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Abstract

In this paper, a new treatment method based on molecular self-assembly on carbon fiber surface was proposed for obtaining a contrc
interface between carbon fiber and epoxy matrix in composite system. To form the controlled interfacial region, the surfaces of carbon fib
were first metallized by electroless Ag plating, then were reacted with a series of thiols (different chain lengths and terminally functional groug
to form self-assembly monolayers (SAMs), which further reacted with epoxy resin to generate a strong adhesion interface. The morpholo
structure and composition of untreated and treated carbon fiber surface were investigated by atomic force microscope (AFM), surface-enhal
Raman scattering spectroscopy (SERS) and X-ray photoelectron spectroscopy (XPS), respectively. SERS study showed that thiols chemisorb
Ag/carbon fiber in the form of thiolate species via the strong S—Ag coordinative bond. XPS study further confirmed the chemisorptionday an S 2y
component observed at 162.2 eV. The binding energy was characteristic of silver thiolate. The interfacial shear strength of the carbon fiber/er
microcomposites was evaluated by the microbond technique. The results showed that there was a direct effect of the interfacial parameters ch:
such as chain lengths and surface functional groups on the fiber/matrix adhesion.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction for searching for an appropriate method which can simplify and
model various complex interfaces to gain a better insight into
Interfacial adhesion plays an important role in determiningthe interfacial action mechanisms.
the mechanical properties of composites, especially carbon Molecular self-assembly provides a means to obtain a
fiber/epoxy composites. Carbon fibers, without any surfaceontrolled and ordered structure. Self-assembly monolayers
treatment, cause a weak adhesion to the matrix resin. CoiSAMS) are usually prepared by organic molecules in solutions
sequently, a variety of surface treatments of carbon fibers argpontaneously chemisorbed on solid substrates with a strong
developed such as oxidation, coating, graftjig6], etc. All  coordinative bond via sulfur atom and formed a closely packed
surface treatments enhance the interfacial shear strength (IFS&)d highly ordered monolayers by the van der Waals interaction
by introducing chemically active groups on the fiber surfaceamong the moleculef/—10]. The objective of this study is
which increases the reactivity with the matrix, enhancingto introduce such assembly method into interface between
surface roughness to produce better mechanical interlockingarbon fiber and epoxy matrix for controlling interfacial
as well as increasing the surface energy for improved wettinghickness and density, organized arrays of functional groups at
However, it is not yet fully understood how these surface treatthe molecular leve[11]. Although self-assembly monolayers
ments ultimately influence the interfacial properties because qfSAMs) systems have occupied a wide range of applications
the difficulties in quantitatively defining and controlling both in the fields of biology, microelectronics, optics and coatings
the interfacial thickness and surface distribution of organid12-14] its studies in composite systems have been less
functional groups on carbon fibers. So, there is an urgent neddequently reported. Lu et a[15] have investigated in detall
the organic heterocyclic compounds containing nitrogen or
sulfur atoms as self-assembly thin films in aluminum pow-
* Corresponding author. Tel.: +86 451 8641 4806; fax: +86 451 8622 1048, der/polyurethane composites. They found the treated aluminum
E-mail address: huangyd@hit.edu.cn (Y. Huang). powder-reinforced PU composites possessed a higher tensile
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strength and higher elongation than those of the untreate@mperature. The scanning scope was®x 2um. The AFM images were
systems. To our knowledge, no studies concerning SAMs atisplayed with different shades of grey (dark grey indicating lower parts and
carbon fiber/epoxy interface have been considered so far. ~ lightgrey higher parts of the surface).

In this paper, the method proposed mainly consists of the
following steps: (a) the electroless Ag plating of the carbon2.5. SERS measurement of SAMs on Ag/carbon fiber
fiber surfaces; (b) the formation of termina”y functionalized SERS spectra of SAMs on Ag-coated carbon fiber were obtained with a
alkanethiols or aromatic thiols SAMs on Ag-plated carbon flberT64000 RarFT,1an spectrometer fro% France JY Company equipped with liquid

surfaces; (C) the generation of the strong adhesion interfaCﬁ?trogen-cooled CCD detector and an*Ayas laser (514.532 nm). The Raman
layer in modified carbon fiber/epoxy composite. Atomic forcepand of a silicon wafer at 520 cth was used to calibrate the spectrometer. The
microscopy (AFM) was used to observe the morphology oflaser power at the sample was 200 mW. The spectral resolution was 015 cm
carbon fiber before and after modification. We examined thehe scattered light was at an angle of 180

adsorption behavior of thiols SAMs on Ag-plated carbon fiber

by surface-enhanced Raman scattering spectroscopy (SERZJ. XPS measurement of SAMs on Ag/carbon fiber

and X-ray photoelectron spectroscopy (XPS). The interfacial

shear strength (IFSS) values of microcomposites were obtained XPS measurements were performed utilizing a VG ESCALAB MK |l photo-
using the microbond test electron energy spectrometer. The spectra were collected using an Mg &y

source (1253.6 eV). The binding energy scale was calibrated by setting the Ag
3ds/2 peak of bulk metals to values 368.26 eV. The X-ray power and take-off

2. Experimental angle of the photoelectron were set at 200 W arfg #&spectively.

2.1. Raw materials
2.7. Testing of interfacial shear strength of modified carbon
The resin system used in this study consisted of three components, epoyiber/epoxy composites
EPO 1441-30 as the resin, acid anhydride as the curing ageny, srdimethyl
benzyl amine as the accelerating agent, in ratio of 100:70:1 by weight. Allthese A microbond test was performed to evaluate the interfacial shear strength
components were supplied by Shell Chemical Corporation. The fibers used intim:ss) between carbon fiber and matrix by pulling out a fiber from cured epoxy
paper were polyacrylonitrile based carbon fibers, which were 1K, high strengthgasin droplet. The composite specimens were prepared by dipping epoxy resin
type, provided by Jilin Carbon Factory, China. droplets on carbon fiber monofilament with the embedded length of §0r80
The main chemicals used in this study were 2-mercaptoethanolsing a fine-point applicator. The specimens were cured a€g0r 2 h, then
(HO(CH,)2SH, denoted later as 2-MEOL, 99% purity), 6-mercapto-1-hexanolcyred at 120C for 2 h, and finally cured at 15@ for 4 h. After this curing pro-
(HO(CHp)sSH, 6-MHOL, 97%), 11-mercapto-1-undecanol (HO@HSH, cess, the single filament pull-out test was carried out on an interfacial microbond
11-MUOL, 97%), 4-aminothiolphenol (#N(CsH4)SH, 4-ATP, 96%), and 4-  gygjuation instrument, which was made by Tohei Sangyo Corporation of Japan.
hydroxythiophenol (HO(€H4)SH, 4-HTP, 99%). They were purchased from The pull-out test was performed at a crosshead displacement rate,ohGes.
Aldrich Chemical Co. and used as received without further purification. Thethe value of IFSS was calculated according to the equation
solvents (acetone, ethanol) and other chemicals were of reagent grade.
. . . IFSS= i

2.2. Electroless silver plating on carbon fiber surface wrdl
e\{yhereF is the maximum load/ the diameter of the carbon fibéiis the length

f the fiber embedded in the resin. The recorded value of IFSS was calculated

rom the normal distribution of more than 100 successful measurerfigfjts

Prior to use, the fiber surface was extracted for 48 h with acetone in ord
to remove epoxy sizing. The Ag plating bath was composed as following: 3.5
of AgNO3, sufficient NH;OH to dissolve precipitates, 15g of NaOH, 4.5g of
glucose, 4 g of tartaric acid, 100 ml of ethanol and 900 ml gDHiL6]. Before
being plated, bundles of carbon fibers were rinsed with basic solutions, etcheji Results and discussion
with sulfuric acid, sensitized with stannum dichloride (Sf)@hd activated with :
palladium chloride (PdG) solutions. Then fibers were dipped into the plating .
bath for 2min. Finally fibers were washed several times with deionized watep-1. AFM analysis of carbon fiber surface
and ethanol.

The surface morphological changes of the treatment sample
2.3. Preparation of self-assembled monolayers (SAMs) on compared with untreated one were observed by AFM, as shown
Ag/carbon fibers in Fig. 1 The scanning scope wag.gn x 2 um.

The Ag-plated carbon fibers were separately immersed into 0.5mM solu-_ The _Surface morphology (_)f untreate_d fiber I_S SmOOth and
tions of five thiols in ethanols for approximately 24 h at room temperature. Afterfilled with a number of the strip grooves in the direction of the
the modification, the fibers were rinsed thoroughly, first with pure ethanol andiber length inFig. 1a. When carbon fiber is metallized by elec-
then with deionized KO in order to clean the surface from residues of the mOd'troIess Ag plating, its surfaces become rough and is densely

ification solution, then dried with a stream of nitrogen gas. There was a delay of;: ;... : - . .
three days between the preparation and XPS measurement of SAMs/Ag/carbor%StnbUted even islands IRig. Ib. That is to say, the Ongmal

fiber samples. During this period, the samples were kept in a sealed contain§tl“"'f""ceS of the carbon fiber are completely and evenly covered

and protected from exposure to light and dust. by deposited Ag particles, which is favorable and significant for
further self-assembly on Ag-plated carbon fiber, because organ-

2.4. Atomic force microscope (AFM) observation of carbon fiber icsulfur molecules adsorb on carbon fiber via the combination of

surface mercarpto groups with metal rather than carbon fiber. The mor-

The morohol ¢ carbon fiber surf fore an ¢ modificati nW‘,ﬂphology of SAMs treated 'A.g—p.la.ted carbon fiber is similar to
examined using a Solver P47 atomic force microscope made in Russia N¥19. 10 due to the fact that it is difficult to detect the monolayers
MDT Corporation. All images were obtained in the noncontact mode at roomwithin the large scanning scope.



Harbutt Han
下划线


+ Model

J. He et al. / Materials Chemistry and Physics xxx (2006) xxx—xxx 3

Raman intensity

T T T T T T T T T T
3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. Normal Raman spectrum of 11-MUOL (a) and SERS spectrum (b) of
11-MUOL adsorbed onto the Ag/carbon fiber substrate.

C—H stretching modes are parallel to the Ag—carbon fiber sub-
strate according to the SERS selection rytE%,20] That is,
the polymethylene chain is almost perpendicular (or at least
tilted) to the substrate surface, so, it can be concluded that
11-MUOL forms a standing-up phase on the surface. On the
contrary, fromFig. 2a and b, the weak intensity and narrow peak
in the vicinity of 1460 cn! band assigned to the —GHend-
ing vibration mode is dramatically enhanced and broaden. It is
noted that strong Raman band of the S—H stretching vibration
at 2562 cnmt in Fig. 2a disappears iffig. 20, the missing S—H
stretching band indicates the generation of the expected covalent
(b) bonding of the sulfur atoms to the Ag surface, which is demon-
Fig. 1. AFM photographs of untreated (a) and treated (b) carbon fiber surfacStrated by the appearance of a new band at 246 @ssigned
to the Ag—S bond irFig. 2b. That is to say, 11-MUOL species
were chemisorbed onto the silver surface by the splitting of the
3.2. SERS analysis of SAMs on Ag/carbon fiber S—H bond to form its thiolate. The comparison of the normal
Raman spectra and its SERS spectra of 2-MEOL and 6-MHOL
Raman scattering signals of organic monolayers and submolecules are similar to those of 11-MUOL (not shown here).
monolayers adsorption on the metal substrates such as Ag, The SERS spectra of self-assembly 2-MEOL, 6-MHOL and
Au and Cu with abundant roughness features can be signifit1-MUOL monolayers ((Ch),, n =2, 6, 11) with different alkyl
cantly enhanced. In general, the most common substrates useldain lengths adsorbed onto the Ag/carbon fiber substrate are
for SERS are electrochemically etched electrodes, colloids angiven inFig. 3, where the new S—Ag bond stretching modes are
metal films vaccum depositddi8]. Usually, the electroless Ag observed at 215, 234 and 233thirespectively. This indicates
plating as an active substrate can be also used for SERS studlyat three kinds of molecules reacted chemically with the silver
In this work, the surface microstructures of the substituted alkasurface via the formation of S—Ag bond. In addition, frBig. 3a
nethiols and aromatic thiols molecules adsorbed onto the Ago c, it is observed that the relative intensity ratio of the band
coated carbon fiber substrate by the electroless Ag plating wergear 1458 cm? to the band of Ag—S bond increased gradually.
studied using SERS. In Fig. 3a, the relative intensity ratio is low; while the intensity
Fig. 2a and b shows the normal Raman spectrum of 1lratio in Fig. 3o is comparative; Finally, the relative intensity
MUOL solid and its SERS spectrum on the Ag/carbon fiberratio increases dramaticallyifig. 3c. This can be explained that
substrate, respectively. It is seen that the SERS spectrum vgith the increase of alkyl chain length, the number of methylene
strikingly different from the solid, which indicates that only the units increases, therefore, there is a significant increase in the
adsorbed species are contributing to the intensityFith 2a,  relative intensity ratio. From another point of view, for 2 (a),
doublet peaks are observed at 2921 and 2848'cmttributed  the spectrum is completely dominated by the silver signal. The
to the asymmetrical and symmetrical —&s$tretching vibration  silver contribution decreases in a significant wayder6 (b).
modes of 11-MUOL. By comparison, the doublet peaks are draForr =11 (c), the silver substrate does not disturb any more the
matically attenuated in the intensity Fig. 2b. This means the spectral features of the monolayers as the overall shape of the
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standable from SERS selection rul2g]. If the benzene ring of
4-HTP molecule is oriented perpendicularly with respect to the
surface, the component of the polarizability tensor of the aro-
matic C—H stretching modes normal to the surface will be larger
in magnitude. But if the benzene ring is parallel to the surface,
the polarizability tensor will have only a very weak component
perpendicular to the surface. Based on this argument, 4-HTP
molecular plane is flat on the Ag/carbon fiber substrate. The
another noteworthy point is that the in-plane C-C stretching
mode of the benzene ring of 4-HTP is identified at 1600&m
we observed substantial difference in intensity of these bands in
NR and SER spectra. Whereas it is strong in NRS, the intensity
has decreased in SERS. This variation again could be interpreted
in terms of SERS selection rules since this mode is along the
molecular plane. The bandwidths of the benzene ring modes at
1596, 1529 cm? are broader than their counterpart§ig. 4a, a
Wavenumber (em’) direct surface-rings-orbital interaction might also be involved
Fig. 3. SERS spectra of 2-MEOL (a), 6-MHOL (b) and 11-MHOL (c) adsorbed I the surface adsorption of 4-HTP on Ag/carbon fifa3]. The
onto the Ag/carbon fiber substrate, respectively. SERS spectrum of self-assembly 4-ATP monolayers is similar
to that of 4-HTP (not shown here).

spectrum becomes independent of the chain length. The similar In line with the above Ram.an spectral studie;, itis reasonablle
comparison on different chain length alkanethiolate/Au SAMs!C Propose that surface fgnctmnahzed alkanethiols anq aromatic
was presented in the literatui2d]. thiols SAMs were chemisorbed opto the Ag/cgrbon fiber sub-
Fig. 4gives the normal Raman spectrum of 4-HTP and SERStrate thr_ough S atoms to f_orm_thlolated species. As expected,
spectrum of 4-HTP monolayers on Ag-coated carbon fiberdlkanethiols monolaygrs with dlffere_nt alkyl chain length cov-
A special attention is paid to the latter region from 2500 to€'ed the Ag/carbon fiber surface with —OH groups. Whereas
3100 cnt? range in the spectrum. A normal Raman spectrunfomatic thiols 4—ATP and 4-HTP monolayers_, were assembled
of 4-HTP shows a strong peak at 2566 ¢nattributed to the  ON the Ag/carbon fiber substrate with a flat orientation.
S—H stretching band, whose counterpart is completely absent
after adsorption iffFig. 4b. This implies 4-HTP adsorbed on the 3-3- XPS analysis of SAMs on Ag/carbon fiber
Ag surface after losing its thiol proton. Meanwhile, the appear- ) ] o
ance of the new Ag—S band at 236chindicates the chemical XPS is a well-established t.ooI. for the charactergaﬂon of the
interactions between the sulfur atoms and the Ag surface. TH&Olecular structure of organic filn&1]. Fig. 5 provides the
3059 cnt? band in the NR spectrum is attributed to the ring W|de-sc§1n X_PS spectra ofthe untreate_d_and treated _carb_onflbers.
C-H stretching band. Whereas the ring C—H stretching mode iffomMparingFig. Sa and b, for the modified carbon fiber in the
the monolayer is almost absent in SERS spectrum. The rath&ASe 0f 2-MEOL SAMs, carbon, oxygen, sulfur and silver peaks
abrupt change in intensity for ring C—H stretching band is under@re observable, which reveals the SAMs actually adsorbed on
Ag/carbon fiber.
XPS has been widely used to characterize the attachment of
7/ ! the sulfur on the metal substratfl®,24,25] Fig. 6 presents
the deconvoluted peak of the S 2p spectrum from 2-MEOL
f SAMs on Ag-coated carbon fiber surface. The S 2p spectrum
has a doublet structure with an area ratio of 1.3:1 and spin—orbit
splitting of 1.2 eV. These peaks are assigned to thg, 2md
2p1/2 spin—orbit split levels with binding energies of 162.2 and
163.4 eV, respectively. The majority of literaturfl9,24,25]
reported these binding energies were characteristic of thiolate
species (CnS/Ag) and demonstrated the existence of a chemi-
cal metal—sulfur bond. However, the theoretical intensity ratio
of 2:1 of the S2p doublet is not obtained exactly. The litera-
ture [19] suggested that deflection from an exact 2:1 intensity
ratio might be indicative of oxidized sulfur species (S 2p binding
energy above 166 eV) such as sulfonates. This means the emer-
. gence of a new peak corresponding to oxidized sulfur species
Wavenumber (cm') causes the intensity loss of a thiolate species peak at 162.2 eV. In
Fig. 4. Normal Raman spectrum of (a) 4-HTP and SERS spectrum and (b) 419. 6, @ minor peak can be observed at 168.7 eV which implied
HTP adsorbed onto the Ag/carbon fiber substrate. the probable formation of S©Ag bonds[16]. This oxygen-
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Table 1

150004 ) .
IFSS values of untreated and treated carbon fiber/epoxy composites

Carbon fiber IFSS (MPa)

100004 c, Before self-assembly Untreated 3064.2

Ag deposition 32.0&1.6

After self-assembly Alkanethiols 2-MEOL 33.151.3
6-MHOL 34.23+1.4

11-MUOL 36.04+1.8

Aromatic thiols 4-HTP 343215

4-ATP 35.81+-1.6

Intensity

5000

04 [N
T T T T
1000 800 600 400 200 1]

(@) Binding Energy (ev) 3.4. IFSS analysis of carbon fiber/epoxy microcomposites

30000
According to the normal distribution of more than one hun-

25000+ dred successful measurements, the results of the interfacial shear
1 Ag3g strength (IFSS) of modified carbon fiber/epoxy composites com-

20000+ pared to untreated composites are showfaible 1 The results

1%000: _ indicate_that self-asse_zmbly monolayer treatment on carbon fiber

T M surface improved the interfacial property of fiber/epoxy compos-

W\*J ite. Although their effects are obviously different, it appears that

we can find certain relationship between the interfacial struc-

tures and properties.

Prior to self-assembly, the IFSS of Ag-plate carbon fiber com-
b e e e e b posites is increased by 4.63%. Through the observation of the
AFM, the main mechanisms responsible for the improvement of
the interfacial shear strength are that the formation of Ag films
Fig. 5. XPS wide scan spectra of carbon fiber surface (a) before and (b) aftgS, carbon fiber eliminates the defects of fiber surface, decreases
modification with 2-MEOL self-assembly film. the stress concentration, and increases fiber surface roughness

o ) ) (promoting the mechanical interlocking at the interface).
containing sulfur species appears in the spectrum due to the fact g, hydroxyl substituted alkyl thiols SAMs, after Ag/carbon
that there was a delay between the preparation and measullser surfaces are assembled with 2-MEOL, 6-MHOL, 11-
ment of the sample. No oxidized sulfur species are detected WIUOL, respectively, the IFSS values of composite samples all
the condition of the measurement performed immediately aftef,crease and are improved by 8.12, 11.64, 17.55% compared
the sample preparatidfi9]. From the above discussion, it is g yntreated composite. They are chemisorbed onto Ag/carbon
concluded that self-assembly organicsulfur molecules are actyiper through S atoms to form thiolate species, which has been
ally chemisorbed on the Ag-coated carbon fiber surface thrOUQBroved by the analysis of SERS and XPS. Through SERS analy-
chemical bonds. sis, we have known molecules with different alkyl chain lengths
had formed a standing-up phase on the surface. Therefore, the
surface properties of carbon fibers were almost determined by
the hydroxyl end-groups on SAMs surface. By the chemical
interaction of the —OH end-groups and epoxy matrix, strong
interfacial adhesion layers generated. Thus, SAMs/Ag were able
to act as coupling agents between the carbon fibers and epoxy
resin to enhance the interfacial adhesion. Moreover, the longer
the alkyl chain, the higher the IFSS value. This may be explained
due to the fact that SAMs with longer alkyl chain (strong van
der Waals interaction between the alkyl chains) form higher-
ordered and closer-packed structure, which results in more func-
tional groups exposed on the entire system surface generating
a better adhesion at the interface. Whereas the weak interac-
tion between the alkyl short chains of 2-MEOL determines
i ”'2 : ”'0 . 1233 ‘ 1‘66 : 134 : “‘32 . 1'60 . ]'58 the less-ordered molecular packing with less functional groups

exposed on outermost surface, which is the result of low IFSS
Binding energy (ev) values.
Fig. 6. Curvefitting of the S 2p XPS spectrum from 2-MEOL SAMs on  FOr aromatic thiols SAMs terminated with —OH, —hlHfter
Ag/carbon fiber. Ag/carbon fiber surfaces are assembled with 4-HTP, and 4-
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ATP, the IFSS values of composite samples all increase andith 2-MEOL, 6-MHOL and 11-MUOL SAMs increased by
are improved by 11.94, and 16.80%, respectively. They are als®.12, 11.64, 17.55%, respectively. This was due to the organic
chemisorbed onto Ag/carbon fiber via S—Ag bond, which hasnolecules oriented perpendicullarly on the Ag/carbon fiber sur-
been verified by SERS analysidhiy. 4. Furthermore, according face acted as coupling agents by the interaction of hydroxyl and
to the SERS selection rules, we have obtained that the benzerpoxy groups to generate the strong adhesion interface. More-
rings of 4-ATP and 4-HTP monolayers have a flat orientatiorover, the longer the chain, the higher the IFSS. This is because
with respect to the silver surface. Frorable 1 it can be seen the longer alkyl chain molecules formed a more closely packed
thatthe IFSS of 4-ATP treated carbon fiber composites increasesructure with more active functional groups exposured at the
by 16.8% compared to untreated composites and it has the bettentermost surface. The IFSS of 4-ATP and 4-HTP treated carbon
effect on the improvement of the interfacial property than thafiibers composites increased by 11.94, and 16.80%, respectively.
of 4-HTP. This significant difference may be because the >-NH It can be concluded that the effects of functional groups on the
group is more active than the —OH group towards the epoxynterfacial properties were larger due to the higher reactivity of
group of epoxy resin and as a result, causes a stronger chemiedllH, groups toward the epoxy than that of —OH groups.
bonding with matrix.
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