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ABSTRACT

A pclycarbcnate (PC)/carben fider (CF) ccmpcsite system has been

examined with regard tc interfacial adscrpticn and crystallizaticn by

altering times and temperatures cf annealing.

Times up tc 180 min and

temperatures cf 245, 275, and 300°C have been investigated.

Transverse tensile, transverse tcughness, and scanning electrcn

micrcsecpy results cn unidirecticnal, continucus-fiber ccmpcsites

incicate imprcved fiber/matrix adhesicn at lcnger times and higher

temperatures c¢f annealing. Imprcvements in transverse tcughness and

transverse tensile strength ¢f a facter cf twe is achieved., The data

Incdicate that primarily adscrpticn rather than seccndary interfacial

crystallizaticon is the likely mechanism for increased adhesicn.

Isccharmal transverse tcughnass values have been fcund tc £it well tc 2

Langauir-type expressicn. The temperature dependence cf adscrpticn as

measured by transverse tcughness is described well by an Arrhenius

equaticn. The dependence cf transverse tcughness on PC mclecular

weights frcm Mw=26.600 tc 39,800 was found to be large, with higher

melecular weights adscrbing mcre effectively.
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INTR0DUCTICN
Tha use cf thermcplastics (ngtead c¢f thermcsets as matrices {n
fiver-reinferced ccmpesites {ntrcduces the added ccmplexity cf slcw
matrix adscrpticn cntc the fibers and pcssible matrix crystallizaticn.
The fivers can alter the ncrmal matrix crystallizaticn by acting as a

nucleating agent. Nucleaticn cf crystals clcse tcgether alcng the fiber
g g

and subsequent radial grewth lead tc the fcrmaticn cf
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nscrystallinity. Transcrystallinity has been repcrted fcr a variely
: : . . 1-15 . :
cf fiver/matrix ccmbinaticns , including scme crystal-type grcwth cf

bispnencl A pclycarbcnate (PC) cn carbcn fibers (CF)1_3. A
intermedizte between that of
rass <ransfar and cculd =z
pcssinly imprcve finer/matrix adhesicn and fiber ccmpressicn

charaguaristics.
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Kardcs et.al. prccessed PC/chcpped CF ccmpesites fer 10 min at

ZTSOC 7abcve the PC melting point cf 250-265CC) and fcund increased
strength and mcdulus by annealing the ccmpcsites at 24500 for 3 hours.
The increase was -ttributed to generation of a crystalline layer
adjacent to the fibers, as observed by electron diffraction. Scanning
electron micrcscopy of the fracture surfaces showed increased
fiber/matrix adhesion. Studies ¢n cther systems have given disparate
observations concerning the rcle of interfacial structure on
properties16-17.

The present study examines the PC/CF system further with particular

interest in the rcle cf interfacial adscrpticn and crystallizatlicn cn

.




fiver/matrix adhesicn and ccapcsite preperties, The PC/CF system (3
parzizularly amenadle tC a2 study of interfacial crystallfizaticn beciause
PC's sluggish bulk crystallizaticn means that crystallizaticn cccurs
cnly at the interface. Varicus prccessing times and temperatures as
well as different PC mclecular weights were examined in crder tc gain

fur-her insight intc this ccampecsite system and related cnes.
S Y

IXPERIMENTAL

Three different mclecular weight PC's (Tg=1SOcC) Wwere cbtained {rca

General ZTlectricg: (1) PC film, 0.13mm thick, M =34,200, designated PC3,
L)
{2) 27 pcwdar, MH=25,5OC, dssignated PCA, znd (3) PC pcwder, M =3%,30C,
~
dasignatad 2CC. ALL PC's were driesd cvernigat in a vaguum cvan at “IC7C

ilms ¢f PCA and PCC were made by ccmpressicn mclding the
ocwders fcr 10 min at ZTBOC. Unsized T500 3k PAN-based carbcn fider
yarn was c¢btained frcm Amécc and used withcut pretreatment. PC/CF
centinucus-fiber, unidirecticnal cocmpcsites were fabricated by
alternately placing PC film cn a Teflonccvered aluminum plate, and
wrapping carbcn fiber yarn arcund the plate in aligned fashicn. The
aluminum plate's edges were rounded in crder tc prevent fiber breakage.
Typically 4 layers of film and 3 layers of fiber yarn were used. The
layers were then ccnsclidated at 275°C in a Carver press by holding them
for 5 min with low pressure, pressing 10 min at 0.8 MPa, then either (1)
ceccling the ccmpesite to rcecm temperature in the press cocling cycle
(less than 5 min), or (2) releasing the pressure and hclding the

compcsite fer a longer time at either 245, 275, cr 300°C befcre cccling
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cn temperature, Cccling frcm 275 tc ZUSOC cr heating {rom 275 tc
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red cnly 3 min. These ccnditicns thus prcduced ccapcsites
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which varied cnly in annealing time and temperature. Annealing here
refers tc heat treatment abcve as well as belcw the melting pcint.
Compcsite plates were typically 0.45mm thick and had fiber weight
fracticns cf 0.45, 0.36+0.01 (vclume fracticn = 0.28), and 0.322 fer
PCA/CF, PC3/CF, and PCT/CF respectively. Weight fracticns were fcund by
dissclving cut the PCT Wil methylene chlcride. Samples were cut with 2
paper cutter and the edges sanded with fine sandpaper.

Transverse tcughness tests were perfcrmed cn a buckled plate (3P)

specimen with a Mcdel 42022 Insctircn testing machine. Ccmplete dezails of

o

th2s 3P test fer ccampesitas can e fcund elsewnere1 . Smail, rectangulzr
cocmpesite specimens, typiezlly 2.5¢m leong, 0.9cm wide, and 0.04Scm
thick, with fibers criented perpendicular tc the testing directicn, were
buckled in ccmpressicn at rccm temperature at 2 cm/min. Ccmpressicn
ccntinued until fracture cccured by prcpagaticn of a central precrack.
A chart recorded the load/deflection curve. Average and standard
deviation were obtained by testing 4-8 specimens of each kind.
Transverse tensile tests were alsc perfcrmed with a Model 4202
Instron testing machine, interfaced with a ccmputer. Camposites samples
vwere typically 0.5cm wide and 0.045cm thick, with 2.5 cm between grips.
Manilla tabs were superglued toc the ccmpcsite to prevent breaking in the
grips. (Epcxied tabs did not bond well tc the compcsites.) All tests
were perfcrmed at rocm temperature at a crcsshead speed of 1mm/min,

Fcur to six specimens of each type were tested.
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he fracture tcughness ¢f pure PC film <f similar thickness
(0.48mm) tc the ccmpesites was fcund using a single edge nctch (SEN)
specimen and the J-integral methcdxg. Specimens were 1cm wide, with Uca
between grips. Crack lengths cf 3 tc Tmm were examined. Energies were
fcund by integrating the stress/strain curves up tc the peak (crack
prcpagaticn pecint).

Ccmpecsite fracture surfaces were examined in a JZO0L 35CF scanning
elzctrcon oiorcscecpe after cgcating with a thin laver ¢f geld in 2 Pclaren

£5100 SEM sputtering unit, Differential scanning calcrimetry was

perfcrmed cn a Perkin Zlmer DSC-U4 equipped with data staticn,

rafractive indax detecticr, and interfaced ccmputar, The amcbile phase
was methylane chleride at 25°C. A universal calidraticn prccedure was
used with pclystyrene (PS) standards. The Mark-Hcuwink ccefficients

3 3 20

used were X=5.1x10 , a=0.74 feor PS and K=11.9%10 , a=0.80 fcr PC .

RESULTS AND DISCUSSION

Experimental Data fcr PCB/CF

Table I and Figures 1-4 show the results for transverse tensile
strength, tcughness, strain at break, and energy at break (area under
the stress/strain curve) for the PC3/CF ccmposites annealed at different
times and temperatures. Error bars (standard deviation) are not
included on the figures for clarity, but are generally less than +20%

fer all quantities except energy at break, fcr which the errcr is




slightly larger. Transverse ccmpcsite mcdulus values were fcund nct =¢
change significantly with prccessing ccnditicns and were 3.U49:0.16 GP3
fcr the BP test and 2.7 GPa fcr transverse tensile tests. The
cifference between these {3 likely due tc gripping difficulties in the
tensile test, as discussed in a previcus paper18. All quantities shcwn
here indicate a general trend cf higher values with lcnger annealing
time and higher temperature.

Figures 1 an 2 snhcw the similarity in trends ¢f transverse tensile

=

strength and tcughness as measures ¢f the interfacial acdhesicn., AL
~
temperatures cf 275-300 C, annealing times abcva 30-45 min can give

cn (see belcow) and thus ware nct examined fully.
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and apprcaches the same maximum ¢f abcut 55 MPa for all temperatures.

The trends are similar in Figure 2 fcr transverse tcughnass, but the
increases a}e mcre gradual. There is alsc scme questicn as tc the final
maxima, but all are well belcw a pure PC value cf abcut 30 kJ/m% This
value was found here by the J-integral method (pure PC dces nct fracture

in a BP test) and is clcse tc the plane stress value of 25 kJ/m2 found

by Fraser and Ward21. Transverse tcoughness, because it can see
differences where transverse tensile strength cannot, is seen to be a
more sensitive measure of the interface. This i{s because PC begins to
yleld near 65 MPa, sc tranaverse tensile strength lcses its sensitivity
near this peint. 1In fact at some of the longer times and higher

temperatures, yielding as seen by a downturn in the stress/strain curve

cccured just befcre fracture. (See Figure S.)




Figures 3 and 4 fcr transverse stirain and energy at dreak,
respectively, 4¢ nct lavel cfl 3s much as 3trength because they ara
sensitive even at yielding. The {nteresting thing tc ncte {n these
figures {s the crcsscver cf the 275 and 3OOCC curves at lcnger tizes.

This {s due

T

¢ the bYeginning cf significant degradaticn, with tensile
Strength values nct sSensing this yet. GPC data shcws nc mclecular
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Scanning 2lectrcn alcrcgrapns of fracturs surfaces (Figure 2

gcnfirm Detter fider/matrix acdhesicn with lcnger times and i

temparatures ¢f annealing. In Figurs 6{s) the fiders can be seen

ct
O

pull cut cleanly frcm the matrix fcr the unannealed ccmpcsite,
whereas scme PC can be seen adhering tc the fibers in the ccmpcsite
annealed 45 min at 275°C (Figure 6(b)).

Differential scanning calcrimetry curves of PCB/CF ccmpcsites in
Figure 7 show Tg at the expected PC value of 1SOCC and no significant
crystallizaticn or Ts shift even after annealing 3 hr at 2u5°c. This
indicates that any crystallizaticn is small and confined to the
interface as found by Kardcs et.a11-3. Crystallizaticn cannct occur at
275°C and abcve because this is above the normal PC melting pcint cf

260-265°¢22.




The axparinental <Zata land same {n3ight {ntc the mechanisa ¢
mechanical prcperty {ncrease in the PC/CF system. Since similar
mechanical prcperty {ncreases can be cbtained by annealing at higher
temperatures where crystallizaticn cannct cccur, interfacial
crystallizaticn is likely nct the primary cause ¢f the increases. The

{faster rates cf increase at higher temperatures and the leveling cff cf

lmpreovement. Interfazacizl -rystallizaticn belcow 7 cculd then cocur as 2

2cnsequence ¢l ncw a pclymer chain adscrbs cntc the fider surface. when

3
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szvarzl adlacent segments ¢f a pclymer chain interact with the Tider, 3
- .~ —~ o - - - . -- -

small regicn ¢f crder ccours and ¢an lead v oauclzaticn cf
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2rysczilizaticn™ ., One cculd 2nvisicn a preoeess in wnhich Cherz are
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adscrpticn cor interacticn sites ¢n th iber surface whicn centinually
are {illed. Adscrpticn and descrpticn may occur until an equilibrium is
apprcached as indicated by a slcwing fiber/matrix adhesicn increase (as
in transverse toughness) which apprcaches a maximum. The kinetics cf
apprcach is naturally higher at higher temperatures just as ncrmal
chemical kinetics. It is difficult tc extrapclate the data tc very long
times or get long time data because of degradation, but for an
excthermic interaction like adsorpticon, the equilibrium extent of
interaction wculd be expected to be lcwer at higher temperatures. The

transverse toughness data here c¢nly {ndicate a similar maximum. There

is further discussicn of equilibrium {in the Data Fitting section below.




ails concept of adsorprion wouid also explain other work. For
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2xample, Xardoes et.al. processed his PC/chopped C

min at 273°C before annealing. They were therefore operating at the low
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time scale, leaving plenty of room for increases with annealing.
Increases were seen in modulus as well as strength in that work because of
the random rather than unidirectional (transverse) orientation of the

. . 15 . :
ibers. 'Work on PEEK/CF by Lee and Porter noted an increase in

Y,

transverse te-sile st

A

2n

uQ

th with increased time above the melring pcint.

Increases accributad to

or

ranscrvstallinity are more appropriately explained
bv better adsorption. Indeed adsorption must occur before transcryvstallinity
and therafore is of orimarv Importance in the PC/CF and other fiber/matrix
Data Fitting
The data in Figures |l and 2 and the concept of adsorption suggest
the use of a Langmuir-type equation (isotherm)z4 to fit the data at each
temperature. It should be noted that the Langmuir-type equation as used
here is purely a mathematical description of the data. Transverse toughness
rather than transverse strength was used because it was the more sensitive
measure of the interfacial adhesion, as discussed earlier. The equation
used was
AGc/AGceq = kt/(l+kt) » 8G.=2G.-G.0 (L
where G, = transverse toughness of composite
G.o= transverse toughness before annealing
AG.= change in toughness with annealing
8Gceq® equilibrium change in toughness (t==)
t = annealing time

k = kinetic parameter.
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This i3 apparently the f{rst time that an equaticn c¢f this fcrm has been
used te describe ccmpcsite mechanical data., Eguaticn (1) can be
rearrangad tc

/ = 1/%AG + 1/

L/aG, = 1 Aceq 1/4G_ (2)

q
Plctting ©/aG_ versus t then gives a line with slcpe=1/AG and
\w

ceq
intercep:=1/kAGceq. Table II shcws the parameters found fcr each
temperature upcn fitting the experimental data. Figure 2 shcws the fit
curvaes. It can Ye seen that equaticn (1) describes the data well, The
limited data and their variance, hcwever, limit the ccnclusicns that can
be drawn, It can be said that the k values, which indicate the speed of
apprcacn s 2gquilivtrium, increase Wwith temperature as expsactad.

Zguillbrium or maxizum values, AGceq’ are nearly the same but slightly
nigner at lcwWer tamperatures. Again this is as expected fer an
exctherzic interacticn like adscroticn. The féct that the AGeq values
are nearly the same indicates a small heat c¢f interacticn. This is
anticipated feor a PC/CF system, which has limited pecssibilities fer
actual chemical reaction. Indeed, GPC data indicate no change in Mw
even after annealing 45 min at 275°C, supporting the idea of noc chemical
reacticn,

The data has also been examined with regard to temperature
dependence. k indicates kinetics at the different temperatures, and was

found tc fit well to an Arrhenius equation, k=A exp(-Ea/RT), as seen in

Table IITI. This is as anticipated fcor a rate parameter,




Mclacular Weight Dependance

Transverse tcughness results, which are independent cf fiber vclume
fracticnla, are shcwn in Figure 8 fcr the three different mclecular
weight PC's in PC ccmpcsites. It is evident that matrix mclecular
weignt has a dramatic effect cn adscrpticn and resulting tcughness, with
tetter adscrpticn at higher mclecular weights. Fitting the upper twc

e

2
ticr 1 i = . /m” M a3Y G =212
curves tc equaticn (1) gives Gceq 11.0 kJ/m~ fer Ww 34,200 and Ceq 13.3

./2‘. b wil g ™ 1 25\
xJ/a~ fer Mw=;9,300, Wwnile G =4 xJ/m"~ fer Mu=26,600.

caq

These results are nct explainable by chain mcbility, 3as the

temperature dependence might have been., Here the effective adscroticn

Yy

is Dest for the least mcdile (highest mclecular wWeignt) chains.
Mcollity or diffusicn is thus nct the ccntrclling facicr hare, The
results can alsc nct be 2xplained by the matrix prceperties. Pure PC
tcugnness, as measurad by an SEN test, was fcund t¢ be essentially the
same at the three mclecular weights studied.

The mclecular weight dependence c¢f adscrption and transverse
toughness is ccnsistent with other werk. Lipatcvzs, in one of the few
experimental werks cn adscrption frcm the melt, found that high
molecular weight fracticns of PS adscrb preferentially ¢nto the surface
of glass. This was explained by the mclecular weight dependence of
pclymer surface tension and the minimizaticn of interphase energy.
Scaling arguments fcr a single chain on a surface shcw that the fraction
cf adscrbed chain segments depends cn the strength of interacticn but is

26

independent cf mclecular weight™ . This means that the actual number cf

interactions per chain scales with mclecular weight. Furthermcre,




interacticns with a lcnger chaln can be mcre effective than with a
shcrter chain because there {3 mcre pcssidbility cf entanglement
fcrmaticn between the remainder cf the chain and the bulk matrix. The
mclecular wefight dependence cf mechanical prcperties is thus amplified.
This helps explain the data. Althcugh all the mclecular weights here

are well abcve the critical length fcr entanglement, Mc27'28, and the

mclecular weight where mechanical prcperties are ccnstantzg, adscrpticn
reduces the effesctive melecular weight., This reducticn in effestive
mclecular weight especially hinders lcwer Mw's in fcrming entanglements
with tha bulk matrix. Adscrpticns are thus much less effectively

h 3 3 Eod - 5 e - < WY
translatad intc gecd interfacial prepertiss at lower matrix mclacular

CONCLUSZIONS

Examinaticn cf a PC/CF ccmpcsite system was dcne at prcesssing
cenditicns which alter cnly time and temperature ¢f annealing.
Transverse tensile and fracture toughness data shcw imprcved interfacial
adhesion at lcnger times and higher temperatures of annealing, short cf
PC degradaticn. Scanning electrcn micrcsecpy of fracture surfaces
confirm better fiber/matrix adhesicn at these ccnditions. Since
mechanical property imprcovements occur on annealing abcve as well as
belcw the melting pcint, interfacial crystallizaticn is not the primary
mechanism cf imprcvement., Better adscrption is the likely primary
mechanism. Interfacial crystallization can cccur secondarily belcw the
melting point as a consequence cf how a pclymer chain adsorbs cn the

fiber surface. This idea c¢f adscrption alsc explains related data cn
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PC/C7 and data cn PEEK/CF. Data fcr transverse tcughness has been fcund
tc fit well to a Langauir-fcra equaticn., The temperature dependence cf
the tcughness data {s described well by the Arrhenfus equaticn. The
dependence cf PC mclecular welght cn adscrpticn and transverse tcughness
was fcund to be large, with higher mclecular weights adscrbing mcre
effectively.

The data has practical implicaticns for prccessing thermcplastic
matrix ccapesites. First, the time and temperature precessing nistery
cf the ccmpesites is impertant in determining interfacial and thus
ccmpesite preperties, The prcocessing histery must be contrclled and
understecd, Develcpment cf egquilidrium adscrpticn can reguire lcng
times and high tamperatures., Seccnd, matrix mclecular weight is alsc
impcrtant in develcping ccmpcsite preperties. Mcre eflsctive adscrpiicn
occurs with higher mclgcular weights. Effcrts tc imprcve prcecessability
by lcwering mclecular weight must therefcre be carefully ccnsidered with

respect tc ccmpcsite preperties.
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Table II - Fitting Parameters fcr Time Dependence cf PCB/CF Transverse

Tcughness, Equaticns (1) and (2)
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Annealing Ccrrelaticn
O 2 2 -1
Temperature, C AG WkJ/m G ykJ/m k,min Ccefficient
—oog— g

245 8.50 12.51 0.0084 0.947

275 7.03 11.04 0.027 0.996

*

390 5.98 10.99 0.057 i

* Fit fcr only 2 pcints




Tadle III - Temperature Dependence cf k: Arrhenius Fit

Correlaticn
Piraneter Intercept Slcpe E_,kJ/mcle Ccefficient
K 15.81 -1.12x10" 93.0 0.999
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Figure
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FIGURE CAPTIONS
Transverse tensi{le strength versus annealing time at 245,
275, and 300°C fer PC3/CF ccmpesites previcusly consclidated
15 min at 275°C.
Transverse tcughness versus annealing time at 245, 275, and
3OOCC fer PC3/CF ccmpesites previcusly consclidated 15 min at
ZTSCC. Dashed lines are best fit toc equaticn (1).
Transverse strain at bre2ak versus annealing time at 2us5, 275,
and BOOGC fer PCB/CF ccmpcsites previcusly ccnsclidated 15
min at 275°C.
Transvarse energy at break versus annealing time at 2435, 275,
and 3OOCC fcr PC3/CF ccmpcsites previcusly ccnsclidaced 15
min at 275°C.
Example stress/strain curves fer PC3/CF ccmpcsites annealed
fer 0, 15, 30, and 45 min at ZTSCC after being cconsclidated
15 min at 27SCC.
Scanning electrcn micrcographs of transverse tensile fracture
surfaces fcr PCB/CF ccmposites (a) unannealed, and
(b) annealed 45 min at 275°C.
Differential écanning calorimetry first heats at uOOC/min fcr
PCB/CF composites (a) unannealed, and (b) annealed 3 hr at
2us%c.
Transverse toughness versus annealing time at 27S°C fer

PCA/CF, PCB/CF, and PCC/CF ccmpcsites previocusly consclidated
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15 min at 275°C. PC mclecular weights, Mw’ are labeled fecr

each curve. Dashed lines are besat fit to equaticn (1).
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