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A b s t r a c t . T h e s u r f a c e g o f c a r b o n l l o P G , s e l a t e d p o l y r n e r s '
; f ;S;" i .n"  and var ious hardeners l tere charácter ized'  The

",r r t """  
energy r¡aa descr ib '€d in terms of  polar  and dispersive

su r f ace  ene rgy  comPonen ts .  Z i sman ' s  c r i t i ca l  gu r f ace  ene rgy

for  neEEing l ,as predictable f ro¡n che surface energy comPonents '

l lor¡evert  sur face energy of  eur ing reslng cen noE be predicted

f .ou resln and hardener gurface energies '  Ttre cur ing agent

l s  t he  c r i t i c s l  f ac to r  l n  d i c t aE in t  oe t t i ng  o f  epox ies / cu r i ng

agent ayatems.

The surfece topography of  PAN precuraor

carbon f ibers does not  e igni f icant ly  d i f fer  o i th

increasing f lber nodulug when observed v ich SEI '1

aB l0,0O0i  or  less.  l lowever,  h igh nagni f icát ion
- -Oe ,óOOx  (TEM rep l i cas )  r evea le  t ha r  f i be r  su r f aces

geE ;úooche! v i th increaslng urodulue,  and rougher

i i t h  s , r r f a . e  ox i dac ion [1 ] .  Add i t i one l l y ,  t he

proport ion of  the f lber surface shich is  baeal

i l . " i "  i . r " t " .ses s i th f iber modulus '  Consequent ly '

wet t ing ¿nd adheeion by reelns Eo surface of

f lber ¡ ¡ i1 l  be exPected to become Poorer u i th

i i . t " . " tog f iber ¡oodulus '  The basal  p lane of

IIOPG r¡ae ised to simulate ¡he gurfaces of Hll

carbo¡¡  f ibere.  However,  HOPG eurface i8 not

úonoenerget lc  es lE can consist  of  bagal  p laoes

and  edge - ,  F i g .  1 .  D lo reove r '  se t t i ng  o f  t h t s

type of  surface depende on úore then just  the

. " i f o  o f  bag¿ l  ! o  edge  a i t es ,  beceuge  t he  ve t ¡ l ng

ch¿raeter is t ic .  The alm of  th lg paper is  to

describe the surface energy comPonents of I{OPG'

epoxy resinE'  cur lng agents and e model  f rom

predlct ing thelr  cr i t ical  sur face energy'

The contact  angle of  waEer '  fornamide,  methyleoe

lodide'  ethyl 'ene glycol  and aeveral  o lher l iquids

of  knor¡n surface energy l tere measuled on Ehe

baeal  p lanes of  I IOPG, inmediately af ter  c leavage'

For córnpar ison,  s imi lar  neasuremenrs r¿ere carr ied

ou t  on  po l i " l " a  gu r f aces  (0 .05v r  A1203 )  o f .  PTFE '

polyethytene,  polycarbooate,  polystryene, PMMA'

i o  p ro " i a .  a  se t  o f  ca l i b ra ted  so l i d  su r f aces '

The surface energy of  var ious epoxy resins and

ha rdene rs  we re  ca l cu l a ted  f r om we tE ing  s tud ies

on  t t t e  ca l f b ra ted  l u r f aces .  F i na l l y ,  nad i c  ne thy l

anhydr ide (NMA) end dodecenyl  guccin ic anhydr ide

(p¡Él)  wet.  cured v l th d ig lyc idyl  echer of  b ispheuol

A (Epoo g2g*) ,  d ig lyc idyl  ether of  Novolac (EPon

152*) ,  .cycloal int rg¡ i1 
resin (cYl79**)  anC 

i ' . : i ¡5tñr lv-
c t dv l ' de í i va t t vé  o f  ! ¡ e t hy l ene  d i an i l i ne  (A

72}; t i  v i th benzyld inethylarnlne (s¡uA) as catalyst '

Eo observe the ro le of  the cur ing agent and the

inf luence of  epoxy hardener rar io on the Physico-

chemical  ProPert ies of  ePoxies '

Ttre polar  and diapersive coúPonents of  the

polyuere áe t l .  basal  p lanes of  HOPG were evaluated

iron the s lope and intercePc of  the geoneEric

oean model  o i  Fo¡¿kes-Kaeble-Young-DePree re lat ion-

s h i p [ 2 ] :

l " Í t i : :q l  -  ( , .d)r /2 = (Y) ' / '  ( r"o)1/ '
2  Qrd ) r l z  YLo

uhere v-  18 the gurface energy of  the con¿act ing

l i qu fd ,L ' y "d ,  Y ¡P ¡  Yed  v -P  and  t he  d i sPe rs i ve  and

polar  surtace enerty iot fo, t t t t t "  of  the- l iquid

and sol id resPect i ;e ly.  The value of  the surface

u""rgy of  Ehe basal  surface of  HOPG agree v i th

chos !  ob ta i ned  by  D rza l ,  f o r  HMU ca rbon  f i be r s [3 ] '

Table l .  The dispersive cooPonenE of  surface

-# ^,..n,.,,

w.lih¡ ol .S¡{.. CrY¡tol Grqh¡f'

Schenst ic  of  the basal  p lane and edges

of ltOPG.
F i g .  I
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Table l. Surface Energy of Graphltes
and PIFE (20-25"C)

Table 3. Surface Energy Components of Anhydrlde
Cured Epoxles.

I rd(",stc-' )l /1",e/c.' )l 7t{erslcm2 } lE¿ffiSiJSi
Disperslve

SIJBSTRAIES Coúponent
Polar ToLal  Surface

Conponent Energy

TIOPG
(20-25'C)

PT¡.E
gltu*

2 0 ' c  v . T
300"c  v .T

HMf¡'t
2 0 " c  v . T

3000c v.t

l ro.r ,r . ,  |  ' . r . r .0. ,  I
l20.  

8r0.  o1 l  0 .  0510.011

1 3 3 . 0 ! 1 . 2  |  8 . 1 r 3 . 0  |

l 32 .o to .e  |  
7 .410 .e  

I
1 2 8 . 2 r 0 . 3  |  2 0 . 4 r 4 . 0  |
l 30 .2 ro .4  |  12 .811 .7  |

4 7  . 4 ! t t . 3
2 0 . 8

4 1 .  l t 3
39  .  410.  9

4 8 .  9 r 4  . 0
43.4 !L .7

0 . 9 6 8 6
0 . 9 9 3 8

DDSA. Cure

cY-l79
( 85-100phr)
r'fY-720
T63IIo-ozpt¡r)
Epon-828
(130-14Ophr)
Epon-l52
(104-144phr)

NUA. Cure

&-t79
GTTprrr)
l{f-720
I32lFopt")
Epon-152
( 77-89pt¡r)

2 9  . 2 ! 0 . 6

2 6 . 2 ! 1 . 2

2 . 9 ! 0 . 7  3 . z t L . 4

3 . 5 ! 1 . 4  2 9 . 8 ! 2 . 6

5r-r-a1,etA:, Carbon, Vol 17, pp. 375-352 (1979)

energy for  the basal  region of  EOPG 18 insensi t lve
to gurface t reatmenEs. The polar  cooPonent cen

be aodl f led readl ly .  Ihe surface energy components
of  epoxy reglne and hardeners ar€ presented

in Table 2.  For mixed epoxy reelns and hardeners,

Table 2. Ttre Surface Energy Components of Sore
Epoxy Resins and Tt¡eir Curing Agent
a r  20 -250C .

3 0 . 1 1 0 . 6  2 . 5 ! 0 . 7  3 2 . 6 ! 1 . 4

2 7 . L ! r . z  2 . 3 r 1 . 5  2 9 . 4 ! 2 . 7

3 4 . 3 ! L . 2  1 0 . 2 1 1 . 4  4 4 . 4 ! 2 . 6

3 5 . 5 t 0 . 7  9 . 2 r 0 . 8  4 4 . 6 1 1 . 5

3 4 . 3 r 0 . 8  7 . 8 1 1 . 0  4 2 . L ! L . 8

á - ¡ ¡ ¡ a a t r
ESTIXATEO CRITICAL $fiFACE ENERGY Erglrq.o

2 Compar ison of  Zisman's Cr l t lcal  Surface
Energy y6 and est inated gurface energy
of  var ious polyners.

o f  l i qu i ds ,  t he  ex t r ap l l a t i on  p roduces  un ique
values of  cr i t ical  sur face enrgy.  When a non-honro-
geneous  se r i es  o f  l i qu i d  a re  used ,  t he  ve lues
o f  1 .  a re  no t  we l l  de f i oed .  Fo r  a  su r f ace  euch
as Sraphi te,  s i th local  var iat lons in edge and
baaa l  r eg loae ,  1 "  exh ib i t a  even  more  scac te r .
Slnce rret l ing of  f lbers by resins is  neceseary
for  naklng good conposi tes the re lat ionship betveen
neEt ing and y"  is  impor lant .  Energies of  the var ious
epoxy and non epoxide polyners ¡¡ere observed
to be betrceen the dispersive component and the
to ta l  su r f ace  ene rgy .  S taE i sL i ca l  ana l ys i s
o f  t hese  resu l t s  i nd i ca te  t he t  yc  can  be  ex f i essed
as a l iner  combinecion of  the dispersive and
polar  components of  surface energy,  Fig.  2.

EPOXY DispersÍve

RESIN Coapoeqtg
e rg - ca  -

EPON-828 35.  r
E P O N - 8 7 1  3 1 . 6
EPON-15 .2  40 .2
cY -179  24 .4
I ' lY-720 28.2

Cur ing Agentg

Dle ¿hylenet  r iamine
DTA 27

Nadic llechyl Anhydride
Nl'rA 30. 7

Dodecenyl  Succinc
Anhydrlde
DDSA 29.8

Po la r

CoEDonent.  - ,
erg-cE -

1 6  . 4
5 . 7

1 1 . 7
1 9 . 3
25.2

Surfece

Energy-,
erg-cr! '

5 l . s
3 7 . 3
5 1 . 9
4 3 . 7
5 3 . 4

che surface energiea of  the cur lug epoxies (Table

3) bear ¡o re lat ionship to the volume fract ion
of  the gurface e¡ tergy,  coDPonents of  lhe resing
and hardeaers. Tt¡e surface enerty of the curing

ágent is  the cr i t ical  faetor .  For exanple,

all DDSA epoxy lrystems have about the saue value

of  polar  and dispersive comPonents l r resPecEj.ve

of  anhydr ide epoxy rat lo.  l lh i le th is lndicateg

the fuci l icy of  etEenpt lng to use the volune

averaged surface energies of  resioe and hardeners

to est iDate the netLing behevior ,  i t  does PoinE
out r rhen adaorpt lon is  occur ing.  Consider ing

that  the polar  groupe on carbon f iber eurfaees
have been shown to be predominantly carboxyl
and phenol lc [4] ,  rc is  oot  surpr is ing thet  anine
cur ing agenEs s!rongly interact  v l th Ehese grouPs.

Zig¡ren[5]  has shoen for  1o¡¡  surface energy

sygteBs the cr f l ical  gurface enerty '  Ys,  for
wett lng can be obtained by extrapolat ing the
megaured contact  angle of  var ious l lquids lo
perfect  ¡ tect íng.  For a predomlnant ly d ispers ive
type surface like PTFE and for houogeneoua seriee

14.6
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Thig re lat ion cao be convenienEly expressed
a s ¡

y c  ' Y s d  +  l / 2  1 " P

Lio .¡" + .¡d

Y P + o

he dl .spers ive ioteract lon r¿i11 always be fu l ly
operable.  However,  for  a randomly or iented
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oolecul .e n l th a const f tuenE polar  group,  f ree
roca t i on  i s  aeve re l y  r eg t r i c t ed .  Hence ,  po la r -po la r
l n t e !¿c ¡ i on  e i t h  a  con tac t i ng  l i qu i d  r¿ í11  be
cons ide rab l y  l ess .  T t ¡ e  sc reen ing  e f f ec t s  and
the  i nab i l l t y  o f  t he  mo lecu les  a r  t he  so l i d
su¡face at  lorr  ceDperetureg,  to reor ient  themselves
to Ehe deglred conformat lon in response to the
contact ing l iquid nay explain why only hal f
the value of  the non-dlspersive components is
required in che polyrner gurface energy.
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