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Effect of surface functionalization on the surface and interfacial prop-
erties of thermoplastic-coated carbon fibers
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Abstract:
an acid mixture (H,SO, : HNO, of 3 : 1 v/v) followed by grafting with ethylenediamine. The functionalized CFs were sized with a
sulfonated poly (ether ether ketone) (SPEEK) sizing agent to prepare CF—OH—SPEEK and CF—NH,—SPEEK materials. The ef-
fect of surface functionalization on the surface properties of the CFs and their interfacial properties in PEEK matrix composites were
investigated. Results showed that the content of polar functional groups and wettability of the CFs increased significantly after sur-
face functionalization. Chemical reactions between the modified CFs and the sizing agent, improved the interfacial adhesion between
them. The interfacial shear strengths of CF—OH—SPEEK and CF—NH,—SPEEK reinforced PEEK matrix composites were in-
creased by 6.2% and 14.0%, respectively, compared with that of the composites reinforced with desized-SPEEK CFs. The surface

Hydroxyl- and amino- functionalized carbon fibers (CF—OH and CF—NH,) were prepared by surface oxidation with

functionalization helps improve the interfacial adhesion of thermoplastic-coated CF/PEEK composites.
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1 Introduction

Carbon fiber reinforced polymer composites
(CFRPs) have been widely used

aerospace, and wind turbine blade owing to their low
[1-3]

in aviation,

density, high strength and high modulus
these CFRPs, the carbon fiber reinforced poly (ether
ether ketone) (CF/PEEK) composite is expected to be

used as structural components in aerospace owing to

. Among

their good impact resistance, high toughness and easy
recyclability. However, the
between CFs and PEEK was affected by the inert sur-
face of untreated CFs and inactive molecular chain of

interfacial adhesion

PEEK'™. Therefore, it is necessary to modify the sur-
face of CFs to further improve the performance of
CF/PEEK composites and broaden their application
field.

Many methods have been applied to modify the

including surface oxidation”

[9-10]

surface of CFs,
plasma treatment”*, chemical vapor deposition
and sizing treatment!''’. Among them, sizing treat-
ment can protect the CFs surface during preparation

processing. Also, the interfacial compatibility between
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CFs and matrix is improved after sizing treatment.
Thus, sizing treatment becomes the most widely used
method.

After the sizing treatment, the effective load
transfer of composites depends on the existence of in-
terface layer between CFs and matrix. The interface
layer consists of two parts: one is the interface
between the CFs and the sizing layer, and the other is
the interface between the sizing layer and the matrix.
For CF/PEEK, the sizing agent mainly improves the
interfacial adhesion between sized CFs and matrix by
improving the interfacial compatibility, due to the in-
active molecular chain of PEEK. However, there are
three kinds of interactions between CFs and the siz-
ing layer: chemical bonding, hydrogen bonding and
mechanical interlocking, among which chemical
bonding is the strongest interaction. Therefore, it is
important to improve the chemical bonding between
CFs and the sizing layer, which is beneficial to in-
creasing the interfacial adhesion of composites. Zhang
et al. used the polyurethane (PU) sizing agent to size

the oxidized CFs and the functional groups on oxid-
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ized CFs could react with the PU sizing layer''”. Yao
et al. found that the interfacial shear strength (IFSS)
between oxidized sizing CFs (CF_,-Uni) and polycar-
bonate (PC) increased by 16.5% compared with the
unmodified sizing CF (CF,-Uni)!"". The increased
IFSS is ascribed to the chemical interaction between
the functional groups on the surface of CF , and the
sizing agent during the hot-pressing process. These
results confirm that the surface functionalization of
CFs is beneficial to improve the overall effect of ther-
moplastic sizing agent. Some methods have been pro-
posed for the surface functionalization of CFs, includ-
ing surface oxidation, plasma treatment, and chemical
vapor deposition and so on. Meng et al. found that the
polar functional groups and surface wettability of CFs
were significantly improved after surface oxidation
with KCIO,/H,SO, system!'*. Wang et al. introduced
sodium sulfonate group on CFs surface by diazotiza-
tion grafting and the content of functional groups on
51 After

diazotization grafting, there appeared cation-t bond

the CFs surface increased significantly

interaction between CFs and sizing agent, which
provide the good interfacial adhesion between CFs
and polymer matrix. Sharma et al. also found that the
content of polar functional groups on the CFs surface
was significantly increased after plasma treatment!'®.

Among these surface functionalization methods,

surface oxidation and grafting are simple and control-

lable, and it could also avoid adverse effects on the
performance of CFs. Therefore, in this work, mixed
acid oxidation and ethylenediamine grafting were
used to functionalize the CFs, then the functionalized
CFs were sized with the sulfonated poly (ether ether
ketone) (SPEEK) sizing agent. Finally, the effect of
surface functionalization on the surface and the inter-
facial properties of thermoplastic coated CFs were in-

vestigated.

2 Experimental

2.1 Materials
The desized CFs used in this work are T700
(12 K, Toray, Japan). PEEK powder was purchased
from Victrex (UK). Ethylenediamine (EDA, 99.9%),
sulfuric acid (H,SO,, 95%—98%), nitric acid (HNO,,
65%—68%) and ethanol were supplied by Sinopharm
Chemical Reagent Co., Ltd (China). N, N '- dicyclo-
hexylcarbodiimide (DCC, 99.0%) was obtained from
Aladdin Chemical Reagent Co., Ltd. (China). Deion-
ized water was made in laboratory.
2.2 Surface functionalization of CFs

The process of surface functionalization and siz-
ing treatment of CFs are shown in Fig. 1. The prepara-
tion process is as follows. First, the desized CFs were
surface oxidized by a mixture of H,SO, and HNO,
(3 : 1 v/v) at 70 °C for 30 min. After oxidization, the

CFs were washed with deionized water and dried,

-OH -OH
- -OH -OH
HNO4/H,SO, —oH EDA/DCC _OH
—OH 70°C/30 min _COOH 120°C/48 h —COOH
-COOH -NH,
Desized CF CF-OH CF-NH,
SPEEK sizing SPEEK sizing SPEEK sizing
treatment treatment treatment
-OH -OH
-OH -OH -OH
-OH -OH
~OH -COOH -COOH
-COOH -NH,
Desized-SPEEK CF-OH-SPEEK CF-NH,-SPEEK

Fig. 1

The process of surface functionalization and sizing treatment.
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which was donated as CF—OH. Then, CF—OH was ad-
ded into the mixture of EDA and DCC and reacted at
120 °C for 48 h. After that, the CFs were washed with
ethanol and deionized water, and then dried, which
was donated as CF—NH,. Finally, the desized CFs,
CF-OH and CF-NH, were sized with the SPEEK siz-
ing agent with a spraying method. After sizing treat-
ment, these CFs were donated as desized—SPEEK,
CF-OH-SPEEK and CF-NH,—SPEEK, respectively.
2.3 Characterization

The morphologies of CFs after functionalization
and sizing treatment were characterized by the field
emission scanning electron microscopy (FE-SEM,
JSM-7001F, JEOL, Japan) at an accelerating voltage
of 5 kV. The surface roughness (S,) of the CFs was
analyzed by atomic force microscopy (AFM, NT-
MDT Prima, Bruker, Germany) with a non-contact
mode in the scanning range of 3 um x 3 um. Three
different areas on the CF surface were randomly se-
lected for testing with a scanning rate of 1 Hz. The
surface chemical composition of CFs was analyzed by
X-ray photoelectron spectroscopy (XPS, AXIS UL-
TRA DLD, Japan) with an Al Ko X-ray source. The
degree of sulfonation (DS) of the SPEEK was charac-
terized by 'H NMR (AVANCE III, Bruker, Germany),
in which DMSO-d6 was used as the test solvent.

The dynamic contact angle was measured by a
dynamic contact angle instrument (k100, Kriiss, Ger-
many), as shown in Fig. 2. The preparation process of
testing samples is as follows. Four fibers were ran-
domly selected and fixed on the frame with an equal
spacing. During the test, four fibers are controlled by
a software to enter the test liquid at the same time,
with an impregnation speed of 0.05 mm/s and an im-
pregnation depth of 4.8 mm. The dynamic contact
angle of CFs in deionized water (DI) and diiodiometh-
ane (CH,I,) were measured by the Owens-Wendt
method"'”. The polar component (5°) and dispersion
component (y*) of CFs were calculated by Eq. (1) and
(2), and the surface energy (y) of CFs was calculated
by Eq. (3). The y, 5 and y* of the two test liquids are
shown in Table 1.

vi(L+cos) =2 [yivd + 2 \/viY) €))

Y2 (1 +c080) = 2 4/ySys + 2 \V25 2)
Yo=Yy, 3)

+——Clip
CF \

Test liquid

Fig.2 The schematic diagram of measuring dynamic contact angle.

Table 1 The surface energy and its components

of test liquids.
Polar Dispersion Surface
Test
Liquids component component free energy
" (mN/m) " (mN/m) y (mN/m)
DI 51 21.8 72.8
CH,l, 0 50.8 50.8

The tensile properties of CFs were analyzed by a
single fiber stretching machine (YGOO1E, China) with
a tensile rate of 2 mm/min. The preparation process of
sample is shown in Fig. 3. At least 30 effective data
were selected in this work.

The statistical distribution of CF tensile strength
is usually analyzed by the Weibull theory as''® Eq.(4):

F(o) =1-exp(=L(c/oo)™) “

Eq.(5) was obtained by transforming Eq. (4),
then the tensile strength data plotted in Eq. (5) were
linearly fitted:

In(In(1/(1 = F(0)))) = mIn(0) —mln (o) +In(L) (5)
where ¢ is the tensile strength of CF, F(o) is the cu-
mulative distribution function of fracture strength, m
is Weibull modulus, and g, is the location parameter.
strength (IFSS) of
CF/PEEK was measured by micro-drop debonding

The interfacial shear

test and the scheme is shown in Fig. 4. The single
fiber was fixed on the frame, and the prepared PEEK
dispersion was dropped on the single fiber to form mi-

- 20 mm

Glue I

| :
\

CF

Fig.3 The schematic diagram of monofilament tensile testing specimen.



< 1172 - B A

CF Blade Micro-droplet

A

— CF movement direction

Glue

Frame

Fig.4 The schematic diagram of micro-droplet

debonding testing specimen.

cro-droplets. The resulting sample was melted at 380 °C
for 15 min. The test was applied on an interfacial
strength evaluation instrument (MODEL HM410, Ja-
pan) with a speed of 0.12 mm/min, and the IFSS of
composites was calculated using Eq. (6):

Tipss = Finax/ (mdl) (6)
Where F,,, is the maximum debonding force, d is the
diameter of the CF, and / is the embedding length of
CF by the PEEK droplet. At least 40 effective data

was used in this work.

3 Results and discussion

The surface morphologies of desized CEF,
CF—OH, CF-NH, and the three types of CFs after
SPEEK sizing treatment are shown in Fig. 5. The
desized CFs (Fig. 5a) present a smooth surface with
shallow grooves, which is the typical feature of CFs
obtained from dry-jet wet spinning process. After the
sizing treatment, the shallow grooves on the surface of
desized-SPEEK are covered by a sizing layer (Fig. 5b).
Compared with desized CF, the shallow grooves on
CF-OH (Fig. 5¢) and CF—NH, (Fig. 5e) are deepened
due to the surface functionalization treatment.
However, it is worth noting that the deepening degree
is relatively small, indicating that surface functionaliz-
ation treatment does not seriously etch the CFs. After
the SPEEK sizing treatment, the groove depth on the
surface of CF-OH—-SPEEK (Fig. 5d) and CF—NH,—
SPEEK (Fig. 5f) becomes shallower, as the SPEEK
sizing agent covers the surface of CFs.

The surface roughness (S,) of CFs was character-
ized by AFM and the results are shown in Fig. 6 and
Table 2. As shown in Fig. 6, the surface of desized CF

Fig. 5 Scanning electron microscope images of CFs: (a) desized CF, (b)
desized—SPEEK, (c) CF—OH, (d) CF-OH-SPEEK, (¢) CF-NH, and
(f) CF-NH,—SPEEK.

has the shallow groove morphology with the S, of
5.6 nm. After the sizing treatment, the shallow
grooves on the surface of desized CF are covered by a
SPEEK sizing layer. However, there are some uneven
morphology due to the poor movement ability of
SPEEK molecules. Thus, the S, of desized—SPEEK
increases to 12.7 nm. For CF-OH and CF—NH,, the
depth of shallow groove on the CF surface is
deepened after surface functionalization, thus leading
to the increase of the S, to 23.4 and 27.2 nm, respect-
ively. After sizing treatment, the surfaces of
CF—OH-SPEEK and CF-NH,—SPEEK are coated
with the SPEEK sizing layer, which would cover the
grooves on the surface of CF. Besides, the uneven
morphology of the sizing layer leads to the increase of
S,. Thus, combining these two factors, the S, of
CF—OH-SPEEK and CF-NH,—SPEEK are 18.3 and
21.7 nm, respectively. The increased S, would be con-
ducive to the contact between CFs and matrix, and
eventually beneficial to improve the interfacial adhe-
sion of CF/PEEK composites.

XPS was applied to obtain the surface chemical

compositions of CFs after the surface functionaliza-
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Desized-SPEEK

Fig. 6 AFM images of CFs: (a) desized CF, (b) desized—SPEEK, (c) CF—OH, (d) CF—~OH-SPEEK, (e) CF-NH, and (f) CF-NH,-SPEEK.

Table 2 Surface roughness of CFs.

CFs Types S, (nm)
Desized CF 5.6%1.1
Desized—SPEEK 12.7£2.3
CF-OH 23.4+3.2
CF-OH—-SPEEK 18.3£2.9
CF-NH, 27.244.8

CF-NH,-SPEEK 21.7£3.6

tion and sizing treatment. As can be seen from Fig. 7
and Table 3, the O content on the surface of CF—OH
increases significantly with an increase of O/C ratio
from 15.17% on the surface of the desized CF to
32.43% on the surface of CF—OH. After amino treat-
ment, N element is introduced into the surface of
CF-NH,, and the N content on CF—NH, surface in-
creases significantly, whereas the content of O de-
creases a lot and the O/C ratio decreases from 32.43%
in CF-OH to 28.13% in CF—-NH,. After the SPEEK
sizing treatment, the characteristic peaks of S appears
on the surface of desized—SPEEK, CF—OH—-SPEEK
and CF—NH,—SPEEK, indicating that the SPEEK siz-
ing agent is successfully coated on the surface of the
three fibers.

The Cls spectra of these CFs can be fitted as fol-
lows: C—C (284.6 eV), C—N (285.5 eV), C—O
(286.3eV),C=0(287.3eV)andO=C—0(288.9¢V).

The results are shown in Fig. 8 and Table 4. Com-

pared with the desized CF, the contents of C—O and
O=C—0O0 on the surface of CF—OH increase a lot,
and the content of C—N on the surface of CF—NH,
also increases. The contents of polar functional groups
on the surface of CF—OH and CF—NH, increase
from 22.10% to 32.94% and 33.22%, respectively,
compared with the desized CF. After SPEEK sizing
treatment, the C—S (286.8 eV) appears on the sur-
face of desized—SPEEK, CF—OH-—SPEEK and
CF—NH,—SPEEK due to the introduction of the
—SO,H group in SPEEK"**\, According to the XPS
results, it can be seen that the surface functionaliza-
tion significantly increases the polar functional group
contents of CFs, which is conducive to the improve-
ment of surface wettability of CFs and the chemical
interaction between the CFs and the sizing layer.

The structure of SPEEK, a thermoplastic sizing
agent used in this paper, is shown in Fig. 9. The
—SO,H in SPEEK could react with —OH and —NH,
on the surface of CFs. Therefore, to confirm the exist-
ence of this chemical reaction between the sizing lay-
er and CFs, the "H NMR was applied to analyze the
degree of sulfonation (DS) of soluble sizing agent on
the CFs surface. As shown in Fig. 10, the appearance
of the characteristic peak at around 7.51x10°°, corres-
ponding to the H, proton due to the introduction of
—SO,H, indicates that SPEEK sizing agent has been
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Fig. 7 XPS wide-scan spectra of CF surface: (a) desized CF, (b) desized—SPEEK, (c) CF—OH, (d) CF~OH-SPEEK, (¢) CF-NH, and (f) CF-NH,—SPEEK.

Table 3 Surface elemental compositions of CFs. in this work is 73%, whereas the DS of soluble
Elemental compositions (%) SPEEK in desized-SPEEK is Ol’lly 38%. This result in-
CFs Types C N o S Si O/C (%) ) ) .
dicates that some —SO;H in SPEEK react with —OH
Desized 83.70 085 1270 - 275 1517
Desized-SPEEK 8246 — 1573 053 128  19.08 and —NH,. The DS of soluble SPEEK on the surface
CF-OH 7395 - 2398 - 207 3243 of CF—OH—SPEEK and CF—NH,—SPEEK are
CF-OH-SPEEK 7529 - 2297 064 110 305l 35% and 32%, respectively, which are lower than that
CF-NH, 73.69 408 2073 - 150 2813 ¢ desized—SPEEK. The d DS be d
CF-NH,~SPEEK 7507 321 19.67 069 136 2620 ot desized— - 1he decrease o may be due

coated on the surface of CFs. The peaks of H, and H,.,
H, and H,, and H, and H, are around 7.09x10™° and

to the increase of —OH, —NH, and other polar func-
tional groups after surface functionalization which can
react with —SO,H of SPEEK. Therefore, the chemic-

al bonding degree between the sizing layer and CFs

7.00x10°°, 7.72x10°° and 7.80x10°°, and 7.03x10°° can be improved after surface functionalization.

and 7.14x10°°, respectively. The DS of SPEEK used Table 5 shows the dynamic contact angle results
25 1.8
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2 20t j 2 151 2
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Fig. 8 XPS wide-scan spectra of CFs surface: (a) desized CF, (b) desized —SPEEK, (¢) CF—OH, (d) CF-OH—-SPEEK, (e¢) CF-NH, and (f) CF-NH,—SPEEK.
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Table 4 The fitting results of C1s curves.

Peak assignment (%) Polar
CFs Types functional
C—C CN -0 S C=0 0-C=0 y. e

Desized 77.90 2.56 16.36 - - 3.18 22.10
Desized—

SPEEK 72.90 - 1770 243 338 3.59 27.10
CF-OH 67.06 - 20.89 - 4.89 7.16 32.94
CF-OH-

SPEEK 68.12 - 21.12 250 425 4.01 31.88
CF-NH, 66.78 9.00 16.54 - 4.09 3.59 33.22
CF-NH,~

SPEEK 6720 7.18 1694 246 4.5 2.07 32.80

H.  Hq He  He o Ho  H
o} '/_Bfo—{' (!
RYanWanW

Ho N Hy  Ha Ho  H,

SO;H n

Fig.9 The structure of SPEEK.

—

Chemical shift (x107)

b
C
6.8 7.0 8.2

Fig. 10 'H NMR spectra of CFs: (a) desized ~SPEEK, (b)
CF-OH-SPEEK and (c) CF-NH,-SPEEK.

Table 5 The dynamic contact angles and surface free en-
ergy results of CFs.

Contact angle (°)

CFs Types DI CHLL P(mN/m)  y*(mN/m)  y(mN/m)
Desized 72.99 52.81 8.12 32.69 40.81
Desized-SPEEK ~ 59.28 36.66 12.26 41.25 53.51
CF-OH 48.82 2431 16.00 46.39 62.39
CF-OH-SPEEK  52.74 29.22 14.59 44.54 59.13
CF-NH, 48.11 23.62 16.29 46.63 62.92

CF-NH,-SPEEK  51.15 27.15 15.14 45.36 60.50

of several CFs. As listed in Table 5, the dynamic con-
tact angles of desized CF in DI and CH,I, are 72.99°
and 52.81°, respectively. After sizing treatment, the
dynamic contact angles of desized-SPEEK in DI and
CH,lL, decrease to 59.28° and 36.66°, respectively.
Compared with the desized CF, the contact angles of
CF-OH and CF-NH, in DI and CH,I, decrease to
48.82° and 48.11°, and to 24.31° and 23.62°, respect-

ively. The contact angles of CF—OH—SPEEK and
CF-NH,—SPEEK in DI are 52.74° and 51.15° and in
CH,L, are 29.22° and 27.15°, respectively.

It is well known that the contact angle between
CFs and the test liquid is related to the surface free en-
ergy (y) of CFs. Also, the y is calculated by the results
of dynamic contact angle and the results are listed in
Table 5. It can be seen that the y of desized CF is
40.81 mN/m, in which the »* and y* are 8.12 mN/m
and 32.69 mN/m, respectively. After sizing treatment,
the »* of desized—SPEEK increases to 41.25 mN/m
with the increase of CF surface roughness. Mean-
while, the contents of polar functional groups in-
crease after sizing, so the y” increases to 12.26 mN/m,
thus the y of desized—SPEEK is 53.51 mN/m. After
surface functionalization, the contents of polar func-
tional groups on the surface of CF—OH and CF—NH,
increase significantly, so the y° increases obviously,
which are 16.00 mN/m and 16.29 mN/m, respectively.
Meanwhile, the y* values of CF~OH and CF-NH, in-
crease to 46.39 mN/m and 46.63 mN/m, respectively,
with the increase of CF surface roughness. Thus, the y
values of the CF—OH and CF—NH, are 62.39 mN/m
and 62.92 mN/m, respectively. For CF-OH—SPEEK
and CF—NH,—SPEEK, a SPEEK sizing layer is coated
on their CF surface and the surface roughness of the
fiber is slightly reduced. Therefore, the y* values are
reduced to 44.54 and 45.36 mN/m, respectively.
Meanwhile, some polar functional groups on the sur-
face of the CF are covered by the sizing layer, which
leads to the decrease of the y° to 14.59 and 15.14
mN/m for CF-OH-SPEEK and CF—NH,—SPEEK, re-
spectively. Therefore, the y values of these two fibers,
which are 59.13 and 60.50 mN/m, respectively, are
lower than that of the unsized CFs. These results
prove that the surface functionalization treatment used
in this paper can improve the surface wettability of the
CFs.

The influence of surface functionalization on the
tensile properties of CFs was investigated and the dis-
persion degree of tensile strength of monofilament

[21,22]

was deduced by Weibull modulus , and the results
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are shown in Fig. 11 and Table 6. It can be seen that
the tensile strength and Weibull modulus of desized
CF are 4.68 and 9.97 GPa, respectively. After func-
tionalization, the tensile strengths of CF—OH and
CF—-NH, decrease to 4.36 and 4.37 GPa, along with
the decrease of the Weibull modulus to 7.64 and 6.79,
respectively. The decrease of tensile strength and the
increase of dispersion degree of monofilament are due
to the introduction of some defects on the surface of
CFs after surface functionalization. It is worth noting
that, the reduction of the tensile strengths of CF—OH
and CF—-NH, are less than 10% compared with the

2
1 L
= O0r
5
Tt
) ,, -"...' = (a) Desized
= a v .. o (b) Desized-SPEEK
B iay % « (c) CF-OH
v (d) CF-OH-SPEEK
" = (e) CF-NH,
i « (f) CF-NH,-SPEEK

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Ino
Fig. 11 Weibull distribution curves of CFs: (a) desized CF, (b) desized
—SPEEK, (c¢) CF—OH, (d) CF~OH-SPEEK, (¢) CF-NH, and (f)
CF-NH,—SPEEK.

Table 6 The results of tensile strength and

‘Weibull modulus.
CFs Types Tensile strength(GPa) Weibull modulus(m)
Desized CF 4.68 9.97
Desized—SPEEK 4.79 10.02
CF-OH 4.36 7.64
CF-OH-SPEEK 4.52 7.94
CF-NH, 437 6.79
CF-NH,-SPEEK 4.46 7.46
80 40
(a) -
60 130
5 S
= Py
= 40 120 &
2 o
2 2
200 RN N N 110
NN N NN
= o 0

Desized CF-OH CF-NH,

desized CF, illustrating that the surface functionaliza-
tion method used in this paper is relatively mild and it
could not induce serious damage to CFs.

After sizing treatment, the tensile strengths of
desized—SPEEK, CF—-OH—-SPEEK and CF-NH,—
SPEEK are 4.79, 4.52 and 4.46 GPa, respectively.
Compared with the corresponding unsized CFs, the
tensile strength of these CF increases a lot with the
dispersion degree of tensile properties decreases a lot,
which indicate that some defects of CFs are homogen-
ized after sizing treatment.

In order to analyze the effect of surface function-
alization treatment on the interfacial adhesion of
CF/PEEK composites, the micro-drop debonding test
was carried out on the composites with desized CF,
CF-OH and CF-NH,. The results are shown in
Fig. 12(a). It can be seen that the IFSS values of com-
posites with CF—OH and CF—NH, are 65.4 and 68.7
MPa, respectively, which increase by 16.6% and
22.5%, compared with that of desized CF (56.1 MPa).
After surface functionalization, the surface wettabilit-
ies of CF—OH and CF—NH, are improved, which is
conducive to the wetting of CFs by polymer matrix. In
addition, the surface roughness of these fibers are also
increased, which increases the mechanical interlock-
ing effect between CFs and polymer matrix. Thus, the
IFSS values of composites with CF—OH and CF—NH,
are obviously improved. It can also be seen from the
AFM images in Fig. 6 that the surface roughness of
CF—-NH, is larger than that of CF—OH, so the IFSS of
the composite with CF—NH, is greater than that with
CF—OH.

The IFSS of the composites with CF-OH-—

. 20
100 P T
I 7 {16
1
o

& +14.0 112 §
® 50 o
2 - 18 8
> -

162 14

0 I i f
Desized-SPEEK CF-OH-SPEEK CF-NH,-SPEEK

Fig. 12 The IFSS of CF/PEEK composites: (a) CFs without sizing and (b) CFs after SPEEK sizing.
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SPEEK and CF—NH,—SPEEK are 92.4 and 99.1 MPa,
respectively (Fig. 12(b)), which are increased by 6.2%
and 14.0% as compared with that of desized—SPEEK
(87.0 MPa). The reasons for the increased IFSS are as
follows. First, the increase of polar functional group
contents after surface functionalization can improve
the chemical reaction between CFs and the sizing lay-
er. Second, the increased surface roughness of
CF-OH and CF—NH, is beneficial to the mechanical
interlocking between CFs and the sizing layer. Third,
the surface free energy of CF-OH—-SPEEK and
CF-NH,—SPEEK are higher than that of desized—
SPEEK, which is conducive to the wettability of CFs
by polymer matrix. Moreover, the greater chemical
bonding degree between CF—NH, and the sizing layer,
higher surface roughness of CF—NH, and greater wet-
tability of CF-NH,—SPEEK, which make the IFSS of
composites with CF—NH,—SPEEK higher than that of
CF-OH-SPEEK. These results give additional evid-
ences that the surface functionalization treatment can
improve the interfacial adhesion of thermoplastic-

coated CFs reinforced polymer composites.

4  Conclusions

The effect of surface functionalization on the sur-
face properties of thermoplastic-coated CFs and the
interfacial properties of composites were investigated.
The results show that the surface roughness of
CF—OH and CF—NH, increase from 5.6 to 23.4 and
27.2 nm, respectively. The contents of polar function-
al groups of CF—OH and CF—NH, increase by 10.84%
and 11.12%, respectively, compared with the desized
CF. The increase of surface roughness and the con-
tent of polar functional groups are beneficial to the
improvement of wettability of CFs. Moreover, the sur-
face functionalization method is also relatively mild
and it could not damage the performance of CFs. As a
result, the IFSS of CF—OH-SPEEK and CF—-NH,—
SPEEK increase by 6.2% and 14.0%, respectively, as
compared with that of desized—SPEEK. In summary,
the surface functionalization treatment is an effective
method to improve the interfacial adhesion of thermo-

plastic-coated CFs reinforced polymer composites.
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