�N] 



 186

(c) 

(a) 

(b) 

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

Applied Load [�N] 

Applied Load [�N] 

Applied Load [�N] 



 187

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

Applied Load [�N] 



 188



 189

(c) 

(a) 

(b) 

Applied Load [�N] 

Applied Load [�N] 

Applied Load [�N] 

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  



 190

(c) 

(a) 

(b) 

Applied Load [�N] 

Applied Load [�N] 

Applied Load [�N] 

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  

C
al

cu
la

te
d 

El
as

tic
 M

od
ul

us
 [G

Pa
]  



 191

(a) 

(b) 



 192

Applied Force 

Modulus 

Free 

Hertzian N=2 

Flat Punch 

N=3 

Load to initiate fracture 

Actual 



 193

Hydrostatic 

� 

Perfectly Plastic 

Elastic 

a 

c 

Cone 



 194

Hydrostatic 

� 

Perfectly Plastic 

Elastic 

a 

c 

Sphere 



 195

Hydrostatic 
Perfectly Plastic 

Elastic 

a 

c 

Body Revolution 
� 



 196



 197



 198



 199



 200



 201

(b) 

(a) 



 202

t1…..(n-1) 

�1 

�2 

� 

t 
0 t1 tn 



 203

Shift 



 204

k*(t) 

L 

L1 L’ 

 

Es    �s 

E1 
� 

Kelvin-Voigt 

E1 

E2 
� Delayed 

Elasticity 

E1 
E2 

� 

Standard 

Liner Solid 



 205



 206

Standard 
Linear 
Solid 

Delayed 
Elasticity 

Linear 
Spring 

El
as

tic
 M

od
ul

us
 [G

Pa
] 



 207



 208



 209



 210



 211



212



213



214



215



216



217



218



219



220



221



222



223



224



225



226


