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~ Second , attempts were made to reinforce the lIME resin with three fine l y

d ivided fill ers: Vulcan 9A32 carbon bl ack , HiSil 233 hydrated silica , and
HR- bOO polyimide resin. However , these fillers severel y degraded composite
str engths. )
(
Low profil e modifiers , developed to reduce cure shrinkage in p o lye s t e r

les~ ns , were evaluated for this purpose in the tIME res i n  s y s t e m  l,ti t were
i otind to be incompatible’.

)

It is unlikely that all of the many approaches to form primary chemical
bonds between the HME matrix and graphit e fiber failed , yet no si gnificant
improvement in SBS was achieved over untreated fiber during this program .
(‘he possibility that a low cohesive strength in the 1(MF matrix was the problem

briefly explored using fillers , also wi thou t  success. ~formulary vari ati on~
(under Contract No. F31615—760C—5169), coup ling agents , an\ fill ers all failed
to affect SBS strength which indic ates t h a t  t h e  H M E / g r a p h i t ~ larn i l a t e  pro-
perties cannot be easily improved. \
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FOREWORD

This report documents a 4—month stud y au thor iz ed  by Cont r ac t F 336l’~-
77—C—5 124 .  The work was accomplished at Hercules  Incorporated , Racchus
Works, Magna , Utah .

Preparat ion of this report is authorized under data item 002, Sequence
No. 3 of the data requirements list in the contract. The contrac t was
issued to Hercules by the Air Force Material Laboratory, Air Force Systems
Command , Aeronaut ical Systems Division , United States Air Force , Wrigh t
Patterson AFB, Ohio. The Air Force Project officer for this work was
Dr.  C. E. Browning .
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SECTION I

OBJECTIVE

The overall objec t ive of this program was to develop a system of
coupling agents to improve the matrix—to—fiber bond between Hys ty l Modi f ied
Epoxy ( lIME ) resin sys tems and graphite AS fiber . The goal of the program
was to increase short beam shear (SBS) strengths of graphite laminates to
15 ksi and 900 strain value s to 0.5 percen t wi th the HME ma t r ix .

SECTION II

SUMMARY AND CONCLUSIONS

Two approaches were taken to improve the SBS strength of HME/AS com-
posites. First , attempt s were made to react a number of organo—titanates ,
epoxides , and modified pol ybutadiene (PB) epoxides with reac t ive sites on
the g raphi te fiber sur face and then to reac t , or couple , with the matrix
lINE resin . Epon 834 (a bisphenol A type epoxy resin) , all yigl yc idyl ether ,
and a reac tion product of  C—l000 PB and ERE—1359 epoxy res in produced very
slight increases in SBS strengths of lIME composites when used as AS f iber
sizing . Second , attempt s were made to reinforce the lIME r e s in  with three
finely divided fillers: Vulcan 9A32 carbon black , HiSi l  233 h ydra ted
s i l i ca , and HR 600 pol yimide resin . However , these f i l l e r s  severe l y
degraded composite strengths .

Low profile modifiers , developed to reduce cure shrinkage in polyes ter
resins , were evaluated for this purpose in the HME resin system but were
found to be incompatible.

It is unlike l y that all of the many approaches to form pr imary chemical
bonds betwen the lIME matrix and graphite fiber failed , yet no significant
improvement in SBS was achieved over untreated fiber dur ing this program .
Fonnulary variat ions , coupling agents , and fillers all failed to affect SBS
strength which ind icates that the lIME/graphite laminate properties cannot
be easily improved .

1
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SECTION III

INTRODUCTION

The Man—Tech division of Wrigh t Patterson Air Force Base contracted
w i t h  Hercu les  Incorpora ted  and N o r t h r o p  Cor po ra t i on  f o r :  (1)  The convers ion
of HME r e s in  system from a so lven t—b ased  to a h o t — m e l t  sys t em and ( 2 )  the
development  of a graph i t e  prepreg system based on HME r e s ins .

The new HME resin system has severa l  a d v a n t a g e s  over c u r r e n t  epoxy
sys tems : ( 1)  Very low cost , ( 2 )  extended t a c k  l i f e , ( 3)  low d e n s i t y ,  and
(4 )  l o w — f l o w  low—pressure cure capabilities. One disadvantage of the lIME
res in  bec ame ev ident when l a m i n a t e s  were t es ted . The 1-IME— or PB—based
res in  system does not bond to graphite fibers as well as epoxy resin
systems. This is ev idenced by considerab ly lower mecha n ical prope rt ies
in l aminates such as SBS strengths (9 to 10 ksi for lIM E (PB) systems versus
15 to 18 k s i  for epoxy s y s t e m s)  and in scann ing elec tron microscop e (SEM )
ph o t o g r a phs  which show prac t i c a l l y no adhesion between resin and fiber in
f a i l e d  l a m i n a t e s .

In order  to deve lop  the  f u l l  p o t e n t i a l  of the  HME resi n systems , t h e
in terfacial bond between resin and fiber must be improved . The bond
appears  to be mos t l y mechanical locking . Adhesive bonding may not develop
because of i n s u f f i c i e n t  r e a c t i o n  functionality be tween fib er surface and
m a t r i x  r e s i n .  Adhes ive  bond , on the o the r  hand , may d e v e l o p ,  but debonding
may occur from resi n matrix cure sh r inkage  or fr om v e r y  d i s s i m i l a r  therma l
expansion c h a r a c t e r i s t i c s  between f i b e r  and m a t r i x . At t empt s were made to
overcome these  d e f i c i e n c ies b y develop ing a c h e m i c a l  bonding  i n t e r f a c e  at
the  f i b e r  sur face  and to reduce m a t r i x  sh r i nkage  b y the  use of f i l l e r s  in
the resin .

2
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SECT ION IV

RESULTS AND DISCUSSION

The technic al approach of this program was pr i m a r i ly  to  improv e the
matrix/ti he r bond between lIME resin and AS graphite fiber by sizing the
fiber with com pounds which would chemicall y react with fiber through its
surface carboxy l or pheno l i c  h ydr oxy l groups , and with the matrix through
terminal epoxy or chain vinyl groups acting as a coup lin g agent .

Secondary approache s were made as work pr ogressed . The first approach
was to reinf orce the PB with fillers , as is done with vulcanized hutadiene
rubber products , such as carbon black and silica flour . The second was to
reduc e cure  s h r i n k a g e  of the  lIME system with “low profile ” additiv es of
v i n y l e s t e r s  or a c ry l a t e  r e s i n s , as are used in p o l y e s t e r  r e s ins  for t h i s
purpose . These modificat ions were made in c o n s i d e r a t i o n  for  the  h i gh cure
shrinkage that occurs in the lIME resin system and which could be a prime
cause of no bond or , more prec i sely , bond destruction between fiber and
m a t r i x .

1. FIBER TREATMENT AND COMPOSITE EVALUATI ON

Hercules g r a ph i t e  AS — I f i b e r  f rom Lot 7 8 — 1  was s e l e c t e d  fo r  the
b u l k  of t h i s  work .  Lot 78—1 was as typ ical standard product. The final
e v a l u a t  ion of coup ling agents , or l~1E r e s i n  m o d i f i c a t i o n , was 1 — 1 / 2  inch
wide prepreg tape converted to graphite/lINE composite pane ls. Tape manu-
facturing required nine fiber tows so that each surface treatment , or
sizing, was done on nine tows simult aneous ly .

The general procedure for sizing evaluation is described . The
selected sizing material was dissolv ed in an appropriate solvent , usual ly
methy lene chloride or alcohol/me th lethv l ketonc . Sizi ng p ick— up was
approx imately the same level as solut ion concentration. Fiber tow was
passed t h r ou g h  an impregnator containing the sizing solut ion then over a
hea ted  drum at 3000 F , to flash off the solvent , and then to a respooling
t a k eu p .  The spooled tow was further treated , if r e q u i r e d  for  the particular
sizing , such as being placed in a 120 0 F ho t  room or 2500 F oven , or stored
at a m b i e n t  room temperature . The treated fiber was then impregnated with
lIME 580 3—S 3 r e s i n  at a p p r o x i m a t e l y 28 percent by weight resi n on the 3—inch
hot—me lt tape line and the lIME r e s i n  p r ep r eg  s t aged  at 1200 F for 16 to
24 hours. The prepreg was then laminated and vacuum cured to produce 1— 1/2
inch b y 10 inch t e s t  p a n e l s .  Sp e c i m e n s  from each panel  wer e cut and tes ted
in SBS and in f l e x u r e .  The lIME 5803—53 resin sys tem formulations are shown
in Table 1.

2. END CAPPED PB SIZING

Hy st v l  C— l00 0  carbox y t e r m i n a t e d  PB should be the most compatible
coup l i n g  agen t  for  the  lIME resin system . The lIME r e s i n  is  n o r a m i l y ca rboxy
t e r m i n a t e d  so t ha t  it would not reac t with the fiber surface. The Hystyl

3



C—1000 resin was reac ted with stoichiometric amounts of diepoxides , wi th
sui table catal yst , to yield completel y epoxy terminated adducts. In the
presence of the epoxy/carboxy catalyst , M4C—2 chrome complex , the adduct
was expected to be reacted with the fiber surface.

TABLE I. lIME RESIN SYSTEMS

A. 5803-SO Adduct Parts by Wei ght

C—l000 PB 100

CY—179 Epoxy 25.64

AMC—2 Catalyst 0.15

8. 5803—53 Final  Composi t ion

5803— 50 Adduct 100

C—l 000 PB 48.15

Lupersol 101 Peroxide 6.50

C. 5803—53 Non—Add uct~ d

C—l000 PB 100

CY—179 Epoxy 15.97

ANC—2 Catalyst 0.09

Lupersol 101 Peroxide 5.09

Adducts  were used to s ize  AS f i b e r  in two f o r m u l a t i o n s .  (Re fe r
to Table I for lIM E 5803—50 r e s i n .)  Perox ide i n i t i a t o r  was added in the
one f o r m u l a t i o n  so tha t  d u r i n g  m a t r i x  cu r ing , the m a t r i x / s i z i n g  i n t e r f a c e
would not be deficient in initiator. The second formulation omitted the
peroxide with the expectat ion of leaving a “soft ” (flexible) and partiall y
unreacted boundary layer.

Adducts contain ing the peroxide were heated only enough to remove
solvent dur ing fiber sizing so that perox ide curing was not initiated at
this point. The soft size formulation was treated similarl y and portions

4
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of the sized fiber were also oven heated with the intent of forcing adduc t
epoxy to complete reac t ion with fiber carboxv. Sizing composition and test
results of the sized fiber impregnated with lIME 5803—53 resin and laminated
are shown in Table 2. The slig htl y improved SBS strength of formulation
25— 3 over baselin e control values is not si gnificant .

I- MILl; 2 .  SI ; :  I N C  C0~I I ’ 0 S [ F  I O N  .~NI ’ r I :sr  k’ESI ’I FS
~~~~~ CAM~lI) P0 1 \ ‘ B l ’ T AI ) I EN I  S I Z I N C

Components t -or mula t  ion Number
W t . % N. Q

I I I I

N C-J (N N N
0

____________________ ________ _______ U

C—1000 70.58 7O .~~8 69.60 50.09 75.14

ERE—l35 9 21. 2 3  2 1 .2 3 20.~)3 15 .07 22 .50

AGE -- — -  -— 33 .33 — —
0
z

AMC 2 0.71 0 .7 1 2 .09 1.51 2.26

Lupt �r se 1 101 7 .48 7. -+ 8 7.38 — — — —

A—Add uct A A A N/A

B—M ixed B B N / A

Solution , 0.5 2 .0 0.5 2 .25 1 .2 —-

Extractable
Wt , 0.89 2 .1-’+ O . oS l . lo 1. 48 — —

Reaction Time
Hours 64 ~~ -. I I I ——

Temptera ture ,
55 55 125 125 ——

SBS , ksi 9.9° 9.60 S.°o ~ .5i 11.40 ~ .9l

Flex ural Strength
ksi  2 1 5  205 203 184 I$~ 206
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3. DIRECT REACTION OF EPOXIDES

Alt ernat ives to HME end capped sizin~~s were certain monoepoxides and
low molecular weight diepoxy resins. All y l glyc id y l ether (ACE) was selected
as tie monoepox ide because , in addition to its small molecular size , it
possessed an unsaturated carbon—carbon bond which was amienable to cross—
l inkin g wi th HME resin . Epon 834 and CY—179 epoxy, the latter being an lIME
resin component , were selected for diepoxides. Reaction of all the epoxies
with fiber carboxy was catal yzed with ANC—2 . The diepoxides might be
expected to yield a m inimal coupl ing to the lIME resin through the few carboxy
terminations in the resin. Pr imaril y, these epoxies would produce a “soft ”
or lubricat ing size with mechanical entang lement in the lIME resin along with
some chemical bonding . Elevated temperatures were used to improve the size
coupling to the graphi te fiber .

The results of direct epoxy reaction with AS fiber is shown in Table 3.
Again , laminates fabricated with the sized fiber and FINE 5803—53 resin show
li ttle improvement over control laminates. The reaction between the epoxies
and fibe r surface evidentl y requires elevated temperature to proceed even in
th e presence of an epoxy/carboxy reaction catal yst. Formulation 26—2 ,
AGE/AMC—2 reacted at 50° C , showed no improvement in SBS strength over
controls while 26—1 , the same ACE/ANC—2 run but reacted at 1250 C , showed a
slight impr ovement . A mixture of Epon 834/ANC—2 reacted at 50° C showe d an
equivalent improvement to AGE at 125° C.

4 . TI TANATE COUPLING AGENT S

Organo—titanate coup li ng agents evaluated were of two types. Ken r i c h
Petrochemical TTAC—139BS and GTDM—l33S (Figure 1) were expected to reac t
with carb oxy l or h ydr oxy l group s of the g r a phite fiber surface through
th e isopropoxy and oxyacetate end s , respectivel y, and then to coup le with
the lIME resin through the unsaturated triacrylate and d imethacry late ends.
DuPont Tyzor APt and Tyzor TPT, structurall y dep ict ed in Figure 1 , are
both tetrafunctional in reaction with carboxy and hydroxy groups on the
fiber sur face or with carboxy end groups on the lIME m a t r i x .

Titanium (titanate) anal yses were made on treated fiber by washing
a known amount of fiber with 1 :1 dilute hyd rochl or ic ac id , precip itating
the titan ium with Cup ferron and filtering the preci pitate. The titanium
level in the weighed prec ip itate was then compared to known standards by
X—ray fluorescence.

The reac t ion of the t i t a n a t e s  w i t h  the f i b e r  s u r f a c e  appe ared to proceed
rap idl y from methylene chloride solut ion but very slowl y from alcohol/meth y l—
ethy l ketone solut ion . The extent of the titanates reaction with the fiber
surfaces was uncertain .

Ti t a n i um p ick— up on AS fiber , anal yzed as described above , was deter—
mined after the fiber had been immersed in a 0.02 percent solution of
Tyzor PtA in methylene chlor ide for 30 second s and then immediatel y wa shed

6
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in meth ylene chlorid e to remove unreacted titanate. Titanium level was
0.016 percent by weight . Fiber treated in a 0.05 percent solut ion of
Tyzor AA in ethyl alcohol/methy l eth yl ketone for 30 second s and t h en
solvent—washed y ielded only 1.5 ppm titan i um wh ile ~ 1 hour contac t t ime

y ie lded  49 .6  ppm (about  0.005 pe rcen t  b y w e i g h t ) , s t i l l  very low . E t h y l
a l c o h o l / me t h y l e th y l ke tone  g r e a t l y r educes  the r e a c t i o n  r a t e  of th e
t i t a n a te s .

TA B LE 3 . 517. INC COt~tl’OS IT ION ANt) TEST Rl- :suurs
I) IREC ’I EPOXY / F I Rl:R COIl PL INC

Component s , l’ormu 1 at ion Numb or
Wt . Z

(N .
I I I I I

tO tO tO N. CX)
(N N (N (N N

AGE 90.91 90.91 —— 45 .45 — —

CY—179 —— —— 90.91 —— ——

Epon 834 —— —— —— 45 .4s 90.91

AMC—2 9.09 9.09 9.09 9.09 9~ O9

S o l u t i o n , 4 0 .25 0 . 2 5  0.30 0.30 0 .33

Extractab le
wt.  4 0.04 —— 0.11 0.19 0 . 15

React  ion 1’ [mc ,
Hours  1 16 1 ~72 3

8135, kst 10.20 8.60 8. 90 9 .5 1 l O . 2()

Fl e,~ura1 Strength ,
ksi  207 2 0 1  189 190 197

Fiber  sur  f aces  t r e a t e d  f r om  t i t a n a t e  so l ut ions but  not fo l  t owed by a
w a s h i n g  s t e p  showe d much h i g h e r  l e v e l s  of  t i t a n i u m  as w o u l d  he expected .
Titanates which were at [owed to air dry were no longer solvent so l ub l e
probably due to hydrol ysis to Ti0

2 
or to polymeric titanate s . These high

titan ium levels were flot effective as sur face treatments.
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Figure 1. Titanium Coup ling A g e nt s
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There appeared to be very little difference in titanium , or titanate ,
pick—up between the Kenrich and DuPont titanates if a wash bath immediatel y
followe d s i z i n g . Tyzor  TPT y i e l d e d  h i g h e r  t i t a n i u m  levels  on the  f i b e r
from the  same solut ion leve l , (0 .009 pe rcen t  by w e ight t i t a n i u m  w i t h
Tyzor PtA versus  0 .02 1 percent  by w e i ght  w i t h  Tyzor TPT ) but showed no
improvements  in SBS s t r e n g t h s  in f i n a l  l a m i n a t e s .  None of the  t i t a n a t e s ,
or titanate levels , showed any improvement in SBS over untreated fiber.

5. RE INFORC ING FILLERS

One of the d e t r i m e n t a l  p r o p e r t i e s  of the  HME resin system is its high
cure shrinkage . This could cause matrix/fiber debond ing if an initial
bond was present . Mother property is  the inheren t  b r i t t l e n e s s  of a h i g h l y
crossl inked matrix. Since the PB resins are similar to vulcanizable rubber
polymers , it was expected that they might also be reinforced and shrinkage
red uced by addi t ion of reinforc ing fillers , such as carbon black and silica
flour. Cabot Vulcan 9A32 carbon blac k and PPC HiSil 233 hydrated silica
were selected as fillers to be evaluated . In addition , a finel y divided ,
iisoluble polyimide resin , HR—600, was also evaluated . This latter resin
has terminal carbon—carbon unsaturat ion in the molecular structure , w h i c h
could poss i b l y react with the FINE matrix through the surface unsaturated
sites.

The fillers were milled into a resin mix formulated to the same com-
ponent ratios as HME 5803—53. (Refer to Table I.) Multi ple passes on a
three roll paint mill gave very good dispersion of the fillers. Prep reg
tape was then manufactured and the resin staged at 500 C.

Characterist ics of resin filled with carbon black and silica were
such that the filler content had to be reduced from an initi al 25 percent
by weight to 15 percent by weight to prepeg properl y. The HR—600 resin
was used at 25 percen t by weight loading . There was some tendenc y for
the HR—600 resin to be filtered out by the graphi te fiber hut not with
the carbon black and silic a fill ed res in s.

Laminates prepared from the prepregs were of very poor qualit y . The
carbon black—filled resin appeared to he only partiall y cured . Very
probab l y the peroxide curing agent was either absorbed or deactivated by
the carbon black. The silica and HR—bOO cont ain ing systems cured well ,
but the laminates were high in voids and the resin showed very poor flow .
Fillers were calculated to  be a part of the total resin content , and thus
the laminates may have been too low in li quid resin.

Laminate SBS strengths were less than half that of controls. Strength
loss cou ld probab ly be attributed largel y to poor quality laminates.

6. LOW PROFILE-SHRINK REDUCING ADDITIVES

A number of resinous additives have been developed for pol yester
chemistry to reduce or eliminate the high cure shrinkage inherent in the

9 

-
-

-~~~~
.
~~~~~~~~~~~~~~~~ ~~- % .-~, -

• 



- 
- -

~~~~~~~~~~~~

— —

~~~~~~~~

free radical—induced crosslink cures. As this shrinkage is also a character-
istic of the HME resin system , attempt s were made to improve performance by
using these same additives.

The additives available were diluted with styrene , as would be proper
for polyester work. %~ en the C—l000 PB and the Rohm and Haas Paraplex
P—713 , an acry lic polymer , or Union Carbide LP 40A , a vinyl acetate polymer,
were mixed , a gelat inous mass immediately formed around the stirring
bar or blad e leav ing a separate li quid phase . The two phases could not
be mixed . The C—b OO PB itself was readil y misc ible with styrene . No
attempt was made to determine phase compositions . It is assumed that the
PB extracted styrene from the additives to the extent that they became
gelat inuous .

Styrene—diluted polyester resins behaved much the same way with PB
resin . The low profile additives mixed readil y with CY—179 epoxy resin ,
but the mixture also turned gelatinous when C—b OO PB was added .

Manufac turers of the low profile additives recommended mixtures of
60 percent polyester resin and 40 percent additive for zero shr inkage
formulat ions . Additive levels in the 10 to 40 percent range investigated
in the PB were not compatible.

SECTION V

CONCLUS IONS

Several approache s were made to form pr imary chemical bond ing between
AS grah ite fiber and lIME matrix resin. No significant improvement was
achieved over untrea ted fiber as measured by short beam shear strength.
Re inforcing fillers were tested to evaluate the possibility that the lIME
matrix was high ly stressed internall y or of low cohesive strength , again
without improvement in SBS. Formulation variat ions in the basic resin
composit ion (under Contrac t No. F33615—76—C—5169), coup ling agents , and
fillers all failed to affect the SBS of AS/FINE composites. It is concluded
that the FINE/graphite composite properties cannot be esil y improved .
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