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ARTICLE INFO ABSTRACT

Keywords: To improve the interfacial properties between carbon fibers (CFs) and polycarbonate (PC) resin, the PC resin was
Carbon fiber pre-coated onto the CF surfaces by a spray-coating method, and a post-heating process was applied for ensuring
Polycarbonate uniformity of the coating layer. To further investigate the interfacial interactions between the CFs and the
Impregnation

coating layers, the physically-adsorbed PC resins were removed from some coated CFs by washing with solvent.
The results showed that the CF/PC interfacial adhesion properties could be related to the coating thickness (or
the resin impregnation) and fiber-matrix interactions. For a PC coating layer thinner than 0.15 pm, the PC could
not be fully-impregnated into the CF bundles, thus leading to inferior CF/PC interfacial properties and me-
chanical properties in the final composites; while for a coating layer with thickness ranging from 0.15 to
0.32um, it allowed formation of well-impregnated interfaces; if coupled with a further hot-pressing for
strengthening the interfacial bonding interactions, both the CF/PC interfacial shear strength and mechanical
properties for the corresponding composites were significantly enhanced. The interfacial interactions and re-
inforcing mechanisms for the CF/PC composites were schematically proposed.

Interfacial adhesion
Mechanical properties

1. Introduction

Carbon fiber reinforced thermoplastics (CFRTPs) are expected to be
used as structural parts of aircrafts, automobiles, electrical product
shells and sport equipments due to their mechanical properties, such as
high specific strength, high specific stiffness, short processing time and
high recyclability [1,2]. The properties of a CFRTP composite depend
on behaviors of its constituent parts as well as those of interfaces be-
tween the fibers and their surrounding resin. Currently, it is generally
accepted that mechanical properties, shear resistance, and life ex-
pectancy of such composites are largely limited by the bonding strength
and stability of their interfaces [3].

To achieve a strong and stable interfacial adhesion for a CFRTP,
some conventional methods have been developed to modify the sur-
faces of CFs, such as oxidation using concentrated nitric acid, electro-
chemical oxidation [4,5], coating by sizing agents [6,7], plasma treat-
ment, chemical grafting [8,9], and growth of carbon nanotubes or
graphene-based materials on CFs [10,11]. Iroh [12] et al. have coated
thermoplastic copolyimide onto CF surfaces by electrochemical de-
position and the mechanical properties of the corresponding CF/poly-
imide composite were improved by 25%. Montes-Morén [13] et al. have

found that the CF/PC interfacial adhesion could be improved by
15.42% by using a plasma treatment. Yamamoto [14] et al. have im-
proved CF/PMMA interfacial interactions by pre-adsorbing PMMA
particles onto the CF surfaces using an electrophoresis process and the
interfacial shear strength have been improved by 68%. In general, these
CF surface modifications are considered to be able to enhance me-
chanical anchoring, chemical interaction, physical adsorption or im-
pregnation ability between the CFs and thermoplastic matrix resin, but
only to a limited extent [15].

One of the challenging obstacles for improving the CFRTP inter-
facial properties should be high viscosity of a thermoplastic resin, even
in a high temperature, which makes the resin infusion difficult, re-
sulting in poor impregnation of the resin into CFs during a composite-
making process. It is well accepted that the inefficient impregnation of a
matrix resin will impart poor interfacial adhesion of a CFRTP [16,17],
and thus degrade mechanical properties of the composite. Therefore,
various impregnation methods have been developed, such as powder
impregnation [18], solvent impregnation [19] as well as melt impreg-
nation [20,21]; however, they are still not facile or effective enough to
tailor the impregnation and adhesion behaviors of a thermoplastic resin
at a CFRTP interface.
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In this work, the CFs were spray-coated with a thermoplastic resin
to achieve a good impregnation of PC into CF bundles, and a post-
thermal treatment was performed for ensuring a uniform coating on the
CFs. This method has the advantages of good resin impregnation, facile
and minimization of solvent use. The results revealed that the CF/PC
interfacial adhesion strength could be improved up to 87.8% by the
most as compared to that of the un-coated CF/PC, and the interfacial
properties were closely correlated to the CF surface chemistry, coating
thickness and fiber morphologies, and the mechanical properties of the
final composites were also significantly enhanced.

2. Experiments
2.1. Materials

The CFs with sizing agents were supplied by Toho Inc. Corp. (Japan,
12K) and the PC sheets with thickness of around 0.3 mm and PC
powder with particle size of 50-100 um were supplied by Dongguang
Plastic Film Corporation, China. Melt mass flow rate of the PC sheet and
PC powder were 1.451 and 1.493 g/min, respectively, indicating si-
milar processing flowability. The measurement method was shown in
the supporting information.

2.2. Spray coating of PC on CFs

The as-received CFs were first desized by an acetone-extraction
process at reflux for 24 h (denoted as CFg4.). Some of the desized CFs
were further oxidized at 500 °C for 10 min in air, and the oxidized CFs
were labeled as CF,,.

The spraying solution was prepared by dissolved a certain amount
of PC powders in dichloroethane under ultrasonic assist for 45 min to
form a clear solution at ambient temperature. The as-prepared PC so-
lutions were then stored in a sealed glass flask to prevent solvent from
volatilizing. By controlling the added amount of PC powders, the
spraying solutions with concentrations of 2.5, 5, and 7.5wt% were
obtained; correspondingly, viscosities of the obtained PC solutions were
5.59, 6.57, and 8.16 mPas respectively, measured by NDJ-8S Digital
Rotational Viscometer at room temperature. The #0 rotor was used at a
rotating speed of 30 r/min.

The schematic for the fiber coating and post-treatment processes is
shown in Fig. 1. For the fiber coating process, the fiber (CF4. or CFy)
tows were firstly air-spread by a well-controlled wind, and fixed onto a
metal frame; thereafter, the tows were spray-coated with PC solutions
by using a spray jet, controlling the spraying amount of about 2.5 ml in
15s. All the experimental conditions were identical except for the PC
concentrations. The coating procedure was conducted on each CF spe-
cimen for 45s. For the post-treatment process, the coated CFs were
firstly dried at ambient temperature overnight to remove the solvent.
Furthermore, to uniformize the PC coatings on the CFs, all the coated
CFs were heat-treated in a tube furnace at 300 °C for 30 min; the as-
obtained CFs were denoted as CF-Uni. Table 1 shows abbreviations used
for the investigated CFs.
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Table 1
Abbreviations used for various samples prepared.

Sample code Details

CFox-C
CFox-Uni-0.06
CFox-Uni-0.15
CFoy-Uni-0.32

PC solution-coated CF,, without thermal uniformization
2.5 wt% PC solution-coated CF,x with thickness of 0.06 pm
5 wt% PC solution-coated CF,, with thickness of 0.15 pm
7.5 wt% PC solution-coated CF,, with thickness of 0.32 pym

CFge-Uni 5 wt% PC solution-coated CF4. with thermal uniformization
CFox-Uni-wl CF,x-Uni after washed by solvent
CFox-Uni-w2 Unidirectional CF,4-Uni/PC after washed by solvent

2.3. Contact angle measurements for the CFs

Contact angle measurements were performed to characterize the
“wettability” of the CF surfaces by a molten PC resin. A single CF was
straightened and fixed on both sides, and then a small amount of PC
powders (diameter of ranging from 25 to 40 um) were blowed up onto
the CF surface. Thereafter, the CF was subjected to a heat-treatment
process at 300 °C for 10 min to melt the PC powders for forming molten
droplets on the CF. After cooling, the droplets with diameter ranging
from 50 to 62.5 um was selected and their contact angles towards the
CF were measured.

2.4. Structural characterizations on the CFs

The morphologies of the CFs were characterized by a field-emission
scanning electron microscope (FE-SEM, JEOL, JSM-7001 F, Japan) at an
accelerating voltage of 10kV. The CF surface chemistries were de-
termined by an X-ray photoelectron spectroscopy (XPS). The spectra
were obtained using an ESCALAB 250Xi type X-ray photoelectron
spectrometer (ThermoFisher, America) with Al Ka (1486.6 eV) X-ray
source operated at 75 W.

The Fourier transform infrared spectroscopy-attenuated total re-
flectance (FTIR-ATR) was used to determine the chemical compositions
on the CF surfaces, using a Perkin Elmer Spectrum 100 at a resolution of
0.4cm™ 1.

2.5. Tensile strength of the CFs

The tensile strengths of the CFs were determined by using a single
fiber stretching machine at 20 mm intervals in its longitudinal direc-
tion. The pretension for the single CF was set as 0.01 N, and the
stretching rate was 2mm/min. At least 30 effective tensile strength
results were recorded in this study. The statistical distribution of the CF
strength data is usually expressed by a two-parameter Weibull equation
(given as Eq. (1)) [22,23].

Flo)=1- exp[—L(i) ]
% (€]

where o is the fiber tensile strength, F(o) the cumulative probability
distribution function of the fracture strength, m the Weibull modulus, oy
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Fig. 1. Schematic for CF spray-coating and thermal uniformization.
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the location parameter. The CF tensile strength data plotted in Eq. (2)
were linearly fitted, and the parameters 0, and m were estimated using
the least squares regression method [22].

In(In (1_11:(0)]) = miIn(c) — mIn(oy) + In(L) @

2.6. Single-filament fragmentation tests

A single fiber was fixed onto a metal frame to complete the spary-
coating process under otherwise identical conditions to the CF tows.
Then the single CF was sandwiched into two PC sheets and set into a
metal mould for hot-pressing. The hot-pressing was conducted at 220 °C
for 15 min, and pressured at 4 MPa for 3 min. A dogbone-shaped test
specimen with a single CF centered was obtained using a die-punch.
The axial line of the embedded CF was parallel to the axial direction in
the tensile test. At least ten specimens were fabricated for the frag-
mentation tests. Then the specimens were tensile-stretched to 7.5% by a
mini-tensile machine (Jinan Shidai Shijin Testing Machine Group Co.
Ltd, WDW-T2, China) with a crosshead speed of 0.1 mm/min and gauge
length of 30 mm. The interfacial shear strength (IFSS) was calculated by
the Kelly-Tyson equation [24].

t=o0(l.)d/2l, 3)

The fiber strength at the critical fragment length (I.) was calculated
using the Weibull weakest-linking theory [25]:

L. =4/3l, (€]
o(lo) = o L)L/ I)™ ®

where 7 is the interfacial shear strength, o (I.) strength of the fiber of the
critical length, d the fiber diameter, o (l,) strength of the fiber with a
gauge length of [, (20 mm).

2.7. Mechanical tests for the composites

To fabricate a composite for the mechanical test, a bundle of CFs
was firstly sandwiched between two PC sheets and moulded for hot-
pressing. The hot-pressing was conducted at 220 °C for 17 min and
pressured at 2.5 MPa during the overall process under vacuum. The CF
volume fraction (Vj) of the composites was determined according to the
following relationship,

Voo Ve _ P X My
ToVi+ v, T (- e x My +p, ®)

where V., V, are the volumes of the CFs and resin matrix in the com-
posite, respectively; p., p, the densities of the CFs and resin matrix in the
composite, respectively; My, the weight fraction of the CFs in the
composite. The density of the CFs is determined to be 1.76 g/cm® and
that of PC resin is 1.17 g/cm?>. The M of the composites was determined
by a difference in sample weight before and after burning in nitrogen.
The burning conditions were pre-determined by a thermogravimetric
analysis. For the CF,,-Uni/PC composite, as shown in Fig. S1, the
sample weight remained almost unchanged up to about 470 °C and the
maximal weight loss occurred at about 510 °C. At 600 °C, no obvious
weight loss was observed, indicating the completion of the resin de-
composition process. Therefore, the burning conditions for the com-
posites were determined to be 600 °C for 30min under nitrogen atmo-
sphere. The composites were then weighted before and after burning to
obtain the weight fraction of the CFs in the composites, and the results
were shown in Table S1 in the supporting information. The Vy in the
CFx-uni-0.06/PC, CF,4-uni-0.15/PC, CF,-uni-0.32/PC composites was
calculated to be 7.31%, 6.96% and 6.74% respectively. Therefore, these
specimens had approximately the same fiber volume fraction.

Tensile tests for the composites were conducted on a universal
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Fig. 2. Schematic for the 90° tensile strength test of a composite laminate.

material testing machine (Jinan Shidai Shijin Testing Machine Group
Co. Ltd, WDW-20E, China) in accordance to China National Standard
GB/T  3354-1999. The tensile sample dimension was
80 x 10 x 1.5mm and the crosshead speed was 2 mm/min. The flex-
ural test was carried out according to China National Standard GB/T
1466-2005. The flexural sample dimension was 12 X 2.5mm with a
support span 30 mm in length. The cross-head speed was 2 mm/min. A
90° tensile strength test process (stretching at a direction perpendicular
to the CF axis) for the laminate was shown in Fig. 2. At least ten data
were recorded and averaged for each specimen.

3. Results and discussion
3.1. Changes in CF surface morphologies

Fig. 3 shows surface morphologies of the CF4. and CF,. Grooves
along the fiber axis could hardly be distinguished from the CFg surface
(Fig. 3a); contrastively, the grooves on the surfaces of CF,x became
clearer, meaning that the CF surface roughness was increased through
the air oxidation treatment. From the insets shown in Fig. 3a and b, the
contact angle for PC melt droplet on the CF,; was obviously smaller
than that on the CFg4,, suggesting the PC resin had an improved wett-
ability on the CF,y surface. Thus, if not specially noted, the following
coating work was performed on the CF,.

Upon the PC solution immersion and solvent evaporation, the PC-
coated CFs presented fully-impregnated but non-uniform morphologies
of the PC resin, along with some tubular voids and irregular nubbly
particles formed by solvent volatilization (Fig. 3c). In order to obtain
CFs with uniform coating, a thermal uniformization process was em-
ployed. After the uniformization, the PC coatings became significantly
uniform (Fig. 3d). The voids and nubbly particles were mostly dis-
appeared, and thin PC coating layers were formed throughout the CF
surfaces (Fig. 3d, e, f), resulting from the good thermal-ductility of PC
resin at high temperatures.

In our study, the coating amount of PC on the CF tows could be
controlled by viscosity of the PC solution, thus by the PC concentration
(Fig. 3g, h, i). We found the ideal PC concentration for the spray-coating
was 5-7.5wt%. Over-high concentration (> 7.5wt%) would have
trouble to make the PC solution spray-out from the sprayer for finishing
the coating. The PC concentration in the solution was found to be
correlated almost linearly to the coating thickness on the CFs, e.g., the
PC thickness was 0.06 um for 2.5 wt% of PC solution, 0.15 pm for 5wt
%, and 0.32 um for 7.5 wt%, respectively, corresponding to diameters
of 7.11, 7.20 and 7.37 um, respectively. In our study, the grooves ori-
ginally found in CF,, were disappeared after the PC coating and the
thermal uniformization, indicating that the CF surfaces were smoothed
up.

An alternative method for coating a thermoplastic resin on CFs is
overlap coating, i.e., subjecting overlapped resin sheets to high tem-
perature and pressure to impregnate into the sandwiched CFs. EL-
Dessouky et al. [26] used thermoplastic film of polyphenylene sulphide
(PPS) to impregnate the carbon fiber spread-tow (CFST) fabric to obtain
laminate by a hot pressing, with a pressure of 60 MPa and temperature
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Fig. 3. SEM images of the investigated CFs: (a) CFge; (b) CFox; (¢) CFox-C; (d) CFoy-Uni-0.06; (e) CF,y-Uni-0.15; (f) CFox-Uni-0.32; (g)single CF,,-Uni-0.06; (h) single
CFox-Uni-0.15; (i) single CF,-Uni-0.32.

up to 500 °C. Goud et al. [27] investigated mechanical properties of
unidirectional carbon fiber reinforced polypropylene composites in
varying forms of fiber, powder and film, in which the composites were
made by sandwiching carbon fiber tows between PP films. But in the
over-lay process, the overlaid polymers were very hard to impregnated
to the carbon fibers, even in high temperature and high pressure, due to
the over-long impregnation routine. Comparatively, in this work, a
spray-coating and uniformization processes were used so as to obtain

uniform coating on the carbon fiber surfaces under relative low tem- 4 CF,0=3.08:0.07
peratures and pressures. " CF, 006008
Furthermore, the CF,,-Uni fibers were thoroughly washed with di- : gioz::g?i ‘igﬁg:;
chloroethane to remove the physically-absorbed resin (denoted as CF- v CFGX-Uni-0j32 :;3'_04;0'.13
Uni-wl), so as to evaluate interactions between the CF,, and the PC . CF"‘_Uni_W 1 o3.0650.18
coating. The CF,x-Uni fibers were further sandwiched into two PC > CF -Uniw2 o=2.90£0.18
sheets and moulded for hot-pressing. Thus, the solvent-washed CFs -4 T T T T e
were obtained (CF,,-Uni-w2). As shown in Fig. 4, the PC coating on the 1 In(c/GPa) 2 ¢
CFox-Uni-w1l was nearly fully washed out; however, some PC residues Fig. 5. Weibull modulus data of CF tensile strength.

could still be identified on the CF,,-Uni-w2. This implies that the
thermal treatment should afford further interactions between CF,, and
its PC coating, in consistent with our previous study [28].

Fig. 4. SEM images of (a) CFox-Uni-w1; (b) CF,4-Uni-w2 and (b’) enlarged image for the selected region in (b).
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3.2. Changes in tensile strength of CFs

The tensile strength results of the CFs are plotted in Fig. 5. The CFg4,
exhibited a slightly higher tensile strength value than the CF., in-
dicating the oxidation treatment resulted in slightly damages to the CFs.
The average tensile strength of the coated CFs decreased slightly
compared to that of the untreated CFs (shown in Fig. 5), which could be
attributed mainly to the volume effects resulting from the increased
fiber diameter [25]. Moreover, compared with CF.-Uni, the tensile
strength of the CF,,-Uni-w2 significantly decreased, resulting from
somewhat thermal damages during the imposed hot-pressing.

These tensile strength data were further analyzed by Weibull sta-
tistics based on the weakest-linking theory and Weibull modulus (m)
determined from the slope of the linearly-fitted straight The Weibull
modulus generally indicates scattering extent of the strength data [29].
It can be seen that the Weibull modulus of the treated CFs was smaller
than that of the CF,,, indicating that the strength data scattering extent
became relatively larger after coating, possibly due to the afterward
heating process. Furthermore, the Weibull modulus of the CF4. was
significantly higher than that of the CF,, suggesting that the tensile
strength scattering extent of CF,x became larger due to the air oxida-
tion.

3.3. Evaluation of CF/PC interfacial properties

The fiber/matrix interfacial properties can be evaluated by ob-
servation of stress birefringence patterns at the fiber breaks for the
single fiber/PC composites. The birefringence patterns (shown in Fig. 6)
became increasingly brighter and concentrated with increasing film
thickness, suggesting an improved interfacial adhesion by applying a PC
coating. IFSS data (Table 2) showed that thickness of the PC coating on
the CFs played an important role in determining the IFSS results for a
composite, i.e., with increasing film thickness, the IFSS of the corre-
sponding composites significantly increased. However, from the data in
Fig. 7, the further increase in thickness of the PC coating had little ef-
fective enhancement on the mechanical properties. In this study, a
suitable coating thickness without causing nonhomogeneous coating
(as shown in Fig. S3 in the supporting information) was determined to
be ranging from 0.15 to 0.32 um. The interfacial properties are closely
related to the goodness of resin impregnation, the better the resin im-
pregnation, the higher the IFSS result [30,31].

The IFSS between CFq.-Uni and resin matrix was 27.4 MPa, which
exhibited lower value than that of CF,.-Uni/PC when the CFs were
spray-coated by a same PC solution concentration (5wt%). This was
due to the oxygenated functionalities on the CF,. In our previous study,
during a hot-pressing process, the oxygenated functionalities, such as
C-0, C=0, C(0)O, will generate hydrogen bonding and chemical in-
teraction (such as interesterification interaction) [28]. The similar
conclusions were also reported by other researchers. Lee et al. [32]
reported that the PC molecular chains could cause polar bonding
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Table 2
The IFSS results for CF/PC unidirectional composites.
Critical fragmentation length/mm IFSS/MPa

CFox 0.88 = 0.05 19.96 + 1.75
CFox-Uni-0.06 0.77 = 0.05 24.33 = 231
CFox-Uni-0.15 0.66 + 0.04 31.91 + 2.28
CFox-Uni-0.32 0.56 = 0.05 37.50 = 2.45
CFge-Uni 0.75 = 0.02 27.4 = 215
CFox-Uni-wl 0.86 + 0.06 20.86 + 2.86
CFox-Uni-w2 0.84 = 0.07 21.30 = 2.17

80 _ é - 80
75 o--~ "7 §— 75
4 / L
© 70 - / I 70
Q / ©
s ] &7 —-CF Unw2 S
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g 4 ox F g)
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Fig. 7. The relationship between the mechanical strength and thickness of PC
coating.

interactions between carbonyl groups in PC resin and functional groups
on the carbon fibers surfaces. Hiittinger et al. [33] correlated the high
interlaminar shear strength between CFs and PC to the acid-base in-
teractions during an impregnation process and subsequent chemical
reactions during fabricating a composite, resulting from oxygen-con-
taining functional groups on CFs and carbonate groups on the polymers;
they also found that the chemical interaction was coupled along with
release of carbon dioxide, originating from the decomposition of car-
boxylic groups. Kamps et al. [34] introduced reactive, functional groups
to the PC resin, and by transesterification reactions, forming strong
covalent bonding interactions between the modified PC and CFs; they
found that the different contents of functional groups will significantly
influence the CF/PC interfacial adhesion.

3.4. Evaluation on mechanical properties of the CF/PC composites

The samples were tensile-tested perpendicular to the fiber axis (90°
tensile test), and all of them were fractured at the CF/PC interfaces,
therefore, the 90° tensile strength could be an indication of the

Fig. 6. Birefringence patterns of the CFs composites, in which CFs were coated by PC solution: (a) CFoy; (b) CFox-Uni-0.06; (c) CFox-Uni-0.15; (d) CF,x-Uni-0.32; (e)

CFox-Uni-w1; (f) CFyy-Uni-w2.
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Table 3

The mechanical properties of the composites.

Sample Tensile strength/MPa Flexural strength/MPa
CFox 45.58 + 1.30 62.12 + 1.03
CF,x-Uni-0.06 50.82 + 1.82 74.84 = 1.09
CFox-Uni-0.15 53.10 = 1.31 75.54 + 1.45
CFox-Uni-0.32 54.28 = 1.40 77.28 + 1.58
CFox-Uni-wl 44.62 = 1.31 64.02 + 1.39
CFox-Uni-w2 48.38 + 1.28 67.23 + 1.50

1 We_!!;impregnated
Strongly#adheréde &

10pm

Completely-unim
‘Not-adher;

e

Fig. 8. The 90° tensile-fractographs of the composite laminates: (a) CFox; (b)
CFox-Uni; (¢) CFoy-Uni-w1; (d) CFox-Uni-w2.

interfacial properties. The mechanical properties of the composites re-
inforced by the CF, and various coated CFs are shown in Table 3. With
the thickness of the PC coatings increased up to 0.06 um, both the
tensile strength and flexural strength showed a sudden increase,
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followed by a plateau with a further increase in the thickness (Fig. 7).
The tensile strength was improved by a maximum of 19.09% for the
CFox-Uni-0.32 compared with that for the CF,,. The optimal interfacial
properties were determined to be the PC thickness of 0.32 um, which
was consistent with the IFSS results. These results implied that me-
chanical properties of the composites were largely determined by the
impregnation of the matrix resin.

The tensile-fractured morphologies of the composite laminates were
examined under SEM observation (shown in Fig. 8). The results showed
that little resin residues remained on the CF,, and obvious gaps be-
tween the CFs and PC resin could be observed, indicating a poor in-
terfacial adhesion. However, when the PC coating was applied onto the
CF surfaces, the amount of residual resin adhered to the CF surfaces
increased significantly. This observation suggested that the interfacial
adhesion between CF,y and PC would become stronger after coating
with a PC solution, leading to improved mechanical properties for the
composite. Liu [35] et al. prepared Nylon66-reinforced carbon fabric
composites by a solution impregnation method, by which the resin was
fully impregnated into the fiber bundles, leading to a significantly im-
proved interfacial bonding strength for the CFs/Nylon66 composites.
Han [36] et al. also improved the resin impregnation into CF bundles by
using polypropylene (PP) solution impregnation, and the interfacial
adhesion between a carbon fabric and the PP matrix was promoted.

Moreover, as shown in Fig. 7, the mechanical strength of CF,-Uni-
w2 was significantly higher than that of the CF, but the CF,,-Uni-wl
had a low tensile strength data close to the CF,y. The change tendency
was consistent with the results of interfacial shear strength (Table 2).
The tensile-fractured morphologies of the CF,y-Uni-wl (Fig. 8c) re-
vealed that the CFs was poorly impregnated by the matrix resin, leading
to a very weak adhesion between the CF,x-Uni-wl and PC resin.
However, after the hot-pressing treatment, the adhesion between the
CFox-Uni-w2 and PC could be observed (Fig. 8d), which further con-
firmed the chemical reactions between the CFs and the PC coating by
the heat treatment.

(a) ¢e

(b)

T T
295 290 285 280 275

295 200 285 280 275
B.E.(eV) B.E(eV)
(d) (e) cc
C-0
205 9 5 275 300 205 : 50 215 300 295 9 280 278

285
B.E.(eV)

28
B.E.(eV)

290 2;5
B.E.(eV)

Fig. 9. XPS spectra of the CFs: (a) CFqe; (b) CFoy; (€) CFox-Uni-wl; (d) CFox-Uni-w2; (e) CFqe-Uni-w.
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Table 4

Atomic percentage (At%) of carbon functional groups on the CF surfaces.
Binding energy (eV) CFge CFox CFox-Uni-  CFyy-Uni-  CFge-Uni-

wl w2 w

C-C (284.6) 96.22 75.21 73.67 68.45 89.96
C-0 (286.1-286.3) 3.78 14.07 15.96 18.95 9.28
C=0 (287.3-287.6) - 2.56 2.58 3.98 -
C(0)O (288.4-288.9) - 7.77 7.79 8.62 -
Shake up satellites - 038 - - 0.76

(290.4-290.8)

3.5. XPS analyses on interfacial chemistries

The functionalities concentrations of the various CFs were quanti-
tatively determined by XPS analysis. The Cls spectra of these CFs were
peak-fitted into five components: C-C, C-O, C=0, C(0)O and Shake up
satellites. The results are shown in Fig. 9 and Table 4. For the CF,,-Uni-
w1, the contents of C-O, C=0 and C(O)O were almost the same as
those of the CF,,. But for the CF,,-Uni-w2, the content of oxygen-con-
taining functional groups increased obviously with respect to the non-
heated CFs, indicating the hydroxyl or carboxyl groups on the CFs re-
sulting from thermo-reactions during the hot-pressing. To further in-
vestigate the impacts of functional groups, a controlled experiment was
also done on the CFg.-Uni, The CF4.-Uni after the hot-pressing and
washing treatments was denoted as CFg.-Uni-w. The Cls spectrum of
CFge-Uni-w (Fig. 9) revealed the presence of only two carbon species
belonging to C-C and C-O, but the concentration of C-O was obviously
lower than that of CFy,-Uni-w2 (Table 4), indicating that little PC resin
was remained on the CF4.-Uni-w surfaces. These results suggested that
the oxygenated functionalities on CF surfaces would generate chemical
bonding with the PC matrix during hot-press treatment. This was in
good consistent with the interfacial property results and our previous
study [28].

3.6. FTIR analyses on interfacial chemistries

The Fourier transform infrared spectra (Fig. 10a) of the PC resin
showed the 1774 cm ™! band (carbonyl stretching vibration) and 1226,
1193 and 1162cm ™! bands (stretching vibrations of —C-O-C-), in-
dicating the presence of functional groups in the PC resin. From the
FTIR-ATR spectra of the CFs results, it can be concluded that the CF,
and CFx-Uni-w1 surfaces had stronger peak of -C=C- in a benzene ring
(1533/1537 cm ™ 1), however, the spectra (Fig. 10d) of the CF,,-Uni-w2
revealed the presence of C=O (1714 cm™ ), -C-0-C-(1068,
1224 cm ™ 1). The absorption peaks at 1714 cm ™! were attributed to the
C=O0 symmetric stretching vibration in the ester groups on the fiber
surface [37]. The presence of these bands indicated that the PC residue
should be chemically-bonded onto the CF,,-Uni-w2, which was formed
by the hot-pressing treatment. The differential FTIR spectrum by sub-
jecting the CFx-Uni-wl from the CF,y-Uni-w2 can illustrate the gen-
erated or consumed chemical species during the heat-treatment. The
positive bands 1724 (C=O0 stretching), 1224 (aromatic C-O-stretching),
1076 (aliphatic C-O stretching) cm ™" could be attributed to the gen-
erated oxygen functionalities during the hot-pressing. The chemical
interactions between CF,, and PC coatings should be favorable for
improving the interfacial adhesion.

3.7. Mechanisms on CF/PC interfacial interactions

Based on our study, the CF/PC interfacial adhesion could be related
to the resin impregnation and fiber-matrix interactions. The mechan-
isms were schematically illustrated in Fig. 11. Fig. (a) shows a situation
with poor impregnation and weak interfacial interactions, like CF,y/PC
or CFu-Uni-w1/PC. The SEM and XPS results had shown that there
existed only physical interaction (i.e., van der Waals forces) between
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Fig. 10. The FTIR-ATR spectra of the CFs: (a) PC; (b) CFoy; (¢) CFox-Uni-w1; (d)
CFyx-Uni-w2; (€) CFge-Uni-w2 - CF,,-Uni-w1 differential.

the CFs and PC coating before hot-pressing. This conclusion was in good
agreement with results of the IFSS test (shown in Table 2), which
showed almost identical IFSS data for the CF,,-Uni-w1 to that of the
CFoy. During hot-pressing, the PC matrix can't easily fully impregnate
the carbon fibers tow, which will result in low interfacial shear strength
and mechanical properties. Fig. (b) shows a situation with general
impregnation and weak interfacial interactions, like CF,,-Uni-w2/PC.
The tensile-fractured morphologies of the CF,,-Uni-w2 revealed that
the adhesion between the CF,,-Uni-w2 and PC could be observed after
the hot-pressing treatment, which confirmed the chemical reactions
between the CFs and the PC coating by the heat treatment. However,
for the CFox-Uni-w2, the PC coating was too thin to fully impregnate the
CFs during hot-pressing process, which could also result in poor inter-
facial adhesion. Fig. (c) shows a situation with good impregnation and
strong interfacial interactions, like CF,yx-Uni/PC. The thermoplastic
resin is usually highly viscous at high temperatures, leading to an in-
adequate impregnation and thus leading to poor-in-resin domains at the
final composites. In this study, the PC coating was formed as a pre-
impregnated thermoplastic layer with thickness of 0.15-0.32 ym on the
CF surfaces, which would be favorable for impregnating the nearby CFs
during a thereafter heating process (e.g., hot-press) to improve the in-
terfacial adhesion between the CFs and the thermoplastic matrix, as
illustrated in Fig. 11c. Meanwhile, the physical and chemical interac-
tion between functional groups and PC resin also contributed to
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Impregnation

Physical and chemical
interaction

Fig. 11. The mechanism of interphase fracture modes for (a) CFox; (b) CFox-Uni-w2; (c) CFo,-Uni.

improved interfacial adhesion. Therefore, the reactions between hy-
droxyl or carboxyl and carbonate groups and the good impregnation
were the reasonable explanation for the enhanced interfacial adhesion.

4. Conclusions

In this study, interfacial adhesion between CFs and PC was en-
hanced by improving the resin impregnation by using a PC spray-
coating on the CFs. The PC coating and a thermal uniformization pro-
cess had leaded to a well-coated and fully-impregnated thermoplastic
layer on the CF surfaces. Meanwhile, the thickness of the PC coating on
the CFs played an important role in determining the IFSS results for the
corresponding composites; with increasing coating thickness, the IFSS
data of the corresponding composites increased initially, and then fol-
lowed by a plateau. The enhanced interfacial adhesion properties were
attributed to not only the good impregnation of the PC resin into the CF
bundle, but also to chemical reactions in the interphases induced by a
heat treatment, e.g., hot-pressing in this study. Mechanical properties of
the composites were also found to be controlled by both interfacial
properties of the CF/matrix interfaces and impregnation properties of
the matrix resin.
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