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a  b  s  t  r  a  c  t

The  thermal  stability  of the  surface  chemistry  of  a surface  treated  carbon  fiber,  from  room  temperature
to  1000 ◦C,  was  investigated  by  X-ray  photoelectron  spectroscopy.  Within  a  range  of  temperatures  from
room  temperature  to  400 ◦C,  the  only  surface  functionalities  that  decomposed  were  carboxylic  acids  and
dangling  nitrogen  containing  functionalities  like  amines,  amides  or nitriles.  Significant  amounts  of  water
were desorbed  as  well.  This  study  enabled  the  testing  of  the  coherence  of the  fitting  of the C(1s),  O(1s)  and
N(1s) peaks.  Particularly,  when  considering  the  fitting  of in  the  O(1s)  peak,  carboxylic  acids  were  shown
eywords:
arbon fiber
urface chemistry
urface functionalization
hermal stability

to be  included  in a single  component  peak  centered  at a  binding  energy  of  532.1  eV.  The  reaction  of  the
carbon  fiber  surface  and  an  acrylate  resin  at high  temperature,  because  of  the  decomposition  of  carboxylic
acids,  was highlighted  by differential  scanning  calorimetry.  The  thermal  history  of  the  composite  material
during  its  manufacture  appeared  to  be  a major  influence  on the  nature  of  the  interactions  generated  at
the fiber–matrix  interface  and  the  resulting  mechanical  properties.
nterfacial adhesion

. Introduction

It is now admitted that the physico-chemical and mechanical
roperties of a composite material are not only dependent on
he characteristics of the reinforcement material and the matrix
ut also on the properties of the interface/interphase [1,2]. The
roperties of the interphase region depend on the conditions used
uring the manufacturing (thermal history, pressure, process of

mpregnation of the fibers by the matrix) [3,4]. Factors influencing
dhesion strength are mechanical interlocking [5,6], physical (dis-
ersive [7],  polar [8],  acid–base [9–11]) and chemical interactions
12,13], the presence of defects [14] (lack of cohesion [15], voids)
nd remaining stress due to the thermal history of the composite
aterial [16] or the cure volume shrinkage of the matrix [17]. Thus,
hen considering carbon fibers (CFs), the two main surface param-

ters that will establish the properties of the interphase are surface
opography and surface chemistry. The influence of the surface
hemistry (generation of physical and chemical interactions) is
irectly linked to the thermal history of the composite material
uring the impregnation of the fibers by the matrix and the cure

f the matrix. In some cases, the impregnation of the fibers and
he polymerization of the matrix are done at room temperature,
here the surface chemistry is stable and completely available for
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interacting with the monomers/oligomers/polymers of the matrix.
In other cases, the thermal history during the cure can lead the
composite material to undergo higher temperatures. For example,
the initiation of the polymerization of vinyl ester resins without the
use of a catalyst is typically done at around 150 ◦C. In the case of high
performance thermoplastics (polycarbonate, polyethersulfone.  . .),
high temperatures are used for the impregnation of the fibers
(values above the glass transition temperature of the polymer).
It can be done at 300 ◦C or higher [18]. It is also known that the
density of physical interactions at the interface has an influence on
the mechanical properties of the thermoplastic composite [19,20].
Therefore, it is necessary to evaluate the stability of the surface
chemistry of the CF regarding temperature in order to determine
which particular surface functionalities are susceptible to be active
and generate interactions with the matrix. Moreover, the thermal
degradation of the surface chemistry potentially generates gas (CO,
CO2, H2O) that can create some defects in the interphase and have
a negative impact on adhesion strength. Some significant work
regarding the stability of the surface chemistry of active carbon
materials has been done, most of the time by thermal programmed
desorption (TPD) coupled with mass spectroscopy [21]. This tech-
nique is very useful for a qualitative characterization of the surface
chemistry of carbon materials. The analysis of the surface chem-
istry is non-direct, as it is based on the quantification of the gases

that are generated when the surface functional groups decompose
under temperature. The link between the production of those gases
and specific groups is still the object of some controversy, because
it can depend on the heating rate, the geometry of the experimental
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Table 1
Physical properties of Panex® 35 CFs (data provided by the manufacturer).

Tensile strength (MPa) 4137
Tensile modulus (GPa) 242
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Table 2
Temperatures corresponding to each zone of the furnace.

Temperature-zone 1 (◦C) Temperature-zone 2 (◦C) Temperature-zone 3 (◦C)

Room temperature Room temperature Room temperature
95 100 90

140 150 140
190  200 190
230  250 240
260  300 260
250  350 240
250 400 250
300 500 320
300 600 320
300  700 340
400  800 420
400  900 470
Density (g/cc) 1.81
Diameter (�m) 7.2

evice used for the analysis and the porosity of the sample. Some
xtra interactions of the surface functional groups with the gases
hat are generated (especially water) or extra reactions between
djacent surface functional groups can also take place during the
nalysis (condensation of two adjacent carboxylic acids into an
nhydride acid for instance). That is why the quantification of the
ifferent functional groups originally present at the surface of the
ample is challenging. Some attempt was made to couple TPD
nalysis with diffuse reflectance FT-IR spectroscopy in the case of
ctivated carbons, but a direct quantification of specific functional
roups was still not straightforward [22]. In some cases, the surface
reatment generates micro-porosity that can be located below the
uter surface of the fiber (oxidation by electro-chemical process or
y strong acids like nitric acid) and some functional groups located

n those micro-pores would not be able to interact with the matrix.
PD analysis would take them into account and overestimate the
ensity of surface functional groups that influences the adhesion
trength. For these reasons, using another analytical technique
hat only probes the outer surface of the CF seems to be necessary.
herefore, X-ray photoelectron spectroscopy (XPS) analysis, which
haracterizes the surface chemistry of the outer layers of the CF
urface only, is the appropriate technique. It is also a direct analysis
hat does not lead to a change of the surface chemistry. Moreover,

oreno-Castilla et al. [23] claimed that the thermal stability of
xygen surface complexes decreases when their surface concen-
ration increases. Indeed, they showed that the higher the original
mount of oxygen on the surface of carbon materials, the lower
fter a thermal treatment at high temperature. Considering that
he porosity also has an influence on the thermal stability of the
urface functional groups, activated carbon (including activated
Fs) may  not be representative of surface treated CFs.

In this study, the thermal stability of the surface chemistry of
 surface treated CF is investigated over a wide range of tempera-
ure (from room temperature to 1000 ◦C) at regular intervals (50 ◦C
rom room temperature to 400 ◦C, then every 100 ◦C from 400 ◦C
o 1000 ◦C). For each case, the surface chemistry is characterized
y XPS and each of the C(1s), O(1s) and N(1s) peaks is fitted with
eference component peaks in order to suggest a coherent analy-
is of the surface chemistry. Other work already characterized the
urface of CFs obtained after a complete reduction of the surface
t high temperature (at least 600 ◦C) [24–26],  but barely any study
ocused on the evolution of the surface chemistry at intermediate
emperatures.

. Materials and methods

.1. Materials

Polyacrylonitrile (PAN) based high strength CFs Panex® 35 (50
), produced by Zoltek Co. were used in this study. The fibers were
either surface treated nor sized. The manufacturer provided prop-
rties of these fibers are presented in Table 1.

As received CFs were surface treated in a reactive gas phase
ontaining ozone through a continuous process in order to achieve
 high density of oxygen-containing surface functional groups.
zone was produced by a PWB-150 g ozone generator from Plasma
echniques Inc. The residence time of the fibers in the reactive
as phase was 2 minutes. More information about the surface
400 1000 530

properties generated by this surface treatment (topography at a
micro and nano-scale, surface energy) and the influence on the
tensile strength of the fibers have already been described [27].

Ebecryl 600® diacrylate resin was provided by Cytec Industries
Inc. It was degassed before use under vacuum. A temperature of
90 ◦C had to be set during the degassing in order to reduce its high
viscosity.

2.2. Heat treatment in inert atmosphere

The surface treated fibers were continuously heated in a three
zone furnace equipped with a quartz tube, as displayed in Fig. 1. The
highest temperature was  reached in zone 2. Zone 1 and zone 3 were
heated at intermediate temperatures, so that the fibers were pro-
gressively heated to the maximum temperature and cooled down
to room temperature progressively, as well. Each zone could be
independently heated up to 1200 ◦C. The temperature correspond-
ing to each zone, for each maximum temperature of exposure, is
reported in Table 2. An extra zone that was not heated enabled a
progressive cooling of the sample to a temperature close to room
temperature before it was  in contact with atmosphere. The quartz
tube (diameter of 90 mm,  length of 4.6 m)  was  continuously purged
with two sources of high purity nitrogen. Each end of the quartz
tube had two openings (diameter of 8 mm)  that were used for the
fibers to go through the furnace and for the purge with nitrogen. The
oxygen concentration in the heated quartz tube was continuously
measured and kept below 500 ppm during experiments. Thanks to
a feedback control, the furnace could compensate the flow of cool
nitrogen by sending more power in zone 1, so that the temperature
of zone 2 was well established. The CF tow was driven at low and
constant tension (2.5 N) by several low friction yarn guides (pulleys
made of hard anodized aluminum). The heat-treated fibers were
quickly picked up at the exit of the tube and transferred in a bag
purged with high purity nitrogen until the XPS analysis. The elapsed
time between sample collection and XPS analysis was 24–48 h. The
yarn guides were washed with distilled water and the quartz tube
was cleaned by pyrolysis in air before the experiment.

2.3. XPS analysis

XPS analysis of the CF surface was carried out with a Thermo Sci-
entific K-Alpha X-ray photoelectron spectrometer equipped with a
conventional electron energy analyzer. The latter was  operated in
the fixed transmission mode at constant pass energy of 200 eV for

the survey spectra and 50 eV for the core level spectra. A monochro-
matic Al K� source (1486.6 eV) operated at 420 W (14 kV; 30 mA)
was used as incident radiation. Photo-emitted electrons were col-
lected at a take-off angle of 90◦ from the sample and the pressure
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e process used in this study.
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oxygen and nitrogen. Their respective concentrations in surface
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Fig. 1. Schematic of th

as about 10−7 Pa. The spectrometer energy scale was calibrated
ith respect to Ag 3d5/2, Au 4f7/2 and Cu 2p3/2 core level peaks,

et with binding energies of 368.3, 84.0 and 932.7 eV respectively.
ll binding energies are referenced to the adventitious C(1s) peak

ocated at 284.6 eV. Instrumental sensitivity factors were taken as
(1s):O(1s):N(1s) equals 1.000:2.930:1.800, respectively. For ele-
ental quantification, the accuracy of the analysis was  considered

o be ±1%. C(1s), O(1s) and N(1s) core level spectra were fitted to
L functions (product of a Lorentzian by a Gaussian) using Avan-

age 4.44 software. The background was a Tougaard type for the
(1s) peak and “smart” for the O(1s) and N(1s) peaks. The parame-
ers controlling the shape of the asymmetric component (graphitic
omponent) were first estimated with the C(1s) core level spectra
f the non-surface treated fiber because of its very low concentra-
ion of oxygen, knowing that this reference may  contain a layer
f turbostratic carbon coming from the carbonization step. The
omponent peak positions used in C(1s), O(1s) and N(1s) curve
tting are presented in Table 3. Regarding the fitting of the C(1s)
eak, there is evidence that two peak components are necessary in
rder to differentiate sp2 and sp3 hybridizations of carbon atoms in
arbon materials, either in diamond-like structures [28] or amor-
hous carbon [29]. Not using a component peak for the sp3 carbon
toms will lead to an overestimate of the quantity of C O R type
unctional groups. The O(1s) peak was fitted according to peak
omponents proposed by Zielke et al. [30] and Biniak et al. [31]. A
ignificant difference with the component proposed by Zielke et al.
30] is that we did not consider the component peak located at
34.2 eV to be related to carboxylic acids. Indeed, it would not have
atched the binding energy of the component peak that decreased
ith temperatures ranging from room temperature to 200 ◦C, and

orresponding to the degradation of carboxylic acids, as explained
ater. Our results suggested that both oxygen atoms contained in
he carboxylic acid functionality were included in the component
eak located at 532.1 eV. The N(1s) peak was fitted according to
eak components suggested by Pels et al. [32] and Biniak et al.
31]. The full width at half maximum (FWHM) of all the com-
onent peaks was fixed to 2 eV, except for the Csp2 and “shake
p” component peaks, which were adjusted in order to obtain
 fitting as close to the experimental spectrum as possible. The
(1s) peak fitting was done so that the total area of all the oxy-
arbonated components could not be higher than the total area of

able 3
inding energies of C(1s), O(1s) and N(1s) component peaks used for the fitting of XPS co

C(1s) O(1s) 

Binding energy (eV) Component peak Binding energy (eV) Component peak 

284.4 � 284.6 Csp2 531.2 � 531.4 Ph O (quinone), Ph
284.9  � 285.1 Csp3 532.0 � 532.2 C O (ester, anhydri
284.8  � 285.0 C COOR 532.7 � 532.9 R OH, C O C 

285.4 � 285.6 C N 533.5 � 533.7 Ph OH, C O (ester
286.1  � 286.4 C O R, C N 534.8 � 535.2 Chemisorbed H2O 

287.4  � 287.6 C O 536.2 � 536.6 Physisorbed H2O 

288.3 � 288.9 COOR 538.2 � 538.6 Shake up
290.1 � 290.5 Physisorbed H20
291.3 � 291.7 Shake up
Fig. 2. Survey spectra of the surface treated fibers before and after exposure at
1000 ◦C (the intensity of the spectra have been normalized so that the intensities of
the C(1s) peaks are identical).

the O(1s) peak and that the total area of all the nitro-carbonated
components could not be higher than the total area of the N(1s)
peak.

2.4. Differential scanning calorimetry (DSC)

A Q2000 DSC apparatus from TA Instruments was  used with
liquid cells. A ramp from 25 ◦C to 250 ◦C with a rate of 5 ◦C min−1

in nitrogen atmosphere was used for the analysis.

3. Results and discussion

3.1. Elemental analysis

The typical survey spectra obtained with all the samples are
displayed in Fig. 2. The only detected elements were carbon,
treated fibers, before and after heat treatment, as well as in the case
of non-surface treated fibers, is reported in Table 4. After surface
treatment, the concentration of oxygen increased from 2% to 18%

re level spectra.

N(1s)

Binding energy (eV) Component peak

 C O, amides 398.4 � 399.0 Pyridine
de, amide), carboxylic acids 399.4 � 399.8 Amines, amides, nitriles

400.1 � 400.7 Pyrrolidine, pyridone
, anhydride) 401.1 � 401.7 Pyridinium, protonated N

403.7 � 404.3 Shake up
405.5 � 405.7 NOx

https://www.researchgate.net/publication/232325288_Surface_oxidized_carbon_fibers_II_Chemical_modification?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
https://www.researchgate.net/publication/232325288_Surface_oxidized_carbon_fibers_II_Chemical_modification?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
https://www.researchgate.net/publication/223190004_Analysis_of_chemical_vapour_deposited_diamond_films_by_X-ray_photoelectron_spectroscopy?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
https://www.researchgate.net/publication/223302929_Evolution_of_nitrogen_functionalities_in_carbonaceous_materials_during_pyrolysis_Carbon?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
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Fig. 3. Evolution of oxygen and nitrogen content 

nd the concentration of nitrogen increased from traces (<1%) to
%. The evolution of the concentration of oxygen and nitrogen in
unction of the temperature of exposure during the heat treatment
s depicted in Fig. 3. The concentration of nitrogen stayed constant
t around 2% whatever the temperature and remained higher than
or the non-surface treated fibers. It showed that the nitrogen
hat was generated by the surface treatment or exposed after the
emoval of weakly boundary layers (remaining pyrolitic carbon
enerated during the carbonization step of the fiber) was very
table. When it comes to the concentration of oxygen, two  major
ecreases occurred: the first one between room temperature and
00 ◦C (from 18% to 13%) and the second one between 400 ◦C and
00 ◦C (from 11% to 2%). A region of stability was found between
00 ◦C and 400 ◦C. After exposure to 1000 ◦C, the concentration
as 2%, that is to say the same concentration as for non-surface

reated fibers. Heating the fibers up to 1000 ◦C removed almost all
he surface functionalities of the surface treated fibers. The fitting
f each core level spectra is needed in order to characterize the
volution of the surface chemistry in function of the temperature

nd to suggest some mechanisms of degradation.

able 4
tomic concentration of carbon, oxygen and nitrogen measured by XPS.

Temperature (◦C) C (%) O (%) N (%)

25 79 18 3
100  85 13 2
150  85 13 2
200  86 12 2
250  87 11 2
300  87 11 2
350  87 11 2
400  87 11 2
500  89 9 2
600  89 8 3
700  92 5 3
800  95 3 2
900 96 2 2
1000 96 2 2
Untreated 98 2 <1
surface of the CFs in function of the temperature.

3.2. C(1s) peak

The relative area of each component peak of the C(1s), O(1s) and
N (1s) peaks in function of the temperature is reported in Table 5.
The values were obtained after removal of the contribution of the
component peak corresponding to shake-up satellites. Regarding
the evolution of the C(1s) peak in function of temperature, Fig. 4
presents the fitting of C(1s) peak corresponding to temperatures
that induced a major change of the surface chemistry, that is to
say 300 ◦C, 800 ◦C and 1 000 ◦C. The evolution of the area of each
component peak in function of the temperature is presented in
Fig. 5.

The relative area of the peak corresponding to C N bond is
constant within the whole range of temperature, which is in accor-
dance with the fact that the concentration of nitrogen on the fiber
surface was  also constant.

Both peak components corresponding to COOR and C COOR
followed the same trend. A first significant drop was noticed
between room temperature and 150 ◦C, which corresponds to
the decomposition of isolated carboxylic acids. Then, a plateau
was observed between 150 ◦C and 400 ◦C. This can be related to
adjacent carboxylic acids condensing to form an anhydride acid
group [25,33] which decomposes at higher temperature (typically
between 300 ◦C and 600 ◦C). Anhydride acids are included in the
same component peak. Therefore, the concentration of COOR bond
type remained the same until the decomposition of the anhydride
acid groups. A second drop of the relative surface area was  observed
between 400 ◦C and 800 ◦C, which corresponds to the decomposi-
tion of the anhydride acid groups but also to the decomposition of
lactone groups [34,35]. Only pyrone functionalities, stable between
800 ◦C and 1000 ◦C, can explain the remaining signal corresponding
to COOR bond type above 800 ◦C [34,35]. The area of the peak com-
ponent corresponding to C O R type remained stable until 400 ◦C
and then decreased sharply until 700 ◦C where it stabilized again.
The decomposition of phenol groups typically takes place between
400 ◦C and 800 ◦C and ether functionalities decompose between

500 ◦C and 900 ◦C [35]. Above 450 ◦C, two phenols can condensate
to give an ether group [36] but it cannot be seen with the fitting of
the C(1s) peak since it corresponds to the same component peak.
Some of those groups (probably phenols) were still stable between

https://www.researchgate.net/publication/222959467_Influence_of_heat_treatment_on_physicalchemical_properties_of_PAN-based_carbon_fiber_Ceram_Int?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
https://www.researchgate.net/publication/222503756_Modification_of_the_Surface_Chemistry_of_Activated_Carbons?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
https://www.researchgate.net/publication/222503756_Modification_of_the_Surface_Chemistry_of_Activated_Carbons?el=1_x_8&enrichId=rgreq-2a72756b-9309-4368-95c8-59de1363ec68&enrichSource=Y292ZXJQYWdlOzIzOTczMjAwNztBUzoxNjMwOTg4MjQ1NTI0NDhAMTQxNTg5NzE5ODA4Ng==
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Fig. 4. Fitting of the C(1s) peak before and after exposure to heat treatment, respec-
tively at 300 ◦C, 800 ◦C and 1000 ◦C.

800 ◦C and 1000 ◦C. The low concentration of carbonyl groups at
the beginning of the experiment is a specificity of the surface treat-
ment. A slight decrease of the relative area of the component peak
related to carbonyl groups happened at 400 ◦C, which is consistent
with work reported by Kohl et al. [22].

The evolution of the peak area corresponding to the two
different hybridization states of carbon atoms, sp2 and sp3, is
presented in Fig. 6. The relative area corresponding to the sp2

hybridized carbon atoms increased between room temperature

and 150 ◦C and between 300 ◦C and 700 ◦C, which corresponded
well to the variation in oxygen concentration. The loss of oxygen-
containing functional groups led to the formation of original
graphite-like structures including C C (double bonds). Indeed, it
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Fig. 5. Evolution of the relative area of the peak com

as also directly linked to a decrease of the relative area of the sp3

ybridized carbon atoms peak component.
The relative surface area of the component peak corresponding

o physisorbed water was constant at 2%, from room temperature to
00 ◦C, and decreased slightly to reach a plateau at 1% from 400 ◦C
o 1000 ◦C. Several mechanisms are at the origin of the adsorption
f water at the surface of the fibers. Water originally at the surface
f the fibers is desorbed but it is also produced by the decomposi-
ion of the different surface functional groups, potentially over the
hole range of temperature [25]. That water was flushed away by

he nitrogen flow but could be re-adsorbed in the cooler part of the

urnace (zone 3 and cooling zone, Fig. 1) by the remaining oxygen-
ontaining functional groups. Some water could also be adsorbed
hen the samples were transferred to the nitrogen-containing bags

r when the sample was prepared for XPS analysis. Since the major

Fig. 6. Evolution of the relative area of the Csp2 and Csp3
nts of the C(1s) peak in function of the temperature.

part of the polar surface functionalities that can create physical
interactions with water (hydrogen bonding, dipole-dipole inter-
actions) was decomposed above 400 ◦C, the density of adsorption
sites decreased and the final content of adsorbed water was divided
by two.

3.3. O(1s) peak

The fitting of O(1s) peak is still the object of some debate, as it
was fitted with only two component peaks corresponding to C O
and C O bonds [20,25], or four component peaks [30] or even five

component peaks [37]. Our study showed that a fitting with four
component peaks corresponding to different oxygen-containing
functional groups was working properly. Fig. 7 presents the fitting
of O(1s) peak before and after a heating at 300 ◦C, 800 ◦C and

component peaks in function of the temperature.
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Fig. 7. Fitting of the O(1s) peak before and after exposur

000 ◦C. The evolution of the relative area of each component peak
n function of the temperature is presented in Fig. 8. The relative
rea of the component peak located at 532.1 eV decreased between
oom temperature and 200 ◦C. Only carboxylic acid groups could
ecompose within this range of temperature [34,35]. This decrease
lso took place simultaneously with the decrease of the peak
omponent corresponding to carboxylic acids in the C(1s) peak.
he three other component peaks did not decrease within that
ange of temperature, which proved that the carboxylic acids were
ncluded in only one component peak. Zielke et al. [30] considered
hat both oxygen atoms of the carboxylic acid functionality should
e included in the same component peak, but at a higher binding
nergy (534.2 eV). Their fitting method was then used by others
37,38] and led Chiang et al. [24] to consider that some carboxylic
cids were remaining at the surface of activated CFs after a heat

◦
reatment at temperatures above 600 C in nitrogen and a cooling
own in nitrogen too, which seems to be questionable. In fact
heir component peak located at 532.3 eV decreased sharply,
hich confirms our approach. Brender et al. [39] also noticed
at treatment, respectively at 300 ◦C, 800 ◦C and 1000 ◦C.

that the desorption of carboxylic acids was  linked to a decrease
of a component peak located at 531.8 eV, by coupling TPD and
in situ XPS analysis. But they concluded that the two oxygen
atoms of carboxylic acids should be considered separately in two
component peaks, one at 531.8 eV (C O bond) and one at 533.4 eV
(C O bond), despite of the fact that the component peak located at
533.4 eV did not seem to decrease between room temperature and
400 ◦C. Therefore, it seems that carboxylic acids should be included
in a single peak located around 532.1 eV. It is confirmed by XPS
characterization of model surfaces functionalized with carboxylic
acids [40–42].  The fact that the two oxygen atoms are linked to the
carbon atom with the same binding energy can be explained by the
stabilization mechanism of the carboxylic acid group by resonance
[43], as shown in Fig. 9. The decrease of the density of carboxylic
acids between 100 ◦C and 250 ◦C is linked to a slight increase of the

component peaks located at 531.3 eV and 532.8 eV. The condensa-
tion of carboxylic acids with carbonyls, leading to the creation of
a lactone group [36] (increase of Ph C O and C O C functional
groups) may  explain those results. At higher temperature, between
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Fig. 8. Evolution of the relative area of the peak components of the O(1s) peak in function of the temperature.
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within functional groups (like pyridine, pyrrolidine, pyridone. . .)  or
in dangling functionalities (like amine, amides and nitriles). These
dangling functionalities later decomposed at 300 ◦C to completely
disappear over 350 ◦C.
Fig. 9. Mechanism of stabilization o

50 ◦C and 600 ◦C, the relative area of the component peaks located
t 532.1 eV and 533.6 eV decreased sharply while the relative area
f the component peak located at 532.8 eV was sharply increasing.
he decomposition of the anhydride acids originally present at the
urface of the fiber or generated by the condensation of adjacent
arboxylic acids was highlighted by the decrease of the density of

O and C O bonds, and the condensation of adjacent phenols to
reate ether functional groups was highlighted by the decrease of
h OH bonds and the increase of C O C bonds. Both mechanisms
ave been characterized in that range of temperature [36] and cer-
ainly can explain the variations of our spectra. This would exactly

atch with the decrease of the peak components corresponding
o COOR and C O R bonds in the C(1s) peak. Between 600 ◦C and
00 ◦C, the surface chemistry was relatively stable. Only a slight
ecrease of the component peak located at 532.8 eV that can be
elated to the decomposition of ether functionalities was noticed.
etween 800 ◦C and 1000 ◦C, a sharp increase of the relative area
f the component peaks located at 532.1 eV and 532.8 eV occurred
imultaneously with a sharp decrease of the relative area of the
omponent peak located at 531.3 eV. This evolution was  observed
y Chiang et al. [24] as well. In this range of temperature, only the
ecomposition of quinones and pyrones is expected [34], as dis-
layed in Fig. 10.  The decrease of Ph-C O and the creation of C O
onds as well as C O C bonds support those observations. The
urface chemistry of fibers that were surface treated and annealed

ppeared to be quite different from the surface chemistry of non-
urface treated fibers. Indeed, the surface chemistry of non-surface
reated fibers showed relatively more quinone and pyrone func-
ional groups but less ether type groups than the surface chemistry
arboxylic acid group by resonance.

of surface treated annealed fibers. Furthermore, the suggested
fitting of the O(1s) peak suits perfectly the potential mechanisms
that have been suggested by other analytical techniques like TPD.

3.4. N(1s) peak

Fig. 11 presents the fitting of N(1s) peak before and after a heat-
ing at 300 ◦C, 800 ◦C and 1000 ◦C. The evolution of the relative area
of each component peak in function of the temperature is presented
in Fig. 12.  Basically, after the surface treatment, nitrogen existed
in two main forms, either incorporated in the graphitic network
Fig. 10. Thermal decomposition mechanisms of quinones and pyrones.
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Fig. 11. Fitting of the N(1s) peak before and after exposure to heat treatment, respectively at 300 ◦C, 800 ◦C and 1000 ◦C.

Fig. 12. Evolution of the relative area of the peak components of the N(1s) peak in function of the temperature.
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Fig. 13. Tautomerism between pyridone and hydroxypyridine.

Below 400 ◦C, the peak components of pyridine and pyridinium
volved in opposite ways. Between room temperature and 100 ◦C,
he decrease of the relative area of the component peak related
o pyridine was associated to an increase of the relative area of
he component peak related to pyridinium. This range of tem-
erature usually corresponds to the desorption of loosely bound
ater that is physically adsorbed at the surface of the fibers.

his water may  have reacted with pyridine and protonated it.
he nitrogen-containing functional groups were stable between
00 ◦C and 350 ◦C. The hydrogen bond of pyridinium groups may
ave been broken to give pyridine. But at the same time, new
mounts of water were released by the desorption of strongly
dsorbed water (water bonded to oxygen-containing functionali-
ies through hydrogen bonding). That water could have regenerated
he pyridinium groups. Over 300 ◦C, after all water was desorbed,

 significant decrease of the density of pyridinium groups was
bserved. The relative areas of the peaks corresponding to pyridine
nd pyridinium were back to their original values. Then, pyridine
roups were stable up to 1000 ◦C, which is in accordance with work
ublished by Mangun et al. [44]. Pyrrolidine and pyridone were sta-
le until 700 ◦C. The increase of the density of protonated nitrogen
bove 700 ◦C corresponded to a disappearance of pyrrolidine and
yridone structures. This phenomenon was also reported by Pels
t al. [32]. A tautomer structure of pyridone exists, as displayed in
ig. 13,  but requires a significant amount of energy, as reminded
y Moreno and Miller [45]. The generation of a hydrogen bond
ith the nitrogen atom may  lead to a similar binding energy com-
ared to protonated nitrogen. This mechanism might take place at
igh temperature and could be an explanation for the evolution of
he relative areas of the component peaks corresponding to pyri-
one and protonated nitrogen above 700 ◦C. Finally, a very slight

ncrease of the nitrogen content was measured between 600 ◦C and
00 ◦C (Fig. 3), suggesting that the surface may  have reacted with
he surrounding nitrogen, but it was very limited.

.5. Influence of the stability of the surface chemistry on
nterfacial adhesion in polymer composites
Depending on the thermal history of the composite material
uring the manufacturing process, the thermal stability of the sur-
ace chemistry of the CFs may  play a major role on its mechanical
roperties. Indeed, as mentioned in the introduction, the fibers

Fig. 14. Mechanisms of the decomposition o
Fig. 15. Structure of the monomer of Ebecryl 600® .

can potentially be exposed to relatively high temperatures during
the impregnation by the matrix (up to 350 ◦C with a polycarbo-
nate matrix) or during the cure of the matrix (temperature of cure
depending on the type of polymerization, the nature of the initiator
and the exothermicity of the polymerization). Between room tem-
perature and 400 ◦C, it was demonstrated that only carboxylic acids
and dangling nitrogen containing functionalities were affected by
the heat treatment. Adjacent carboxylic acids could condense into
an anhydride acid group (which may  or may  not be more reac-
tive depending on the type of matrix). The condensation could also
be between adjacent carboxylic acids and phenols or carboxylic
acids and carbonyls. Isolated carboxylic acids were decomposing
into CO2 and left radicals at the surface of the CFs, as shown in
Fig. 14.  Those radicals have the potential to generate covalent
bonding with the matrix. That mechanism opens new perspec-
tives about the improvement of interfacial adhesion in CF–polymer
composites. Hüttinger et al. [46] suggested that the instability of
carboxylic acids could create covalent bonding with polycarbonate
or polyethersulfone. Their composites were processed at 330 ◦C and
a clear improvement of the InterLaminar Shear Strength (ILSS) was
observed. Zielke et al. [47] referred to a similar explanation for
the creation of covalent bonding with polyetherimide in a study
that involved a composite processing at 340 ◦C and short beam
shear testing. Both studies claimed that the decomposition of iso-
lated carboxylic acids enabled the creation of covalent bonding
between the carbon fiber surface and the thermoplastics, conse-
quently improving the adhesion strength at the interface.

The creation of radicals at the surface of CFs seemed to be
suitable for the generation of covalent bonding with thermosets
polymerizing through a radical process. That was investigated using
Ebecryl 600®, a diacrylate resin with a polyether structure derived
from di-glycidyl ether of bisphenol A (DGEBA) (Fig. 15). The DSC
analysis of pure Ebecryl 600® highlighted a homopolymerization
with a maximum reaction rate at 220 ◦C, showing that this resin is
relatively stable at high temperature (Fig. 16). The same analysis,
in the case of a composite (∼40% of fibers by volume) with sur-
face treated CFs showed an exothermic reaction starting at around
150 ◦C, with a maximum reaction rate at 173 ◦C. It is clear that the
presence of the CF initiated a partial polymerization of the matrix,
which was  complete after an exposure above 250 ◦C, just as for
pure resin. The reaction initiated by the fiber surface is located in a

range of temperature corresponding to the decomposition of the
carboxylic acids. Processing this composite at high temperature
has the potential to create a higher density of covalent bonding

f carboxylic acids under temperature.
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Fig. 16. DSC curves corresponding to the reaction of Ebecryl 600® with the CF sur-
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t the interface in comparison to a processing at low tempera-
ure, which should have a clear impact on the interfacial adhesion
nd the mechanical properties of the associated composite. This
henomena was demonstrated [48] when comparing the adhesion
trength between carbon fibers and Ebecryl 600® in composites
ured by a thermal treatment (maximum temperature reached
uring the cure equal to 160 ◦C, for an hour) or by electron beam
maximum temperature reached during the cure equal to 100 ◦C,
or one minute only).

The same mechanism should apply to all the resin systems poly-
erizing through a radical polymerization (vinylester, polyester).
ur group [27] reported a significant increase of interfacial adhe-

ion in CF–vinyl ester composites cured by thermal treatment at
50 ◦C when using the same surface treatment as the one described

n Section 2.1 (both the 90◦ flexural strength and the ILSS greatly
mproved). The improvement of interfacial adhesion led to a change
f the failure mode which switched from a pure interfacial rupture
ode with non-surface treated fibers, to a mix-mode interfa-

ial/cohesive rupture with surface treated fibers.
Meleshevich [49] reviewed the mechanisms that can affect an

poxide group when initiated by a radical. Among them is the cleav-
ge of the epoxy ring initiating another radical entity that initiates
urther reactions. So, the mechanism presented here could poten-
ially affect the interfacial adhesion with epoxy matrices too.

Overall, this study demonstrates once again that the mechanical
roperties of a composite material strongly depend on the param-
ters used during the manufacturing, especially during the curing
rocess.

. Conclusions

The thermal stability of the surface chemistry of surface treated
Fs was investigated by XPS analysis. Within a range of temper-
ture from room temperature to 400 ◦C, which corresponds to
he typical temperatures that can be used in the polymer matrix
omposite manufacturing process, the only surface functionali-
ies that decomposed were carboxylic acids and dangling nitrogen
ontaining functionalities like amines, amides or nitriles. Signifi-
ant amounts of water were desorbed too. A coherent fitting of
he C(1s), O(1s) and N(1s) peaks was suggested. Particularly, car-

oxylic acids were shown to be included in a single component
eak when considering the fitting of the O(1s) peak, at a bind-

ng energy of 532.1 eV. A graphitization of the fiber surface was
irectly connected to the desorption of surface functionalities.

[
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The decomposition of carboxylic acids, leading to the generation
of radicals, is a strategic mechanism in the creation of covalent
bonding between the CF surface and different types of polymer
matrices (high temperature thermoplastics, thermosets polymer-
izing through a radical mechanism, etc.). The reaction of the CF
surface and an acrylate resin at high temperature was highlighted
by DSC. The thermal history of the composite materials during
the manufacture (impregnation of the fibers by the matrix, cure)
appeared to be a major influence on the nature of the interactions
generated at the fiber–matrix interface, thus directly determining
the level of interfacial adhesion and the mechanical properties of
the corresponding composite. This study could also be valuable for
research regarding the use of carbon materials as catalysts, as the
surface chemistry plays a major role and can also undergo elevated
temperatures during the manufacturing.

Acknowledgements

The authors gratefully acknowledge the generous assistance and
valuable advises of Dr. Harry Meyer on XPS analysis. This research
was sponsored by the U.S. Department of Energy, Assistant Secre-
tary for Energy Efficiency and Renewable Energy, Office of Vehicle
Technologies, as part of the Lightweighting Materials Program. A
part of this research was completed through the Shared Research
Equipment (ShaRE) User Facility at the Oak Ridge National Labora-
tory, sponsored by Scientific User Facilities Division of the Office of
Science, U.S. Department of Energy. Cytec Industries Inc. is sincerely
thanked for the providing of Ebecryl 600®.

References

[1] J. Schultz, M.  Nardin, Interfacial adhesion, interphase formation and mechan-
ical properties of single fiber polymer based composites, in: H. Ishida (Ed.),
Controlled Interphases in Composite Materials, Elsevier, New York, 1990, pp.
561–567.

[2]  J. Schultz, M.  Nardin, Some physico-chemical aspects of the fibre–matrix inter-
phase in composite materials, Journal of Adhesion 45 (1994) 59–71.

[3] M.  Nardin, E.M. Asloun, J. Schultz, Physico-chemical interactions between car-
bon fibers and PEEK, in: H. Ishida (Ed.), Controlled Interphases in Composite
Materials, Elsevier, New York, 1990, pp. 285–293.

[4] F. Vautard, P. Fioux, L. Vidal, J. Schultz, M.  Nardin, B. Defoort, Influence of the
carbon fiber surface properties on interfacial adhesion in carbon fiber–acrylate
composites cured by electron beam, Composites Part A: Applied Science and
Manufacturing 42 (2011) 859–867.

[5] C.W. Jennings, Surface roughness and bond strength of adhesives, Journal of
Adhesion 4 (1972) 25–38.

[6] L.T. Drzal, N. Sugiura, D. Hook, The role of chemical bonding and surface
topography in adhesion between carbon fibers and epoxy matrices, Composite
Interfaces 5 (1997) 337–354.

[7] V.K. Raghavendran, L.T. Drzal, P. Askeland, Effect of surface oxygen content and
roughness on interfacial adhesion in carbon fiber-polycarbonate composites,
Journal of Adhesion 16 (2002) 1283–1306.

[8] D.K. Owens, R.C. Went, Estimation of the surface free energy of polymers, Jour-
nal of Applied Polymer Science 13 (1969) 1741–1747.

[9] F.M. Fowkes, Role of acid–base interfacial bonding in adhesion, Journal of Adhe-
sion Science and Technology 1 (1987) 7–27.

10] F.M. Fowkes, Acid–base contribution to polymer-filler interactions, Rubber
Chemistry and Technology 57 (1984) 328–344.

11] J. Schultz, L. Lavielle, C. Martin, The role of the interface in carbon fiber epoxy
composites, Journal of Adhesion 23 (1987) 45–60.

12] K.J. Hook, R.K. Agrawal, L.T. Drzal, Effects of microvawe processing on
fiber–matrix adhesion. 2. Enhanced chemical bonding epoxy to carbon-fibers,
Journal of Adhesion 32 (1990) 157–170.

13] E. Pisanova, E. Mäder, Acid–base interaction and covalent bonding at a
fiber–matrix interface: contribution to the work of adhesion and measured
adhesion strength, Journal of Adhesion Science and Technology 14 (2000)
415–436.

14] J.J. Bikerman, The Science of Adhesive Joints, Academic Press, New York, 1961.
15] M.M.  Pastor-Blas, M.S. Sanchez-Adsuar, J.M. Martin-Martinez, Weak boundary

layers in styrene-butadiene rubber, Journal of Adhesion 50 (1995) 191–210.
16] M.C. Paiva, M. Nardin, C.A. Bernardo, J. Schultz, Influence of thermal history on
the results of fragmentation tests on high-modulus carbon-fiber/polycarbonate
model composites, Composites Science and Technology 57 (1997) 839–843.

17] F. Vautard, L. Xu, L.T. Drzal, Carbon fiber-vinyl ester interfacial adhesion
improvement by the use of an epoxy coating, in: I.M. Daniel, E.E. Gdoutos,
Y.  Rajapakse (Eds.), Major Accomplishment in Composite Materials and



7 urface

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

2 F. Vautard et al. / Applied S

Sandwiches Structures: An Anthology of ONR Sponsored Research, Springer,
Netherlands, 2010, pp. 27–50.

18] J. Lee, L.T. Drzal, Surface characterization and adhesion of carbon fibers to epoxy
and polycarbonate, International Journal of Adhesion and Adhesives 25 (2005)
389–394.

19] A. Bismarck, M.E. Kumru, B. Song, J. Springer, E. Moos, J. Karger-Kocsis, Study
on  surface and mechanical fiber characteristics and their effect on the adhesion
properties to a polycarbonate matrix tuned by anodic carbon fiber oxidation,
Composites Part A: Applied Science and Manufacturing 30 (1999) 1351–1366.

20] S. Erden, K.C. Ho, S. Lamoriniere, A.F. Lee, A. Bismarck, Continuous atmospheric
plasma oxidation of carbon fibres: influence on the fiber surface and bulk prop-
erties and adhesion to polyamide 12, Plasma Chemistry and Plasma Processing
30 (2010) 471–487.

21] Y. Otake, R.G. Jenkins, Characterization of oxygen-containing surface com-
plexes created on a microporous carbon by air and nitric acid treatment, Carbon
31 (1993) 109–121.

22] S. Kohl, A. Drochner, H. Vogel, Quantification of oxygen surface groups on
carbon materials via diffuse reflectance FT-IR spectroscopy and temperature
programmed desorption, Catalysis Today 150 (2010) 67–70.

23] C. Moreno-Castilla, F. Carrasco-Marín, A. Mueden, The creation of acid carbon
surfaces by treatment with (NH4)2S2O8, Carbon 35 (1997) 1619–1626.

24] Y.C. Chiang, C.Y. Lee, H.C. Lee, Surface chemistry of polyacrylonitrile- and rayon-
based activated carbon fibers after post-heat treatment, Materials Chemistry
and  Physics 101 (2007) 199–210.

25] S. Wang, Z.H. Chen, W.J. Ma,  Q.S. Ma,  Influence of heat treatment on
physical–chemical properties of PAN-based carbon fiber, Ceramics Interna-
tional 32 (2006) 291–295.

26] J.S. Lee, T.J. Kang, Changes in physico-chemical and morphological properties
of carbon fiber by surface treatment, Carbon 35 (1997) 209–216.

27] F. Vautard, S. Ozcan, H. Meyer, Properties of thermo-chemically surface treated
carbon fibers and of their epoxy and vinyl ester composites, Composites Part
A:  Applied Science and Manufacturing 43 (2012) 1120–1133.

28] J.I.B. Wilson, J.S. Walton, G. Beamson, Analysis of chemical vapour deposited
diamond films by X-ray photoelectron spectroscopy, Journal of Electron Spec-
troscopy and Related Phenomena 121 (2001) 183–201.

29] S.T. Jackson, R.G. Nuzzo, Determining hybridation differences for amorphous
carbon from the XPS C1s envelope, Applied Surface Science 90 (1990) 195–203.

30] U. Zielke, K.J. Hüttinger, W.P. Hoffman, Surface oxidized carbon fibers: II. Chem-
ical modification, Carbon 34 (1996) 999–1005.
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