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ABSTRACT: Physicochemical, surface, and mechanical proper-
ties of three batches of T800 grade carbon fibers (CFs) treated
with three kinds of sizing agents and Toray T800H CFs were
characterized to study the effect of sizing agents on surface
properties. Scanning electron microscopy for morphology, atomic
force microscopy calculations, and results for the content of sizing
agents showed that sizing agent B improved the surface roughness
and CFs with high content of sizing agent always presented small
surface roughness in a certain content range 1.2—1.6%. Surface
energy of CFs was calculated by Young’s contact angle using the
test results with water and glycol, and contact angles with LY-1 and
modified-AC531 were also acquired. The results proved that CFs
of sizing agent group B had the highest average surface energy and
the lowest average contact angles with both LY-1 and modified-AC531. From both single-filament and tensile strength test results,
the average strength of CFs of sizing agent group B was found to be the lowest, which indicated that sizing agent B had an influence
on tensile strength decrease of T800 grade CFs. Comparing the results of interfacial shear strength both in a natural dry state and
after hygrothermal treatment, high surface energy was found to be the key element to obtain high interfacial adhesion between T800
grade CFs and bismaleimide, and high surface roughness and low contact angle also played important roles. Among sizing agents A,
B, and C, A had an effect on the interfacial shear strength decrease of CFs in the natural dry state, while C had that after
hygrothermal treatment.
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1. INTRODUCTION

Carbon fibers (CFs) are considered as important reinforce-
ments, which are widely used in advanced resin matrix
composites. To achieve high strength CF composites,
mechanical properties of CFs and bonding performance
between CFs and the matrix are two essential factors when
resin matrix is fixed. Mechanical properties of CFs are mainly
determined by the internal structure, such as compactness,
crystallinity, and defects, while bonding performance is
normally relevant to CF surface properties. As sizing agents
often play a great role in improving CF surface properties, it is
meaningful to investigate the effect of sizing agents on surface
properties of CFs. Researching results can effectively %uide CF
manufacturers to optimize the production process. ~

CFs with characteristic strength higher than 5.5 GPa and
modulus between 290 and 300 GPa are generally considered as
T800 grade CFs. T800 grade CFs improve the mechanical
performance of CF-reinforced composites and great progress
on the research on T800 grade CFs in China has been
achieved with the establishment of T800 grade CF production
line.*

Compared with epoxy resin, bismaleimide (BMI) resin is a
kind of thermosetting resin with better thermal stability, and its
glass transition temperature is higher than 250 °C.”~'' By
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blending with inorganic fillers or bisphenol A, the thermal
aging property of BMI resin can be further improved."*™"* In
addition, BMI resin also has other excellent characteristics such
as dielectric properties, friction resistance, and lightning
resistance.” These properties make CF/BMI composites
suitable for extremely harsh conditions such as high-temper-
ature environments.'®™**

Interfacial adhesion properties between T800 grade CFs and
BMI matrix determine the competence of load transfer from
the matrix to CFs.”>"*° CF surface, resin matrix, and sizing
agents are involved in the formation of interfacial adhesion.
The mechanisms of interfacial adhesion of composites mainly
include diffusion entangle111ent,27_29 chemical bond,* electro-
static attraction,” ™® and mechanical engagement.%"'5 The
usage of sizing agents in commercial CF manufacturing is
proved successfully to protect CF surface, enhance surface
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properties, and take full advantage of those adhesion
mechanisms. Wu et al.’® studied the effect of sizing on
interfacial adhesion of commercial CF (T700SC) with BMI
composites, and results indicated that the EP-type sizing agents
tended to lead to stronger interfacial adhesion, but this trend
was not obvious. However, for T800 grade CFs and BMI resin,
there is a lack of research on the effect of sizing agents on
interfacial properties of CF/BMI composites. Thus, inves-
tigation of the effect of sizing agents on interfacial adhesion of
CF/BMI composites is useful in the design and manufacture of
CF/BMI components and parts.

In order to get a better understanding of the effect of sizing
agents on surface properties and interfacial adhesion,
physicochemical, surface, and mechanical properties of three
batches T'800 grade CFs treated by three kinds of sizing agents
and Toray T800H CF were characterized. Linear density,
volume density, sizing agent content, and monofilament and
multifilament tensile properties of CFs were obtained by
common methods. Scanning electron microscopy (SEM) for
morphology and atomic force microscopy (AFM) were
conducted to acquire surface morphology and roughness.
Surface energy was tested by Wilhelmy hanging method,”” and
interface shear strength of CF/BMI composites was tested by
the micro-debonding method®® with both no treatment and a
certain period of hydrothermal treatment.””*’

2. MATERIALS AND METHODS

2.1. Raw Materials. CFs used in this work were nine kinds
of T800 grade CFs (12K) from AVIC Composite Corporation
and T800H CF (12K) from Toray Industries. A, B, and C
represent three types of sizing agents. M1, M4, and MS
represent the first, fourth, and fifth batch of T800 grade CF.
Three batches of CFs were manufactured by the same process,
except different sizing agents in the sizing process. BMI resin
(AC631) was obtained from AVIC Composite Corporation.
The solvent ethyl alcohol was purchased from Beijing
Chemical Works. All reagents were of analytical grade.

2.2. Physicochemical Characterizations of CFs. The
CF samples covered with filter paper were sent to a Soxhlet
extractor. Acetone (300 mL) was added to the flask as the
solvent. The CF samples were extracted at 125 °C for 2 h
(refluxed at least 8 times) to remove sizing agents. Then the
samples were dried in an infrared oven at 105 + 5 °C to
remove solvents.

Surface morphology of CFs was observed using a cold field
scanning electron microscope (HITACHI JSM-7500) with an
acceleration voltage of 20 kV. AFM (Veeco D3000) was used
to further observe the surface morphology. The scanning area
was selected as 3 ym X 3 um. Based on the observation of
AFM, a software Nano Scope was used to calculate the
maximum and arithmetic average surface roughness. For sized
CFs, Fourier transform infrared (FTIR) spectroscopy measure-
ments were performed using Nicolet 6700 FTIR spectrometer.

2.3. Surface Energy of CFs. Contact angles were
characterized by DCTA21 Surface/interface tensiometer.
Wilhelmy hanging method was used to measure the advancing
contact angle between CFs and two types of testing liquid. The
average result of three tests was chosen as the contact angle
between each liquid and CFs.

The surface energy of CFs was calculated by Young’s contact
angle. In order to decrease the error caused by the dispersion
of monofilaments, four CF monofilaments were stuck to a
round clamp, parallel with each other and vertical to the

bottom of the clamp, to ensure that all CF monofilaments
touched the testing liquid at the same time.

Contact angles between the CFs and LY-1 and modified-
ACS31 resin system were also acquired. The tests were
conducted at the room temperature of 25 °C, and the surface
tensions of the two resin systems were obtained every 5 °C.

2.4, Tensile Test of CF Single Filament and CFs.
Single-filament tensile test of CFs was carried out by Instron
5967 configured and SN sensor in accordance with ASTM
D3379. When preparing the sample, CFs were divided into
filaments, and filaments with a length of about 25 mm were
selected. The selected filaments were stuck to the testing paper
frame of 20 mm. The breaking strength and the percentage of
breaking elongation of a single filament were calculated by
displacements and tension recorded during the test.

The tensile test of CFs was done in accordance with GB/T
26749 by the Instron 5967 universal mechanical testing
machine. An extensometer with a 50 mm span supplied by
Instron was used for the modulus test. The load—displacement
curve was recorded during the test.

2.5. Interfacial Shear Strength of CF/BMI Composites.
The micro-debonding test was carried out by a self-developed
instrument. The monofilament was stuck on a self-made C-
shaped frame by double-sided tape. Resin and curing agent
were mixed in a certain proportion and were applied to the
fixed monofilament using a pin. The monofilament with resin
microsphere was sent to an oven and cured. The cured
monofilament composite was fixed on a self-made concave
sample clamp. Special glue was used to fix the monofilament
further. The sample clamp was placed on the micro-debonding
instrument, and the resin microsphere was aligned under the
observation of an optical microscope. After the size of the
microsphere was measured, force—time curve during the
exfoliation process was recorded. The maximum force on the
curve was regarded as the exfoliating force on the resin
microsphere.

The hygrothermal state samples were obtained as follows:
enough micro-debonding samples (at least 10 per group) were
prepared and placed into a damp-heat test chamber. The
environment temperature was set to 70 °C, and it was ensured
that the temperature error was within +3 °C. The test piece
was immersed in a beaker of water. The beaker was placed into
the chamber and the boiling method was used to adjust the
moisture absorption state of the test piece for 7 days. After
adjusting the hygrothermal state of samples, the beaker was
taken out and samples were removed. Then, the micro-
debonding test was conducted at room temperature immedi-
ately.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Properties of CFs. The contents
of sizing agents are shown in Table 1. Among these CFs, M4-A
presented the highest content of sizing agent, which was
1.60%. The lowest content of the sizing agent was 0.80%, from
both M4-C and MS-C. CFs of sizing agent group C exhibited
the lowest average content among groups A, B, and C, which
indicated that sizing agent C had weaker bonding to CFs.
Comparing the content of CF batch M1, M4, and M5, MS
showed the lowest content in each sizing agent group, which
meant that MS CFs had weaker bonding to the sizing agent.
The sizing agent contents of group A and group B were both
higher than that of Toray T800H, while that for the C group
was not.
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Table 1. Contents of Sizing Agents of CFs

CF contents of sizing agents (%)
MI-A 1.37
M4-A 1.60
MS-A 1.20
MI1-B 1.51
M4-B 1.40
MS-B 1.30
Mi1-C 1.10
M4-C 0.80
Ms-C 0.80
T800H 1.10

FTIR spectra of 10 kinds of CFs are presented in Figure 1.
The chemical structures of the 10 kinds of CFs were similar. It

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wave numbers (cm™)

Figure 1. FTIR spectra of 10 kinds of CFs.

indicated that the spectrum of fiber-sizing agents confirmed the
presence of epoxy (915 cm™"), hydroxyl (3430 cm™"), ether
(1047 cm™), and benzene (1632 cm™). Furthermore, the
vibrations of C—H of para-benzene (792 cm™) and of -CH2-
(1453 and 2970 cm™') suggest that the sizing agents mainly
consisted of diglycidyl ether of bisphenol A-type epoxy
constituent, which will influence the chemical properties of
the 10 kinds of CFs. In this research, from FTIR results, there
existed no obvious difference of curves of the 10 kinds of sizing
agents, and it can be concluded that the chemical structure of
several sizing agents contained epoxy. For CF/BMI compo-
sites, the chemical bonding of these sizing agents and matrix
had no obvious distinction.

The linear density and volume density results of the 10 CFs
are shown in Table 2. The linear density values of MS batch
CFs ranged from 442 g/km to 453 g/km, which indicated that
the manufacturing quality of the MS batch CF was not as good
as that of M1 (439—442 g/km) and M4 (445—448 g/km).
The volume densities of nine kinds of T800 grade CFs were
1.76—1.78 g/cm3 without significant difference. Comparing
nine kinds of T800 grade CFs and Toray T800H, Toray
T800H had lower linear density and higher volume density,
which indicated that Toray T80OH had a lower fiber diameter
than the other T800 grade CFs.

3.2. Surface Morphology of CFs. Different cross-section
shapes of CFs were observed by SEM, as shown in Figure 2a
(M1-A) and Figures S1 and S2 (Supporting Information). M1-

Table 2. Linear Density and Volume Density Values of 10
Kinds of CFs

CF linear density (g/km) volume density (g/cm®)
MI1-A 442 1.76
M4-A 445 1.78
MS-A 453 1.76
M1-B 441 1.78
M4-B 448 1.78
MS-B 442 1.77
M1-C 439 1.78
M4-C 445 1.77
Ms-C 448 1.76
T800H 436 179

B, MS-B, M4-C, and MS-C present a circular cross section,
while M1-A, M1-C, M4-A, M4-B, and Toray T800H present a
flat ellipse cross section. MS-A had a typical “cashew” shape,
and this could be the reason that MS-A had the lowest content
of sizing agent among M1-A, M4-A, and MS-A.

As seen from Figure 2b, obvious grooves were distributed
along the fiber direction on the surface of all 10 CFs. The
surface grooves of nine T800 grade CFs were similar to those
of Toray T800H. There were small “particles” on the surface of
MS-B, which was speculated to be caused by uneven coating of
sizing agents, considering its low sizing agent content among
M1-B, M4-B, and MS-B. Normally, the surface of wet spinning
pro-filaments contains distributing grooves. In CF formation
process of wet spinning, axial elongation and radial shrinkage
of fibers happen at the same time. During filament
densification, the cross section of filament gradually decreases
imbalance, causing the formation of surface-folded wrinkles.
Therefore, the side surface morphology proved that these
T800 grade CFs were manufactured using the wet spinning
method.

As shown in Figure 3 (M1-A) and Figure S3 (Supporting
Information), all CFs had grooves along the axial direction on
the surface, and the morphologies of “ridge” and “valley” were
clearly found. M1-A, M1-B, M1-C, and MS-C had larger
numbers of “ridges” and “valleys” than the others, while their
widths were relatively small. M4-A, MS-A, M4-B, M4-C, MS-B,
and Toray T800H had larger grooves, especially in width.
Among these 10 CFs, grooves of M1-B were relatively shallow,
which was beneficial for sizing agents filling the grooves. Thus,
it could be explained that the sizing agent content of M1-B is
the highest in sizing agent group B.

The results in Table 3 showed that MS5-A had the largest
average surface roughness (32.53 nm), while M1-B had the
smallest roughness (19.15 nm). It proved that M1-B had a
smoother surface than the others. This point was in
compliance with the conclusion that M1-B had shallow relative
grooves among all CFs in Figure S3 (Supporting Information).

Every CF in sizing agent group B had the smallest average
surface roughness in its CF batch group. For example, the
average surface roughness of M1-B was 19.15 nm, which was
the smallest one in the M1 batch. Thus, it was concluded that
the sizing agent could influence the surface roughness of CFs.
Comparing sizing agent group A, B, and C, group B had a good
effect on surface roughness improvement. For every batch of
CFs, the average roughness of the M4 batch ranged from 21.38
to 23.08 nm, while the M1 batch and MS batch ranged from
19.15 to 29.48 nm and from 23.91 to 32.53 nm, respectively.
This indicated that the manufacturing quality of M4 batch CFs

https://doi.org/10.1021/acsomega.1c01103
ACS Omega 2021, 6, 23028—23037


https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01103/suppl_file/ao1c01103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01103/suppl_file/ao1c01103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01103/suppl_file/ao1c01103_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c01103/suppl_file/ao1c01103_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Figure 2. SEM image of CF M1-A (a) cross-section shapes and (b) lateral surface.

Figure 3. AFM morphologies of CF M1-A.

Table 3. Surface Roughness of CFs

CF Ra (nm) Ra,,. (nm)
MI1-A 28.50 238
M4-A 22.43 163
MS-A 32.53 231
MI1-B 19.15 176
M4-B 21.38 228
MS-B 2391 285
M1-C 29.48 189
M4-C 23.08 184
MS-C 26.02 230
T800H 26.77 290

was controlled well. M4-B showed the lowest average
roughness in the M4 batch, which proved again that sizing
agent B had a good effect on roughness improvement.

Considering the relationship between the sizing agent
content and surface average roughness, it was found that CF
with a high content of sizing agent always presented small
surface roughness in a certain content range 1.2—1.6%. Sizing
agent groups A and B happened in accordance with this point.
For example, M4-A had the highest content and the surface
roughness was the lowest in group A.

Similar conclusions were not found from the results of
maximum roughness, and there was no meaningful relationship
between average roughness and maximum roughness or
between sizing agent content and maximum roughness. M1-
A, MS-A, M4-B, M5-B, and MS-C had larger maximum
roughness than the others. The roughness of MS-B (285 nm)
was the largest among nine kinds of T800 grade CFs, while
that of Toray T800H (290 nm) was higher than that of MS-B.

3.3. Wettability and Surface Energy of CFs. Surface
wettability is one of the key properties in the process of
prepregs and composites processing. A large number of active
functional groups contained in sizing agents are expected to
improve the surface wettability of CFs. In this research, a
dynamic contact angle test was used to characterize the surface
wettability. The aim of dynamic contact angle measurement
was to obtain the wetting force F of resin on CFs, and then
calculate the contact angle between resin and CFs according to
Young’s equation.

F =Py cos b (1)

In formula (1), F is the force induced by the instrument; P is
the wetting perimeter of testing monofilament; and y is the
surface tension of testing liquid. According to OWRK
equation, the surface energy of CF under specific testing
liquid can be obtained using eq 2.

dd
11+ cos 0) =24y " +2rfr? @)

In formula (2), y is the surface energy of the testing liquid,
7% is testing liquid dispersion component, y} is the polar
component of testing liquid, y is the solid dispersion
component, and y? is the polar component of the solid. 8 is
the contact angle formed by testing liquid on the solid surface.

Two small molecular liquids (water and ethylene glycol)
with medium and high surface tension and polarity
components were selected as detection liquids. The ideal
values of surface tension and polarity/dispersion components
of the two testing liquids at room temperature are shown in
Table 4.

Table 4. Surface Tension and Its Polarity and Dispersion
Components of the Infiltration Fluid

dispersion polar surface polarity
surface component component  parameter <keep-
tension yy, 71 7" together>yf /y; </
liquid (mN'm—-1) (mNm—1) (mN-m—1) keep-together>
water 72.75 22.10 50.65 0.70
ethylene 48.00 29.00 19.00 0.40

glycol

According to the similarity compatibility principle, in the
process of preparing composites, large surface energy ensures
that CFs can be infiltrated easily by a matrix such as epoxy, and
it further improves the bonding between CFs and the matrix.

Results in Figure 4 showed that the contact angles of M4-A,
M1-B, M4-B, and MS-C with water were fairly small (under
62) and those of M4-A, MS-B, M1-C, and MS-C with glycol
were relatively small (under 50). The numeric ranges of

https://doi.org/10.1021/acsomega.1c01103
ACS Omega 2021, 6, 23028—23037


https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c01103?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c01103?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

100

80

60

40

Contact angle with water (°)

20

M1-A M4-A MS-A

Figure 4. Contact angle between CFs and the wetting fluid.
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contact angles of every sizing agent group were 61.64—
76.03(A), 61.44—65.26(B), and 55.25—74.34(C) with water
and 48.34—54.74(A), 49.09—54.13(B), and 43.74—51.09(C)
with glycol. The numeric ranges of contact angle of sizing
agent group B with both water and glycol were narrower than
those of both groups A and C, which indicated that the quality
of sizing agent B was stable when sizing to T800 grade CFs.
Contact angles of Toray T800H with water and glycol were
included in the numeric ranges of sizing agents A and B, while
sizing agent C and sizing agent of Toray T800H were quite
different from the wettability of glycol. As different sizing
agents had quite different numeric ranges of contact angles, it
proved that sizing agents could influence the wettability of
CFs.

As seen from Figure S, MS-C had the largest surface energy
of 48.84 mJ'm™?, while M1-A had the smallest surface energy
of 31.57 mJ-m™~2. The surface energies of M1-B, M4-B, M4-A,
and T800H were relatively large. The larger surface energy of
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Figure S. Surface energy of CFs.
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the CF surface is considered as the contribution of better
dispersive and more active polar components. These two
factors are beneficial for adhesion between resin and CFs.
Sizing agent group B had the highest average surface energy
among groups A (34.68), B (39.66), and C (38.81). The
contact angles with glycol of these 10 kinds of CFs were
slightly different, and there was a tight correspondence
between the contact angle with water and the surface energy.
For CF/BMI composites usage, a high contact angle with
water of CF related to high surface energy. For example, the
contact angle with water of MS-C was the highest among the
10 kinds of CFs, and the surface energy was also the highest.

Surface tension of LY-1 and modified-ACS31 resin were
tested at different temperatures. From the results in Figure 6,
surface tension of LY-1 was slightly larger than that of
modified-ACS531.

Contact angles between 10 kinds of CFs and two resin
systems are shown in Figure 7. Except M4-B, the contact

—a—Y-1
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= 43+
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Figure 6. Surface tension of two resin systems at different
temperatures.
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angles of the modified-AC531 resin system with CF were
smaller than that of LY-1, which indicated that CF infiltrated in
modified-AC531 resin better than LY-1. Sizing agent group B
had the lowest average contact angles among groups A, B, and
C with both LY-1 and modified-AC531, which indicated that
sizing agent B improved wettability of T800 grade CF surface.
Comparing the results, CFs with smaller contact angles with
LY-1 resin were M1-B, M4-B, and MS5-B, and CFs with smaller
contact angles with modified-AC531 resin were M1-B, M5-B,
and MS-C. Hence, the large surface energy CFs in Figure S
were roughly consistent with the CFs with smaller contact
angles in Figure 6, which proved that a suitable kind of sizing
agent could improve the surface energy of CFs and further
improve the contact angles between CFs and resin.
Considering Toray T800H, it presented small contact angles
with both LY-1 and modified-ACS531, which was closer to
sizing agent group B than those for groups A and C.

3.4. Mechanical Properties of CFs. Tensile strength of
CFs is affected by randomly distributing surface and internal
defects but determined by the biggest defect, according to the
weakest connection theory. Weibull's weakest connection
theory was selected to study the dispersion of tensile strength
of CFs. The two-dimensional Weibull distribution equation
describing the tensile strength of CF is shown in eq 3

P(o,1) =1 — exp[ — (I/1))(6/06,)"] (3)

where o, is the Weibull dimension parameter of CF strength
with the physical meaning of breaking strength of fiber with a
length of I, m is the shape parameter to represent the
dispersion of fiber strength. All T800 grade CFs measured in
the test were of length 20 mm. The reference length I, was
chosen as 20, and the formula changed to the following
formula.

B(o, 1) = 1 - expl = (0/0y)"] )

Sequence of the breaking strength ¢; from small to large, i =
1, 2, 3....N; N is the total number of fibers measured. The
probability of fracture under i is P,
n—0.5

N ()

Formula () is simplified to the following formula

Pl!:

In[-In(1 = P)]=mlno — mIng, (6)

The slope of the curves of In[—In(1 — P)] and In & is m, and
In 6, can be obtained through the intercept. According to the
expected value formula of Weibull distribution, the average
breaking strength of CFs can be obtained.

1
(_7=O'0F(1+—)
m

7)

Figure 8 shows the fitting curves of the strength test data of
10 CF single filaments according to eq 6. The fitting results of
strength test data are shown in Table 5. Among the fitting
curve R values, MS-B was the lowest. It can be explained as
MS-B being affected by the larger random length of defects
than the other CFs as MS-B (285 nm) showed the largest
maximum roughness among nine kinds of T800 grade CFs.
Comparing the average R values of sizing agent groups A, B,
and C, group B was the lowest, indicating that sizing agent B
reduced the consistency of CFs. The average fracture strength
was in the range of 4320—5023 MPa and that of T800H was
4735.20 MPa. The average strengths of CF batches were fairly
close, which were 4749 MPa (M1 batch), 4717 MPa (M4
batch), and 4806 MPa (MS batch). Average strengths of CFs
with sizing agent groups were 4842 MPa (A group), 4503 MPa
(B group), and 4926 MPa (C group) and that of sizing agent
group B was obviously low, which indicated that sizing agent B
had an effect on the strength decrease of T800 grade CF single
filament.

The tensile strength of CF is normally determined by means
of gluing, curing, and stretching of CF bundles. The results of
tensile strength of 10 CFs are shown in Table 6. The tensile
strength was in the range of 5336—6038 MPa and that of
T800H was 5612 MPa. The average tensile strengths of CF
batches were 5473 MPa (M1 batch), 5710 MPa (M4 batch),
and 5636 MPa (MS batch), while those of sizing agent groups
were 5559 MPa (A group), 5417 MPa (B group), and 5844
MPa (C group). The average tensile strength of sizing agent
group B was obviously lower than those of groups A and C,
which further proved that sizing agent B had an effect on the
tensile strength decrease of CFs. The tensile strength values of
MS5-B, M4-B, and M1-B were 5477.82 MPa, 5437.52 MPa, and
5335.77 MPa, respectively, which excluded the possibility of an
abnormal MS-B sample for tensile strength decrease.

3.5. Interfacial Shear Strength. In order to study the
effect of sizing agent on interfacial adhesion of CF/BMI
composites, interfacial shear strength of CF/AC631 BMI
composite was tested in both a natural dry state and
hygrothermal treatment state. As shown in Table 7, the
average interfacial shear strengths of CF batches in the natural
dry state were 74.42 MPa (M1 batch), 70.95 MPa (M4 batch),
and 75.52 MPa (MS batch), while those of sizing agent groups
were 71.29 MPa (A group), 74.79 MPa (B group), and 74.81
MPa (C group). The average interfacial shear strength of the
CF M4 batch was obviously lower than those of the M1 and
MS groups, which indicated that the interfacial properties
between M4 CFs and sizing agents were not as good as those
of M1 and MS CFs. The average interfacial shear strength of
sizing agent group A was obviously lower than those of group
B and group C, which indicated that sizing agent A had an
effect on the decrease of CFs in the natural dry state.

On synthesizing the relevant results, it was found that the
surface energy of CFs was the key element to determine the
interfacial shear strength in the natural dry state. For example,
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Figure 8. Fitting curves of strength data of 10 kinds of CF single filament: (a) M1-A; (b) M4-A; (c) MS-A; (d) M1-B; (e) M4-B; (f) MS-B; (g)

M1-C; (h) M4-C; (i) MS-C; and (j) T800H.
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Table 5. Tensile Strength of 10 Kinds of CF Single-Filament

CF m R o (MPa)
MI-A 8.48 0.93 4518.51
M4-A 7.69 0.95 5011.52
MS-A 7.30 0.95 4995.96
MI1-B 6.36 0.94 4791.32
M4-B 7.59 0.94 4320.14
MS-B 6.66 0.87 439891
M1-C 7.01 0.98 4936.51
M4-C 6.49 0.98 4818.72
MS-C 7.14 0.96 5023.21
T800H 12.58 0.95 4735.20

Table 6. Tensile Strength of CFs

the tensile increased percentage coefficient of

CF strength (MPa) relative to T8O0H (%) dispersion (%)
MI1-A 5519.10 —-1.66 6.95
M4-A 5656.98 +0.80 4.14
MS-A 5501.45 -1.97 2.03
M1-B 5335.77 —4.92 2.78
M4-B 5437.52 =3.11 3.81
MS-B 5477.82 -2.39 4.76
M1-C 5566.52 —0.81 2.81
M4-C 6037.61 +7.58 4.09
Ms-C 5930.55 +5.68 2.03
T800H 5612.00 0.00 3.70

Table 7. Interfacial Shear Strength of CF/AC631
Composites

after hygrothermal

natural dry state treatment
IESS Cv IESS Cv IESS retention rate
CF (MPa) (%) (MPa) (%) (%)

MI1-A 73.12 10.96 52.10 10.40 71.28
M4-A 68.39 4.71 48.45 9.19 70.84
MS-A 72.36 8.91 49.75 7.78 68.75
M1-B 74.20 7.90 53.65 9.18 72.30
M4-B 79.91 5.40 51.93 11.02 64.99
MS-B 70.25 10.58 49.97 11.17 71.13
Mi1-C 75.93 0.70 41.81 0.48 55.06
M4-C 64.54 9.57 49.74 10.07 77.07
Ms-C 83.96 5.56 56.49 13.67 67.28
T800H 74.56 15.96 S1.61 5.47 69.22

high interfacial shear strength CFs such as MS-C, M4-B, and
M1-C were all high in surface energy, while CFs with low
surface energy such as MI-A, M5-A, and M4-C could not
exceed the medium level of interfacial shear strength. Except
surface energy, high surface roughness, and low contact angle
with modified-ACS31 were also important for interfacial shear
strength improvement. For example, M1-A and MS-A had low
surface energy but high surface roughness, and their interfacial
shear strength turned out to be in the middle level. Comparing
M1-A, MS5-A, and M4-C, M4-C had a relatively low surface
roughness and its interfacial shear strength was the lowest.
Comparing M4-A and M1-B, their surface energies were quite
close and the roughness of M4-A was higher, but the interfacial
shear strength of M4-A was much lower than that of M1-B. It
was because the contact angle with modified-AC531 of M1-B
was much lower than that of M4-A. Further explanation was

23035

that during the processing of composites, M1-B had better
infiltration and better bonding with resin matrix than M4-A.

3.6. Interfacial Shear Strength after Hygrothermal
Treatment. The interfacial shear strength of CF/AC631
composites after hygrothermal treatment are shown in Table 7.
Like the result in the natural dry state, MS-C was consistent
with the highest strength. The interfacial shear strengths of
M4-A and M4-C were low whether in the natural dry state or
after hygrothermal treatment. The surface energies of MS-C,
M4-B, and M1-B were fairly high among these 10 kinds of CFs,
while the interfacial shear strengths after hygrothermal
treatment were also relatively high. Thus, it was also concluded
that the surface energy was the key element to determine the
interfacial shear strength after hygrothermal treatment. The
average interfacial shear strengths of CF batches after
hygrothermal treatment were 49.19 MPa (M1 batch), 50.04
MPa (M4 batch), and 52.07 MPa (MS batch), while those of
sizing agent groups were 50.10 MPa (A group), 51.85 MPa (B
group), and 49.35 MPa (C group). The average interfacial
shear strength of group C was obviously lower than that of
groups A and B, which indicated that sizing agent C had an
effect on the decrease after hygrothermal treatment.

The interfacial shear strength in the natural dry state and
after hygrothermal treatment were substituted into the
following formula to calculate the retention rate

T3
n=-Lx100%
T

w

(8)

where 7 is the interfacial shear strength retention rate, %; 74 is
the interfacial shear strength at the natural dry state, MPa; and
7,, is the interfacial shear strength after hygrothermal
treatment, MPa.

From Table 7, it can be seen that the retention rate ranged
from 55.06 to 77.07% and that of Toray T80OH was 69.22%.
M4-C had the highest retention rate (77.07%), while M1-C
had the lowest interfacial shear strength retention rate
(55.06%). The retention rates of sizing agent groups were
70.3% (A group), 69.5% (B group), and 66.5 (C group). The
retention rate of sizing agent group C was obviously low which
pointed out again that sizing agent C reduced the interfacial
adhesion.

4. CONCLUSIONS

(1) SEM morphology showed that the profile of T800 grade
CFs was “flat ellipse” or “circular”, while MS-A had a
“waist” shape, which might cause a low content of sizing
agents. In both SEM and AFM results, obvious grooves
were distributed along the axial direction on the surface.
The AFM morphology showed that the grooves on the
M1-B surface were shallow among all CFs.

(2) Sizing agents had an influence on the surface average
roughness of CFs. Comparing sizing agents A, B, and C,
sizing agent B had an effect on surface roughness
improvement of T800 grade CFs. The surface roughness
of M1-B was the smallest among all CFs, in compliance
with the observation of AFM morphology. It was also
found that in a certain content range 1.2—1.6%, CFs
with higher content of sizing agent had smaller surface
roughness normally. There was no meaningful relation-
ship between average roughness and maximum rough-
ness or between sizing agent content and maximum
roughness.
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(3) As different sizing agent groups had quite different
numeric contact angle range, it showed that sizing agents
had an effect on the wettability of CFs. The numeric
ranges of contact angle of sizing agent group B with both
water and glycol were narrower than those of both
groups A and C. The contact angles with glycol of these
10 kinds of CFs were slightly different, and there was a
tight correspondence between the contact angle with
water and the surface energy. M5-C was found to have
the highest contact angle with water and surface energy
among the 10 kinds of CFs. Sizing agent group B had
the highest average surface energy among groups A
(34.68), B (39.66), and C (38.81). Meanwhile, group B
had the smallest average contact angles with both LY-1
and modified-ACS531, which proved that sizing agent B
improved the wettability of the CF surface. Toray
T800H presented small contact angles with both LY-1
and modified-ACS531, which was closer to that of sizing
agent group B than those of groups A and C. Generally,
T800 grade CF with high surface energy had small
contact angles with modified-AC531.

(4) From single-filament test results, it could be found that
average tensile strength values of CF batches (M1, M4,
MS) were fairly close, while that of sizing agent group B
was obviously lower than those of group A and C. The
strength decrease phenomenon of T800 grade CF single
filament caused by sizing agent B indicated that sizing
agent B reduced the consistency of CFs and further
decreased single filament strength. Considering the
tensile strength of CFs, the sizing agent group B (5417
MPa) was obviously lower than group A (5559 MPa)
and C (5844 MPa), which indicated that sizing agent B
had an effect on the tensile strength decrease of CFs.
This was in accordance with the conclusion obtained
from the single filament test.

(5) The surface energy of T800 grade CFs was the key
element to determine the interfacial shear strength. High
surface energy, high surface roughness, and low contact
angle with resin matrix were beneficial for high
interfacial shear strength in the natural dry state. Sizing
agent A had an effect on the strength decrease of CFs in
the natural dry state, while sizing agent C had that after
hygrothermal treatment.
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