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Abstract
A two-step surface treatment was conducted on high strength and high modulus carbon 
fibers (HSHM-CFs) to enhance the interfacial properties of polyetherketoneketone (PEKK) 
matrix composites. In the two-step surface treatment, the surfaces of HSHM-CFs were 
electrochemically oxidized followed by sizing treatment. Thermoset epoxy (EP) sizing 
agents and thermoplastic polyetherimide (PEI) sizing agents were utilized for comparison. 
Results showed that PEI sizing agents had better wetting effects than EP sizing agents. The 
sizing process led to increases in fiber strength due to healed surface flaws and inhibited 
micro-crack initiation. Although EP sizing agents were incompatible with PEKK matrix, 
the interlaminar shear strength (ILSS) of PEKK matrix composites reinforced by EP-sized 
fibers still increased, compared with that by untreated fibers, due to hydrogen bond and 
weak chemical reactions between HSHM-CFs and PEKK matrix. The strong interaction 
between PEI sizing agents and HSHM-CFs, diffusion and entanglement as well as the non-
covalent π-π interaction between PEI sizing agents and PEKK matrix resulted in highest 
ILSS value of PEI-sized HSHM-CF/PEKK composites.

Keywords Adhesion; Fibers · Microstructure · Strength · Surfaces

Meng Zhang and Xin Qian contributed equally to this work and should be considered co-first  
authors.

 * Xin Qian 
 qx3023@nimte.ac.cn

 * Yonggang Zhang 
 zhangyonggang@nimte.ac.cn

1 National Engineering Laboratory of Carbon Fiber Preparation Technology, Ningbo Institute 
of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, 
Zhejiang, China

2 School of Materials Science and Engineering, Henan Polytechnic University, Jiaozuo 454000, 
China

Published online: 18 November 2021

Applied Composite Materials (2022) 29:745–764

http://orcid.org/0000-0002-6507-1665
http://crossmark.crossref.org/dialog/?doi=10.1007/s10443-021-09995-8&domain=pdf


1 3

1 Introduction

Owing to high-temperature stability and superior impact strength, high-performance pol-
yaryletherketones (PAEK) polymers have attracted significant interest [1, 2]. In general, 
the PAEK polymers consist of several plastics, such as polyetheretherketone (PEEK), poly-
etherketoneketone (PEKK), polyetherketone (PEK), polyetheretherketoneketone (PEEKK), 
and so on [3–6]. As a family of semi-crystalline thermo-plastics, PEEK and PEKK pol-
ymers have many outstanding properties such as better resistance to creep deformation, 
excellent thermal stability, good resistance to chemicals and solvents, and flame retardancy 
[7–12]. During the past decades, carbon fiber (CF) reinforced PEEK composites have been 
widely used in aviation and aerospace [13–15]. Compared with PEEK polymer, PEKK is 
relatively new to the market. However, PEKK attains more and more attention due to its 
superior thermal and mechanical properties [3, 6, 16], e.g. PEKK has a relatively higher 
glass transition temperature  Tg (> 165  °C) and melting temperature  Tm (> 360  °C) than 
those of PEEK  (Tg ≈ 143  °C and  Tm ≈ 343  °C) [17], and PEKK composites also have 
lower processing temperatures than PEEK composites [18].

However, the applications of CF/PEKK composites are somewhat limited due to the 
chemical inertness of CFs and poor wettability between CFs and PEKK matrix. So far, 
there is a lack of investigations on the interfacial properties between CFs and PEKK [3], 
and many researches focus on the preparation and properties of CF/PEEK composites 
[10–17, 19–28]. In order to improve the interfacial properties of CF/PEEK composites, 
various types of surface treatment methods have been conducted onto CF surfaces such as 
liquid-phase oxidation [19], plasma treatment [20, 21], gas oxidation [22, 23] and graft-
ing functional groups [15, 24]. In addition, the sizing treatment also has been utilized to 
enhance the interfacial adhesion of CF/PEEK composites [12, 13, 25–28]. However, com-
mercially available sizing agents are mainly epoxy-type (EP) sizing agents. The degrada-
tion temperature (about 250 ◦C) of EP sizing agents is significantly lower than the pro-
cessing temperature of PEEK and PEKK, which are possibly incompatible with PEEK and 
PEKK matrix [29]. As a result, the sizing agents with a similar chemical structure to PEEK 
and PEKK are generated to endow good interfacial compatibility between CFs and PEEK 
and PEKK matrix.

As one kind of thermoplastic polymer, polyetherimide (PEI) has the miscible fea-
ture to PEEK and PEKK, and its chains can also spread to PEEK and PEKK chains 
at high processing temperature and pressure [30–32]. Meanwhile, PEI sizing agents 
have also been confirmed to effectively enhance the interfacial adhesion of CF/PEEK 
composites. According to the research by Giraud et al. [33, 34], an aqueous dispersion 
of PEI resulted in very stable sizing agent and it also had better interface adhesion. 
Research by Hassan et al. indicated that the coating with a mixture of PEI and func-
tionalized multi-walled carbon nanotubes onto CF surfaces led to remarkable improve-
ment in the ILSS of modified CF/PEEK composites, which resulted from the com-
bination of hydrogen bonding between carbon nanotubes and PEI as well as the π-π 
interaction between PEI and PEEK [25]. The interfacial bonding of CF/PEEK compos-
ites could also be improved by applying PEI and graphene oxide complex sizing at the 
interface [13].

Previous published works on CF/PEKK composites also mainly focus on reinforc-
ing CFs with standard tensile modulus around 230 GPa, such as Hexcel AS4 CFs 
[35–38]. In the present work, high strength and high modulus CFs (HSHM-CFs) with 
the tensile strength and the tensile modulus around 5.0 GPa and 310 GPa, respectively,  
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were prepared through a continuous production line and taken as the reinforcing fib-
ers of PEKK matrix composites. Much higher tensile modulus of HSHM-CFs than that  
of standard modulus CFs resulted in much more inert surfaces. In our previous stud-
ies [39–44], surface electrochemical oxidation of CFs was confirmed to significantly 
improve the interfacial bonding strength of CF reinforced matrix composites. Therefore, 
in order to obtain improved interfacial properties of HSHM-CF/PEKK composites, the 
electrochemical oxidation followed by thermoplastic sizing treatment was employed to  
modify the fiber surfaces.

The aim of this study was to evaluate the synergy of electrochemical surface oxidation 
and thermoplastic PEI sizing agents on the interfacial properties of HSHM-CF/PEKK com-
posites. Commercial EP sizing agents were also coated onto HSHM-CF surfaces after elec-
trochemical oxidation for comparison. The electrochemical oxidation and sizing were pro-
cessed by a series of continuous devices. Scanning electron microscopy (SEM) and X-ray 
photoelectron spectroscopy (XPS) were employed to monitor surface physical–chemical 
properties of HSHM-CF before and after surface modification. Interfacial enhancement 
mechanism of PEKK matrix composites reinforced by electrochemically oxidized fibers, 
EP-sized fibers and PEI sized fibers were discussed in detail.

2  Experiment

2.1  Materials

PAN-based HSHM-CFs were produced in our laboratory according to a continuous pro-
cess, which was composed of preparation of PAN-precursors, stabilization (180  °C-270 
°C, air atmosphere), low temperature carbonization (300 °C-800 °C, nitrogen atmosphere), 
high temperature carbonization (1000 °C-1500°C, nitrogen atmosphere) and graphitization 
(2000 °C, argon atmosphere). There were 6000 filaments in per tow and the typical diam-
eter of each filament was approximately 5.0  μm. During the electrochemical process of 
HSHM-CFs, ammonium bicarbonate  (NH4HCO3, analytical purity) was taken as the elec-
trolyte, which was purchased from Sinopharm Chemical Reagent Co. (Shanghai, China) 
[45]. PEKK powders were obtained from Shandong Kaisheng New Materials Co. Ltd., and 
m-Phenylenediamine (MPD, analytical purity 99%) were purchased from Aladdin Co. Ltd., 
China. 1,2-Dichlorobenzene (analytical purity) was supplied by Sinopharm Chemical Rea-
gent Co., and 4,4’-(4,4’-isopropylidenediphenoxy)bis-(phthalic anhydride) (BPADA) was 
purchased from Changzhou Sunlight Pharmaceutical Co., Ltd., China.

2.2  The Surface Treatment of HSHM‑CFs

Electrochemical surface oxidation of HSHM-CFs was conducted in a custom-built labora-
tory set-up with an aqueous 5.0 wt%  NH4HCO3 solution as the electrolyte. The residence 
time of HSHM-CFs in the surface treatment bath was 90 s (running speed 1.0 m/min) with 
the electric current density of 1.0 A/m2. After the oxidation, HSHM-CFs were washed with 
deionized water in the washing bath followed by further drying in an oven at 110 °C for 
90 s.

PEI resin was prepared by the polymerization reaction of MPD as diamine and equi-
molar amounts of BPADA as dianhydride in N-methyl-2-pyrrolidone (NMP) solution, 
and the synthesized process was as shown in Scheme 1. The standard protocol of solution 
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polymerization technique was adopted as reported elsewhere [46]. A magnetic stirrer 
and Dean-Stark trap fitted with a condenser was charged with 41.34 g (79.537 mmol) of 
BPADA and 8.60 g (79.537 mmol) of MPD in 180 mL 1,2-dichorobenzene under con-
stant flow of nitrogen. The typical reaction time was 6 h at 180 °C and then cooled to 
room temperature. 1.0% PEI sizing agent was obtained through a mixture of synthesized 
PEI and water.

A two-step surface treatment including surface electrochemical oxidation followed 
by sizing process was conducted onto HSHM-CF surfaces. In the sizing process, syn-
thesized PEI sizing agents and commercial EP sizing agents (Zhongfang Haitian Co. 
Ltd., Beijing, China) were chosen as agents, respectively. The schematic representa-
tion of the continuous surface treatment is shown in Fig. 1. The corresponding samples 
untreated HSHM-CFs, electrochemically oxidized HSHM-CFs, EP sized HSHM-CFs 
after surface electrochemical oxidation and PEI sized HSHM-CFs after surface electro-
chemical oxidation were denoted as HSHM-CF, HSHM-CF@O, HSHM-CF@EP and 
HSHM-CF@PEI, respectively.

Scheme 1  Polymerization process of polyetherimide (PEI) resin

Fig. 1  Schematic diagram of continuous surface treatment
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2.3  Preparation of HSHM‑CF/PEKK Composites

Four kinds of HSHM-CF samples (untreated HSHM-CF, HSHM-CF@O, HSHM-CF@
EP and HSHM-CF@PEI) made in our laboratory were chosen as the reinforcing fib-
ers of PEKK matrix composites. HSHM-CF samples were laid flat on a metal mould 
and unidirectional HSHM-CF/PEKK prepreg was obtained by melt impregnation of 
PEKK onto fiber surfaces for 20 min at 350 °C in ambient air. HSHM-CF/PEKK com-
posite laminates were composed of 8 plies of unidirectional prepreg with the size of 
80 mm × 100 mm. The laminates were processed by hot press at 340 °C with a pressure 
of 1.25  MPa for 20  min. Subsequently, the laminates were gradually cooled to room 
temperature with a cooling rate of 10 °C/ min. The total volume fraction of HSHM-CFs 
in PEKK matrix composites was approximately 60% and the thickness of final com-
posite sample was 2  mm. The schematic representation of the preparation process of 
HSHM-CF/PEKK composites is shown in Fig. 2.

2.4  Characterization of Surface Physicochemical Structure

Surface and cross-sectional morphologies of HSHM-CFs before and after surface 
treatment were observed using a Hitachi S-4800 model scanning electron microscope 
(SEM) with acceleration voltage of 4 kV. The fiber samples were sputter-coated with 
gold before imaging [47]. X-ray photoelectron spectroscopy (XPS) measurements 
were conducted on an Axis Ultra DLD model X-ray photoelectron spectroscopy 
(XPS) with an achromatic Mg Kα X-ray as radiation source. The emission current 
was 30 mA with the voltage of 15 kV [48]. Curve fitting was carried out using a non-
linear least squares fitting program with a Gaussian/Lorentzian sum function. The 
C1s binding energy corresponding to graphitic carbon was referenced at 284.6 eV for 
calibration [49, 50].

Fig. 2  Schematic diagram of preparation process of HSHM-CF/PEKK composites

749Applied Composite Materials (2022) 29:745–764



1 3

2.5  Mechanical Properties of HSHM‑CF and HSHM‑CF/PEKK Composites

The tensile strength and tensile modulus of HSHM-CFs before and after surface treat-
ment were evaluated according to ASTM D4018-17. A universal testing machine (model 
5569A, Instron Corp.) at a crosshead speed of 10.0 mm/min with the gauge length of 
150 mm was utilized, and at least eight specimens were tested for each sample.

The ILSS values of HSHM-CF/PEKK composites were determined by a three-point 
short beam bending test method. The tests were performed on a model 3366 universal 
material testing machine (Instron Corp.) according to ASTM D 2344. The crosshead 
speed was of 1.0 mm/min. More than eight specimens were tested for each of the sam-
ples. In addition, the fracture morphologies of HSHM-CF/PEKK composites were also 
observed through SEM images. The ILSS values of HSHM-CF/PEKK composites were 
calculated from the equation [43]:

where F
max

 is the maximum load, b the width of the test samples, and d the thickness of the 
test samples.

3  Results and Discussion

3.1  Surface Morphological Analysis

Figure  3 illustrates the surface and cross-sectional SEM images of untreated HSHM-
CF (HSHM-CF), electrochemically oxidized HSHM-CF (HSHM-CF@O), epoxy sized 
HSHM-CF after surface electrochemical oxidation (HSHM-CF@EP) and PEI sized 
HSHM-CF after surface electrochemical oxidation (HSHM-CF@PEI). It could be 
observed from Fig. 3a that longitudinal ridges and striations running along the length 
of fibers were found on the surfaces of untreated HSHM-CF. The characteristic grooves 
resulted from the wet spinning process of PAN-precursors due to skin forming and diffu-
sion of solvents out from the core [51]. In addition, the abundance of granules observed 
on untreated HSHM-CF surface and cross-section were possibly attributed to the pyro-
lytic by-products or impurities absorbed in the manufacturing process [39, 52].

Compared with untreated HSHM-CF, characteristic longitudinal ridges became 
much more well-defined, and the contaminants were also absent on the surfaces of 
electrochemically oxidized HSHM-CF@O sample (Fig. 3b). Our previous studies had 
proven that the electrochemical oxidation could get rid of foreign contaminants on the 
fiber surfaces [39, 41, 45]. Obvious sizing agents could be found from surface and 
cross-sectional SEM images of HSHM-CF@EP sample and HSHM-CF@PEI sample 
(Fig.  3c-d). As shown in SEM images at lower magnification, longitudinal ridges on 
the surfaces of HSHM-CF@EP sample became less well-defined due to the introduc-
tion of epoxy sizing agents (Fig. 3e). As for the HSHM-CF@PEI sample, SEM images 
at lower magnification reviewed that the sizing agents covered the fiber surfaces more 
evenly than that of HSHM-CF@EP sample (Fig. 3f), which indicated that PEI sizing 
agent could better form a layer on the surfaces of carbon fiber.

ILSS =

3F
max

4b × d
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3.2  Surface Chemical Compositions by XPS

High-resolution XPS spectra and surface element composition of HSHM-CFs before and 
after surface treatment are shown in Fig. 4. The characteristic peaks in the XPS spectra 
of HSHM-CFs at 284.6 eV, 532.6 eV and 102.6 eV indicated the C1s peak, O1s peak 
and Si2p peak, respectively, which confirmed that surface elements of untreated fibers 
were mainly composed of carbon, oxygen and silicon [53]. The relative contents of C 
and O on the surfaces of untreated HSHM-CF were 93.81% and 4.90%, respectively, and 
extremely high content of inert carbon element proved that untreated fibers had highly 

Fig. 3  The surface and the cross-sectional SEM images of (a) untreated HSHM-CF sample, (b) HSHM-
CF@O sample, (c) HSHM-CF@EP sample, (d) HSHM-CF@PEI sample, (e) HSHM-CF@EP sample at 
lower magnification, and (f) HSHM-CF@PEI sample at lower magnification
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inert surfaces. A small quantity of silicon element could be attributed to silicone oil 
contamination in the production of PAN precursors [41]. After surface electrochemical 
oxidation, the relative content of O on the surfaces of HSHM-CF@O sample increased 
by 241% compared with untreated HSHM-CF. The relative content of C also decreased 
from 93.81% to 79.03%. In addition, the N element with the percentage of 2.08% was 
also introduced onto fiber surfaces. Outer weak boundary layer could be removed during 
the process of electrochemical oxidation [28, 39], and the internal higher content of Si 
could be detected. As a result, the relative content of Si increased from 1.29% to 1.93% 
after electrochemical oxidation. Increased relative contents of polar O and N elements 
indicated that the oxidized HSHM-CF surfaces became much more active due to surface 
electrochemical oxidation.

As also can be seen from Fig. 4, both EP-sizing and PEI-sizing process resulted in 
increased percentage of C element and decreased percentage of O element, especially 
for the surfaces of PEI-sized HSHM-CF@PEI sample, the relative content of O element 
decreased by 35% and the relative content of C element increased by 7% compared with 
that of electrochemically oxidized HSHM-CF@O sample. This resulted from the intro-
duction of functional groups of PEI sizing agents onto fiber surfaces. A certain amount 
of N element in the PEI sizing agents also resulted in increased percentage of N element 
to 3.60%. With sizing agents coating onto HSHM-CF surfaces, the detected Si content 
on the surfaces of HSHM-CF@EP and HSHM-CF@PEI samples also declined to a cer-
tain extent.

Table 1 shows O1s/C1s and N1s/C1s atomic ratios obtained from high-resolution XPS. 
Untreated HSHM-CF sample displayed smaller O1s/C1s (0.05) and N1s/C1s (0) values 
indicating highly inert surfaces of untreated fibers. When the electrochemical oxidation 

Fig. 4  High resolution XPS spectra of untreated HSHM-CF sample, HSHM-CF@O sample, HSHM-CF@
EP sample and HSHM-CF@PEI sample
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progressed, polar O and N elements were introduced onto fiber surfaces which resulted 
in a large extent of rise in the O1s/C1s and N1s/C1s values of HSHM-CF@O sample. As 
a result, the O1s/C1s value on the surfaces of HSHM-CF@O sample increased by 320% 
and the N1s/C1s value also increased from 0 to 0.03 compared with untreated HSHM-CF. 
It could be also observed that the O1s/C1s values of HSHM-CF@EP and HSHM-CF@
PEI samples decreased by 5% and 38%, respectively, compared with that of HSHM-CF@O 
sample. However, the N1s/C1s value of the HSHM-CF@PEI sample increased by 33% 
compared with that of HSHM-CF@O sample due to the introduction of functional groups 
of PEI sizing agents.

3.3  Analysis of Surface Functional Groups

High-resolution XPS spectra of the C1s region show that carbon-based functional groups 
are present on all the samples (Fig. 5). The spectra have each been resolved into five indi-
vidual component peaks that represent graphitic carbon (284.6 eV), carbon present in alco-
holic, phenolic or ether groups (285.6–286.3 eV), carbon in quinone or carbonyl groups 
bonds (287.0–287.6 eV), carbon in carboxyl or ester groups (288.0–288.8 eV), and carbon-
ate groups (290.4–291.2 eV) [39, 42, 48, 50]. The calculated relative contents of different 
functional groups on the surfaces of different HSHM-CF samples are shown in Table 2.

Compared with that of untreated HSHM-CF sample, there was a significant increase in 
the relative content of –C-O group on the surfaces of electrochemically oxidized HSHM-
CF@O sample, and the relative content of –COOH group also increased by 122%. As 
can be seen from Fig.  5 and Table  2, a further increase in the relative content of –C-O 
group happened to the surfaces of EP-sized HSHM-CF@EP sample and there was also an 
obvious decrease in the percentage of –COOH group. In comparison with HSHM-CF@O 
sample, the relative content of -COOH group on the surfaces of HSHM-CF@PEI sample 
increased by 11%.

To gain a better understanding of changes in functional groups, high-resolution XPS 
spectra of the O1s region are given in Fig. 6. Deconvolution of the O1s spectra results 
in four peaks that represent carbonyl oxygen atoms  (OG1, 531.0–531.3  eV), carbonyl 
oxygen atoms in esters, amides, and anhydrides as well as oxygen atoms in hydroxyls 
or ethers  (OG2, 532.1–532.5  eV), ether oxygen atoms in esters and anhydrides  (OG3, 
533.1–533.5  eV) and oxygen atoms in the carboxyl groups  (OG4, 534.1–534.4  eV) 
[54–56]. Table  3 summarizes the specific area ratios of surface oxygen contributions. 
According to the data in Fig. 6 and Table 3, untreated HSHM-CF contained three major 
oxygen species, corresponding to peaks  OG2,  OG1 and  OG3. Upon surface electrochemi-
cal oxidization, the proportion of the O G1 peak corresponding to carbonyl oxygen atoms 
increased obviously and the relative contribution of the  OG2 peak decreased sharply. 

Table 1  Surface atomic ratios of untreated HSHM-CF sample, HSHM-CF@O sample, HSHM-CF@EP 
sample and HSHM-CF@PEI sample

HSHM-CF HSHM-CF@O HSHM-CF@EP HSHM-CF@PEI

O1s/C1s 0.05 0.21 0.20 0.13
N1s/C1s 0 0.03 0.02 0.04
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There was little difference in the proportion of  OG2,  OG1 and  OG3 peaks which indicated 
that surface electrochemical oxidation led to similar distributions of oxygen atom com-
positions [55]. In the XPS O1s spectrum of EP-sized HSHM-CF@EP sample, the  OG2 
was the most abundant functionality and the relative contents of  OG1 and  OG3 declined 
to a large extent compared with that of HSHM-CF@O sample. As can be seen from 
Table 2, the XPS O1s spectrum of HSHM-CF@PEI sample also had similar distribu-
tions of oxygen atom compositions.

Fig. 5  High resolution XPS C1s spectra and fitted curves of (a) untreated HSHM-CF sample, (b) HSHM-
CF@O sample, (c) HSHM-CF@EP sample and (d) HSHM-CF@PEI sample

Table 2  Calculated percentages of graphitic carbon and oxygen-containing functional groups of different 
samples by XPS  C1s spectra

Samples Relative contents of graphitic and functional groups (%)

284.6 eV
-C–C

285.6–286.3 eV
C-O

287.0–287.6 eV
-C = O

288.0–
288.8 eV
-COOH/ 
 R1-COO-R2

290.4–291.2 eV
R1-OCOO-R2

HSHM-CF 68.59 15.43 9.78 2.04 4.16
HSHM-CF@O 63.32 25.38 5.03 4.53 1.75
HSHM-CF@EP 67.00 30.90 - 2.10 -
HSHM-CF@PEI 66.40 20.69 4.14 5.05 3.73
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3.4  Tensile Properties of CFs

Figure 7 shows tensile properties of HSHM-CFs before and after surface treatment, and the 
error bars correspond to the standard deviations of the strength and modulus data. The ten-
sile strength showed no significant difference between the strength of untreated HSHM-CF 
sample and electrochemically oxidized HSHM-CF@O sample. Compared with HSHM-
CF@O sample, the tensile strength values of HSHM-CF@EP sample and HSHM-CF@PEI 
sample increased by 2.4% and 4.0%, respectively. More importantly, the strength discrete 

Fig. 6  High resolution XPS O1s spectra and fitted curves of (a) untreated HSHM-CF sample, (b) HSHM-
CF@O sample, (c) HSHM-CF@EP sample and (d) HSHM-CF@PEI sample

Table 3  Calculated percentages of oxygen-containing functional groups of different samples by XPS  O1s 
spectra

Samples Relative contents of graphitic and functional groups (%)

531.0–531.3 eV
-C = O

532.1–532.5 eV
R-O-C = O, O = C-NH2, 
O = C–O–C = O, C–OH, 
R-O-R

533.1–533.5 eV
R-O-C = O, 
O = C–O–C = O

534.1–534.4 eV
C-OOH

HSHM-CF 18.83 61.91 16.24 3.02
HSHM-CF@O 35.86 33.97 27.15 3.02
HSHM-CF@EP 9.12 84.48 6.39 —
HSHM-CF@PEI 34.09 37.83 27.05 1.03
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values of HSHM-CF@EP sample and HSHM-CF@PEI sample gradually decreased. Gener-
ally speaking, the tensile strength of carbon fiber was strongly affected by internal defects 
and external surface defects [57], nevertheless, the internal structure of HSHM-CF was 
unlikely to be oxidized during the electrochemical oxidation. Consequently, changes in 
the tensile strength of fibers was likely to be a result of the external surface structure [58]. 
Electrochemical oxidation could get rid of outermost weak boundary and foreign contami-
nants, which was possibly beneficial to the fiber strength. On the other hand, the chemi-
cal etching on fiber surfaces during electrochemical oxidation could bring some damage to 
the mechanical properties of CFs [42]. The cancellation effect of above two factors resulted 
in no significant difference between the strength value of untreated HSHM-CF sample and 
HSHM-CF@O sample. As one kind of brittle fibers, the mechanical properties of CFs also 
follow the weakest link theory [59], which indicates that the stress is uniform over the entire 
length of the filament and the largest flaw within the gage section determines its strength in 
a tensile test [60]. Therefore, increased tensile strength after the EP-sizing and PEI-sizing 
process possibly resulted in healed surface flaws and inhibited micro-crack initiation [30].

As also can be seen from Fig.  7, the tensile modulus of HSHM-CF@O sample was 
higher than that of untreated HSHM-CF sample. During the tensile test, fiber tows needed 
to be pre-impregnated in resin matrix. The wettability between untreated HSHM-CF sam-
ple and resin matrix was poor, which was difficult to ensure that each single filament was 
completely wetted. As a result, the tested tensile modulus of untreated HSHM-CF was pos-
sibly lower than the actual value. No significant differences between the modulus values 
of the HSHM-CF@O, HSHM-CF@EP and HSHM-CF@PEI samples indicated that the 
electrochemical oxidation and sizing treatment had little effect on the tensile modulus of 
HSHM-CFs. According to research by Northolt et al. [61], the modulus of CFs depends 
on three parameters: the in-plane modulus of the graphite plane, the modulus for shear 
between the graphitic layer planes, and the orientation distribution of these planes. The 
tensile elastic behavior of CFs is strongly influenced by the manufacturing process, and the 
shear modulus can be varied over a wide range by heat treatment at elevated temperatures 
[61]. During the electrochemical oxidation and sizing treatment, the treatment was car-
ried out in the environment of room temperature, which was difficult to affect the internal 
microcrystalline structure. Therefore, changes in modulus of HSHM-CF before and after 
surface treatment were not obvious.

Fig. 7  Tensile properties of 
untreated HSHM-CF sample, 
HSHM-CF@O sample, HSHM-
CF@EP sample and HSHM-
CF@PEI sample

756 Applied Composite Materials (2022) 29:745–764



1 3

3.5  Interfacial Properties of HSHM‑CF/PEKK Composites

The effect of electrochemical oxidation and sizing on the interfacial properties of HSHM-CF/
PEKK composites was investigated, and Fig. 8 shows the typical flexure load–displacement 
curves and changes in the ILSS values of HSHM-CF/PEKK composites. As can be seen from 
Fig.  8, untreated HSHM-CF reinforced PEKK composites revealed typical brittle rupture 
behavior, and the maximum applied load was merely 610 N (Fig. 8a). The final ILSS value of 
untreated HSHM-CF reinforced PEKK composites was also as low as 40.7 MPa. After sur-
face electrochemical oxidation, the oxidized HSHM-CF@O sample reinforced PEKK com-
posites demonstrated ductile rupture behavior. The maximum applied load and ILSS value 
of corresponding composites increased by 84% and 78%, respectively, compared with that of 
untreated HSHM-CF/PEKK composites. PEKK matrix composites reinforced by EP-sized 
and PEI-sized samples showed different trends. The maximum applied load decreased from 
1122  N for HSHM-CF@O/PEKK composites to 947  N for HSHM-CF@EP/PEKK com-
posites, and the ILSS also decreased from 72.5 MPa to 61.5 MPa, which indicated that EP-
coating had an adverse effect on the interfacial properties of HSHM-CF/PEKK composites. 
On the contrary, both the maximum applied load and ILSS value of HSHM-CF@PEI/PEKK 
composites increased to the highest values.

In order to better understand the interfacial interaction between HSHM-CFs and PEKK 
resin in PEKK matrix composites, the SEM images of fractured HSHM-CF/PEKK com-
posites are investigated (as shown in Fig.  9). In untreated HSHM-CF reinforced PEKK 
composites, there were little residual PEKK resin adhered on surfaces of untreated HSHM-
CFs and there were also some pores between fibers and matrix running along the longitu-
dinal direction (Fig. 9a-i). When observed along cross-sectional direction, obvious debond-
ing showed up and the PEKK matrix was broken away from the fibers after the interface 
failure of the untreated HSHM-CF/PEKK composite(Fig. 9a-ii). Moreover, at high magni-
fication as shown in Fig. 9a-iii, plenty of pores appeared at the fiber-matrix interfaces. It 
should be noted that the strength of matrix was far smaller than that of reinforcing fibers 
and the internal micro-pore evolution could result in the failure of composites [62, 63]. As a 
result, the dominant fracture micro-mechanism for untreated HSHM-CF reinforced PEKK 
composites was primarily interfacial debonding. In comparison, for the composites rein-
forced by electrochemically oxidized HSHM-CF@O sample, the fracture microstructure 

Fig. 8  (a) Typical flexure load–displacement curves and (b) changes in ILSS values of HSHM-CF/PEKK 
composites
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was entirely different. The fibers were adhered by PEKK matrix tightly and the gaps were 
absent at the fiber-matrix interfaces (Fig. 9b-i). As can be seen from Figs. 9b-ii and b-iii, 
conspicuous PEKK matrix closely covered around the fiber surfaces along cross-sectional 
direction. This phenomenon verified that significantly improved adhesion between HSHM-
CF@O sample and PEKK matrix occurred after surface electrochemical oxidation.

SEM images of fractured composites reinforced by EP-sized HSHM-CF@EP sam-
ple showed that part of PEKK matrix peeled off from the fiber surface and some gaps also 
appeared between the fibers (Fig. 9c-i). The cross-sectional images of fractured composites 
clearly indicated that there were obvious cracks and pores at the interfaces although some 

Fig. 9  SEM images of fractured surfaces for PEKK matrix composites reinforced by: (a i-iii) untreated 
HSHM-CF sample, (b i-iii) electrochemically oxidized HSHM-CF@O sample, (c i-iii) EP-sized HSHM-
CF@ EP sample and (d i-iii) PEI-sized HSHM-CF@PEI sample
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matrix still remained on the fiber surfaces (Fig. 9c-ii, c-iii). In comparison, the fibers were 
adhered by abundant of PEKK matrix without obvious gaps in the composites reinforced by 
PEI-sized HSHM-CF@PEI samples (Fig. 9d-i). Along the cross-sectional direction of HSHM-
CF@PEI/PEKK composites (Fig.  9d-ii,iii), the fibers were tightly covered by the PEKK 
matrix which confirmed that there was strong interfacial bonding between PEI-sized fibers and 
PEKK matrix. It could be concluded that introducing PEI sizing agents onto fiber surfaces was 
beneficial to enhance the interfacial adhesion between HSHM-CFs and PEKK matrix.

3.6  Analysis of Interfacial Enhancement Mechanism

HSHM-CFs without surface oxidation and sizing had lowest O1s/C1s value (Table  1) 
and highly inert surfaces. The poor wettability of untreated HSHM-CFs by PEKK resin 
matrix resulted in inadequate interfacial adhesion, thus obvious gaps existed at the inter-
facial region (Fig. 9a-ii). Defects could induce stress concentration as foreign shear stress 
was applied to the composites. The failure induced by gaps extended along the interface 
between the HSHM-CF and PEKK resin, followed by typical debonding failure (Fig. 9a 
i-iii), which occurred in fiber fracture under small stress [24, 25]. Based on the above 
experimental results, the possible interfacial reinforcement mechanism of composites rein-
forced by surface electrochemically oxidized and sized HSHM-CFs was obtained and as 
shown in Fig. 10.

Compared with untreated HSHM-CFs, the main change of electrochemically oxidized 
HSHM-CFs lied in that large quantity of oxygen-containing functional groups were intro-
duced onto the fiber surfaces (as shown in Figs. 5 and 6). Introduced reactive groups (e.g. 
–OH and -COOH) enhanced the opportunity of forming interface interaction between 
reinforcing fibers and matrix [14]. On the other hand, the elimination of surface weakest 
boundary and foreign contaminants due to electrochemical oxidation (Fig.  3b), together 
with the increase of fiber surface activity, could promote impregnation of PEKK matrix 
into HSHM-CF bundles as well as the improvement of mechanical interlocking. As a 
result, the enhancement mechanism of PEKK matrix composites reinforced by electro-
chemically oxidized HSHM-CF@O samples was mainly attributed to chemical reactivity 
at the interface of the composite and the mechanical interlocking between HSHM-CFs and 
PEKK matrix. The synergistic mechanism of chemical bonding and mechanical interlock-
ing on the interfacial of CF/EP composites had yet been revealed in our previous published 
works [41–43].

The ILSS value of PEKK matrix composites reinforced by HSHM-CF@EP sample 
decreased by 15% compared with that by electrochemically oxidized fibers without sizing 
(Fig. 8b). It was mainly because of the incompatibility between epoxy sizing agents and 
PEKK resin matrix. This incompatibility significantly weakened the interfacial reaction at 
the interface of PEKK matrix composites. However, the ILSS value of HSHM-CF@EP/
PEKK composites still increased by 51% compared with that by untreated HSHM-CFs. 
After the surface treatment, the introduced carboxyl and hydroxyl groups due to electro-
chemical oxidation could react with the epoxy and hydroxyl groups of EP sizing agents 
[41, 43, 64], and the carbonyl functionality did not participate in the reactions [65]. How-
ever, PEKK chain could diffuse into the sizing layer at high processing temperature and 
pressure during the preparation the PEKK matrix composites. The carbonyl groups, that 
did not participating in the chemical reaction between HSHM-CF surface and EP-sizing 
agents, could possibly form hydrogen bond with PEKK resin matrix. There may also be 
remaining active carboxyl and hydroxyl groups which could react with the functional 
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groups of PEKK matrix. The enhancement mechanism of PEKK matrix composites rein-
forced by EP-sized HSHM-CFs, therefore, was mainly attributed to hydrogen bond and 
weak chemical reactions between HSHM-CFs and PEKK matrix.

PEKK matrix composites reinforced by PEI-sized HSHM-CFs had the highest ILSS 
value, and its enhancement mechanism was more complicated. Increased oxygen-containing 
functional groups due to electrochemical oxidation could form strong interaction between 
PEI sizing agents and HSHM-CFs, e.g. hydroxyl groups of oxidized fiber provided electro-
static interactions with five-membered rings in PEI and carboxyl groups of oxidized fiber 
may form hydrogen bonding with PEI [66]. The relative contents of oxygen-containing 
functional groups on the surfaces of HSHM-CF@PEI sample were almost consistent with 
that of HSHM-CF@O sample (as shown in Table 3), which confirmed that the fiber surfaces 
of HSHM-CF@PEI sample maintained high reactivity with PEKK matrix. On the other 
hand, PEI sizing agents also had similar chemical structure to PEKK matrix, which could 
endow good interfacial compatibility with PEKK matrix through diffusion and entangle-
ment between the macromolecular chains. Meantime, the π-π interaction between PEI sizing 
agents and PEKK, which was similar to that between PEI sizing agents and PEEK [25], 
could also improve the fiber-matrix interfacial adhesion. In total, the PEI sizing agent serv-
ing as a bridge could integrate HSHM-CFs and PEKK matrix closely and result in highest 
ILSS values of HSHM-CF/PEKK composites.

Fig. 10  Schematic of interfacial enhancement mechanism of HSHM-CF/PEKK composites
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4  Conclusion

In order to improve interfacial properties of high strength and high modulus carbon fibers 
(HSHM-CFs) reinforced PEKK composites, a two-step surface treatment including surface 
electrochemical oxidation followed by sizing process was conducted on HSHM-CFs in 
the present paper. The electrochemical oxidation could get rid of foreign contaminants on 
the fiber surface, and further sizing process especially the PEI sizing treatment promoted 
impregnation of PEKK matrix into HSHM-CF. Much more oxygen-containing groups 
were introduced onto fiber surfaces after the surface treatment, e.g. the relative content of 
active oxygen element on fiber surfaces increased by 241% after electrochemical oxidation, 
which resulted in significant increases in the surface activity. The sizing treatment could 
result in increased tensile strength, especially for the PEI sized sample, its tensile strength 
increased by 4.0% compared with surface oxidized sample. However, the sizing treatment 
had little effect on the tensile modulus of HSHM-CFs. As far as the interfacial properties 
of HSHM-CF/PEKK composites, the ILSS value of PEKK matrix composites reinforced 
by electrochemically oxidized HSHM-CFs increased 78% compared with that by untreated 
HSHM-CFs. Due to the incompatibility of EP sizing agents with PEKK resin matrix, a fur-
ther EP-sizing treatment after electrochemical oxidation resulted in decreased ILSS value. 
However, further increases from 72.5 MPa to 74.8 MPa happened to the ILSS value of the 
composites reinforced by PEI-sized HSHM-CFs, which lied in that the PEI sizing agent 
serving as a bridge could integrate HSHM-CFs and PEKK matrix closely.
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