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A B S T R A C T   

The critical issue and challenge in reusing recycled carbon fiber (rCF) was to fully exerting its outstanding 
properties via an efficient and environmental-friendly way. In this study, the strengthening effects of polydop-
amine surface-modified recycled short CF (pDop-rSCF) on mechanical, thermo-mechanical, electrical and elec-
tromagnetic properties of epoxy (EP)-based composites were systematically evaluated. The dispersibility of 
pDop-rSCF in suspension used for fabricating nonwoven mat was quantitatively characterized with crowding 
factor N, dispersion coefficient β and fractal dimension D. Significant enhancements were achieved in tensile and 
flexural properties, interlaminar shear strength, storage modulus and electromagnetic interference shielding 
capability of EP composites reinforced with pDop-rSCF nonwoven mat, which was primarily ascribed to 
chemically strengthened interfacial bonding between pDop-rSCF and EP matrix and the increased connectivity 
among pDop-rSCFs with excellent dispersion.   

1. Introduction 

Carbon fiber reinforced polymers (CFRP) have been widely used in 
various industrial fields, due to their outstanding properties of high 
strength/stiffness-to-weight ratio, low density, good corrosion resis-
tance and easy processability, etc [1–5]. In recent years, demands for 
CFRP grew very fast in aerospace and wind electricity applications for 
light weighting and in automotive industries for attaining greater fuel 
efficiency and lower greenhouse gas emission [2,5], while raising con-
cerns about environmental pollution. Inevitably, such concerns caused 
by CFRP wastes were hot topic in both academic and industrial com-
munity, which promoted the environmental legislation on how to 
manage the CFRP wastes in a green and environmental-friendly solution 
in many countries [5–7]. Given high cost and massive energy con-
sumption in production of CF, the reuse of recycled CF (rCF) was 
extensively believed as the most promising and sustainable approach [4, 
8]. Thus, various types of techniques were developed to recover CF from 

CFRP wastes, such as mechanical processes (mainly grinding) [9], 
thermal pyrolysis [6,9,10], superheated steam treatment [11] and sol-
volysis [11,12], etc. Among these reported techniques, the pyrolysis was 
the most mature and feasible one, which has been commercially 
exploited and reached an industrial scale [6,9,10]. In our previous work, 
a catalytic pyrolysis technology was explored to reclaim high-quality 
rCF from epoxy (EP) resin, based on efficient solubility and catalytic 
activity of molten ZnCl2 [13]. 

Noticeably, rCF could be called a type of “new material”, since it was 
much different from freshly produced CF in the aspects of morphology 
and surface characteristics [4,8]. rCF was often discontinuous in a form 
of short fiber with wide length distribution as CFRP wastes required to 
be cut into smaller pieces before thermal pyrolysis. More differently, rCF 
lost the sized layer during the thermal recovering, while fresh CF was 
sized by polymeric components. As a result, rCF generally existed in a 
state of short fiber bundles. Naturally, it met lots of difficulties in reusing 
rCF in different fields, especially as the reinforcement in the 
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polymer-based composites, because the obvious changes in morphology 
and surface characteristics greatly limited the performance efficiency of 
rCF due to the bad dispersion and poor interfacial bonding in the 
polymer matrix or in other mediums [14–16]. Therefore, in preparing 
rCF reinforced polymer composites, the main challenges focused on how 
to control the dispersion state of rCF easily and achieve good interfacial 
bonding in the matrix effectively. 

A large number of scientific works have reported that surface 
modification was an effective technical strategy to enhance the dis-
persibility and interfacial bonding of fiber-type fillers in polymer com-
posites, including chemical oxidation [17], plasma processing [15,18], 
electrochemical treatment [19], surface grafting [20], and physical 
adsorption [21,22], etc. However, it should be mentioned that the sur-
face modification in reported methods like chemical oxidation would 
hurt the bulk strength of CF with using abundant amounts of oxidant 
chemicals and organic solvents. And the embarrassing problem was that 
such surface modification increased the cost of rCF close to or even 
higher than that of as-produced CF. Actually, it was strongly expected to 
solve the above difficulties through a relatively environmental-friendly 
and low-cost approach, since the reusing process of rCF should not 
generate pollution again and at best was carried out in a cheap routine 
with high recycling efficiency. Luckily, the efficient surface grafting by 
using mussel-inspired modifiers such as dopamine was probably an 
effective and environmental-friendly way to enhance the interfacial 
bonding between filler and polymer matrix through possible interfacial 
reactions [23–25], which also positively affected the dispersibility of 
filler in polymer matrix or in other mediums [26,27]. In comparison 
with the synthetic binders, the bio-based binder dopamine showed the 
outstanding advantages of good water-solubility, superior adhesion to 
any substrates through the reactive groups (such as amino and catechol 
groups), mild reaction condition for practical application and low cost 
[23–27]. As reported in some publications [22,24,27] and our previous 
works [26,28], the dopamine modification on carbon-based fillers like 
GO much contributed to the enhancement in overall properties of 
polymer composites. Thus, it was definitely meaningful to evaluate and 
verify the above-mentioned advantages of dopamine in reusing rCF to 
prepare the high performance of polymer composites. 

Hence, in this study, mussel-inspired polydopamine was used as the 
active modifier for surface modification on recycled short CF (rSCF). 
Initially, polydopamine surface-modified rSCF (pDop-rSCF) was readily 
prepared via the mild oxidative polymerization of dopamine in a weak 
alkaline condition (pH ¼ 8.5). The surface characteristics of pDop-rSCF 
were systematically characterized with Fourier transform infra-red 
spectroscope (FT-IR), X-ray photoelectron spectroscope (XPS), ther-
mogravimetric analysis (TGA), scanning electron microscope (SEM) and 
atomic-force microscope (AFM), etc. Then, the dispersion state of pDop- 
rSCF in the environmental-friendly medium water and the structural 
uniformity of pDop-rSCF nonwoven mat prepared with pDop-rSCF sus-
pension were investigated, along with discussing the dispersion mech-
anism of pDop-rSCF in water. Afterwards, pDop-rSCF nonwoven mat 
was applied as the reinforcement to fabricate pDop-rSCF/EP composites, 
and the corresponding rSCF/EP composites were used as comparisons. 
The strengthening effect of pDop-rSCF on EP composites was compre-
hensively investigated by testing tensile and flexural properties, repre-
sentative stress-strain curves with cumulative acoustic emission (AE) 
energy, as well as interlaminar shear strength (ILSS) and thermo- 
mechanical properties. Moreover, the strengthening effect of pDop- 
rSCF was further evaluated by measuring electrical conductivity and 
electromagnetic interference (EMI) shielding properties of pDop-rSCF/ 
EP composites. Aiming to understand the enhancements in interfacial 
bonding and EMI performance of pDop-rSCF/EP composites, the 
reasonable mechanisms were proposed and discussed. 

2. Experimental section 

2.1. Materials 

rCFs (PAN-based T800H, Toray, Japan) with the diameter of 5 μm 
were made from abandoned CF/EP composites through catalytic py-
rolysis in molten ZnCl2 as reported in our previous work [13]. Dopamine 
hydrochloride was purchased from Sigma and used directly for the 
surface modification. The resin matrix, triglycidyl-p-aminophenol 
(TGPAP) type EP resin (EP value, 0.9), was supplied by Shell Co. The 
diluter, tetrahydrophthalic acid diglycidyl ester (EP value, 0.65–0.75) 
was synthesized by authors to reduce the viscosity of TGPAP resin. The 
hardener, DETDA (composed of 74–80 wt% 3,5-diethyltoluene-2, 
4-diamine and 20–26 wt% 3,5-diethyltoluene-2,6-diamine, Ahew 
44.3), was obtained from Lonza (Switzerland). All other chemicals and 
reagents were purchased from Beijing Chemical Works (China) and used 
directly. 

2.2. Preparation and characterization of pDop-rSCF 

rCF was chopped into ~4 mm in length to prepare the rSCF. Refer-
ring to our previous work [26], the schematic preparation of pDop-rSCF 
is shown in Fig. 1a. Briefly, 1 g rSCF was immersed into 2000 ml H2O 
and then treated by 800 W ultra-sonication for 30 min, followed by the 
addition of 0.1 g dopamine. The pH of the solution was adjusted to be 
8.5 by Tris-buffer solution. And the whole mixture system was contin-
uously treated by 800 W ultra-sonication and mechanical agitation at 25 
�C for 24 h in an ice water bath. To avoid overheating during this pro-
cess, the ultrasonication was conducted for 30 min working at intervals 
of 5 min. After the reaction, the product was centrifuged, washed with 
deionized water several times and dried in vacuum oven for 24 h at 40 
�C to yield pDop-rSCF. 

Chemical structures of rSCF and pDop-rSCF were detected with 
Fourier transform infra-red spectroscope (FT-IR, Nexus670, Nicolet). 
Element analysis on rSCF and pDop-rSCF was conducted on X-ray 
photoelectron spectroscope (XPS, ESCALAB 250, Thermo Scientific) 
using monochromatized Al Ka X-ray source at a constant analyzer. 
Thermogravimetric analysis (TGA, Q800, TA) was carried out at a 
heating rate of 10 �C/min from 25 to 700 �C under nitrogen atmosphere. 
All morphological observations were performed on scanning electron 
microscope (SEM, S4700, Hitachi). Before SEM examination, specimens 
were coated with a thin layer of a gold alloy. Diameters of rSCF and 
pDop-rSCF were averages of ten measurements based on SEM images. 
Typical tapping-mode atomic-force microscope (AFM, Solver P47H, NT- 
MDT) measurements were performed using Dimension FastScan from 
Bruker. Surface wettability of rSCF and pDop-rSCF was characterized by 
optical contact angle measuring device (OCA20, Dataphysics). Dynamic 
contact angle between fiber and liquid was measured using dynamic 
contact angle meter (DCAT21, Dataphysics). The surface energy (γf ), 
including dispersive (γd

f ) and polar (γp
f ) components, was calculated 

using the following equations (1) and (2): 

γlð1þ cosθÞ¼ 2
�

γp
l γp

f

�1=2
þ 2
�

γd
l γd

f

�1=2
(1)  

γf ¼ γp
f þ γd

f (2)  

where γl; γp
l ; γd

l are the total, polar and dispersive surface energy of 
liquid, γf ;  γ

p
f  ; γd

f are the total, polar and dispersive surface energy of 
fiber, and θ denotes the dynamic contact angle between fiber and liquid. 
For deionized water, γd

l ¼ 21.8 mN/m and γp
l ¼ 51.0 mN/m. For diio-

domethane, γd
l ¼ 50.8 mN/m and γp

l ¼ 0 mN/m. 
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2.3. Preparation and characterization of pDop-rSCF suspension and 
pDop-rSCF nonwoven mat 

The schematic preparation of pDop-rSCF suspension and pDop-rSCF 
nonwoven mat is shown in Fig. 1b pDop-rSCF was dispersed into 1000 
ml water under stirring and then treated by 800 W ultra-sonication for 
30 min in an ice water bath, with the concentration of fiber in water 
being adjusted to be in the range of 0–25 g/L. To avoid overheating 
during this process, the ultrasonication was conducted for 8 min work-
ing at intervals of 2 min. The above pDop-rSCF suspension was used to 
prepare nonwoven mat by a similar method to papermaking process 
[29–31]. The resultant suspension was poured into a filtration unit, and 
the pDop-rSCF was gradually filtered out of the suspension by draining 
the water through Teflon mesh belt under vacuum. Finally, the 
pDop-rSCF nonwoven mat was obtained after the wet mat was dried to 
remove the water residue completely. For comparison, rSCF suspension 
and rSCF nonwoven mat were prepared at the same condition. The areal 
densities of both pDop-rSCF and rSCF nonwoven mats were controlled to 
be ~20.0 � 0.1 g/m2. 

The crowding factor N, which was defined as the number of fibers in 
a spherical volume of diameter equal to the length of a fiber, was used to 
direct the preparation of well-dispersed fiber suspension. It was helpful 
in determining the optimum fiber concentration and could reflect the 
influence of fiber concentration on dispersion state [32]. Values for N 
could be calculated using Equation (3): 

N¼
2
3
CV

�
L
d

�2

(3)  

where CV is volumetric concentration of fibers, L is fiber length and d is 
fiber diameter. For fiber suspensions, it was often convenient to use mass 
concentration and fiber coarseness to calculate N. As a result, Equation 
(3) could be further expressed as Equation (4): 

N �
5CmL2

ω (4)  

where Cm is mass concentration of fibers, L is fiber length and ω is fiber 
coarseness. The dispersion coefficient β was applied to characterize the 
macro-scale dispersion of rSCF or pDop-rSCF in water. Ten samples were 
taken out from rSCF or pDop-rSCF suspension randomly and the volume 
of each sample was 10 ml β value could be calculated using the following 
Equations (5)–(7): 

SðxÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pn

i¼1ðxi � xÞ2

n � 1

s

(5)  

ϕðxÞ¼
SðxÞ

x
(6)  

β¼ e� ϕðxÞ (7)  

where, xi is the fiber weight of each sample, x is the mean value of fiber 
weight of n samples, n is the numbers of samples (n is 10 in this study), 
SðxÞ is standard deviation, ϕðxÞ is the variation coefficient and β is the 
dispersion coefficient. The closer that the β value was to 1, the better the 
rSCF dispersion was. 

To characterize the micro-scale dispersion of rSCF or pDop-rSCF in 
water, box counting method based on fractal analysis was introduced 
[33–36]. The fractal dimension (D) of an image indicated the degree of 
self-similarity and space filling, which reflected the dispersion coeffi-
cient effectively. The software, ImageJ, was used to evaluate the fractal 
dimension of rSCF or pDop-rSCF via the box counting method. Firstly, 
two-dimensional (2D) optical images of rSCF or pDop-rSCF suspension 
were captured on optical microscope (OM, CK41, OLYMPUS) and con-
verted into binary images (black: fibers, white: background). Then, 
ImageJ was applied to find the edges of black patterns and obtain the 
border images. Afterwards, the FracLac plug-in for ImageJ software was 
applied to divide border image into small squares (boxes) with same 
area size, and the number of boxes containing parameters of pattern 
edges (NðriÞ) and the size of per box(ri) was recorded. The relationship 
between NðriÞ and ri could be expressed by Equation (8): 

Fig. 1. Schematic showing the preparation of (a) pDop-rSCF and (b) pDop-rSCF nonwoven mat and pDop-rSCF/EP composites.  
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NðriÞ∝
�

1
ri

�D

(8) 

By plotting Ln(NðriÞ) versus Ln(1
ri
), the value of fractal dimension D 

could be obtained from the slope of the curve. In our analysis, the side 
length of box ranged from 5 to 101 pixels in a 1944 � 1944 pixel image, 
which meant that the size of box ranged from 0.0026 to 0.0478 as the 
size of whole image was determined to be 1. 

2.4. Preparation and characterization of pDop-rSCF/EP composites 

The schematic preparation of pDop-rSCF/EP composites is also 
shown in Fig. 1b. Firstly, EP mixture was obtained by mixing EP resin, 
DETDA, diluter at the feeding ratios of 70 : 30: 30. Then, the technology 
of vacuum assisted resin injection (VARI) was utilized to assist the EP 
mixture to penetrate into the pDop-rSCF nonwoven mat and then the 
produced pre-form was placed in a semi-closed mold. The curing process 
of the pre-form was carried out at 80 �C for 1 h, 100 �C for 2 h and 120 �C 
for 1 h under the pressure of 5 MPa. The weight content of pDop-rSCF in 
final composites was determined to be ~30 wt% by controlling the 
feeding ratio of pDop-rSCF nonwoven mat and EP resin. For comparison, 

rSCF/EP composites were prepared under the same processing condi-
tion. The pristine EP was also prepared by pouring EP mixtures into 
molds and curing at 80 �C for 1 h, 100 �C for 2 h and 120 �C for 1 h as 
described in our previous works [28,37]. 

Fractured surfaces of both rSCF/EP and pDop-rSCF/EP composites 
were observed by SEM (S4700, Hitachi). Tensile and flexural properties 
as well as interlaminar shear strength (ILSS) of both rSCF/EP and pDop- 
rSCF/EP composites were measured by mechanical testing machine 
(INSTRON 1121) according to ASTM D 3039, ASTM D 7264, and ASTM 
D 2344, respectively. All final values of mechanical properties were 
averages of five measurements. Crack propagations in both rSCF/EP and 
pDop-rSCF/EP composites were measured with AE analyzer (SAEU3H, 
Beijing Shenghua) equipped with 2 sensors at an operating frequency 
range of 60–400 kHz as described in our previous works [38,39]. The AE 
signals were detected based on triggering using 50/150/1000 μsPas 
Peak-Definition-Time/Hit-Definition-Time/Hit-Lockout-Time at 40 dB 
threshold and 40 dB preamplification. The data acquisition rate of AE 
signals was at 10 MS/s. The storage and the loss modulus as well as glass 
transition temperature (Tg) of both rSCF/EP and pDop-rSCF/EP com-
posites were characterized by dynamic mechanical analysis (DMA, 
Q800, TA) at a heating rate of 10 �C/min from 35 to 250 �C. In-plane 

Fig. 2. (a) FTIR spectra and (b) survey XPS spectra of rSCF and pDop-rSCF, (c) C1s for rSCF, (d) C1s and (e) N1s for pDop-rSCF, as well as (f) TGA curves of rSCF and 
pDop-rSCF under nitrogen atmosphere. 
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electrical conductivity was measured on rectangular samples with di-
mensions of 16 � 16 � 2 mm by conductivity meter (34420A, Agilent). 
All final values of electrical properties were averages of five measure-
ments. The electromagnetic shielding effectiveness (EMI SE) test was 
performed by Network Analyzer (Agilent N5234A) equipped with an 
amplifier and a scattering parameter (S-parameter) test set at the fre-
quency range of X-band (8.2–12.4 GHz). Rectangular samples with di-
mensions of 23 � 10 � 2 mm were fixed into the waveguide sample 
holder. 

3. Results and discussion 

3.1. Characterization of pDop-rSCF 

Identification of polydopamine on the surface of pDop-rSCF was 
performed by FTIR, XPS and TGA. As shown in the FTIR spectra 
(Fig. 2a), the characteristic aromatic C––C stretching band of rSCF was 
clearly observed at 1632 cm� 1. For the FTIR spectrum of pDop-rSCF, the 
additional peaks appeared at 3192 and 3290 cm� 1, which were origi-
nated from the N–H stretching vibration in polydopamine. And pDop- 
rSCF exhibited a new distinct peak at 1040 cm� 1, which corresponded 
to the shearing vibration of C–O groups connecting with aromatic rings 
in polydopamine. Then, surface compositions of pDop-rSCF were iden-
tified by XPS analysis (Fig. 2b–e). In Fig. 2b, both rSCF and pDop-rSCF 
displayed C1s signal at 284.6 eV and O1s signal at 533.2 eV, which 
were assigned to the graphitic carbons and oxygen-containing groups, 
respectively. In addition to the above two signals, an obvious N1s signal 
at 401.0 eV was observed in pDop-rSCF, which was definitely attributed 

to the nitrogen atom in polydopamine. Deconvolution of the C1s peak in 
the XPS profile of rSCF demonstrated three signals at 289.0, 286.6 and 
284.6 eV, corresponding to O––C–O, C–O and C–C/C––C, accordingly 
(Fig. 2c). While in the case of pDop-rSCF, a new C–N component at 
285.5 eV was identified by deconvolution of the C1s peak, which was 
attributed to C–N structure in polydopamine (Fig. 2d). In Fig. 2e, the N1s 
peaks of pDop-rSCF appearing at 401.0, 399.5 and 399.0 eV were 
originated from the C–N, –NH– and –NH2 structure, respectively, which 
were highly consistent with the polymerization mechanism of dopamine 
proposed by Hong S et al. [40]. Besides, the relative atomic content 
proportion of C/N/O changed from 77.0/1.0/22.0 to 72.6/3.1/24.3 
after polydopamine modification. The C/O atomic ratio was calculated 
to be 3.5 for pDop-rSCF, which was lower than the value 3.9 for rSCF. All 
the above facts clearly confirmed the successful modification of poly-
dopamine onto the surface of rSCF. TGA analysis was used to determine 
the weight fraction of polydopamine on the surface of rSCF. In the case 
of polydopamine, the main decomposition occurred at the temperature 
above 200 �C, which was attributed to the quick loss of active groups like 
–OH and –NH2 containing in polydopamine. rSCF showed good thermal 
stability with almost no weight loss as shown in Fig. 2f, due to its 
super-high carbon structure quantity. In contrast, pDop-rSCF started to 
lose weight at around 200 �C, which was in good agreement with the 
decomposition temperature of polydopamine. The weight fraction of 
polydopamine on the surface of pDop-rSCF could be calculated by 
following formula: 

XfpDopþð1 � XÞfrSCF ¼ fpDop� rSCF (9)  

where fpDop, frSCF, fpDop� rSCF are the weight loss fraction of polydopamine, 

Fig. 3. (a, b) SEM, (c, d) AFM and (e, f) static contact angle images of (Left column) rSCF and (Right column) pDop-rSCF.  
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rSCF and pDop-rSCF at 700 �C, accordingly, and X denotes the weight 
fraction of polydopamine in pDop-rSCF. The calculated weight fraction 
of polydopamine in pDop-rSCF were 5.9 wt%. 

The morphological state of pDop-rSCF was then evaluated with 
characterizations of SEM, AFM and static contact angle (Fig. 3). It could 
be observed from SEM images that rSCF showed a rough surface with the 
inherited morphology of distinct longitudinal grooves (Fig. 3a), while 
these grooves were almost completely filled in the case of pDop-rSCF, 
having a much smoother surface (Fig. 3b). And the average diameter 
of pDop-rSCF slightly increased to 5.4 � 0.2 μm from 5.1 � 0.1 μm of 
rSCF. The surface roughness difference between rSCF and pDop-rSCF 
was further confirmed and quantitatively measured using AFM. 
Similar to SEM images, pDop-rSCF demonstrated a much smoother and 
flatter surface than rSCF. After the surface modification on rSCF using 
polydopamine, the Ra value was reduced from 72.8 to 42.2 nm (Fig. 3c 
and d). These typical SEM and AFM images identified the presence of 
polydopamine on the surface of rSCF with uniform distribution. More-
over, the presence of polydopamine changed the surface wettability 
characteristics of rSCF. The static contact angle in water was tested to be 
126.0� for pDop-rSCF, which was smaller than the 138.5� for rSCF 
(Fig. 3e and f). Also, the dynamic contact angle on pDop-rSCF showed 
the decreasing tendency to be 69.2� in water, compared with the value 
83.7� on rSCF (Table 1). Besides, as shown in Table 1, the total surface 
energy on pDop-rSCF was 39.1 mN/m, being higher than 32.4 mN/m on 
rSCF. This enhancement in total surface energy on pDop-rSCF was 
mainly dependent on the contribution from obvious increasing of polar 
component (  γp

f  ), which resulted from active functional groups (such 
as amine groups and phenolic hydroxyl groups) containing in poly-
dopamine coating. Actually, the dispersive component (  γd

f ) of surface 
energy on pDop-rSCF decreased, indicating the decreasing in the 
roughness on pDop-rSCF. In summary, polydopamine-based surface 
modification significantly enhanced surface hydrophilicity of rSCF by 
introducing active functional groups, which would definitely contribute 
to achieving the uniform dispersion of pDop-rSCF in water-based 
suspension. 

3.2. Evaluation on dispersion state of pDop-rSCF 

For preparing the high quality nonwoven mat and composites using 
pDop-rSCF, it was necessary to evaluate its dispersion state in water. To 
achieve this goal, the effect of the concentration of pDop-rSCF on its 
dispersion state was investigated by introducing crowding factor N and 
dispersion coefficient β. Both values of N and β could reflect the level of 
inter-fiber contact in a fiber suspension as well as the tendency to form 
aggregates. The lower value of N or the higher value of β, the better 
dispersion state of pDop-rSCF would be achieved. Normally, when N <
1, fibers were free to move relative to one another, indicating the 
excellent dispersion in the suspension. As denoted in the insets of Fig. 4a, 
the critical concentration of fibers for ideal dispersion could be deter-
mined at N ¼ 1. As N increased to a higher value (such as 16 as found in 
this study), fibers were gradually connected and more collisions took 
place. Specifically, in the case that the value of N reached a very high 
level, the entanglement of fibers was rather serious to form a continuous 
network, resulting in poor dispersion of fibers [32,41,42]. As shown in 
Fig. 4a, the value of N increased and the value of β accordingly decreased 
with the concentration for both rSCF and pDop-rSCF suspensions. When 

the concentration was less than 2 g/L, both rSCF and pDop-rSCF sus-
pensions showed relatively high values of β (>0.8) and relatively low 
value of N (<5). When the concentration continuously increased more 
than 7 g/L, the value of β began to decline markedly along with the sharp 
increase of N to over 16, indicating that fibers were connected to form a 
“floppy” state. Finally, the value of β almost leveled off when N 
increased as high as close to 60, indicating that fibers were connected to 
become a rigid state. As denoted in the insets of Fig. 4a, the character-
istic concentrations for connectivity threshold and rigidity threshold of 
both rSCF and pDop-rSCF suspensions were achieved when N ¼ 16 and 
60, respectively. However, the value of β was always higher for 
pDop-rSCF suspension than rSCF suspension at the all concentration 
range, which illustrated that pDop-rSCF had the better dispersion ability 
in water. Based on the data in Fig. 4a, the optimum dispersion concen-
tration Cm of pDop-rSCF was determined to be 2 g/L, in which the N 
value was as low as 4.6, indicating the excellent dispersion state of 
pDop-rSCF as predicted theoretically. At this concentration condition, 
the differences in dispersion state of both rSCF and pDop-rSCF were 
further discussed in the following part of this study. 

Then, the dispersion states of both rSCF and pDop-rSCF in water 
were further compared from macroscopical and microscopical levels. 
Macroscopical randomness indicated the positional arrangement of the 
fiber groups in global scale. Fig. 4b shows fiber weight distribution and 
dispersion coefficient β in both suspensions with a concentration of 2 g/ 
L. The fiber weight distribution was based on the tested results on 10 
samples which were obtained by drying the specimens taken out from 
suspension randomly. Compared to that of rSCF suspension, the fiber 
weight of pDop-rSCF suspension was distributed in a narrow value 
range. Thus, the value of dispersion coefficient β was closer to 1 for 
pDop-rSCF suspension, much higher than that for rSCF suspension. This 
indicated the high degree macroscopical randomness of pDop-rSCF with 
better dispersion in water. Besides, the microscopical randomness of 
pDop-rSCF in the suspension was confirmed from the direct observation 
using OM, which implied the positional arrangement of individual fiber 
monofilaments in local scale. It could be seen from Fig. 5a and b that the 
pDop-rSCF was uniformly dispersed in water, whereas the rSCF showed 
local aggregates existing in the suspension. On the basis of this objective 
observation, the fractal dimension D was applied to detect the dispersion 
state of pDop-rSCF quantitatively. The obtained OM images were firstly 
converted to border images, which demonstrated the dispersibility of 
fibers and the presence of agglomerates in the suspension more clearly. 
More uniform the fiber distribution was, more border lines there were. 
Actually, the fractal dimension D was an evaluation of space filling ef-
ficiency of the aggregate structures. The fractal dimension D is applied 

and determined by the definition of NðriÞ∝
�

1
ri

�D
, where NðriÞ represents 

the projected area of the object (here is the border line of fibers) and ri is 
the mesh size used to divide projected area of the object. Theoretically, 
the two-dimensional D value equaled to 2 for the case that the distri-
bution of the object was absolutely uniform. The more deviation of the D 
value from 2 meant that the distribution of the object worsened more. A 
lower D value was corresponded to a larger area proportion of aggre-
gates in unit area. The original data of NðriÞ and ri were directly acquired 
from binary images in Fig. 5c and d using software ImageJ, and D values 
were provided as shown in Fig. 5e and f. As a result, the average value of 
D (<D>) for the pDop-rSCF suspension was 1.71 obviously higher than 
1.57 for rSCF suspension, which was consistent with the data of 
dispersion coefficient β. All these evidences proved that the 
polydopamine-based surface modification significantly enhanced the 
dispersibility of rSCF in water. 

The structural uniformity of the obtained rSCF and pDop-rSCF 
nonwoven mats were evaluated in macroscopical and microscopical 
scales (Fig. 6). In the digital image of rSCF mat, global aggregates could 
be observed as marked by red circles (Fig. 6a), while fibers in the pDop- 
rSCF mat showed uniform dispersion state even without small 

Table 1 
Dynamic contact angles and surface energies for rSCF and pDop-rSCF.  

Samples θwater 

(�)  
θdiiodomethane 

(�)  
γd

f (mN/ 
m)  

γp
f (mN/ 

m)  
γf (mN/ 
m)  

rSCF 83.7 62.0 27.4 5.0 32.4 
pDop- 

rSCF 
69.2 63.3 26.7 12.4 39.1  
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aggregates (Fig. 6b). SEM examination further confirmed this aggrega-
tion phenomenon in rSCF mat from the microscopical scale. rSCF tended 
to exist in form of bundles due to the strong friction between rSCFs and 
the poor surface wettability of rSCF (Fig. 6c). In contrast, polydopamine 
modification made the surface of pDop-rSCF smoother to reduce the 
friction, thereby no junctions between pDop-rSCFs were found in the 
microstructure of pDop-rSCF mat (Fig. 6d). 

Therefore, the above results evoked our keen interest in studying the 
dispersion mechanism of pDop-rSCF under the assistance of polydop-
amine. The dispersion process of pDop-rSCF in water could be explained 
from two aspects of fluid mechanics and surface chemical affinity theory 
(Fig. 7). In one aspect, the fibers suspending in a fluid under shear 
experienced two competing types of interaction (Fig. 7a): hydrodynamic 
lubrication (Fl) and coulombic friction (Ff) [41,43]. The hydrodynamic 
lubrication (Fl) was the resultant of shear force derived from velocity 
gradient as well as the hydrophilicity of fibers. If the hydrodynamic 
lubrication (Fl) was much beyond coulombic friction (Ff), the fibers, 
which were rSCF or pDop-rSCF in our case, could be separated and then 
dispersed gradually. In the other aspect, due to the rough surface and 
poor surface wettability of rSCF, Ff was far higher than Fl so that rSCF 
was difficult to be dispersed (Fig. 7b). In contrast, the surface modifi-
cation on rSCF by polydopamine made the surface of rSCF smoother in 
the point view of fluid mechanics, which reduced the coulombic friction 
(Ff) between fibers. Besides, the surface energy and hydrophilicity of 
rSCF were further increased after such modification, which increased 
hydrodynamic lubrication (Fl) and promoted water to infiltrate fibers 
faster. More importantly, the active functional groups (such as amine 
groups and phenolic hydroxyl groups) containing in polydopamine 
coating could form abundant hydrogen bonds with water molecule, 
which reduced the possibility of fiber re-aggregation greatly (Fig. 7c). As 
a result, the high degree dispersion of pDop-rSCF in water as well as the 
fine structural uniformity of pDop-rSCF nonwoven mat, especially in 
microscopical scale, was achieved in comparison with rSCF. 

3.3. Performance of pDop-rSCF/EP composites 

With the aim of evaluating the effect of surface chemical modifica-
tion strategy on rSCF in the application of composites, pDop-rSCF was 
applied to prepare EP-based composites using pDop-rSCF nonwoven mat 
as the reinforcement. The mechanical and electrical properties of the 
resulted composites were measured using rSCF nonwoven mat rein-
forced samples as comparisons. Fig. 8a and b showed tensile and flexural 
properties of pristine EP and EP composites with 30 wt% rSCF mat or 30 
wt% pDop-rSCF mats. In comparison with the data of pristine EP, both 
composites with rSCF and pDop-rSCF demonstrated much higher tensile 
and flexural properties, showing the typically reinforcing effect of fibers. 
The tensile strength and modulus of rSCF/EP composites reached 120.5 

� 18.5 MPa and 19.8 � 1.8 GPa respectively. In contrast, these two 
values increased up to 147.9 � 8.8 MPa and 22.5 � 1.0 GPa, respec-
tively, for pDop-rSCF/EP composites (Fig. 8a). Similar trend was 
detected in flexural properties of composites. Specifically, the flexural 
strength and modulus of pDop-rSCF/EP composites were further 
enhanced by 35.4 and 14.2%, respectively, compared with those of 
rSCF/EP composites (Fig. 8b). These results clearly confirmed that the 
mechanical properties were higher for EP composites reinforced by 
pDop-rSCF than by rSCF. Noticeably, pDop-rSCF/EP composites showed 
a narrow standard deviation range in the measured mechanical values 
than rSCF/EP composites did. The observed significant increase in me-
chanical properties of pDop-rSCF/EP composites was resulted from two 
sides. Firstly, the uniform micro-structure of pDop-rSCF nonwoven mat 
reduced the stress concentration and defects, which thus contributed to 
enhancing the mechanical properties of composites and ensuring the 
stability in related mechanical performance. Secondly, the surface 
chemical modification on rSCF by polydopamine strengthened the 
interfacial bonding between pDop-rSCF and EP matrix, promoting stress 
transfer from EP matrix to pDop-rSCF in the composites. More impor-
tantly, the strong interfacial bonding and uniform dispersion enriched 
the interfacial contact area between pDop-rSCF and EP matrix, which 
definitely guaranteed the effective filling fraction of pDop-rSCF and 
exerted the reinforcing effect of pDop-rSCF on the composites. 

AE registration was used to study the damage development by 
recording sound waves originated inside composites when strain energy 
was released due to the formation and propagation of various types of 
microcracks [38,44–47]. The representative stress-strain curves with 
cumulative AE energy of both rSCF/EP and pDop-rSCF/EP composites 
under tensile loads were measured as shown in Fig. 8c and d. In the case 
of rSCF/EP composites, the stress-strain curve showed the typical shape 
for brittle damage. The cumulative AE energy manifested the steady 
increase and spiked at the moment of specimen fracture, indicating that 
the damage mechanism was dominated by matrix cracking with rela-
tively low AE energy releasing. In the case of pDop-rSCF/EP composites, 
the stress-strain curve also showed the feature for brittle damage, but 
with higher stress at the fracture point. The values of cumulative AE 
energy were 139 and 943 pJ before and after fracture, respectively, 
which were much higher than those (39 and 565 pJ) for rSCF/EP 
composites. It needed to be emphasized that several sharp jumps were 
observed in the cumulative AE energy curve of pDop-rSCF/EP com-
posites, however, which was not found in the case of rSCF/EP com-
posites. In fact, each jump represented the occurrence of much more or 
higher acoustic energy events such as fiber breakage at a certain point. 
The higher cumulative AE energy along with more AE events indicated 
more fiber breakage in pDop-rSCF/EP composites due to the effective 
stress transfer between pDop-rSCF and EP matrix. In order to further 
analyze the damage mechanism in both rSCF/EP and pDop-rSCF/EP 

Fig. 4. (a) Effects of the concentration on the dispersion state of rSCF and pDop-rSCF in water, and (b) fiber weight distribution and dispersion coefficient β in rSCF 
suspension and pDop-rSCF suspension at a concentration of 2 g/L. 
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composites, the obtained AE events were classified into three types 
(fiber breakage, interfacial failure and matrix cracking) by k-means al-
gorithm referring to the literatures [44,46], in considering amplitude 
and duration time of AE events (Fig. 8e and f). It was detected that 
matrix cracking was the main failure mode in rSCF/EP composites, 
while fiber breakage rarely occurred as shown in Fig. 8e. Interestingly, 
the AE events caused by fiber breakage and interfacial failure occurred 
much more frequently in pDop-rSCF/EP composites than in rSCF/EP 
composites. In details, the poor interfacial debonding were very likely to 
happen and the debonding process was usually instantaneous in 
rSCF/EP composites. As a result, the poor stress transferring from matrix 
to fiber caused less fiber breakage. Thus, the fiber breakage and inter-
facial failure generated less AE events in the case of rSCF/EP composites. 
Differently, concerning pDop-rSCF/EP composites, the AE events 
induced by the fiber breakage and interfacial failure were more frequent 

because the stronger interfacial bonding led to the processive micro-
cracking propagation at the interfacial region when the stress was 
effectively transferred from matrix to fiber. Besides, as the strain 
increased, all three types of AE events happened more frequently in 
pDop-rSCF/EP composites than in rSCF/EP composites. All these evi-
dences stated that stress were well transferred in pDop-rSCF/EP com-
posite, due to the uniform dispersion of pDop-rSCF and the strengthened 
interfacial bonding between pDop-rSCF and EP matrix. The testing of 
ILSS was an effective method to evaluate the interfacial bonding be-
tween fibers and matrix [4,48,49]. As shown in Table 2, the ILSS value 
was as high as 20.0 � 0.6 MPa with smaller standard deviation for 
pDop-rSCF/EP composites, showing a 27.3% increment over that of 
rSCF/EP composites. This clearly verified the positive effect of poly-
dopamine on interfacial bonding between fibers and EP matrix. 

pDop-rSCF had demonstrated effective reinforcing effect on EP 

Fig. 5. (a,b) OM images, (c,d) border images and (e,f) D value linear-fit of (Left column) rSCF suspension and (Right column) pDop-rSCF suspension at a con-
centration of 2 g/L. In panel (e,f), the linear fit (correlation coefficient R > 0.99) is performed on the experimental relationship curves of LnNðriÞ versus Ln(1

ri
), and the 

slopes of the curves are the two-dimensional fractal dimensions D. 
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composites by combining the inherent adhesive feature of dopamine and 
the interfacial amine-EP reaction. As shown in Fig. 9a, there was no 
chemical reaction possibility at the interfacial area in rSCF/EP com-
posites. Differently, the primary and secondary amine groups on pDop- 

rSCF could be reactive with epoxide group of EP matrix. pDop-rSCF 
showed the capacity to enhance the curing process of EP resin. The re-
actions between pDop-rSCF and EP resin enabled pDop-rSCF being 
involved into the crosslinked structure of EP matrix during thermal 

Fig. 6. (a, b) Digital and (c, d) SEM images of (Left column) rSCF and (Right column) pDop-rSCF nonwoven mats. The fiber aggregates were marked in red circles. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Schematic diagram showing (a) dispersion process and (b,c) dispersion mechanism of (Upper right) rSCF and (Lower right) pDop-rSCF in water- 
based suspension. 

X. Huan et al.                                                                                                                                                                                                                                   



Composites Part B 193 (2020) 107987

10

curing, which led to a strong interfacial bonding (Fig. 9b and c). The 
testing of DMTA was used to further confirm the chemical affinity be-
tween pDop-rSCF and EP matrix, together with rSCF/EP as reference 
(Fig. 10). The values of complex modulus E* (storage modulus E0 and 
loss modulus E”) and the glass transition temperature (Tg) were key 
parameters in relation to composite stiffness and chain movement. 

Storage modulus (E0) represented the elastic portion of a viscous elastic 
material, which reflected the performance of materials such as stiffness, 
degree of crosslinking, filler/matrix interfacial bonding. Stiffer the 
composite was, higher the E0 value would be resulted [50]. Loss modulus 
(E00) represented the viscous behavior and dissipated energy of the ma-
terial during the stress cycle [51]. It was found that pDop-rSCF/EP 
composites displayed higher E’ value and E” peak value than rSCF/EP 
composites, exhibiting the obvious stiff and damping characteristics. 
The damping characteristics indicated that the strengthened interfacial 
bonding enhanced the dissipation energy by increasing the internal 
friction in pDop-rSCF/EP composites. Similarly, harder the movement of 
polymer chain was, higher Tg would be detected. It was observed from 
Fig. 10c that pDop-rSCF/EP composites displayed higher Tg value than 
rSCF/EP composites. 

The cole-cole plot was a valuable analysis to provide more infor-

Fig. 8. (a) Tensile and (b) flexural properties of pristine EP, rSCF/EP composites and pDop-rSCF/EP composites, and representative stress-strain curves with cu-
mulative AE energy of (c) rSCF/EP composites and (d) pDop-rSCF/EP composites under tensile loads, as well as the amplitude and duration time vs. strain of (e) 
rSCF/EP composites and (f) pDop-rSCF/EP composites for different damage mechanisms. 

Table 2 
ILSS and in-plane electrical conductivities of rSCF/EP and pDop-rSCF/EP 
composites.  

Samples ILSS (�std. dev.) (MPa) In-plane electrical conductivity (S/m) 

rSCF/EP 15.7 � 1.4 20.6 
pDop-rSCF/EP 20.0 � 0.6 22.4  
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mation on the interfacial bonding in polymer-based composites. Gerard 
et al. used the cole-cole approach and proposed a limited biparabolic 
rheological model that gave the complex modulus to describe the 
rheological behavior of composites, accordingly to revel the changes in 
EP network structure and interfacial bonding between fiber and EP [52]. 
Thus, the complex modulus could be written as Equation (10): 

E� ¼E0 þ
E∞ � E0

1þ ðiωτ1Þ
� h
þ ðiωτ2Þ

� k (10)  

where ω is the pulsation, τ1 and τ2 are relaxation times, h and k are two 
parameters corresponding to long times (low frequency, high tempera-
ture) and short times (high frequency, low temperatures), respectively, 
as well as E0 and E∞ are approximated minimum and maximum values 

Fig. 9. Schematic diagram showing interfacial bonding of (a) rSCF/EP and (b) pDop-rSCF/EP composites, and (c) reaction mechanism between polydopamine on 
pDop-rSCF and EP matrix at the interfacial area. The graph in panel (c) was the high magnification of the interfacial area in pDop-rSCF/EP composites as circled area 
in panel (b). 

Fig. 10. (a) Storage modulus (E0), (b) loss modulus (E00), (c) tan δ vs temperature curves and (d) cole-cole plots of rSCF/EP and pDop-rSCF/EP composites.  
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of modulus, accordingly. Specifically, the value of k which was closely 
related to the interfacial bonding state of composites, could be obtained 
from the left-hand slopes of the Cole-Cole plot. Better the interfacial 
bonding was, lower the value of k was. According to the published work 
by Gerard et al. [52], the poor chemical affinity at interfacial area led to 
a blocking effect of the molecular segments involved in relaxation of EP 
network in CF/EP composites, which accordingly increased the value of 
k. In this circumstance, an obvious decrease in k from 0.56 to 0.46 
(deduced from the decreases of left-hand slope η) could be observed 
from Fig. 10d, which indicated the reduction in the blocking of 
segmental motion at the interface and the resulted enhancement in 
interfacial bonding between pDop-rSCF and EP when polydopamine was 
coated onto rSCF. These facts confirmed that the incorporated 
pDop-rSCF could interact with EP, i.e., formation of chemical interfacial 
bonding, which would restrict the movement of molecular chain and 
reduce free volume of EP matrix. Moreover, these obvious differences in 
the interfacial bonding could be directly examined from fractured sur-
faces of both rSCF/EP and pDop-rSCF/EP composites. Apparently, for 
rSCF/EP composites, the fractured surfaces of rSCF were smooth 
without EP remnants, associated with cracks and defects. The pull-out 
and debonding between rSCF and EP matrix were easily seen 
(Fig. 11a). Differently, the seamless interface between pDop-rSCF and 
EP matrix was found as shown in Fig. 11b. And the pulled-out fibers 
were tightly wrapped with EP resin, proving the excellent interfacial 
bonding between pDop-rSCF and EP resin. 

CFRP with good electrical conductivity has widely used in the ap-
plications such as lightning strike protection materials and electro-
magnetic shielding materials, etc. [53–55]. It was well known that 
uniform filler dispersion in composites acted as a key role to enhance the 
electrical conductivity. Hence, the in-plane electrical conductivity was 
tested to evaluate the effect of pDop-rSCF filler with uniform nonwoven 
mat micro-structure on the electrical performance of EP composites. The 
in-plane electrical conductivity of rSCF/EP composites was measured to 
be 20.6 S/cm, indicating the conductor role of rSCF in composites, as the 
pure EP was an insulating materials. As expected, the in-plane electrical 
conductivity of pDop-rSCF/EP composites was 22.4 S/cm with a 8.7% 
increment after rSCF was surface-modified by polydopamine (Table 2). 
Objectively judging, given that the rSCF filler content (30 wt%) was 
much higher than percolation threshold of electrical conductivity for CF 
filled materials [56], this enhancement of in-plane electrical conduc-
tivity was relatively significant. As denoted in Fig. 12b, abundant rSCF 
(black line) tended to aggregate in rSCF/EP composites, which reduced 
the number of effective electrically contact points (red points) between 
rSCFs. Reasonably, the pDop-rSCF (blue line) with uniform nonwoven 
mat micro-structure formed more effective contact points between 
pDop-rSCFs (Fig. 12c), which built up the electrically conductive paths 
in the whole volume space of composites and thus enhanced the elec-
trical conductivity of composites. 

Inspired by the observed enhancement in electrical conductivity, the 

EMI SE of EP composites with 30 wt% rSCF or pDop-rSCF was tested at 
the frequency range of 8.2–12.4 GHz (Fig. 12a). It could be seen that the 
total EMI SE (SET) was always higher at the whole frequency range for 
pDop-rSCF/EP composites than rSCF/EP composites. Especially, the SET 
value at 8.2 GHz was up to 27 dB for rSCF/EP composites, which were in 
accordance with reported values for CF/polymer composites [48, 
57–59]. Interestingly, a much higher SET value around 40 dB was 
achieved at 8.2 GHz for pDop-rSCF/EP composites, showing the ad-
vantages of surface modification in increasing electrical conductivity 
and electromagnetic shielding effectiveness. Normally, the SET was 
mainly resulted from the cumulative contributions of the reflection loss 
SER and the absorption loss SEA. As shown in Fig. 12a, the contribution 
of SEA to SET was much larger than that of SER for both rSCF/EP and 
pDop-rSCF/EP composites through almost the whole frequency range, 
indicating that absorption loss was the primary EMI shielding mecha-
nism in these composites. The SEA value of pDop-rSCF/EP composites 
was noticeably enhanced compared with that of rSCF/EP composites, 
whereas the changes in SER were less significant. The schematic for the 
enhancement mechanism in electromagnetic shielding effectiveness of 
pDop-rSCF/EP composites was proposed. As shown in Fig. 12c, the 
enhancement in SEA of pDop-rSCF/EP composites was definitely 
attributed to the increased connectivity between pDop-rSCFs and 
thereby the enhanced electrical conductivity, which relied on the uni-
form dispersion of fillers [60,61]. Besides, the internal multiple re-
flections of absorbed microwave among uniform dispersed fiber network 
would further contribute to the enhancement in the absorption loss of 
pDop-rSCF/EP composites. Additionally, as found in our previous work 
[28], the oxygen-containing groups on pDop-rSCF surface formed elec-
tric dipole polarization due to the different abilities of carbon and ox-
ygen atoms in catching electrons. The additional polarization relaxation 
process, which was caused by the electron motion hysteresis in these 
dipoles under alternating electromagnetic shielding field, was beneficial 
to enhancing EM wave absorption. And the higher number of valence 
electrons in the nitrogen atom than in the carbon atom was also in favor 
of enhancing the absorption loss SEA, since the polarization of the 
nitrogen-containing groups in pDop increased the interaction of the 
electric dipoles inside the pDop-rSCF/EP composites. 

4. Conclusions 

The polydopamine surface-modified rSCF (pDop-rSCF) was success-
fully prepared via the mild oxidative polymerization of dopamine, 
which distinctively offset the chemical inertness and inferior wettability 
of rSCF by introducing abundant amine groups and phenolic hydroxyl 
groups onto rSCF. Benefiting from the enhanced hydrophilicity and the 
resulted excellent dispersion of pDop-rSCF in water, the pDop-rSCF 
nonwoven mat with high structural uniformity was readily obtained 
through papermaking method. Thus, taking the advantages of the 
chemical reactivity similar to amine-type curing agent and the uniform 

Fig. 11. SEM images of fractured surfaces in (a) rSCF/EP and (b) pDop-rSCF/EP composites. In panel (a), green arrows represent pulled-out fibers without resin 
remnants and blue arrows represent interfacial debonding. In panel (b), yellow arrows denote pulled-out fibers with resin remnants and red arrows denote excellent 
interfacial bonding. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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dispersion state of pDop-rSCF, mechanical properties of EP composites 
using pDop-rSCF nonwoven mat as reinforcement were enhanced 
significantly. The results of AE registration, ILSS testing and DMTA 
measurement identified the fact that the stress was well transferred in 
pDop-rSCF/EP composites due to chemically strengthened interfacial 
bonding between pDop-rSCF and EP matrix. Moreover, the surface 
modification of polydopamine onto rSCF obviously enhanced the EMI 
shielding property of rSCF/EP composites due to the higher electrical 
conductivity derived from the increased connectivity between pDop- 
rSCFs with uniform dispersion as well as the polarization relaxation 
effect induced by functional groups in polydopamine. This study pro-
vided a facile and sustainable approach to effectively reuse the rCF in 
polymer-based composites by synchronously promoting dispersibility 
and interfacial bonding of rCF in the matrix. 
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