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Abstract: Effect of rare earth treatment on surface physicochemical properties of carbon fibers and interfacial properties of
carbon fiber/epoxy composites was investigated, and the interfacial adhesion mechanisn of treated carbon fiber/epoxy
composite was analyzed It was found that rare earth treatment led to an increase of fiber surface roughness, improvanent
of oxygen-containing groups, and introduction of rare earth elenent on the carbon fiber surface A sa reault, coordination
linkages betveen fibers and rare earth, and between rare earth and resin matrix were formed separately, thereby the inter-
laminar shear strength (L SS) of composites increased, which indicated the improvement of the interfacial adhesion be-

tween fibers and matrix resin resulting fram the increase of carboxyl and carbonyl
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Polymer matrix composites are the main gopplica-
tion of carbon fibers The interface betveen the carbon
fibers and the resin matrix plays a critical role in con-
trolling the overall properties of the composites, uch
as, off-axis strength, fracture toughness, and environ-
ment stabilities Interfacial characteristics detemine
the path by which loads can be tranderred from poly-
mer t fiber, and are often quantified in tems of the
o-called interlaninar shear strength (L SS). Below a
certain critical strength, the surface of the fibers is not
aufficient for the trandfer to occur adequately Howev-
er, the inertness characteristic of the carbon fiber sur-
face uaually reaults in inferior wettability and weak ad-
hesion betveen the fibers and resin'* *'. Asa reault,
it is necessary © treat or modify the surface of carbon
fibers in their gpplication

A literature aurvey shows that a range of experi-
mental techniques have been goplied © modify the

*  Corregponding author (Email: huangyd@hit edu cn)

aurface of carbon fibers, including anodization, plas
ma treament, and olution and gas phase oxida
tion™ * "', Mostmodificationson the interfacial prop-
erties of carbon composites have been focused on in-
creasing the surface free energy or introducing organic
groupson the fibers, moreover, the interfacial proper-
ty was improved at all levels after modification

Rare earth compounds have been widely used in
optics, electonics, metallurgy, and chemical engi-
neering because of their pecial characteristics® **.
During the past fev decades, most investigations have
focused on the effect and application of rare earth ele-
mentson the metal surfaces, and a fewv are related o
using rare earth elenents as normetal material surface
modifiers™ **'. In particular, less infomation is a
vailable on the gpplication of rare earth elaments for
arface treament of carbon fiber, aswell as the effect
of rare earth elenentson the adhesive property of car-
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bon fiber caomposites In this study, it is indicated
that rare earth treament has the virtue of higher effi-
ciency, lower facilities, and lowver maintenance cost,
compared O other methods Therefore, an attampt
has been made o improve the physicochemical prop-
erties of the carbon fiber surface by rare earth treat-
ment

The pumpose of the present study is to evaluate
the surface treament of carbon fibers by means of Pr
(NO;); olution, investigate the effect of different rare
earth oconcentrations on the interfacial properties of
carbon/epoxy composites and relate than  the inter-
facial behavior in polymer matrix composites

1 Exper mental

1 1 Preparation

Polyacrylonitrile (PAN) based carbon fiberswith
kidney-type cross sction, investigated in the current
studieswere aupplied by Institute of Coal Chamistry,
affiliated to the Chinese A cademy of Sciences The av-
erage width of the fiber section was9u m, the thick-
nesswas3K m, and the linear mass of the fiber was
Q0 0627 g- m . Prassodymiun nitrate was prepared
by disolving prasodymium oxide (purchased fram
Shanghai Cheamical Reagent Ca ) in nitric acid The
matrix systan used was E-618 epoxy resin systean con-
sisting of diglycidyl ether of bigphenol-A (supplied by
Yue-Yang Chen Ca of China), curing agent
phthalic anhydride, and benzyl dmethylanine at 100,
70, and 1 part by mass regectively.

Three types (Q 1%, Q 5%, and 5%, mass
fraction) of Pr(NO;), water olution were used Be-
fore treament, the fiberswere put in aplastic contain-
er and vacuumized Then prassodymium nitrate/water
Plution was inhaled into the container under negative
presure, and the fiberswere wholly immersed The
carbon fibers were dipped intb the olution of
Pr(NO;); for 6 h, and then dried for 2 h at 120

Using the carbon fibers and epoxy resin, the
prepregwas paid unidirectional into a mold t© manu-
facture composites The prepreg was presed and
cured under 5 M Pa presaure for 2 h at 90 , under
10MPapresure for2 h at120 , and under 10 M Pa
preswure for 4 h at 160 by hot-press machine and
the authors could obtain pecimenswith a fiber mass
fraction of 64 ( £1%).

12 Measurment

Atomic force microscope (ARM) (Nanoscope-
) made in America, Digital Instrument Campany,
was eamployed to observe the surface topography of fi-
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bers The momphology of the failure of fiber-reinforced
compositeswas ingected with the help of a scanning
electron microscope, (SEM) FEI SR ON 200, before
and after treament ESCA (L ab220i-XL) made inV.
G Scientific Company, U. K and equipped with an
AlKX (1 25 keV) radiation source generated at 12
KV and 20 mA, wasused o detemine the composition
of fiber surface Before the X-ray photoelectron pec-
toscopy (XPS) test, untreated and treated carbon fi-
berswere both extracted with acetone for 48 h, ©
wash out the impuritieson their surface

The LSS of composites was measured by the
short-beam bending test according o A STIM D-2344 u-
sing Instron 1125 A gan-b-depth ratio of 5: 1, a
crosshead peed of 2 mm - min'', and a sanple
thickness of 2 mm were used More than eight eci-
menswere tested for each of the composites studied
and the average valuewas taken fran the present stud-

y
2 Reaultsand D iscussion

2 1 Surface topography of fibers

The ARM mages of the original and treated car-
bon fibersare shown in Figs 1(a d). The striatures
are generated by alignment of the regularly lined up
carbon atoms rings, along the longitudinal direction of
the fiber Campared o the original carbon fiber, the
treated carbon fiber wurface is rmugher, and the
grooveson the fiber surface becamewider and deeper
The mean surface roughness of the original, 0 1%
rare earth treated, O 5% rare earth treated, and 5%
rare earth treated carbon fibers is 128 7, 130 6,
138 4 and 135 3 Mm, regectively. Moreover, carbon
fibers treated with high concentration ©lution show a
more distinct increase in roughening and depth of
grooves than the fiber treated with lov concentration
It indicates that the prassodymium ion etches the car-
bon fiber surface properly in Q. 5% rare earth lution
and excessively in 5% rare earth lution

2 2 Surface canposition of fibers

It iswell known that XPS is a very useful tech-
nigue in the detemination of chemical camposition
and functional groups of the fiber surface, and the
maximal XPS sanpling depth is 6 M. W ide scan
gectra in the binding energy range 0 1400 &/ are
obtained t identify the surface elements present and
carry out a quantitative analysis The XPS gectra
show digtinct carbon and oxygen peaks, representing
the major constituents of the carbon fibers investiga
ted Prassodymium and nitrogen elaments are detected
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fran the pectroscopy of carbon fibers treated A snall
anount of silicon is al® observed asan mpurity The
surface composition of untreated and treated carbon fi-
bers detemined by XPS is given in Table 1

A's shown in Table 1, the amount of surface oxy-
gen increases, the amount of wurface carbon decrea
s and the elaments of prassodymium and nitrogen
are detected after rare earth treament

Figs 2 (a d) presnts C, envelopes for the
virgin and treated fibers It is noticed that the wtal
fraction of C,; envelope asciated with oxygen envi-
rorments ( shoulders locate on the high energy side of
the main pesk at 284 8 &/) is greater for sanples
procesed by rare earth treament However, XPS is
not capable of relving the individual contributions of
functionalities, such as hydroxyl-ester, carbonyl,
carboxyl, anhydrides or lactose Following a previous
study in the literaturé ™, a sami-quantitative descrip-
tion of the differenceswas attempted using the curve-
fitting deconvolution procedure The carbon peaks ob-
srved in the binding energy range from 280 ©
295 @/. This can be attributed o several carbon-
based wrface functional groups that have different
binding energies The C,, peak of each carbon fiber
sample has been analyzed using the peak synthess
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Table1l Varition of surface camposition of carbon fibers
after treatment ( %, mass fraction)

Fiber C (6] Pr N Si

Untreated 8542 1161 O 0 297
Q0 1% treated 67.82 2445 0 83 24 4 49
0 5% treated 5493 3478 177 4 08 4 44
5 0% treated 5056 3349 5 88 6 80 327

y/nm

procedure, which combines Gaussian and Lorentzian
functions The intensity contribution of each functional
camponent peak has been estimated by computer smu-
lation'** #*!.

The narrov scan gectra of the C, region deconvo-
luted into the surface functional group, and contribu-
tions are shown in Figs 2(a d) for the untreated, Q
1% rare earth treated, Q 5% rare earth treated, and
5% rare earth treated carbon fibers, regpectively The
binding energy value and percent contribution of each
curve fit photopeak is estmated fram these curve fit Cy;
photopeaks and they are listed in Table 2 Deconwlu-
tion of the C,; ectra of carbon fibers gives four peaks
designated aspeak (at284 5 284 9 &/ assigned ©
graphitic carbon) , peak (at285 5 285 8 &/, car-
bon bonded phenolic, alcoholic hydroxyls or ether oxy
gens), peak (at286 7 286 9 eV, carbonyl carbon
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o

L
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Fig 1 Three-dmensional topogragphy of carbon fiber surface
(a) Untreated; (b) Q 1% rare earth treated; (c) Q 5% rare earth treated; (d) 5% rare earth treated
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Fig 2 C, XPS ectra of carbon fibers untreated and treated
(a) Untreated; (b) Q 1% rare earth treated; (c) Q 5% rare earth treated; (d) 5% rare earth treated

Table2 Relative content of functional groups n C,, spec- 2 3 Interfacial properties of can posites
tra fran XPS (%, mass fraction)

The LSS reaults of composites reinforced by car-

c-C C-OH/C-0-C C=0 GOOR/GO0H bon fibers treated in different concentrations are shown

Fiber 284 5 284

Q 2855 2858 2867 2869 2887 290 in Fig 3 After surface treament, the LSS values of
Untreated 49 7 319 129 55 composites are enhanced by 10 1% (Q 1% rare
Q1% 465 20 2 185 148 earth) and 15 3% (0O 5% rare earth) , repectively,
as% 423 25 1.8 174 compared o the untreated carbon fiber composites
50% 372 254 21 15 3

The chanical bonding and mechanical interlocking be-

K o tween carbon fibers and matrix resin may be regponsi-

'22;9 e(t)oxs a::rb(lu"}"f]ssz:t’ioins?)rpzjer ro( a‘fﬁ? Z” ble for these reaults However, the treament of 5%

'CI ' ,th, ¢ th hit 9 ng eck rare earth leads o a 7. 4% decreae of LSS value It
ose exanination of the graphite carbon p

: i may be because of the influence of excessive praso-
dhows that the full width at half maxmum (FNVHM)

increases from about 1 4 &/ for the original carbon fi- 95
bersto 1 48 &/ for the O 5% rare earth treated car-
bon fibers, suggesting that disordering of the carbon
lattice might result fram treatment This al® indicates 85
that higher microporosity is correlated t decreasing
graphitic character of the surface region'”’.

From these reqults in Table 2, it is clear that in 75}
the carbonyl carbon in ketones and quinines (C =0)
and carboxyl functions or ester groups (COOH /QO-
OR), the functional groups increase, and the grephit- 65 g2 Z
ic carbon (C - C) and carbon bonded phenolic or al- ommsed il £33 SN
ooholic hydroxylsor ether oxygen (C - OH/C - O -
C) functional groups decrease after treament

..17.,.

ILSS/MPa

Fig 3 Effect of treament methods on LSS of carbon fiber/
€oxy canposites
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dymium ions and nitrate ions on the reaction betveen
the epoxy resin and functional groupson the fiber sur-
face In addition, the excessive prassodymium ion in-
filtrates easily into the resin matrix and hams the cu-
ring reaction of the matrix It is indicated that rare
earth treament at the proper concentration is benefi-
cial for mproving the interfacial adhesion of carbon fi-
ber/epoxy composites, and excessive rare earth treat-
mentwill not achieve a good interface beiwveen the car-
bon fiber and matrix

Fig 3 al® presents the LSS of phenolic-coated
carbon fiber/epoxy and plasna treated carbon fiber/
epoxy. It isnoted that 0 5% rare earth treament per-
foms better than phenolic coating Plasna treament
outperfoms rare earth treatment marginally, but it is
difficult to use for gpplications because of its lowv facil-
ities and high maintenance cost

2 4 Fracture urface topography of camposites

Representative opogrgphic fracture featuresof un-
treated and rare earth-treated carbon fiber/epoxy cam-
posites are shown in Fig 4 There isamarked differ-
ence in wurface topogrgphy between untreated and trea-
ted fiber composites Fram the figures, it can be seen
that the fracture surface of the composite with untreat-
ed carbon fiber exhibits a detached gppearance and
poor interfacial bonding The fibers are separated fran
the resnmatrix (Fig 4(a)). The interfacial bonding
of campositeswith O 1% rare earth treated carbon fi-
bers gppears o have obviously mproved, as can be
wen in Fig 4(b). The composites enploying O 5%
rare earth treated carbon fibers show less fiber Plit
and the matrix is engulfed by fibers This allowvs the
matrix © secure more bonds and have a better adhe-
sive force betwween wo phases which can effectively
trander the load goplied © the fiber-reinforced cam-
posite systan (Fig 4 (c)). Nevertheless the 5%
rare earth treament is not revarded by the superior
adhesion betveen fibers and resin (Fig 4(d)).

2 5 M echanisn of nterfacial adhesion
m provement

A ccording o the chamical and the

{a)

| bonding theory

PSS e
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interdiffusion theory, the prasodymium ion is ab-
rbed onto the carbon fiber surface through chemical
bonding, which increases the concentration of the re-
active functional groups because of the chamical activ-
ity of the rare earth elanent These reactive functional
groups can improve the compatibility and reaction be-
tween the carbon fibers and the egpoxy matrix and fom
a chemical cambination betveen the carbon fibers and
egpoxy matrix Therefore, increasing the amounts of
oxygen-containing functional groupson the fibersplays
an important role in mproving the degree of adhesion
at the interfaces (hereby, keesim’ s attraction of van
derW ads force, hydrogen bonding, and other snall
polar effects) betveen fibers and matrix, and the LSS
of the resulting composites is enhanced ™.

Second, the rare earth ion adsorbed onto the fiber
aurface foms a ooordinate bond betveen fibers and
matrix, and acts as a bridge connecting carbon fibers
o the matrix resin'”® *’. A <hematic diagran is
shown in Fig &

In addition, when carbon fibers are aked in
rare earth ©lution, the fiber surface becomes rougher.
Increase of fiber roughness and surface striations can
p romote mechanical keying or interlocking betveen fi-
bers and matriX”'. Asa reault, interfacial adhesion of
carbon fiber/epoxy composites is mproved through
rare earth surface treatment

3 Conclusions

1 The surface of treated carbon fiber was roug-
her and soime grooveswere fomed compared © the o-
riginal carbon fiber

2 On the «urface of treated carbon fibers, prase-
odymium was detected The carbonyl carbon in ke
tones and quinines (C =0) and carboxyl or ester
(OCOOH /OO0R) functional groups increased, and the
graphitic carbon (C -C) and phenolic or ether oxygen
(C-OH/C -0 -C) functional groups decrease

3 LSSof the canposites including O 5% rare
earth-treated carbon fibers shoved about a 15 8% m-
provement canpared o that of camposites employing
nonsurface treated carbon fibers This could be attrib-

Fig 4 SBM microgrgphs of fracture surface of camposites
(a) Untreated; (b) Q 1% rare earth treated; (c) Q 5% rare earth treated; (d) 5 0% rare earth treated
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Fig 5 Schamatic diagran of coordination linkage betveen carbon fibers and matrix resin
uted © the increase of oxygen groups coordination and Technology, 2000, 60(2): 249
linkage betveen fiber and matrix, and imprmvement of [7] S0 Jin Park, Min Kang Seo, Hwan Boh Shim Stud-

roughness

4. The camposites employing O 5% rare earth

treated carbon fiber showved lessfiber plit and thema-
trix is engulfed by fibers
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