FHHAL ST

CFRP BgA9 3343 et

PkE g v B4

=




A g FSHAAL S

20044 12H

r-{n




Abstract

ap}

i)

A7 A

Fol

2.1 vt

o

2.2 TR o]

12

31 A8A=

- 13



.........................

------------------------



Friction and Wear Characteristics of a Carbon Fiber Reinforced

Composite against Lay-up Orientation

Young-Kuen Choi

Department of Control and Mechanical Engineering,
The Graduate School
Pukyong National University

Abstract

Recently, there has been remarkably growth in the large-scale industrial
application of plastics and fiber reinforced/polymer matrix composites. The
features that make composites so promising as industrial and engineering
materials are their high specific strength(strength/density), their high specific
stiffness(modulus/density), and the opportunities to tailor materials properties
through the control of fiber and matrix composition and fiber orientation
states through processing technology. In addition, parts made from these
materials have the ability to dampen shock and vibration, provide corrosion
protection, and operate with little or no maintenance, making them excellent
materials for the aircraft and aerospace industry, chemical industry,
automotive industry, etc. Furthermore, application of polymer composites are
found in mechanical components such as gears, cams, wheels, impellers,

brakes. clutches, seals, conveyors, transmission belts, bushes, and bearings.



In most of these services, the materials are subjected to different kins of
friction and wear, mechanical stresses and various environment. Particularly
the friction and wear i1s a very important factor influencing the mechanical
behavior of polymer composites.

This paper i1s the study on dry sliding wear behavior of unidirectional
carbon fiber reinforced epoxy matrix composite against lay-up orientation.
Test is investigate the effect of the lay-up orientation, surface roughness of
friction counterpart, fiber direction, load and sliding velocity when
circumstance continuously at 21C, 60%RH. Pin-on-disk dry sliding wear
tests for each experimental condition were carried out with a carbon fiber
reinforced plastic pin on stainless steel disk in order to search the friction
and wear characteristics. Under each conditions, the friction coefficient of
composites and the specific wear rates are measured. The wear rates and
friction coefficients against the stainless steel counterpart processed were
experimentally determined and the resulting wear mechanisms Wwere
microscopically observed. The effect on friction and wear behavior are
observed differently, according to various conditions. The fiber destruction
and cracking caused fiber bending on the contact surface, which was
discovered to be dominant wear mechanism. When sliding took place against
counterpart, the highest wear resistance and the lowest friction coefficient

were observed in the [0l lay—-up orientation at anti-parallel direction.



=
s

A1 A

K
or
£
o
4A4r
Mo

)

—_—

o

Al

)
=

e

Aem oA

A
K
el

o

o

#o] TfEe]

s
o

!

2

i)

e}

_ﬂ_
o

tg—

Ao QA7)
o.

2

o =

s

1
o
.6H

folJ

ell

A
il

o o

1

Ao

9. 5 747 o)

84 ek

[
H

Agole BgAsctn

=

5

H o]

Ef ol A =

Aoz B Bjdd3 AR =3

o)
AN 1o

v

A

<0

)=
LU

Re]

;oH

ol
i

o

Hr

ol

]_

100

I
—~

bl
ol

4 A Fol7] W&ol

H

4

|

%

i

.

;OE

N
i

A

dHlE &

bl A2 o)

X

b AEzA T

3
pol

BRAT7E AL 0ol 747 diZell, ol 7

Wslol] wal =77} ws)

Az x|

ol
o

Hp
-

ohy
N

ol

R P i B K R e

=
=

Az e Zgol(ply)gt

o] Ab&H T

vl
153

N

@ dH=

3
3

X

L
T

A

=
w
No

iR

Zo

-

1
H

,umo



ey
No

Jol Hx

(o]

=4

o] 7HA 2 FEHAY 2 FTAAT o
ANzl BAgke] o

o

o4

=

i

3}

of A7+4d

.—OT

7he g

el
B

E
o

o}

w2}

GFRP(glass fiber reinforced plastic)® CFRP(carbon fiber reinforced plastic)7}

Qurgoz gl 9}

Aol

7 8}

A} 5] 0} 7] &=

fu—

1

ANE

ol
iy

=
ﬂmo

AARE Rob B b AY, AN, 45H

oA o] &=

ol gl
|85 31 o

o

o8

Tsukizoe®} Ohmae®” 22T Sungd

A7 RaE o

—_—

sv s s A4 v gAR vhEehe

<

ol
M

5

o

!
¥ -2t] 2 F(pin-on-disk) WFEAF A dH o] E

o o] &3

1=
o

€

s A=

n} 2 ) o] ¥

_)_(;)_
o

=5
[€)

sttt Guicciardi

s

Eis

}

A
pul

=]
R



o ol 4] o]

1
=4

l9t}h Giltrow$d Lancaster” = o}

)

AT

3t

o

1

of

—
o

]

}99t}. Shim 57

S

uzel
_Z__v
o

Bk
o

—_—
file)

N
AJn
ol
K

B
HH

B

—_
o

i

.
fils)

iji]
iw

B

—_
o

B!
e
ol
100
go
M)

o ATzl A Dojibi

IR
=t

A

|

Eatll

i)

vzl

X

B

gt} Suh9t Sin®e Wb

=13
21

[e]
Ae

N

=13
o

el
e

go
N+

pjy
umo

wir

o

.
uuo

ylo

=}

M1y Age EPE7E

—~
fite)

N
L

of e

&l

}9t}. Friedrich 5”&

S

Jo] 4~6277} lrhx

ol

1] A

b oF o A o

AP(anti-paralleD)

op 27 4

o

N
Nlo

7

—
"o

el
B
Br

o

Nfo

--—

o

o)
<0
o

T
Mr

]

vy BRI SiCAA A7l tEiE AT

< -
-

\o}.

ol 4

] P(parallel) =

S

o, &

FAlo] )

%

Fo) 2 AP(anti-paralle]) Hr8Fo] A o] E

=]
LIS



so wel CFRP 2 g4ae 7

HOL

=
1 0

FA R o3

k<
H

=Fo 4= CFRP &

£

o

o
!

et w2 A

STS304)

h=1}
PaN

F(friction)

=

23 sto] o

<3l

o
=

At ] 7 (SEM)

‘_'Z__
.

a3

!

1} 2 (wear) 548 H]



lo]

=t

2.1 v}

W

o
wr

ﬂo

)

™

)

ofj 117 o]

she

R4

SACRRIESESY

2ol 2}

=z
=

2 ol wapa dAe A

o}J

ofp

ojut Azel N

ol

el
il

R
A

o

)

No
25

g

N
e

M

it

)

I =2 =] F A

o ¢

fite)

oW

)

1
Aol

A

5

=
K3

5

—_
fite)

el
N

e

—

e}

gl

0

i

ol v =] 7}

71 A A

QN 5te]

o

2

s}

Ton

w
oo
i
i
e
ol
i)

Uzel

i

"



vhef| 29 A (van der waals)

bl

Rhopuizt 2

HY
o

)

SO
oI TR

1

=

|

[e]

3

A~
o =7

(

!

of
nE
No

o

o
i

i~

B

ol
puy)

b %ol

=

w1 6}

1=K e]
R L

3

Ey

SRR

Aol th.

s

—~—
file)

)
e
)
‘ﬂo
=0

&

g]

‘&O



fEt gwel AN AFE MY dAE0] AEWUAA ojgHE @4
oz AeHu, RE A AN BriuaA BAHE Agolr. o
owE £ 24 WA M2, Hek(racture) ¥ SeHH 45 IE So| oy
A ad. aEu gREe) A% sjus @ b fddl oaa AHE Aol
ozt of# 7HH flslo] BgA o Agatel e f.

mel FHab

0
o

il

#ol 2 (adhesive wear), A2l 5 (abrasive wear), U5 v}

olo

Y (fretting wear), 3 20} (fatigue wear), 22 vl (erosive wear), 3}8F=n}5
(corrosive wear)7} 1t} &&= FHo| HEslo s S T o, F
FHel AARE o] EAE = 9™

o
Woziy ol dojn tex Fe vteg wav $AvrAD v A}
3]

Sz dEgHEEe] Y wprRWHo $ol(holes), S FZH(scales), A B9

H & (transferred materials) ¢ YeEbdT dA2mie = AZT gdigt ol

e5ol  AHAAYW  wuy  mdHdiE  uad

r&l
3,
O
=
Q
(@]
[t
=
joo ]
°
3
k>
Bt
e

(microcracking), P14 74 7] & (microplowing) 5 H%23< g3}Eo°] YeE

Fd f7 2L A7 (plowing)ol] 93t Aoz AztEt)



Z]
H

A d o dojyA B

ok ) 2}t

e

Mo RRE g

REES:

o
ANEs Hod

Z 9

=

o}
c1

B
e
| fv

= ol A
R = 3

2 7131 F
wWol X 24 H ol

N

it

e

8

‘]

o
L5

Ft. o

o5 FAvl R (fretting Corrosion)&#til 28 %] 7| =
[}

QD S R

A

)

A

wE e

L=

Al 4 A

oll %

-4

[e)

T

=

=

sto] mhell 1o

s

s

[}

of
o <]

A
“r

< (crack), ¥ W ol(dimles), ¢ AH(particle) 5°] et
il

i
Lt
s

of

Tor

oY
Hylg=2olt},

52 gol vhuz
1=}

J

X %

[}

A 72 €]

1

°
pud

9

=
=

A Aol o

==
=

g3 AP A
o]
H

Witel sstHe 440w A

kY2
3t

1

voF,
MjutR g o] Bel o gl

+ A%

&1 vlRuta} Q) z}(particle)ol 3

5
A4t

Am

s

)

4s 24
w

.
file)

=)

ol

Nlo

_10_



A~z A7 A am'e Be3 2o

Am = dhAp (2)

Ar5er ARe] &gl Ax Alnel

\~l_

ALYz A7 Aldz AdAe 5w Ale]e mpateEle Ea-2oA
(torque-loadcel D)2 d&H o2 AAZXH U AZvkZe Amonton-Coulomb

WA Hgstd hAASFYE ey ol AMET

"’1

f

“=F 3

AN i EAS, F,e $48% Fi 249 vz

m{o
_L
jﬂ,
r&
%1

-11_



ox
o
fr
£
N
=
32
°
s

& 2 A3 28" gdaxdfE I

AT gadfolt. B8 AEE Aty date Ty ag 3w
hot pressel A 7+& - 7tfste 7 8}

AlA 45mm FAY #Hor AxT F APAV|E At st Az
A& CFRP Ty 1E 250mm x 250mme €43 a7|2 dd 3 & AHE
Hakell wet 48F 2tol(ply)E A FEAT F3L 4ZH oAMECR AFHEY
om o]PAE Tl TF EESAUTHEFFHE KFIG oA E=1:100). 1 &

FdE Zo2 9ol ¥& F Figld 2

ol 7+, 7hetstel AsA A Tt
Baa) 3o rlololZs Boz zAAHA G F oL Axy Fe

450 DPH(0ka), (/900 [0/45/90) 35 FS AH&3tach 7 Wl
A AR [0 ASelE vime wEe Bd, Az, £4 37442 A A
AR, [0/90] 9 [0/45/90):9) 3-Fo1= 242} & gFozy Agatant.

Fig.2t Ame 38 842 dehd Holdh

_12_



Table 1 Properties of various carbon fibers

Tensile Youg's Mass per Unit Density
Fiber type |Strength(| Modulus | Elongation Lengtrh tex ( /cm“j
GPa) (GPa) (x 107 g/m) &
High strength 4.90 230 2.1 300 1.80
High strain 441 295 15 750 175
modulus 461 390 1.2 600 1.82
High modulus 441 450 1.0 430 1.85
18
160
R
T 1
jun) L
§ @
® O r
o
e &
D)
= Q-
m L
0
0 0 & D 120 190
Time(mn)

Fig.l Cure cycle employed for carbon fiber/epoxy matrix.
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Fig. 2 A part of specimen of CFRP composites.
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Table 2 Chemical composites and mechanical properties of used

counterpart
STS 304

Chemical C Si Mn P S Cr Ni
composition

(wt. %) 0.08 1.00 2.00 0.045 0.03 [18.0~20.0| 8.0~105

Tensile i
Elongation Hardness Roughness

Mechanical strength

properties

520 39 196 0.05¢m
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Weight
-nv-"'""—’
Arm
Torque load cell
\ /'/

Specimen . Holder

! " Counterface

| Disc

Fig. 3 Schematic diagram of pin-on-disc test apparatus.
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Disk

Fig. 4 Dimensions of the disk.
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Table 3 Average friction coefficients and specific wear rates for each sliding

conditions after 4 hours

Condition Fiber orfentation Specific? wear rate Fric'ti‘on
P(N) v(m/s) (x 10 " mm"/N) coefficient

[0l2as N 7.11 0.24

[0]ss AP 3.33 0.14

12 0.6 [0l24s P 5.10 0.20
[0/90]2s 4.20 0.16

[0/45/90]ss 5.20 0.20

[0)2ss N 7.26 0.24

[0]2sc AP 3.80 0.17

24 1.3 [0l P 59.23 0.20
[0/90]12¢ 5.33 0.20

[0/45/90]ss 6.13 0.21

[Oloss N 7.50 0.25

[0loss AP 3.31 0.14

36 1.9 [0l24s P 5.33 0.20
[0/90)125 555 0.19

[0/45/90]ss 6.33 0.21
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[ Specific wear rate  —e— Friction coefficient

=

S 10.00 0.3
£

S 800 | 1025
(@]

- 102
X 600 |

9 - 015 o
© 400

® - 01
GBJ 2.00 |

o ° 1005
T oo 1 o
o o

n

O(N) O(AP) o(P)

Fig. 6 Specific wear rates and friction coefficient of the carbon composite as the

lav—up orientation at P=12IN, v=0.6m/s tested on a pin-on-disc device.
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1 Specific wearrate —e— Friction coefficient |
| —

g;z~ 10.00 0.3
z

o 800 1025
o
— 102
X 6.00
3 - 1015
E 400 _
© 101
g
: 2.00 { | 005
2 |
Q  0.00 | , 0
n

O(N) O(AP) o(P)

Fig.7 Specific wear rates and friction coefficient of the carbon composite as the lay-up

orientation at P=24N, v=1.3m/s tested on a pin—on-disc device.
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1 Specific wear rate  —e— Friction coefficient
£ 1000 03
£
(?E 800 | ‘. 1 025
= 102
X 6.00
9 1015 =~
S 400 -
i 101
2 200
s “ 1 0.05
8
Q@  0.00 0
» o(N) 0(AP) o(P)

Fig.8 Specific wear rates and friction coefficient of the carbon composite as the lay—up

orientation at P=36N, v=1.9m/s tested on a pin-on-disc device.
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—1Specific wear rate —e— Friction coefficient
z
& 1000 0.3
E |
E g0 | 1 025
o
v~ 1 0.2
X 600 /
L 1015 =
® 400
@ 1 0.1
2
: 200 - | 0.5
9 |
(% 0.00 0

0/90 0/45/90

Fig.9 Specific wear rates and friction coefficient of the carbon composite as the layv—up

orientation at P=12N, v=0.6m/s tested on a pin-on-disc device.
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[ Specific wear rate —e— Friction coefficient

£ 10,00 0.3
£

E g0 - 1 025
— —e

<~ : B 02
x 600 | .

P | 1015 2
S 400 ¢

® 101
2 200

o T 1005
=

(&}

@ 000 0
» 0/90 0/45/90

Fig.10 Specific wear rates and friction coefficient of the carbon composite as the

lav-up orientation at P=24N, v=1.3m/s tested on a pin-on-disc device.
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- [ Specific wear rate  —e— Friction coefficient

=
£ 1000 0.3
S
1025

w 800 |
o
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Fig.11 Specific wear rates and friction coefficient of the carbon composite as the lay—up

orientation at P=36N, v=1.9m/s tested on a pin-on-disc device.
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Fig.12 Specific wear rates and friction coefficient of the carbon composite as the lay-up

orientation at P=12N, v=0.6m/s tested on a pin-on—disc device.
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Fig.13 Specific wear rates and friction coefficient of the carbon composite as the lay-up

orientation at P=24N, v=1.3m/s tested on a pin-on-disc device.
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Fig.14 Specific wear rates and friction coefficient of the carbon composite as the lay-up

orientation at P=36N, v=19m/s tested on a pin-on-disc device.
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Fig.15 Micrographs of the worn surface of the composite tested on a pin-on-disc
device against lay-up orientation [0]o(N) at P=24N, v=1.3m/s.

Fig.16 Micrographs of the worn surface of the composite tested on a pin-on-disc
device against lay-up orientation [0]u(AP) at P=24N, v=1.3m/s.
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Fig.17 Micrographs of the worn surface of the composite tested on a pin—on—disc
device against lay-up orientation [0]2(P) at P=24N, v=1.3m/s.

Fig.18 Micrographs of the worn surface of the composite tested on a pin-on—disc
device against lay—up orientation [0/90]2s at P=24N, v=1.3m/s.
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Fig.19 Micrographs of the worn surface of the composite tested on a pin-on-disc
device against lay-up orientation [0/45/90]s. at P=24N, v=1.3m/s.
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