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Influence of Oxyfluorination on Geometrical Pull-Out Behavior of 
Carbon-Fiber-Reinforced Epoxy Matrix Composites

Abstract: To improve the interfacial adhesion between carbon fibers and an epoxymatrix, carbon fibers were modified by oxyfluorination at different temperatureconditions. Surface analyses of the oxyfluorinated carbon fibers were performed usingscanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), anddynamic contact angle measurements. The interfacial shear strength (IFSS) of a sin-gle carbon fiber/epoxy matrix was studied by employing single-fiber pull-out tests toconfirm the interfacial adhesion. The pull-out behavior of the fiber from the matrixwas discussed based on the Greszczuk’s geometrical model. Functional groups suchas C-F, C-O, and COOH were present on the carbon fiber surfaces after oxyfluorination. Moreover, the presence of functional groupsincreased the surface polarity of the fibers, resulting in an increase in the IFSS owing to the improvement of the interfacial adhesivestrength between the carbon fibers and the epoxy matrix.
Keywords: carbon fiber, polymer-matrix composites (PMCs), surface treatments, oxyfluorination.
1. IntroductionThe development of carbon materials has been studied in vari-ous fields by many researchers.1-8 Among the well-known car-bon materials, carbon fibers are the most widely used materials.Carbon fibers exhibit excellent properties such as good mechani-cal properties, high temperature resistance, and good electri-cal conductivity, and they are lightweight. Carbon fibers are themost important reinforcements used in polymeric matrix com-posites since specific properties can be achieved by combiningcarbon fibers and polymers.9-14 These carbon fibers-reinforcedpolymer composites (CFRPs) exhibiting a high performance arewidely applied in various fields such as aerospace defense, ships,automobiles, machine tools, sport equipment, transportationstructures, power generation, as well as oil and gas industries.15-26Mechanical properties of CFRPs are mainly determined bythe interfacial adhesion between carbon fibers and matrix res-ins among various parameters. In other words, the interfacialproperties of carbon fibers and matrix resins must be controlledfor improving the mechanical properties of CFRPs. Hence, manyresearchers have focused on developing effective surface treat-ment methods to improve the interfacial strength.27-29 Varioussurface treatment methods such as wet chemical, electrochem-

ical, metal-coating, plasma, ozone treatment, fluorination, andoxyfluorination methods have been employed.30-36 In oxyfluorination, a dry chemical method, carbon fibers aretreated to introduce polar group or active sites on a carbon fibersurface using oxygen-fluorine gas mixtures without employingany catalysts or initiators during a relatively short time. Thismethod is more environmental friendly as compared to othermethods. Using this method, the degradation of mechanicalproperties of carbon fibers can be minimized without damag-ing the surface-treated fibers under optimal processing condi-tions.37-40Herein, the oxyfluorination method was employed to intro-duce polar functional groups or active sites on carbon fibers forachieving a stronger interfacial adhesion. The objective of thisstudy is to evaluate the effect of oxyfluorination on the carbonfiber surface properties and the interfacial adhesion betweencarbon fibers and epoxy matrix. The surface properties of thecarbon fibers were characterized using scanning electron micros-copy (SEM), X-ray photoelectron spectroscopy (XPS), and dynamiccontact angle measurements. The interfacial shear strength (IFSS)of the single carbon fiber/epoxy matrix was studied by per-forming single-fiber pull-out tests to confirm interfacial adhesion.The pull-out behavior of the fiber from the matrix is discussedbased on the Greszczuk’s geometrical model. 
2. Experimental

2.1. Sample preparationThe epoxy resin used in this study was diglycidyl ether of bisphe-nol A (DGEBA, YD-128), which was supplied by the kukdo Chem.
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Co., Korea. The carbon fibers used in this study were untreatedand unsized polyacrylonitrile-based carbon fibers (TZ-307)supplied by Taekwang Ind., Korea. The average diameter of thecarbon fibers was ~7 μm, and the typical tensile modulus andstrength values were ~245 and 3.5 GPa, respectively. Carbon fibers were treated by oxyfluorination at differenttemperature conditions using an oxyfluorination reactor. Theschematic diagram and photographs of the reactor are pre-sented in Figure 1. Oxyfluorination was conducted at 25, 100,150, and 300 °C for 10 min. After oxyfluorination, the sampleswere degassed to remove unreacted gases. The untreated car-bon fibers are named as as-received. The oxyfluorinated car-bon fibers (OF-CFs) are referred to as OF-CFs-25, OF-CFs-100,OF-CFs-150, and OF-CFs-300, depending on the oxyfluorina-tion temperature. The carbon fibers were embedded in the epoxyresin, and then semi-cured at room temperature for 24 h. Eachspecimen was prepared according to embedded length. The sche-matic diagram of the specimen preparation is presented in Fig-ure 2. 
2.2. CharacterizationThe morphologies of the OF-CFs were examined using SEM(Hitachi, Tokyo, Japan). The surface properties of the OF-CFswere characterized using XPS (ESCA210, VG Scientific Co., UK).The XPS spectra were collected using an MgKα X-ray source(1253.6 eV). The pressure in the chamber was controlled below

5×10-8 Torr. Wide-angle X-ray diffraction (XRD, D2 PHASER,BRUKER, Germany) patterns of the OF-CFs were recorded witha rotation anode using CuKα radiation (λ=0.15418 nm). Dynamic contact-angle measurements of the carbon fiberswere performed using a Krüss Processor Tensiometer K-100with a fibers apparatus. 2 g of the CFs was packed into the appara-tus and mounined onto the measuring machine. The characteristicsof the four wetting liquids used for the contact-angle measure-ments are listed in Table 1. Details of this method were describedin previous studies.41,42A single fiber is embedded in resins and the debonding loadfor the pull-out of the single fiber from the resin is measured. IFSS(τ) is calculated using the following equation:43,44 (1)where F is the debonding load, rf is the fiber radius, and L is theembedded length. According to the Desarmot’s proposition45 on the basis of theGreszczuk’s geometrical model,46 the IFSS measured from thepull-out tests can be used for determining the maximum IFSS,
max, derived from the maximum debonding load, Fm, at L=0,using the following equation:

(2)where bi, as defined by Greszczuk, is the effective thickness ofthe interface and R is the radius of the matrix. The parameters
Ef, Gm, and rf are the Young’s modulus of the fiber, shear modulusof the matrix in the Greszczuk experiments, and fiber radius,

 F2 rf L 
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Figure 1. Schematic diagram and pictures of oxyfluorination reactor.
Figure 2. Schematic diagram of specimen preparation and pull-out test.

Table 1. Characteristics of wetting liquids used in this workaWetting liquids L
d (mJ/m2) L

p (mJ/m2) L (mJ/m2)  (MPa·s) ρ (g/cm3)n-Hexane 18.4 0 18.4 0.33 0.661Water 21.8 51 72.8 1 0.998Diiodomethane 50.4 0.4 50.8 2.8 3.325Ethylene glycol 31.0 16.7 47.7 17.3 1.100
aL

d: London dispersive component of surface free energy. L
p: specific component of surface free energy. L: total surface free energy. η: viscosity. ρ: density.
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respectively. Therefore, α is a constant that depends on thenature of the fiber and matrix used. 
3. Results and discussionFigure 3 shows the SEM images of the surface oxyfluorinatedcarbon fibers ((a) as-received CFs, (b) OF-CFs-100, (c) OF-CFs-150, and (d) OF-CFs-300). At the SEM images, the considerablechanges of the surfaces could not be observed. The diameterdid not change either. From these results, it was confirmed thatthere was no damage of the carbon fibers by the oxyfluorina-tion treatments. It is expected that the mechanical strength willnot be decreased due to the damage of the carbon fibers. Con-sequently, it is thought that the effects of the functional groupformation on the interfacial adhesion properties between rein-forcements and matrix can be confirmed. Figure 4 shows the XPS spectra of the as-received CFs andOF-CFs as a function of temperature. The XPS spectra show theoxyfluorination leads to a change in functional groups on thecarbon fiber surfaces. First, there are only carbon (C1s) and oxy-gen (O1s) peaks in the XPS results of as-received CFs. On theother hand, the XPS results of all OF-CFs samples indicate thepresence of carbon (C1s), oxygen (O1s), and fluorine (F1s). Thefluorine peaks of OF-CFs increased with an increase in the oxy-fluorination temperature. The maximum value was obtainedfor the oxyfluorination sample OF-CFs-100. However, the fluorinepeaks decreased in the OF-CFs-300. According to other reports,the fluorine functional groups on the carbon materials surfaceswere removed at high temperatures above 300oC by formingCF4 or C2F2 gases.47-49 Therefore, the decrease of the fluorine peakswas probably caused by the high fluorination temperature. Hence,these XPS results mean that the oxyfluorination treatments can

modify the CFs surfaces by forming functional groups. Besides,this indicates that the oxyfluorination conditions employed inthis study are appropriate for increasing the interfacial adhesionwith matrix as well as the polarity of CFs surfaces. Figure 5 shows High-resolution curve fitted C1s peaks of theoxyfluorinated carbon fibers as a function of temperature. AsFigure 5 shows, significant changes were observed in the OF-CFs compared to the as-received CFs. The C1s spectra revealsthe presence of three peaks consisting of graphitic carbon (C-C), carbony groups (C=O), and carboxy groups (COOH). In theCFs spectra, the ratio of graphitic carbon is observed higherthan other functional groups. On the other hand, in the OF-CFsspectra, the ratio of graphitic carbon decreased, and the ratio of

Figure 3. SEM pictures of oxyfluorinated carbon fibers; (a) as-received CFs, (b) OF-CFs-100, (c) OF-CFs-150, and (d) OF-CFs-300.

Figure 4. XPS spectra of oxyfluorinated carbon fibers as a function oftemperature. 
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C=O and COOH groups increased. These results indicate thatoxygen functional groups are introduced to the CFs surfacesthrough the oxyfluorination treatments. It seems likely thatthese oxygen functional groups increase the polarity of the surfaceof CFs. Besides, the polarity of the fibers is expected to improvethe mechanical properties of the composites. The polarity of theCFs can be controllable through the oxyfluorination treatment.The oxyfluorination mechanism of CFs illustrated in Figure 6.This chemical reaction results in achieving desired results withthe surface analyses of OF-CFs. The mixed gas (F2 and O2) canintroduces high amounts of functional groups on the fiber sur-faces by the high reactivity of fluorine, and thereby obtainingan improved interfacial bonding force between the fibers andresins. 

Figure 7 shows the XRD patterns of the as-received CFs andOF-CFs as a function of temperature. Almost no change in thegraphitic structure is observed because only the CFs surface isoxyfluorinated. More specifically, all the oxyfluorinated carbonfibers, within error limits, exhibit almost the same 2θ value,interlayer distance (d002), and FWHM as the as-received car-bon fibers. Figure 8 shows surface free energies of oxyfluorinated car-bon fibers as a function of temperature. As shown in figure 8,the surface free energies of the carbon fibers tend to decreasewith oxyfluorination treatments. On the other hand, the polarcomponent (S
p)of the surface free energy apparently increasesat higher degrees of oxyfluorination. The character of C-F bond-ing is mainly influenced by the oxyfluorination temperature or

Figure 5. High-resolution curve fitted C1s peaks of the oxyfluorinated carbon fibers as a function of temperature.
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the fluorine content. Hence, the oxyfluorination treatments canlead to a decrease in the dispersive component (S
d) of the sur-face free energy by the damage of the graphitic character of theCFs surfaces.50,51 Consequently, the increase in the polarity fac-tor of the carbon fiber can improve the wettability to the epoxymatrix containing oxygen functional groups. Furthermore, the

improvement in wettability is expected to play an importantrole in increasing the interfacial adhesive between the fibersand the epoxy matrix.Figure 9 shows the geometrical pull-out behavior and theIFSS values of oxyfluorinated carbon fibers-reinforced epoxymatrix composites. The geometrical pull-out behavior resultsas function of the embedded fiber length were obtained by thesingle fiber pull-out tests. All OF-CFs had higher IFSS values thanas-received samples. Also, the IFSS values of OF-CFs showed atendency to be enhanced according to increasing the oxyfluori-nation temperature. The maximum IFSS value is obtained forthe OF-CFs-100. This result is similar to those of the carbon fibersurface analysis. The roughening and polarity of CFs surfacesaffect interfacial adhesion and can be controlled by surfacetreatment.52,53 Therefore, it seems likely that IFSS increasedwith an increase in the wettability of the CFs. The oxyfluorina-tion can control the degree of adhesion. That is, the oxyfluori-nation can increases the polarity and the wettability of the CFsby forming oxygen functional groups on the CFs, thereby also

Figure 6. A suggested oxyfluorination mechanism of carbon fibers. 

Figure 7. XRD patterns of oxyfluorinated carbon fibers as a function oftemperature.

Figure 8. Surface free energies of oxyfluorinated carbon fibers as afunction of temperature.

Figure 9. Geometrical pull-out behavior of oxyfluorinated carbon fibers-reinforced epoxy matrix composites.

Figure 10. Dependence of interfacial shear strength (IFSS) on the F1s/C1s ratio of oxyfluorinated carbon fibers-reinforced epoxy composites.
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improving the interfacial adhesion properties of the fibers. Figure 10 shows the dependence of interfacial shear strength(IFSS) on the F1s/C1s ratio of OF-CFs. It has been reported thatthe mechanical properties of composites increased as appro-priate functional groups are formed on the reinforcement sur-faces.54,55 Interestingly, the IFSS results are similar to the F1s/C1sratio of OF-CFs according to the oxyfluorination treatments.The highest F1s/C1s ratio and the maximum IFSS values are indi-cated in the OF-CFs-100, which are significantly higher as com-pared with the as-received CFs. Consequently, these resultsshow that the polarity and functional groups are the importantfactors in the adhesion between epoxy and carbon fiber. It couldbe hypothesized that the interfacial bonding force between thecarbon fiber and the resin and the mechanical properties of thecomposites can be controlled by changing the oxyfluorinationtreatment conditions.
4. ConclusionsThe influence of oxyfluorination on the surface properties ofthe OF-CFs and the geometrical pull-out behavior of carbon-fiber-reinforced epoxy matrix composites were examined. ThroughSEM, XPS, and surface free energy analysis, it was found thatthe CFs surfaces were successfully modified by the oxyfluorina-tion treatments. The oxyfluorination increased the polarity andthe wettability of the CFs by forming oxygen functional groupson the CFs, thereby also improving the interfacial adhesionproperties of the fibers. Also, the IFSS values of OF-CFs showeda tendency to be enhanced at higher degrees of oxyfluorina-tion. We confirmed that the interfacial bonding force betweenthe carbon fiber and the epoxy resin and the mechanical prop-erties of the composites can be controlled by changing the oxy-fluonation treatment conditions.
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