
Composites Science and Technology 100 (2014) 158–165
Contents lists available at ScienceDirect

Composites Science and Technology

journal homepage: www.elsevier .com/ locate /compsci tech
Reinforced unsaturated polyester composites by chemically grafting
amino-POSS onto carbon fibers with active double spiral structural
spiralphosphodicholor
http://dx.doi.org/10.1016/j.compscitech.2014.05.035
0266-3538/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding authors. Tel.: +86 13936669907, +1 409 880 7195.
E-mail addresses: liuli@hit.edu.cn (L. Liu), zhanhu.guo@lamar.edu (Z. Guo).
Dawei Jiang a,c, Li Liu a,⇑, Jun Long a,c, Lixin Xing a, Yudong Huang a,b, Zijian Wu a, Xingru Yan c, Zhanhu Guo c,⇑
a School of Chemical Engineering and Technology, Harbin Institute of Technology, Harbin, China
b State Key Laboratory of Urban Water Resource and Environment, Department of Applied Chemistry, Harbin Institute of Technology, Harbin, China
c Integrated Composites Laboratory (ICL), Dan F. Smith Department of Chemical Engineering, Lamar University, Beaumont 77710, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 5 March 2014
Received in revised form 2 May 2014
Accepted 28 May 2014
Available online 6 June 2014

Keywords:
A. Carbon fibers
A. Polymer–matrix composites (PMCs)
B. Impact behavior
B. Interfacial strength
B. Mechanical properties
The grafting of amino-POSS on the carbon fibers (CFs) surface was achieved through the reaction of the
spiralphosphodicholor (SPDPC) grafted on the CFs surface with aminopropylphenyl polyhedral oligo-
meric silsesquioxane (amino-POSS). X-ray photoelectron spectroscopy (XPS) showed that the phospho-
rus, chlorine and silicon containing functional groups were obviously increased after the modifications.
Both CFs grafted with SPDPC and CFs grafted with SPDPC plus amino-POSS have been used to prepare
unsaturated polyester resin (UPR) composites. The grated SPDPC and grafted with a combined SPDPC
and amino-POSS improved the interfacial performance of the CFs/UPR composites, respectively. Atomic
force microscopy (AFM) results showed that the surface roughness of the CFs grafted with SPDPC was
lower than that of the CFs grafted with a combined SPDPC and amino-POSS. Dynamic contact angle anal-
ysis of the CFs grafted with SPDPC showed higher wettability to UPR than that of the CFs grafted with a
combined SPDPC and amino-POSS. Force modulation atomic force microscopy (FMAFM) and interlaminar
shear strength (ILSS) were used to characterize the interfacial properties of the composites. After grafted
with a combined SPDPC and amino-POSS, the ILSS of the composites was increased by 22.9% due to the
well interfacial properties that were caused by the improvement of CFs surface roughness.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon fibers (CFs) mainly served as reinforcements in the com-
posites have been used in aerospace, marine and automobile
industries due to their unique properties including enlarged
strength, high modulus and light weight [1–3]. The CFs reinforced
composites normally contain three parts including CFs, hosting
matrix and interphases. The interface between fibers and matrix
significantly influences the performance of the composite finish-
ing. However, a poor interface arising from the smooth and chem-
ically inert fiber surfaces has caused poor mechanical properties of
the composites [4–9]. To improve their interfacial adhesion and
surface wettability or to increase the fiber surface roughness to
enhance the mechanical properties [10–13], various surface treat-
ments methods have been reported including electrochemical oxi-
dation treatment [14], plasmas treatment [15], coating treatment
[12,16,17], and chemical grafting treatment [11,18].
Polyhedral oligomeric silsesquioxane (POSS), a specific cage
silsesquioxane, is the smallest known silica particle with a
three-dimensional Si–O cage structure and an overall diameter of
1.5–3 nm [19,20]. POSS is in fact hybrid inorganic/organic chemical
composites that possess an inner inorganic silicon and oxygen core
(SiO1.5)n and external organic substituents that can feature a range
of polar or nonpolar functional groups. In its structures, an inor-
ganic Si8O12 core provides thermal and chemical stability and the
surrounding inorganic cage with eight organic groups can be func-
tionalized with non-reactive groups for an enhanced compatibility
with the hosting polymer matrix or with the functional groups for
chemically reacting with a polymer matrix [21–23]. The introduc-
tion of POSS cages can improve the mechanical properties of the
composites, such as strength, modulus and rigidity through the
improved interface adhesion of the composites and can reduce
its flammability, heat evolution, and viscosity during processing
[24]. These enhancements have been observed in a wide range of
commercial high-performance thermoplastic and thermosetting
composites [25–27]. For example, Zhao et al. [11] have reported
octaglycidyldimethylsilyl POSS as a coupling agent through
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grafting on the CFs surface to enhance the interfacial adhesion of
the CFs/epoxy composites. The POSS coupling agent has been dem-
onstrated to effectively increase the polarity, wettability and
roughness of the carbon fiber surface. The POSS bonded on the
fibers and epoxy matrix was chemically bridged through reacting
between the reactive groups on the CFs surface and the resin. All
of these can improve the interfacial adhesion between CFs and
matrix and thus enhance the overall mechanic properties of the
resulted composites significantly [28–31]. However, the usage of
spiralphosphodicholor (SPDPC) as a coupling agent to be grafted
on the CFs surface has not been reported for the grafting amino-
POSS on the CFs surface to increase the interfacial adhesion of
CFs/unsaturated liquid polyester resin (UPR) composites. The
SPDPC has attracted great interests due to its unique functions to
act as one of the most important reaction intermediates for intro-
ducing more functional groups and to improve the thermal stabil-
ity of polymers. Except the chemical bonding between CFs and
matrix, the wettability and roughness also play a role in enhancing
mechanical properties. However, whether wettability or roughness
plays more roles has not been reported yet.

In this paper, the aminopropylphenyl polyhedral oligomeric
silsesquioxane (amino-POSS) was grated on the surface of CFs to
enhance the interfacial properties through using spiralphosphodi-
cholor (SPDPC) as an intermediate, with one end grafted on the
surface of CFs and the other reacted with the amino-POSS. The
molecular structure of amino-POSS is shown in Fig. 1(a). The CFs
with and without surface treatments were used for producing
UPR composites. And the effects of wettability and roughness on
the interfacial properties were compared. The surface morpholo-
gies of the CFs were observed by atomic force microscopy (AFM).
The surface chemical composition of the carbon fibers was charac-
terized by X-ray photoelectron spectroscopy (XPS). The wettability
and surface free energy of untreated and functionalized fibers were
investigated by dynamic contact angle analysis test (DCAT). The
interfacial mechanical properties of the CFs/UPR composites were
characterized by short-beam bending test method (ILSS). The
micro-mechanism of the composite interphase region was investi-
gated by force modulation atomic force microscopy (AFM).
2. Experimental

2.1. Materials

AROPOL MR13006 polyester and low shrinkage agent LP4016
were supplied by Ashland Inc., USA. Tert-Butyl peroxybenzoate
(TBPB, 98% purity) was purchased from ACROS ORGANICS Inc.,
which was used as an initiator. Un-sizing polyacrylonitrile (PAN)
based carbon fibers (CCF300) were obtained from WeiHai
GuangWei Group (12 � 103 single filaments per tow, tensile
strength was 3.26 GPa, average diameter was 7 lm, density was
1.76 g cm�3, Shandong, China). Amino-POSS was obtained from
Hybrid Plastics Co., Inc. (Texas), and was used as received.
Fig. 1. Typical structure of (a) aminop
The spiralphosphodicholor (SPDPC) coupling agent as an interme-
diate product, synthesized by pentaerythritol and phosphorus
oxychloride, contains two highly active functional groups in both
ends [32,33] and its molecular structure is shown in Fig. 1(b).

2.2. Grafting procedures

First, the CFs were oxidized in a 3:1 (v/v) mixture of concen-
trated H2SO4/HNO3 at 60 �C for 2 h, washed with deionized water
until the pH of water was neutral. Second, the oxidized CFs were
reduced in a solution of NaBH4 (1.0 g) in 200 mL anhydrous ethanol
at room temperature for 20 h. And then, the mixture was heated to
78 �C and maintained for 4 h. The products were washed with
deionized water until the pH was neutral and then dried. After
the reduced CFs were reacted with SPDPC in acetone solutions of
SPDPC (3 mass%) at 56 �C for 8 h, the product was washed with
absolute ethanol until the wash ethanol was neutral and then
dried. The CFs–SPDPC were further reacted with amino-POSS in
tetrahydrofuran (THF: analytically pure) solutions of amino-POSS
(3 mass%) at 65 �C for 12 h. The final product was washed with
deionized water until the washed water was neutral and then
dried for other usage.

2.3. Preparation of CFs/UPR composites

The composites of CFs reinforced UPR were prepared by com-
pression molding method. The unidirectional prepreg carbon fibers
were put into a mold to make composites. MR13006, LP4016 and
TBPB were used at a mixture ratio of 105:45:1. Briefly, the
CFs/UPR composites were prepared by heating the samples at
80 �C for one hour without pressure, a pressure of 10 MPa was
applied at 100 �C for one hour, then the sample underwent
140 �C for one hour under 10 MPa, then the mold was cooled down
to room temperature with the pressure being maintained. The
resin content of the composites was controlled at 30 ± 1.5 mass%,
and the width and thickness of specimens were 6.5 and 2 mm,
respectively.

2.4. Characterization of carbon fibers

X-ray photoelectron spectroscopy (XPS, ESCALAB 220i-XL, VG,
UK) was carried out to study the surface element of carbon fibers
using a monochromated Al Ka source (1486.6 eV) at a base pres-
sure of 2 � 10�9 mbar. The XPS was energy referenced to the C1s
peak of graphite at 284.6 eV. The XPS Peak version 4.1 program
was used for data analysis. The treatment effects on the fiber sur-
face morphology were observed by using atomic force microscopy
(AFM, Solver-P47H, NT-MDT, Russia). Individual fiber was exam-
ined in Solver P47 AFM/STM system (NT-MDT Co.). AFM was also
used to investigate the microstructures of the composites. The
force modulation mode was adopted to study the cross-section
surfaces of the unidirectional CFs/UPR composites and the relative
stiffness of the various phases, including the CFs, interface, and
ropylphenyl POSS and (b) SPDPC.
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resin. The composites were first polished perpendicularly to the
fiber axis using increasingly finer sand papers, and then polished
with a Cr2O3 (50 nm) suspension, finally washed with water under
ultrasonication and dried.

Dynamic contact angle and surface energy analyses were per-
formed using a dynamic contact angle tensiometer (DCAT21, Data
Physics Instruments, Germany). The advancing contact angle was
determined from the mass change during the immersion of fibers
in each test liquid using Wilhelmy’s Eq. (1) [34]

cos h ¼ mg
p � df � c1

ð1Þ

where df is the fiber diameter, g is the gravitational acceleration,
and c1 is the surface tension of the test liquid. The surface energy
(cf), dispersion component ðcd

f Þ and polar component ðcp
f Þ of the

CFs were estimated from the measured dynamic contact angles of
the test liquids with known surface tension components and calcu-
lated according to the following equations:

c1ð1 ¼ cos hÞ ¼ 2 cp
1c

p
f

� �1=2
þ 2 cd

1c
d
f

� �1=2
ð2Þ

cf ¼ cp
f þ cd

f ð3Þ

where c1; cd
1 and cp

1 are the liquid surface tension, its dispersion and
polar component, respectively. Deionized water (cd = 21.8 mJ m�1,
c = 72.8 mJ m�1) and diiodomethane (cd = 50.8 mJ m�1,
c = 50.8 mJ m�1, 99% purity, Alfa Aesar, USA) were used as the test
liquids. Each measurement was repeated 5 times and the results
were averaged.

The inter-laminar shear strength (ILSS, C) of the CFs/UPR com-
posites was measured on a universal testing machine (WD-1,
Changchun, China) using a three point short beam bending test
according to ASTM D2344. Specimen dimensions were
20 mm � 6 mm � 2 mm, with a span to thickness ratio of 5. The
specimens were conditioned and an enclosed testing space was
maintained at room temperature. The specimens were measured
at a cross-head speed of 2 mm/min. The C for the short-beam test
was calculated according to Eq. (4) [34]

C ¼ 3Pb

4bh
ð4Þ

where Pb is the maximum compression force at fracture in Newton,
b is the width of the specimen in mm, and h is the thickness in mm.
Each reported C value was averaged for more than eight successful
measurements.

The impact tests were carried out on a drop weight impact test
system (9250HV, Instron, USA). The specimen dimensions were
Table 1
Surface chemical composition of CFs with different chemical grafting.

Carbon fibers Element content (at%)

C O N

Untreated CFs 82.03 16.86 1.1
CFs–SPDPC 63.5 31.84 1.06
CFs–SPDPC–amino-POSS 68.78 21.58 2.18

Table 2
Surface energy and roughness of CFs with different chemical grafting.

CF Contact angle (�)

Water Diiodomethane

Untreated CFs 74.39 56.31
CFs–SPDPC 32.52 16.81
CFs–SPDPC–amino-POSS 42.98 25.65
55 mm � 6.5 mm � 2 mm, the impact span was 40 mm, the drop
weight was 3 kg and the velocity was 2 m/s. Each reported data
was averaged value of 5 specimens. The interfacial shear strength
(IFSS) was adopted to quantify the interfacial property between
CFs and resin matrix by the interfacial evaluation equipment
(Tohei Sangyo Co. Ltd., Japan).

The tensile strength (TS) of a single filament was performed on
an electronic mechanical universal material testing machine
(Instron 5500R, USA) according to ASTM D 3379-75. A gauge length
of 20 mm and cross-head speed of 10 mm/min were used for all
fiber samples. At least, 60 specimens were tested for each fiber
type, and then the average value was considered as the tested
value.

3. Results and discussion

3.1. Surface chemical elemental composition

XPS was performed to determine the chemical composition of
the carbon fibers surface [35]. The surface composition of the
untreated and treated carbon fibers was determined by XPS and
the results are given in Table 1. The C1s XPS spectra of untreated
and grafted with SPDPC and a combined SPDPC and amino-POSS
are shown in Fig. 3. Only a small amount of oxygen was observed
on the untreated carbon fibers surface. However, it is noted that
16.86% oxygen was detected on the untreated fibers surface due
to the oxidation of CFs from the process of fabrication. After graft-
ing treatment with SPDPC, the content of element was changed.
The carbon content decreased from 82.03% to 63.50% and the oxy-
gen content increased significantly from 16.86% to 31.84%. In addi-
tion, significant phosphorous element of 3.44% and a little chlorine
of 0.16% were detected on the fibers. It was attributed to the fact
that SPDPC was grafted on the surface of CFs. After SPDPC being
grafted, the O/C value was higher than that of the untreated CFs.
The change of O element and the appearance of chlorine were
helpful to graft amino-POSS on CFs surface. From Table 1, it can
be seen that after amino-POSS being grafted, the silicon was
appeared with an element content of 6.67%. This shows that the
amino-POSS was grafted on the surface of CFs successfully.

3.2. Surface topography of carbon fibers

The AFM two-dimensional and three-dimensional images of
untreated, SPDPC grafted, and SPDPC–amino-POSS grafted carbon
fibers are shown in Fig. 3. The carbon fibers surface roughness,
calculated from the plane topography images by using the AFM
software, is shown in Table 2.
Si P Cl O/C Si/C

– – – 0.20 –
– 3.44 0.16 0.50 –
6.67 0.79 – 0.31 0.09

Surface energy (mJ m�1) Ra (nm)

cd cp c

23.82 10.64 34.46 56.8
33.60 31.26 64.86 79.1
32.67 25.75 58.42 112.6



Fig. 2. Schematic grafting procedures of POSS functionalized CFs.
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The functionalization process is shown in Fig. 2. From the func-
tionalization process, the SPDPC containing two flexible chlorine
groups can not only react with the reactive groups on the carbon
fiber surface, but also can react with reactive groups on the
amino-POSS. Through the SPDPC, the amino-POSS can be grafted
on the surface of CFs. Amino-POSS has only one reactive group
and if the reactive group reacted with SPDPC, amino-POSS had
no other group that can react with resin matrix.

Significant differences of the surface topography between
untreated and modified carbon fibers were observed. As shown
in Fig. 3(a and d), the surface of untreated CFs has many shallow
grooves and seems to be relatively smooth, which is the typical
topography of CCF300. Because the surface of untreated CFs was
a little smooth, its roughness is a little small. The untreated CFs
surface roughness is about 56.8 nm. It can be found in Fig. 3(b
and e) that the surface topography of the SPDPC grafted fibers
becomes rougher and the particles of the SPDPC molecular are
scattered on the surface and in the voids of the fiber grooves, which
could be interpreted by the existence of scattered hydroxy on the
surface of fibers after reduction. In addition, the surface average
roughness was increased from 56.8 to 79.1 nm compared with
the untreated CFs. The roughness of CFs was increased by 28%.
As shown in Fig. 3(c and f) on the surface of CFs–SPDPC–amino-
POSS, a layer of amino-POSS particles appeared and the carbon
fibers became much rougher than the untreated CFs and SPDPC
grafted CFs. The protuberant area becomes bigger than that of
the SPDPC grafted alone, suggesting the aggregates of POSS
nanoparticles.

The surface roughness of the fibers after grafted with amino-
POSS was the biggest among all samples and was 112.6 nm. It
increased by 50%. The increased surface roughness can signifi-
cantly increase the interfacial adhesion by enhancing the
mechanical interlocking between the fibers and the matrix.
3.3. Dynamic contact angle analysis

It is well known that the chemical composition and topography
of the fiber surface can affect the fiber surface energy as well as its
components. Good wettability between carbon fibers and matrix is
closely related to the fiber surface energy, and integrative proper-
ties of the carbon fibers reinforced resin matrix composites are
directly controlled by the wettability of fiber surface and matrix.
The surface wettability of CFs was evaluated by surface free energy.
The overall performance of the fibers-reinforced composites is
closely related to the wettability of the fiber surface with matrix.
An excellent wettability means a high interfacial strength. Generally,
the fibers were pre-treated before their usage as reinforcement
aiming to obtain the fibers with surface energy higher or equal
to the surface energy of matrix for the improvement of wettability.
In this work, the surface wettability of CFs was evaluated via a
Cahn dynamic angle analysis system. The advanced contact angle
(h), the total surface free energy (c), its dispersion component
(cd) and polar component (cp) of untreated and treated CFs are
summarized in Table 2.

The total surface free energy of the untreated CFs was
34.46 mJ m�1, and its dispersion component and polar component
was 23.82 and 10.64 mJ m�1, respectively. After functionalization
with SPDPC, the surface energy obviously increased and its disper-
sion and polar components of CFs–SPDPC were 33.60 and
31.26 mJ m�1, respectively. The highest surface free energy was
64.86 mJ m�1, which belongs to CFs–SPDPC. This may be due to
the existence of polar group chlorine.

The increased surface energy can effectively improve the wetta-
bility of the fibers by the resin and increase the interfacial strength.
After grafted with amino-POSS, the surface energy of the CFs was
bigger than that of the untreated CFs but lower than that of the
CFs–SPDPC. That may be due to the lower polarity of amino-POSS
than that of SPDPC, which was 58.42 mJ m�1.
3.4. Interfacial property testing

3.4.1. Interphase modulus testing
The force modulation AFM (FAFM) was used to characterize

both surface topography and hardness diagram of materials. FAFM
can observe different hardness and elastic area distribution of the
materials and can also be used to study the change of performance
between different components of the composite. The hardness of
the fiber, matrix and interface area was different. The information
of the shape, distribution and relative hardness of different phases
(including interface phase) can be obtained from the test and char-
acterization of the composites surface within limits, which can
provide the basis for the mechanism in the analysis of interface
modification [36].

The force modulation images of the interphase region between
CFs and UPR matrix were obtained from the cross-section of the
composites reinforced by different carbon fibers, Fig. 4. Fig. 4
(a–c) shows the AFM force modulation images of the untreated,
SPDPC grafted carbon fibers and SPDPC–amino-POSS grafted CFs,
respectively. Fig. 4(d–f) shows the cross-sectional images of the
interphase of the untreated, SPDPC grafted and SPDPC–amino-POSS



Fig. 3. AFM images of different carbon fiber surface. (a and d) untreated, (b and e) SPDPC grafted, (c and f) SPDPC–POSS grafted, C1s XPS spectra of the (g) untreated CFs, (h)
acidized CFs, (i) reduced CFs, (j) CFs grafted with SPDPC, and (k) CFs grafted with SPDPC–POSS.
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grafted CFs, respectively. From Fig. 4(a), no striking interface
region was observed between the CFs and UPR matrix region for
composites and the modulus was observed to sharply change from
the CFs to the UPR matrix region, Fig. 4(d). The CFs reinforcement
and UPR matrix can be distinguished clearly from Fig. 4(a). There
was an obvious transition layer between CFs and UPR in Fig. 4(b
and c). The interphase was observed to have a moderate modulus,
which was lower than that of the CFs and higher than that of the
UPR matrix from Fig. 4(e and f). For the CFs grafted with combined
SPDPC and amino-POSS, the interfacial transition region was
longer than that of the CFs grafted with SPDPC alone, Fig. 4(b
and c), which is due to the bigger roughness of CFs grafted with
combined SPDPC and amino-POSS than that of the CFs grafted with
SPDPC alone. The increased surface roughness has significantly
increased the interfacial adhesion by mechanically interlocking
the CFs with the UPR matrix, a similar phenomenon has been
reported on the epoxy nanocomposites reinforced with graphene
nanosheets decorated with protruding nanoparticles [37]. A little
longer interface region can decrease the effect of the applied force
on the composites of CFs and UPR.

3.4.2. The inter-laminar/interfacial shear strength and impact
properties

Short-beam bending tests were performed to evaluate the inter-
facial strength of the composites. Fig. 5(a) shows the ILSS of the
CFs/UFR composites. After grafted with SPDPC or combined SPDPC
and amino-POSS, the ILSS of the CFs/UPR composites was
increased. The ILSS of the untreated CFs/UPR composites was



Fig. 4. (a–c) AFM force modulation images of the untreated, SPDPC grafted CFs and SPDPC–amino-POSS grafted CFs; (d–f) cross-sectional analysis of the interphase images of
the untreated, SPDPC grafted CFs and SPDPC–amino-POSS grafted CFs for CFs/UPR composites.

Fig. 5. (a) ILSS and TS, (b) Impact test and IFFS of composites reinforced by the untreated and modified CFs; and weibull distribution plots of the (c) untreated single fibers; (d)
CFs–SPDPC grafted single fibers; and (e) CFs–SPDPC–amino-POSS grafted single fibers.
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47 MPa, whereas the ILSS of the CFs grafted with SPDPC and
grafted with combined SPDPC and amino-POSS was 52 and
61 MPa, respectively. The ILSS of the composites of CFs grafted
with SPDPC was lower than that of the composites of CFs grafted
with combined SPDPC and amino-POSS, which was increased by
9.6% and 22.9%, respectively. Zhao et al. [11] have reported that
the ILSS of the epoxy composites was increased by 18.2% by graft-
ing octaglycidyldimethylsilyl POSS on the CFs surface. Zhang et al.
[38] have reported that the ILSS of the epoxy composites was
increased by 9.6% by grafting graphene oxide on the CFs. All of



Fig. 6. Morphologies of the fractured surface of CFs/UPR composites: (a) untreated; (b) CFs–SPDPC grafted; and (c) CFs–SPDPC–amino-POSS grafted.
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the percentage increase is lower than the observed ILSS value here
with CFs grafted with amino-POSS. The ILSS of the composites of
the CFs grafted with combined SPDPC and amino-POSS was much
higher than that of the CFs grafted with SPDPC. The ILSS was
increased by 14.8% compared with that of the CFs grafted with
SPDPC alone. The ILSS of the composites of the CFs grated with
combined SPDPC and amino-POSS was increased more due to both
the improved surface wettability and the improved surface rough-
ness of the CFs.

The polarity of SPDPC was higher than that of amino-POSS.
Amino-POSS contains 3-D Si–O cage structure, so that the surface
of CFs has aggregated amino-POSS nanoparticles after the CFs
grafted with combined SPDPC and amino-POSS. The wettability
of the CFs grafted with SPDPC was higher than that of CFs grafted
with combined SPDPC and amino-POSS (Table 2), however the sur-
face roughness of the CFs grafted with SPDPC was lower than that
of CFs grafted with combined SPDPC and amino-POSS (Table 2).
Although the wettability of the CFs grafted with SPDPC was higher
than that of the CFs grafted with combined SPDPC and amino-
POSS, the ILSS of the CFs grafted with combined SPDPC and POSS
was bigger than that of the CFs grafted with SPDPC. The IFSS of
the composites of CFs grafted with combined SPDPC and amino-
POSS was observed significantly increased compared with the
composites of CFs grafted with SPDPC and composites with
untreated CFs, Fig. 5(b), indicating an improved interfacial interac-
tion after CFs grafted with combined SPDPC and amino-POSS.

The tensile strength of the as-received, grafted with SPDPC and
combined SPDPC and amino-POSS single CF follows the Weibull
distributions plots, Fig. 5(c–e). Single fiber tensile strength is usu-
ally performed to assess the influence of the grafting modification
on the tensile strength of the fibers and the Weibull distribution is
a continuous probability distribution and appropriate method to
deal with the strength of many fibers. The strength of a single car-
bon fiber obeys the single Weibull distribution, i.e., the lower the
Weibull shape parameter is, the more defects the fibers have
[39]. Oxidation and grafting treatment will unavoidably introduce
defects on the surface of fiber, which could decrease the fiber
strength. However, compared with the strength of the as-received
CFs (3.26 GPa), comparable fiber tensile strength is observed for
the CFs grafted with SPDPC (3.28 GPa) and for the CFs grafted with
combined SPDPC and amino-POSS (3.31 GPa), suggesting that the
chemical grafting of SPDPC and amino-POSS on the fibers has no
significant effects on the fiber tensile strength. The results of single
fiber tensile testing imply that the functionalization would not lead
to any discernable decrease in the in-plane properties of the result-
ing composites.

The impact property tests were carried out to further examine
the effects of the SPDPC and amino-POSS grafting on the impact
resistance of the composites. Fig. 5(b) shows the impact property
testing results. The total absorbed energy of the untreated CFs/
UPR composites is 1.00 J. After modification, the impact toughness
is increased significantly, 1.23 and 1.49 J for the composites con-
taining CFs grafted with SPDPC and grafted with combined SPDPC
and amino-POSS, respectively. The amino-POSS interphase served
as a shielding layer, which could relieve the local stress concentra-
tion, prevent the crack tips to directly contact the fiber surface and
make the crack path deviate away from the fiber surface to the
interphase region. In addition, numerous amino-POSS nanoparti-
cles on the fiber surface could induce more cracks and could effi-
ciently absorb the fracture energy when the major crack passed
through them [11].
3.4.3. Interface property of the cryo-fractured surfaces of composites
Fig. 6 shows the SEM microstructures of the cryo-fractured sur-

faces of the composites. For the untreated CFs/UPR composites,
Fig. 6(a), some fibers were pulled out from the UPR matrix, and
the interface de-bonding between CFs and UPR matrix was
observed obviously. After grafted with SPDPC, the surface of the
CFs had polar groups, which increased the surface energy of CFs.
The wettability of the CF surface with matrix was also increased.
Some de-bondings were observed in the composites containing
CFs grafted with SPDPC, Fig. 6(b), although it has less de-bonding
than the untreated CFs/UPR composites. The interfacial adhesion
was observed to be dramatically improved between CFs and UPR
matrix after grafted with combined SPDPC and amino-POSS,
Fig. 6(c). This strong bonding has contributed to the stronger ILSS
of the composites with CFS grafted with combined SPDPC and
amino-POSS increased by 22.9% as compared with the composites
of the CFs grafted with SPDPC. The interface de-bonding between
CFs and UPR matrix was not observed, indicating that the surface
of the CFs grafted with a combined SPDPC and amino-POSS was
rougher than that the CFs grafted with SPDPC only. It also indicated
that roughness plays a more important role than wettability.
4. Conclusion

Through the SPDPC containing two flexible chlorine groups, the
amino-POSS was grafted on the surface of CFs. SPDPC and a com-
bined SPDPC and amino-POSS were uniformly grafted on the CFs
surface. Both improved the interfacial adhesion between CFs and
UPR matrix. The wettability of the CFs grafted with SPDPC was
higher than that of the CFs grafted with combined SPDPC and
amino-POSS. However, the surface roughness of the CFs grafted
with SPDPC was lower than that of the CFs grafted with combined
SPDPC and amino-POSS. For both the CFs/UPR composites, the ILSS
and the impact resistance of the CFs grafted with combined SPDPC
and amino-POSS had been dramatically increased compared with
that of the CFs grafted with SPDPC. In addition, from the force mod-
ulation AFM and SEM observations of the cryo-fractured test, the
interfacial adhesion of the CFs grafted with combined SPDPC and
amino-POSS was also better than that of the CFs grafted with
SPDPC. The surface roughness (112.6 nm) of the fibers after grafted
with amino-POSS was the biggest among all samples. For the
wettability, the highest surface free energy was 64.86 mJ m�1 for
CFs–SPDPC. Both the ILSS and impact energy of the CFs grafted
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with combined SPDPC and amino-POSS was 61 MPa and 1.49 J,
respectively, higher than that of the CFs grafted with SPDPC
(52 MPa and 1.23 J). All experimental evidences indicated that
the roughness played more important role than the wettability.
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