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Abstract

In this study, nitric acid oxidation with varied treatment temperature and time was conducted on the surfaces of polyacry-
lonitrile-based ultrahigh modulus carbon fibers. Scanning electron microscopy, X-ray photoelectron spectroscopy, Raman
spectroscopy and surface tension/dynamic contact angle instruments were used to investigate changes in surface topography
and chemical functionality before and after surface treatment. Results showed that the nitric acid oxidation of ultrahigh
modulus carbon fibers resulted in decreases in the values of the crystallite thickness Lc and graphitization degree. Meanwhile,
increased treating temperature and time made the decreases more obviously. The surfaces of ultrahigh modulus carbon fibers
became much more activity and functionality after surface oxidation, e.g., the total surface energy of oxidized samples at
80 °C for 1 h increased by 27.7% compared with untreated fibers. Effects of surface nitric acid oxidation on the mechanical
properties of ultrahigh modulus carbon fibers and its reinforced epoxy composites were also researched. Significant decreases
happened to the tensile modulus of fibers due to decreased Lc value after the nitric acid oxidation. However, surface treatment
had little effect on the tensile strength even as the treating temperature and processing time increased. The highest interfacial
shear strength of ultrahigh modulus carbon fibers/epoxy composites increased by 25.7% after the nitric acid oxidation. In the
final, surface oxidative mechanism of ultrahigh modulus carbon fibers in the nitric acid oxidation was studied. Different trends
of the tensile strength and tensile modulus of fibers in the nitric acid oxidation resulted from the typical skin—core structure.

Keywords Ultrahigh modulus carbon fiber - Nitric acid treatment - Microstructure - Surface activity

1 Introduction

During the past decades, carbon fiber reinforced polymers
(CFRPs) have been widely used owing to their excellent
ratio of stiffness to material density and the advantages of
designing composite structures for optimum in-service per-
formance [1-6]. The properties of CFRPs are greatly gov-
erned by the properties of carbon fibers and resin matrix
as well as the interface between them. The strong interface
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between carbon fibers and the matrix can effectively transfer
foreign load from the matrix to the fibers, which enhances
the structural integrity of CFRPs and improves their perfor-
mance [7-9].

However, carbon fibers usually have highly inert surfaces
due to high-temperature treatment in its preparation process.
To improve surface chemical reactivity, the surface treat-
ment of carbon fibers become necessary and it can be classi-
fied into two categories: surface coating method and surface
oxidation method [10, 11]. The surface coating method is
to improve the bonding ability of carbon fibers by directly
coating or growing active material on fiber surfaces, such
as electrochemical polymerization [12, 13], in-situ growth
of carbon material [14, 15]and the introduction of nanopar-
ticles [16-19].

Surface oxidation also can be divided into electrochemi-
cal oxidation [3, 20, 21], liquid-phase oxidation [9, 22],
gas-phase (plasma) oxidation [23-26], etc. In the process of
liquid-phase oxidation, nitric acid, sulfuric acid, phosphoric
acid, and hydrogen peroxide can be chosen as the oxidizing
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agent. Yue et al. [9] indicated that surface treatment of car-
bon fibers by HNO; could improve the mechanical proper-
ties of carbon fiber reinforced composites. According the
study by Woodhead et al. [27], much more functional groups
of C=0 and NO, were introduced onto the surface of carbon
fibers after HNO; oxidation treatment.

According to the tensile modulus, PAN-based carbon fib-
ers can be roughly classified into four grades: standard grade
carbon fibers (230-240 GPa), high strength and intermediate
modulus carbon fibers (HSCFs, 280-300 GPa), high strength
and high modulus carbon fibers (HMCFs, 350-480 GPa)
and ultra-high modulus carbon fibers (UHMCFs, more than
480 GPa) [28-30].

Compared with HSCFs, the surfaces of HMCFs and
UHMCEFs are much more inert due to the high-temperature
graphitization process with a heat-treatment temperature of
2000 °C. Especially for the UHMCFs, the heat-treatment
temperature is almost 3000 °C. Increased fiber tensile mod-
ulus and surface inertness of HMCFs and UHMCEFs also
result in weak interfacial strength between carbon fiber and
resin matrix. A few researches have been studied on the sur-
face treatments of low-modulus carbon fibers and HMCFs
[31-35]. However, the study on surface oxidation of UHM-
CFs is very limited. In our recent published article, the sur-
faces of UHMCFs were electrochemically oxidized and the
corresponding stepwise oxidation mechanism of UHMCFs
in the electrochemical modification was revealed [30].

HNO; oxidation can effectively create functional groups
on carbon fiber surfaces. Therefore, the specific effect of
HNO; oxidation on the microstructure and mechanical prop-
erties of UHMCFs was explored in the present research.
Scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy (Raman) and dynamic contact angle analyzer/
surface tension device were utilized to reveal changes in
surface physico-chemical structure of UHMCFs during the
HNO; oxidation. The mechanical properties of single fila-
ment and the interfacial shear strength (IFSS) between car-
bon fibers and epoxy resin were also researched.

2 Experimental
2.1 Materials

The ultra-high modulus carbon fibers (UHMCFs) in this
study were PAN-based carbon fibers and produced in our
laboratory, with the tensile strength of 3.39 GPa and tensile
modulus of 493.65 GPa. The typical diameter of single fila-
ment was about 5 pm. The UHMCFs without surface treat-
ment and sizing process were collected immediately after
high-temperature graphitization. HNO; of analytical pure
was supplied by Sinopharm Chemical Reagent Co. Ltd.
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2.2 HNO; oxidation of UHMCFs

Surface treatment of UHMCFs was carried out by dip-
ping carbon fiber into the HNO; solution. Firstly, the fiber
samples with the length of about 50 mm were immersed in
HNO; solution. Secondly, the surface treated samples were
filtered with deionized water followed by a further ultrasonic
washing for 0.5 h. Thirdly, the samples were dried in the
oven for 6 h with the temperature of 50 °C.

The time for the samples immersed in HNOj; solution
were 0.5 h, 1 h and 2 h, respectively. The processing temper-
ature of HNO; solution were room temperature 25 °C, 60 °C
and 80 °C, respectively. According to the treating time and
temperature, the corresponding samples were named as CF-
HNO;-25 °C-0.5 h/1 h/2 h, CF-HNO;-60 °C-0.5 h/1 h/2 h,
and CF-HNO;-80 °C-0.5 h/1 h/2 h, respectively. UHMCFs
without any treatment (CF-untreated) were also prepared as
the comparative sample.

2.3 Characterization
2.3.1 Surface morphology characterization

The surface morphologies of UHMCFs before and after
HNO; oxidation were characterized by Hitachi S-4800
model scanning electron microscope (SEM), with an ampli-
fication of 15,000 times. The fiber samples were secured on
a metal mount by conducting tape and then coated with gold
prior to examination.

2.3.2 Crystal structure analysis

A D8 ADVANCE DAVINCI X-ray diffractometer (XRD)
was used to characterize the crystal structure of UHMCFs
with Cu Ka radiation (= 1.5406 nm) generated at 40 kV and
40 mA. XRD patterns were collected at 2°/min in a 26 range
of 10°-35°. The crystallite thickness was calculated accord-
ing to Scherrer equation [36]:

kA

Le= oo’ (D

where Lc is the crystallite thickness, K is Scherrer constant,
0.9, 4 is the wavelength of the incident X-ray, 0.15418 nm,
20 is the diffraction angle and f is the half-height-width of
the diffraction peak.

2.3.3 Surface chemical microstructure

The surface chemical microstructure of UHMCFs was char-
acterized by a Renishaw inVia Reflex Raman spectrome-
ter with a green 532 nm line of an argon ion laser as the
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incident radiation. The Raman spectra were collected with
the wavenumber range of 1000-2000 cm™' under nitrogen
atmosphere.

2.3.4 Surface chemical compositions

The surface chemical elements of UHMCFs were analyzed
by an Axis Utltradld model X-ray photoelectron spectros-
copy (XPS) with an achromatic Mg Ka X-ray as a radiation
source. The discharge stream was with a current of 30 mA
and a voltage of 15 kV. The total pressure in the main vac-
uum chamber was below 108 mbar. Data processing was
performed using Casa XPS processing software and all bind-
ing energies were referred to the C, peak at 284.6 eV.

2.3.5 Surface wettability

Dynamic contact angle measurements were performed
using a DCAT21 model dynamic contact angle meter (Data
Physics Instruments, Germany). Deionized water (y;=72.8
mN/m, y¢=21.8 mN/m, yP=51.0 mN/m) and diiodomethane
(¥;=50.8 mN/m, y¢=50.8 mN/m) [10, 37, 38] were selected
as the tested liquids. The contact angle can be determined by
the Wilhelmy formula:

mg

cosf = ——————,
-d; 7, @)

where d; is the fiber diameter, g is the gravitational accel-
eration, and y, is the surface energy of the test liquid. The
surface energy of UHMCFs (y;) can be calculated through
the following equations [11, 13]:

71(14cos 0) = 2(yf’yf)]/2+2(yfyf)l/2, 3)

Y= J/fP +7/§j ) 4)

where yf’, yf are the polarity component and dispersion com-
ponent of the test fluid, respectively; yf,y{ are the polar-
ity component and dispersion component of carbon fiber,
respectively.

2.3.6 Mechanical properties of UHMCFs and interfacial
property of carbon fiber reinforced epoxy composite

The tensile tests of carbon fibers were performed on a FAVI-
MAT+ single fiber analyzer (Textechno H. Stein, Germany)
according to the ASTM D3379-75 standard. The tensile
load-elongation curves were collected at a test speed of
2.0 mm/min with the gauge length of 25 mm. The results
were analyzed using Weilbull statistical methods and more
than 30 filaments for each specimen were tested.

The interfacial shear strength (IFSS) of carbon fiber rein-
forced epoxy composite were characterized by the micro-
bond test [26]. Single filament in fiber tows was picked out
with the length of 30 mm and secured onto the metal plate
with superglue. A mixture of E-44 epoxy resin and triethyl-
enetetramine with a weight ratio of 10:1 was dropped onto
the single fiber tow to form several resin droplets. The drop-
lets were then cured at the 120 °C for 2 h. The IFSS between
UHMCEFs and epoxy resin matrix was detected by an inter-
facial microbond assessment instrument (Model HM410,
Tohei Sanyon Co., Japan) and calculated according to the
following equation:

IFSS = L 5
 ndl’ ©)
where F,, is the maximal load as the interfacial debonding

or sliding occurs, d is the fiber diameter, and / is the embed-
ded length of the epoxy droplet.

3 Results and discussion
3.1 Surface morphology analysis by SEM

The morphology of carbon fibers treated with HNOj; (pro-
cessing time 1 h) are shown in Fig. 1. Well-defined longitu-
dinal ridges and striations running along the fibers’ axis were
found on the surfaces of untreated UHMCEFs (Fig. 1a), which
resulted from the wet spinning process in the preparation of
PAN-precursors [39]. Compared with untreated UHMCFs,
changes in the longitudinal ridges and striations on the sur-
faces of CF-HNO;-25 °C were not obvious (Fig. 1b). How-
ever, UHMCEF surfaces became smoother rather than rougher
as the treating temperature increased to 60 °C and 80 °C
(Fig. 1c, d). The reason possibly lied in that the ridges of
longitudinal grooves were oxidized much more intensively
than the bottoms due to their large areas [21]. The violent
oxidation at higher temperature finally damaged the groove
structure which made the grooves less rougher.

3.2 XRD analysis

XRD patterns of UHMCFs before and after HNO; oxida-
tion (processing time 1 h) are shown in Fig. 2. As can be
seen, the diffraction peak located at 26° in all the curves
are assigned to the 002 peak [40-42]. The existence of the
002 peak is attributed to the typical turbostratic structure of
carbon and it reveals that there also exists imperfect graph-
ite structure in the UHMCFs. By comparison of XRD pat-
terns of untreated UHMCFs, the full-width at half-maxima
(FWHM) of the 002 peak increased in the XRD patterns of
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Fig. 1 SEM micrographs of UHMCFs: a CF-untreated, b CF-HNO;-25 °C-1 h, ¢ CF-HNO;-60 °C-1 h, d CF-HNO;-80 °C-1 h

Table1 XRD spectrum parameters of UHMCFs under HNO; treat-
—— CF-untreated ment
————— CF-HNO,-25°C "\‘.
- - - CF-HNO,-60°C J \ Samples 20(°)  dyp (nm) FWHM (°) Lc (nm)
----- CF-HNO,-80°C I
Rt CF-untreated 2595 0.3430 0.965 8.46
/ CF-HNO;-25°C-0.5h 26.09 0.3413 0.969 8.42
CF-HNO;-60 °C-0.5h  26.02 0.3422 0.976 8.36
CF-HNO;-80 °C-0.5h  26.12  0.3409 0.982 8.31
CF-HNO;-25 °C-1 h 26.14  0.3406 0.970 8.41
CF-HNO;-60 °C-1 h 26.11 0.3410 0.985 8.29
CF-HNO;-80 °C-1 h 26.08 0.3413 0.994 8.21
CF-HNO;-25 °C-2 h 26.09 0.3413 0.972 8.40
E CF-HNO;-60 °C-2 h 26.12 03412 0.992 8.23
T T T T T T T " T ¥ T CF-HNO;-80 °C-2 h 26.15 0.3406 1.005 8.12
10 15 20 25 30 35
20 /(%)

Fig.2 XRD patterns of UHMCEFs before and after the HNO; oxida-
tion
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surface oxidized UHMCFs, which indicated HNO; oxida-
tion had destroyed the original crystal structure of the fibers.

The calculated XRD spectrum parameters of UHMCFs
before and after HNO; oxidation are provided in Table 1.
The average interlayer spacing (dyy,) of untreated UHMCFs
was 0.3430 nm which was slightly higher than the d,y, value
of the ideal graphite crystal (0.3354 nm). Compared with
untreated UHMCFs, all the d|y, value after surface treatment
with HNO; decreased, and the HNO; oxidation of UHMCFs
also resulted in increased values of FWHM and decreased
values of the crystallite thickness Lc. This result showed that
the HNO; oxidation temperature of UHMCEFs could affect
graphite microcrystalline structure.

Figure 3 shows the relationship between the crystallite
thickness Lc and the processing time and temperature. When
the processing temperature remained the same, the Lc value
of oxidized UHMCFs decreased with the increase of the
processing time. However, decreases in the Lc values of
oxidized UHMCFs were not obvious as the processing tem-
perature was at room temperature 25 °C, e.g., the Lc value of
CF-HNOj;-25 °C-2 h was still 8.40 nm (as shown in Table 1).

Results in the paper also showed that increased processing
time and temperature could result in significant decreases in
the Lc value. When the process temperature of HNO; oxi-
dation was 80 °C, the Lc values of CF-HNO;-80 °C-0.5 h,
CF-HNO;-80 °C-1 h, and CF-HNO;-80 °C-2 h samples (as
shown in Table 1) decreased by 1.7%, 3.0% and 4.0% com-
pared with that of untreated UHMCFs, respectively.

3.3 Raman spectroscopy analysis
Raman spectroscopy has been proved to be an effective

method to follow the micromechanics of deformation of
CF surfaces [43, 44]. Figure 4 reveals the Raman spectra

8.6
85+
8.4
£ sl
3 >~
821
gL = CF-HNO325°C \
—e— CF-HNO3-60°C
80  —4—CF-HNO3-80°C

CF-untreated 0.5h l1h 2h

Fig. 3 Relationship between crystallite thickness Lc, the processing
time and the temperature of HNO; oxidation

and their corresponding fitting curves of UHMCFs before
and after the HNO; oxidation (processing time 1 h) over
the 1000-2100 cm™! frequency range. Two characteristic
bands can be found in the Raman spectra of all samples. The
D-band located at around 1350 cm™" is assigned to increased
crystallite boundaries and the G-band (about 1580 cm™) is
assigned to the E,, vibrational mode of the graphite crystal.
The intensity ratio of two bands Ip/I; has been utilized to
characterize the degree of structural disorder [45]. Besides
the G-band and D-band, another peak D’-band around
1620 cm™! is also observed in the Raman spectra of UHM-
CFs. The D'-band resulted from disorder and small crystal-
lite structure are also defect-induced Raman features [46].

Table 2 reveals the peak position and FWHM values of
the disorder D-line and graphitic G-line, as well as the I/l
ratios. As can be seen, the I/[; ratios of HNO; oxidized
UHMCEFs were higher than that of untreated sample, and
the higher the processing temperature in the HNO; oxida-
tion, the higher the I/l ratio. Increased Ip/I; ratios after
the HNO; oxidation indicated that surface structure of oxi-
dized UHMCFs became much more disorder. As a result,
the chemical etching and increased number active carbon
atoms of during the HNOj; oxidation could reduce the gra-
phitization degree of UHMCFs, which was consistent with
the results by XRD.

According to above results in Table 2, higher processing
temperature could result in increased I/l values on the
surfaces of oxidized UHMCFs. The relationship between the
Iy/1; values, the processing time and treatment temperature
is shown in Fig. 5. As can be seen, a higher processing time
also led to significant increases in the Ip/I; values. Com-
pared with the I,/I; value of untreated UHMCFs (0.528), the
Iy/1; values of CF-HNO;-80 °C-0.5 h, CF-HNO;-80 °C-1 h,
and CF-HNO;-80 °C-2 h samples (as shown in Table 2)
increased to 0.550, 0.565 and 0.585, respectively. The Iy/I;
values of CF-HNO;-25 °C and CF-HNO;-60 °C samples
also showed the same trend, and the higher the processing
time, the higher the I;y/I; ratio was.

3.4 Surface chemistry by XPS

The surface chemical composition of UHMCFs before and
after HNO; oxidation was investigated by XPS, and Fig. 6
shows high-resolution XPS spectra of untreated and sur-
face oxidized UHMCFs. The characteristic peaks in the
XPS spectra of untreated and surface oxidized UHMCFs at
284.6 eV, 532.6 €V and 102.6 eV indicated the C,, peak, O
peak and Si,, peak, respectively, which proved that surface
chemical elements of both untreated and oxidized UHMCFs
were mainly composed of carbon, oxygen and silicon.
Changes in the relative contents of chemical elements
before and after HNO; treatment are shown in Table 3. To
identify the obvious changes in surface chemical activity,
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Fig.4 Raman spectra and their corresponding fitting curves of a CF-untreated, b CF-HNO;-25 °C-1 h, ¢ CF-HNO;-60 °C-1 h, (d) CF-
HNO;-80 °C-1 h

Table 2 Raman spectrum Samples D line G line R(Iy/lg)

parameters of UHMCFs with

different HNO, treatment Position (cm™') FWHM (cm™') Position (cm™) FWHM (cm™)
CF-untreated 1352.03 35.44 1583.30 28.82 0.528
CF-HNO;-25°C-0.5h  1352.04 34.01 1583.31 27.97 0.534
CF-HNO;-60 °C-0.5h  1351.09 34.54 1583.16 27.50 0.542
CF-HNO;-80 °C-0.5h  1351.55 34.41 1582.93 28.06 0.550
CF-HNO;-25°C-1h  1352.03 34.87 1583.51 28.76 0.549
CF-HNO;-60°C-1h  1351.76 34.61 1582.93 28.62 0.555
CF-HNO;-80°C-1h  1351.23 34.77 1583.55 29.03 0.565
CF-HNO;-25°C2h  1351.50 35.49 1583.15 28.88 0.567
CF-HNO;-60°C-2h  1351.77 34.42 1582.93 28.55 0.575
CF-HNO,;-80°C-2h  1351.23 34.45 1583.12 28.94 0.585

the O/C ratio on the surface of oxidized UHMCFs are also  respectively. The presence of O possibly resulted from
reviewed in Table 3. The relative contents of C and O ele-  absorbed oxygen element in the form CO,/O, after high-
ments of untreated UHMCFs were 87.03% and 9.26%, temperature treatment.

@ Springer



Carbon Letters (2021) 31:449-461

455

0.60 | —%— CF-HNO,-25°C
—e— CF-HNO,-60°C
0.58 | —*— CF-HNO,-80°C /
'_‘O
2 0561 /
0.54
0.52

CF-untreated 0.5h 1h 2h

Fig.5 Relationship between I;,/I; values, the processing time and the
temperature of HNO; oxidation

As UHMCFs were oxidized at room temperature, the oxy-
gen percentage of CF-HNO;-0.5 h sample slightly decreased
compared with untreated UHMCFs, which possibly resulted
from the elimination of absorbed oxygen element. Obvi-
ous increases happened to the oxygen percentages of CF-
HNO;-60 °C-0.5 h and CF-HNO;-80 °C-0.5 h samples at
the expense of carbon elements. Meantime, the O/C ratio
of oxidized UHMCEFs at 80 °C increased from 0.11 to 0.18,
which confirmed that HNO; oxidation at higher temperature
was much more intense than that at room temperature.

As can be also seen in Table 3, the oxygen percentages
of oxidized UHMCFs at 80 °C with the time of 1 h and
2 h decreased compared that of 0.5 h, which indicated that
higher level of HNO; oxidation with increased treating time
could result in decreases in surface chemical functionality.
This could be due to the excessive oxidation of the UHMCFs
surface. High temperature or processing time resulted in the
decomposition of the carbon double bond on the surface of
UHMCEFs into [H] and CO, (as shown in Scheme 1) [47]. As
a result, the corresponding O/C ratio decreased.

The chemical composition results showed a certain regu-
larity as the processing time was 0.5 h. Therefore, high-reso-
lution XPS Cls spectra and fitting curves of UHMCFs under
HNO; treatment with the process time of 0.5 h are shown in
Fig. 7. The XPS spectra of the Cls region is deconvoluted
into four kinds of carbon-based functional groups: graphite
carbon (C-C, 284.6 eV), carbon atoms in hydroxyl group
or ether bond (C-OH, 285.5+0.2 eV), carbon atoms in car-
bonyl group (C=0, 286.6 +0.3 eV), and carbon atoms in
carboxyl or ester group (COOH, 289.3 +0.2 eV) [48-50].

The calculated percentages of graphitic carbon and oxy-
gen-containing functional groups on the surface of untreated
and surface oxidized UHMCFs are listed in Table 4. The
calculated percentages of C=0 groups was as high as

11.56% on the surface of untreated UHMCFs. Accord-
ing to the results by our previous research, the basic C=0
groups couldn’t react with the functional groups of epoxy
resin and —COOH groups were responsible for the strong
reactions between CF surfaces and the epoxy resin in the
preparation of CF/epoxy composites [51]. Compared with
untreated UHMCFs (CF-0), significant decreases in the rela-
tive content of the C=0 group showed up on the surfaces
of oxidized UHMCFs. The relative content of the -COOH
group also increased which was beneficial to the interfacial
chemical reaction in the preparation of UHMCF/epoxy resin
composites.

3.5 Surface wettability analysis and interfacial
shear strength

Figure 8 shows the contact angle and surface energy values
of untreated and surface oxidized UHMCFs (processing time
1 h). According to the surface materialization principle, the
size of contact angle is closely related to the infiltration of
the infiltrating fluid to the fibers [11, 13]. Generally speak-
ing, the smaller the contact angle and the higher the surface
energy, the better the wettability of the resin to the fibers
[37].

As shown in Fig. 8a, the contact angles between untreated
UHMCFs and the water as well as diiodomethane were
72.42° and 49.42°, respectively. The contact angles between
oxidized UHMCFs and the water as well as diiodomethane
decreased. Especially for the oxidized UHMCFs at 80 °C,
the contact angles between the CF-HNO;-80 °C sample and
the diilodomethane decreased from 49.42° to 30.37°, which
indicated that HNOj; surface treatment could improve the
surface wettability of UHMCFs.

As for surface energy of UHMCFs before and after HNO,
oxidation, it can be seen from Fig. 8b that HNO; surface
treatment even at 25 °C could also improve the surface
energy of UHMCFs. The total surface energy of UHMCFs
increased from 42.39 mN/m of untreated UMHCEFs to 50.02
mN/m of CF-HNOj; sample. On the other hand, increased
treating temperature was beneficial to increases in fiber sur-
face energy. When the UHMCFs oxidized at 80 °C, the total
surface energy increased by 27.7% compared with untreated
UHMCFs.

3.6 Mechanical properties of UHMCFs and UHMCF/
EP composites

Figure 9 reveals the mechanical properties of UHMCFs
before and after HNO; treatment. Compared with untreated
UHMCFs, HNOj; surface treatment resulted in signifi-
cant decreases in the tensile modulus (Fig. 9a). Increased
processing temperature and time resulted in significant
decreases in the modulus, e.g., the tensile modulus of
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Fig.6 High-resolution XPS spectra of a processing time was 0.5 h, b processing time was 1.0 h, ¢ processing time was 2.0 h

Table 3 Surface elemental and chemical composition of UHMCFs

Samples Relative contents of chemical Atomic

element (%) ratio

X (0/C)

Cy Oy Siy,
CF-untreated 87.29 9.29 3.42 0.11
CF-HNO;-25 °C-0.5 h 88.05 7.59 4.36 0.09
CF-HNO;-60 °C-0.5 h 85.55 11.13 3.32 0.13
CF-HNO;-80 °C-0.5 h 81.17 14.51 432 0.18
CF-HNO;-25 °C-1.0 h 86.14 9.53 433 0.11
CF-HNO;-60 °C-1.0 h 87.19 8.86 3.95 0.10
CF-HNO3-80 °C-1 h 86.26 9.88 3.86 0.11
CF-HNO;-25 °C-2 h 87.52 8.28 4.20 0.10
CF-HNO;-60 °C-2 h 86.70 9.48 3.82 0.11
CF-HNO;-80 °C-2 h 87.84 7.97 3.95 0.09

@ Springer

CF-HNO;-25 °C-2 h (463.34 GPa) decreased by 6.14% com-
pared with untreated UHMCFs (493.65 GPa). A large extent
of decline in the fiber modulus showed up as treatment
temperature increased to 80 °C and the tensile modulus of
CF-HNO;-80 °C-2 h decreased by about 10.68% compared
with untreated UHMCFs. However, the effects of both the
processing temperature and time on the tensile strength of
oxidized UHMCFs were not obvious (as shown in Fig. 9b).

The IFSS values of UHMCF/epoxy resin composites
before and after HNOj; treatment (processing time 1 h) is
shown in Fig. 10. Due to highly inert surface of untreated
UHMCFs, the IFSS value of composites reinforced by
untreated UHMCFs was only 14.59 MPa. Compared with
untreated UHMCFs, the IFSS value of composites rein-
forced by CF-HNO;-80 °C increased by 25.7%. Increases
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Scheme 1 The oxidative
process of HNO; oxidation
treatment C—H [O] C-OH [O] COOH [O] H+ C02
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Fig.7 High-resolution XPS Cls spectra and fitting curves of a CF-untreated, b CF-HNO;-25 °C-0.5 h, ¢ CF-HNO;-60 °C-0.5 h, d CF-
HNO;-80 °C-0.5h

in the IFSS values could be due to increased fiber surface
activity and functionality [52], and results in the paper
also showed that HNO; surface treatment of UHMCFs
could enhance the interfacial properties of UHMCF/

epoxy resin composites.

3.7

Effect of HNO; oxidation on the mechanical
properties of UHMCFs

The typical skin—core structure of high performance CFs
has been proved in early published documents [53-55], and
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Table 4 Relative contents of graphitic and functional groups on the
UHMCE surfaces

Samples C-C (%) C-OH (%) C=0 (%) —COOH (%)

CF-untreated 57.68 2671 1156 4.05

CF- 65.80  23.40 8.69 211
HNO,;-25 °C-0.5 h

CF- 58.65  27.89 899  4.48
HNO,;-60 °C-0.5 h

CF- 6747 2324 481 447

HNO;-80 °C-0.5 h

80
(a) 7242 Water Diiodomethane

/ 6548 6643 6167
: T
60 / //

49.42

37.6

3244
3037

3\

Contact angle/(°)
Zp

20

CF-untreated CF-HNO, CF-HNO,;-60 ‘C  CF-HNO,-80 T

it is also well-known that the graphitic structure does exist
in CFs, but the bulk of the material is in the turbostratic
form [55]. In the preparation of UHMCEFs, the turbostratic
structure of CFs gradually turn to the graphitic structure of
UHMCEFs. However, there still exists turbostratic structure
in the UHMCFs which was proved by above XRD results.
Due to the skin—core structure, the graphitic structure
on external surface of UHMCFs more easily formed and
increased. The micro-structure of UHMCFs before and after
HNO; oxidation is shown in Fig. 11. The tensile modulus of

(b) 7
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Fig.8 Value of a the contact angle, b the surface energy of untreated and oxidized UHMCFs
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Fig.9 Mechanical properties of UHMCFs before and after HNO; oxidation
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Fig. 10 Interfacial shear strength of UHMCF/epoxy resin composites

UHMCEF:s is highly dependent on the graphite structure, and
the tensile modulus increases significantly with decreases
in the d,, value and improvements in the Lc value [29].
As shown in Table 1 and Fig. 3, the d, value of oxidized
UHMCEFs increased and the Lc value of oxidized UHMCFs
also decreased due to chemical etching during the HNO,
oxidation. As a result, significant decreases happened to the
tensile modulus of UHMCFs after HNO; oxidation (Fig. 9a).

As for the tensile strength of UHMCEFs, it is more likely
related to the turbostratic structure. A large Lc value could

Fig. 11 Micro-structure of
UHMCEFs before and after
HNO; oxidation

be accompanied by reduced lateral bonding between the
stacks of carbon layers, thereby degrading the strength
[29]. In other words, decreased Lc value of oxidized UHM-
CFs due to HNO; oxidation had a positive effect on fiber
strength. HNO; oxidation could result in a certain degree
of decline in the tensile strength of UHMCES, but it merely
affected the external surfaces of UHMCFs (as shown in
Fig. 11). As a result, effect of the HNO; oxidation on the
tensile strength was not obvious (Fig. 9b).

4 Conclusions

The highly inert surfaces of UHMCFs results in poor inter-
facial properties between UHMCFs and epoxy matrix. In
the present article, the HNO; oxidation of UHMCFs was
conducted to improve UHMCFs surface activity. Compared
with the untreated UHMCFs, the HNO; oxidation of UHM-
CFs resulted in decreases in the graphitization degree, and
UHMCEFs surface became much more activity and function-
ality after surface oxidation. Significant decreases happened
to the tensile modulus of UHMCEFs after the HNO; oxidation
as the treating temperature and the treating time increased.
However, HNO; oxidation treatment had no significant effect
on the tensile strength, After the HNO; oxidation treatment,
the highest IFSS value of composites reinforced by oxidized
UHMCEFs increased by 25.7%.

Surface graphtic structure

Internal turbostratic structure
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