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Abstract   Sizing treatment has shown great potential in improving the interfacial properties of poly(p-phenylene benzodioxazole) (PBO) fiber-

reinforced  composites,  but  is  severely  limited  due  to  the  use  of  flammable  and  explosive  organic  solvents.  Herein,  a  new  high-efficiency

waterborne sizing agent has been developed by using functionalized carbon nanospheres (CNSs)  as  a  nano-reinforcement.  Due to abundant

oxygen-containing groups, the CNSs greatly improves the surface activity, wettability, and roughness of the PBO fibers. As a result, the interfacial

shear strength of the CNSs sized fiber-reinforced composite increases by 79.6% compared with that of the pristine fiber-reinforced composite.

Moreover, the excellent mechanical and thermal properties of the PBO fibers remain almost unchanged after sizing treatment. Thus, this work

provides  an  environmentally  friendly  and  scalable  method  for  constructing  a  strong  interface  between  the  PBO  fibers  and  the  matrix  resins,

which makes sense in promoting the application of PBO fiber-reinforced composites in aerospace and military industries.
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INTRODUCTION

Poly(p-phenylene  benzodioxazole)  (PBO)  fibers  have  been
considered  as  one  of  the  most  promising  reinforcements  for
resin  matrix  composites  due  to  their  ultra-high  strength  and
modulus,  as  well  as  excellent  heat  resistance,  chemical
resistance,  and  flame  retardancy.[1−4] However,  the  surface  of
PBO fibers is very smooth and chemically inert, resulting in weak
interfacial bonding with the resin matrix, which severely impairs
the  mechanical  strength  of  their  composites.[5,6] Therefore,  the
surface modification of PBO fibers becomes a research topic of
great scientific significance and practical value.

Various  techniques,  including  plasma  modification,  coup-
ling  agent  treatment,  oxidative  fluorination  modification,
chemical grafting, etc.,[7−10] have been developed to enhance
the  surface  activity  of  PBO  fibers.  Among  these,  the  grafting
of  carbon  nanomaterials,  such  as  carbon  nanotubes  and
graphene  oxide,  onto  the  surface  of  PBO  fibers  to  fabricate
micro/nano multiscale reinforcements has been proven to be
an  effective  method  to  improve  the  interfacial
properties.[11−17] However,  the  reaction  conditions  of  chemi-
cal  grafting  are  relatively  harsh,  requiring  the  use  of  strong

acids or bases, and multi-step reactions, which will inevitably
reduce the intrinsic  mechanical  properties  or  heat  resistance
of PBO fibers.[18,19]

Sizing treatment is an important pre-processing step in the
industrial  preparation  of  prepregs,  which  is  characterized  by
simplicity,  mildness,  and  scalability.[20−23] Recently,  the  intro-
duction  of  nanoparticles  into  sizing  agents  to  improve  their
interfacial  enhancement  efficiency  has  become  a  research
hotspot.  Our  group  previously  reported  an  efficient  sizing
agent  for  PBO  fibers  by  incorporating  amino-functionalized
nanosilica  and  benzoxazole  compatibilizers.[24] Tang et  al.
coated calcia-doped ceria nanoparticles on PBO fibers by siz-
ing  treatment,  which  considerably  improved  their  interfacial
bonding  strength  with  cyanate  resins.[25] However,  most  siz-
ing  agents  developed  for  PBO  fibers  need  to  be  prepared
with  dimethyl  sulfoxide,  acetone,  ethyl  acetate, etc.,  as
solvents. These organic solvents are flammable and explosive,
which will seriously pollute the environment and threaten the
safety of operators.[26−28] Therefore, there is an urgent need to
develop  a  high-efficiency  waterborne  sizing  agent  to  meet
the  development  concept  of  green  and  sustainable  che-
mistry.

Carbon nanospheres  (CNSs)  are  a  kind of  spherical  carbon
nanomaterials,  which  have  large  specific  surface  area,  high
conductivity, excellent mechanical, and thermal stability, and
have been widely used in the preparation of various function-
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al materials.[29,30] Moreover, compared with other carbon nan-
omaterials, CNSs are inexpensive, readily available, and rich in
active groups (such as carboxyl, hydroxyl, and epoxy groups)
without  further  treatment.  Herein,  CNSs  were  used  for  the
first  time  to  prepare  a  novel  high-efficiency  waterborne  siz-
ing  agent  for  PBO  fibers  (Scheme  1).  Epoxy  resins,  as  one  of
the  thermosetting  resins  that  have  been  widely  studied  and
applied, were selected as the matrix resins here due to the ad-
vantages of low cost, good process performance and high in-
terfacial  bonding  strength.[31,32] The  excellent  reinforcement
effect  of  CNSs  on  the  interface  of  PBO  fiber-reinforced  com-
posites  was  deeply  studied.  This  simple,  efficient,  and  pollu-
tion-free  route  enables  it  to  be  scaled  up  from  laboratory  to
industrial  production,  which  is  of  great  significance  for  pro-
moting the application of PBO fiber-reinforced composites.

EXPERIMENTAL

Materials
High modulus PBO fibers, with an average diameter of 17.5 μm,
were  obtained  from  Zhongke  Jin  Qi  Co.,  Ltd.  CNS  water
dispersion was purchased from Beijing Deke Daojin Science and
Technology Co., Ltd. E-51 epoxy resin and 4,4′-methylene-bis(2-
ethylaniline)  (H-256)  were  received  from  Wuxi  Bluestar  Epoxy
Co.  (China)  and  Hubei  Jusheng  Technology  Co.  (China),
respectively. All chemicals and solvents were used as received.

Preparation of CNS Sizing Agent
CNSs  were  added  to  deionized  water  at  controlled
concentrations  of  0.5  wt%,  1  wt%,  2.5  wt%  and  5  wt%,
respectively. The mixture was sonicated at a frequency of 40 kHz
for 1 h to form a well-dispersed sizing agent.

Fiber Treatment
PBO  fibers  were  first  ultrasonically  washed  with  acetone  for

three  times,  and  then  dried  at  100  °C  for  2  h  to  remove  the
original sizing agent and contamination prior to use.  Then, the
CNS  sizing  agent  was  introduced  onto  the  PBO  fibers  by  a
laboratory-made sizing device,  as  shown in Scheme 1.  In  brief,
the  pristine  PBO  fibers  were  pulled  through  the  CNS  sizing
agent and dried on hot rollers at 100 °C. The pulling speed was
kept  slow  enough  to  achieve  good  wetting  of  the  fibers  and
prevent  any  possible  damage.  The  PBO  fibers  coated  with
different CNS contents were named as PBO-C0.5, PBO-C1, PBO-
C2.5, and PBO-C5, respectively.

Preparation of PBO Fiber-Reinforced Composites
The  PBO  fiber-reinforced  composites  were  prepared  by  a  hot-
pressing  process.  In  a  typical  experiment,  the  epoxy  resin  (GT-
807A-1)  containing  the  curing  agent  (GT-807B-1)  was  evenly
brushed  on  the  surface  of  the  satin-wave  PBO  fabrics.
Subsequently,  the  obtained  prepregs  were  neatly  stacked  in  a
mold and hot-pressed at 90 °C and 5 MPa for 3 h. The content of
PBO fabrics in the composites was controlled at about 70 wt%.

Characterizations
The particle size and zeta potential of CNSs in aqueous solution
were tested on a dynamic light scattering instrument (Zetasizer
Nano-ZS,  Malvern).  A  He-Ne  laser,  which  has  a  wavelength  of
633  nm  and  a  fixed  detector  angle  of  90°,  was  adopted  in  the
tests.  The  X-ray  photoelectron  spectra  of  the  samples  were
recorded  using  a  ESCALab  250Xi  (Thermo  Scientific)  equipped
with a 200 W monochromatic Al Kα radiation source. A 500 μm
X-ray  beam  spot  was  used,  and  the  ultimate  pressure  of  the
analysis  chamber  was  approximately  5×10−8 Pa.
Thermogravimetric  analysis  (TGA)  was  performed  on  a  TGA
8000  (PerkinEmler)  in  a  nitrogen  atmosphere.  The  surface
micromorphology  of  modified  PBO  fibers  was  observed  by  a
field  emission  scanning  electron  microscope  (SEM,  JSM-6700F,
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Scheme 1    Progress of sizing treatment.
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JEOL). The tensile strength of PBO single fiber was measured by
a universal tensile machine (Instron series 3365) with a load cell
of 100 N. The gauge length was 20 mm, and the strain rate was
1  mm·min−1.  The  average  of  20  test  results  was  taken.  The
relative  weight  content  of  CNSs  coated  on  PBO  fibers,
designated  as Cs (wt%),  was  evaluated  by  weighing  method
using the Eq. (1). Five samples were tested for each system.

Cs =
Ws −Wo

Ws
× 100% (1)

where Wo and Ws are the weights of the PBO fibers before and
after sizing, respectively.

The interfacial shear strength (IFSS) can reflect the transfer
efficiency  of  stress  between  fibers  and  resins,  and  is  widely
used in the evaluation of interfacial properties of composites.
The IFSS of PBO fibers was measured by the microdroplet de-
bonding  method  on  an  interfacial  performance  evaluation
device  (HM410,  MODEL,  Japan).  E-51  and  H-256  were  mixed
in  a  weight  ratio  of  100/32  and  dropped  on  the  monofila-
ment to form resin droplets. These droplets were cured at 90,
120 and 150 °C for 2, 2 and 3 h, respectively, resulting in PBO
single-fiber  composites.  For  debonding  testing,  the  droplets
were blocked with a blade, then the fiber was moved to pull it
out  of  the  resin,  and the force  required was  recorded in  real
time. The IFSS could be calculated by Eq. (2):

IFSS =
Fmax

πdl
(2)

where  IFSS  (MPa), Fmax (N), l (mm)  and d (mm)  represent  the
interfacial  shear  strength,  the  maximum  pull-out  force,
embedded  length  of  resin  droplet  and  the  diameter  of  PBO
fibers, respectively. The average of 30 IFSS measurement results
was taken.

The interlaminar shear strength (ILSS) of the PBO fiber-rein-
forced  composites  was  determined  by  the  three-point  short
beam  shear  test  according  to  ASTM  D-2344.  The  samples
were cut by water jet and the size was 30 mm × 6.5 mm × 2
mm. Tests were performed on the Instron 3365 using a 5000
N load cell with a crosshead speed of 1 mm·min−1.

RESULTS AND DISCUSSION

Characterization and Analysis of CNS
The  structure  and  performance  of  CNSs  are  the  key  factors
affecting  the  effect  of  interface  modifications. Fig.  1(a)  is  the
TEM  image  of  CNSs.  The  statistics  of  the  particle  size  and
distribution  are  presented  in  Fig.  S1  (in  the  electronic
supplementary  information,  ESI).  It  can  be  seen  that  the  CNSs
are approximately spherical with an average diameter of 40 nm
and a narrow size distribution.

The  dynamic  light  scattering  was  used  to  investigate  the
particle size and distribution of CNSs in aqueous solution. As
shown in Fig. 1(b), the hydrated particle size of CNSs is about
58 nm, which is larger than the dry particle size measured by
TEM, indicating that CNSs have strong hydrophilicity and ob-
vious swelling behavior in water. A zeta potential test was car-
ried  out  to  analyze  the  surface  charging  properties  of  CNSs.
As  shown  in Fig.  1(c),  the  zeta  potential  of  CNSs  is  −50  mV,
which  may  be  caused  by  the  abundant  oxygen-containing
functional  groups  on  their  surface.  Thus,  the  strong  electro-
static  repulsion  between  CNS  particles  enables  them  to  be
stably dispersed in aqueous solution.

XPS analysis was performed to further analyze the types of
oxygen-containing functional groups. It can be seen from the
wide-scan  spectra  of Fig.  1(d)  that  the  surface  of  CNSs  only
contains two elements, C and O, and the content of oxygen is
as high as 20.2%. Figs. 1(e)−1(f) further show the C1s and O1s
curve  fittings,  and  the  detailed  contents  of  the  correlative
functional  groups are listed in Table 1.  As shown in Fig.  1(e),
five identical peaks occur at 284.4, 285.4, 286.5, 287.4 and 289
eV,  which  are  corresponded  to  C＝C/C―H/C―C,  C―O,
C―O―C, C＝O and O＝C―O functional groups, respectively.
On the other hand, as Fig. 1(f) shows, the O1s peak consists of
two  characteristic  peaks  with  binding  energies  of  532.9  and
533.4 eV, corresponding to O＝C and C―O/C―O―C groups,
respectively.  Based  on  these  results,  it  can  be  inferred  that
there  may  be  four  oxygen-containing  groups  on  the  surface
of  CNSs:  hydroxyl,  epoxy,  carbonyl,  and  carboxyl  groups.
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Fig. 1    (a) TEM image, (b) particle size distribution, (c) zeta potential, (d) wide-scan XPS spectrum, (e) C1s and (f) O1s spectra of CNSs.
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Combined  with  the  previous  test  results  of  zeta  potential,  it
can  be  further  speculated  that  the  oxygen-containing  func-
tional groups are likely to be carboxyl groups, which can en-
dow the surface of CNSs with abundant negative charges due
to their strong ionization ability in water.

TGA  was  conducted  to  investigate  the  thermal  stability  of
CNSs.  As  can be seen from Fig.  2,  the thermal  weight  loss  of
CNSs can be divided into two stages:  (1)  the weight  loss  be-
low 200 °C is  mainly caused by the removal of adsorbed wa-
ter,  which  is  about  1.7%;  (2)  the  weight  loss  above  200  °C  is
mainly due to the decomposition of oxygen-containing func-
tional groups, which is about 23.7%. The TGA result is consis-
tent  with  the  zeta  potential  and  XPS  results,  both  indicating
the  existence  of  plentiful  oxygen-containing  functional
groups on the CNS surface.

The environmentally  friendly  waterborne sizing agent was
prepared by  using CNSs  as  the  nano-reinforcement.  The dis-
persion  stability  of  CNSs  in  deionized  water  directly  determ-
ines the microstructure of the coating on the sized PBO fibers.
It can be seen from Fig. 3 that CNSs can be well dispersed in
deionized  water  to  form  a  uniform  and  stable  system.  Even
after standing for three days, no obvious aggregation or pre-
cipitation can be observed in the dispersion with a high CNS
concentration of  5 wt%. This  indicates that  CNSs have excel-
lent compatibility with deionized water,  which creates favor-
able conditions for sizing treatment.

Physicochemical Characterizations of PBO Fibers
XPS  was  conducted  to  analyze  the  surface  elements  and

chemical composition of the PBO fibers. The pristine PBO fibers
(Fig. 4a) exhibit four typical peaks at binding energies of 284.8,
285.7, 286.9 and 288.7 eV, corresponding to C―C, C―N, C―O,
and  N＝C―O,  respectively.  After  sizing  treatment  (Fig.  4b),  a
new peak appears  at  the binding energy of  289 eV,  which can
be  attributed  to  the  O＝C―O  group.  The  percentage  of  each
carbon-containing  functional  group  can  also  be  calculated
accordingly as listed in Table 2. It shows that the C―C and C―O
functional  groups  on  the  surface  of  the  pristine  PBO  fibers  are
69.3%  and  9.8%,  respectively.  After  sizing  treatment,  the  C―C
content  decreases  to  61.1%,  while  the  C―O content  increases
to  16.6%.  At  the  same  time,  O＝C―O  group  appears  with  a
content of 2%. The XPS results confirm that oxygen-containing
functional  groups  such  as  carboxyl  groups  have  been
successfully  introduced  onto  PBO  fibers  by  sizing  treatment,
which is  conducive to the formation of  strong chemical  bonds
with the matrix resin.

The CNS concentration in the sizing agents determines the
content of CNSs (Cs) on the surface of sized PBO fibers, which
in  turn  shows  a  great  impact  on  the  surface  morphology  of
the PBO fibers.  As shown in Table 3,  the Cs increases step by
step  with  the  increase  of  CNS  concentration  in  the  sizing
agents. Figs. 4(c)−4(f) and Fig. S2 (in ESI) present SEM images
of  various  PBO  fibers  under  3000  magnification.  Obviously,
the surface of the unmodified PBO fibers is rather smooth and
free of attachments, so it is difficult to form an effective mech-
anical interlock with the matrix resin. With the introduction of
CNSs, the surface of the PBO fibers gradually becomes rough-
er. When the CNS concentration is 0.5 wt%, it is difficult to ob-
serve  clear  CNS  particles.  This  may  be  because  the  CNS
particles  are  rather  small  and  coated  uniformly.  In  addition,
part  of  the  surface  may not  be  covered by  the  CNS particles
due  to  the  low  concentration.  With  the  increase  of  the  CNS
concentration, the protrusions on the surface increase, which
can  provide  more  attachment  sites  for  the  matrix  resin  and
thus  improve  the  interfacial  properties  of  the  composites.
When  the  CNS  concentration  reaches  5  wt%,  the  excessive
CNS  particles  aggregate  to  form  clusters,  which  makes  the
fibers rougher. Disadvantageously, however, the clusters tend
to be sites of stress concentration that degrade the interfacial
performance.

The  mechanical  properties  of  PBO  fibers  before  and  after
sizing  treatment  were  evaluated  by  single  fiber  tensile
strength  tests  as  shown  in Fig.  4(g).  The  single  fiber  tensile
strength of PBO-C0, PBO-C0.5, PBO-C1, PBO-C2.5 and PBO-C5
fibers  are  4.2,  4.36,  4.88,  4.67  and  4.59  GPa,  respectively.
Clearly,  the  simple  and  gentle  treatment  process  creates  fa-
vorable conditions for PBO fibers to maintain their original ex-
cellent  properties.  The  sized  fibers  even  show  slightly  better
tensile strength than the pristine one, which could be attrib-
uted to the repair  of  defects  on the fiber  surface by the CNS
coating via π-π interaction.

The thermal stability of various PBO fibers was investigated
by TGA tests. It can be seen from Fig. 4(h) that the thermal de-
composition  temperatures  of  the  sized  fibers  are  slightly  re-
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Fig. 2    TGA curve of CNSs.
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Fig. 3    Dispersion stability of CNSs in deionized water.

Table 1    Contents of functional groups on the CNS surface.

Sample C＝C/C―H/C―C (%) C―O (%) C―O―C (%) C＝O (%) O＝C―O (%)

CNS 49.5 19.6 17.2 8.7 5
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duced. Undoubtedly, the weight loss before 600 °C is caused

by the removal of absorbed water and the decomposition of

the  functional  groups  on  the  CNSs.  However,  it  should  be

noted that this part of the weight loss only accounts for about

4%,  which  has  little  effect  on  the  overall  thermal  stability  of

the modified fibers.

Interfacial Properties of PBO/Epoxy Composites
IFSS  is  an  important  indicator  to  measure  the  interfacial
properties  of  composites.  The  micro-debonding  method  was
used  to  test  the  IFSS  of  the  PBO  fiber-reinforced  composites
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Fig. 4    C1s XPS spectra of (a) PBO-C0 and (b) PBO-C2.5; SEM images of (c) PBO-C0, (d) PBO-C1, (e) PBO-C2.5 and (f) PBO-C5; (g) Tensile
strength and (h) TGA curves of PBO fibers before and after sizing treatment.
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before  and after  sizing treatment  and the results  are  shown in
Fig.5(a). The IFSS of the pristine PBO fiber-reinforced composites
was  only  22.6  MPa.  This  is  due  to  the  smooth  surface  and  low
surface  energy  of  the  untreated  PBO  fibers,  which  have  poor
interface  bonding  with  the  matrix  resin.  After  the  CNS  sizing
treatment, the wettability of the resins toward the PBO fibers is
enhanced,  and  the  IFSS  of  the  composites  is  significantly
improved.  The  IFSS  values  of  PBO-C0.5,  PBO-C1,  PBO-C2.5  and
PBO-C5 reinforced composites are 31.6, 38.1, 38.9 and 40.6 MPa,
respectively.  Obviously,  the  PBO-C1  reinforced  composites
shows  a  drastic  increase  of  68.6%  compared  with  the
unmodified  one.  Subsequently,  the  growth  of  the  IFSS  slows
down when the CNS concentration exceeded 1 wt%. As shown,
the  IFSS  of  the  PBO-C5  reinforced  composite  is  79.6%  higher
than  that  of  the  PBO-C0  reinforced  composite,  but  only  6.6%
higher than that of the PBO-C1 reinforced composite. This could
be  attributed  to  two  opposing  effects  of  the  CNSs  at  high
concentrations. On the one hand, the CNSs increase the surface

activity and roughness of the fibers, which will improve the IFSS
of  the  composites.  On  the  other  hand,  the  excess  CNSs  can
aggregate at the surface to form defects,  thereby reducing the
stress  transfer  efficiency  at  the  interface.  As  a  result,  the
improvement of the IFSS is limited.

To visualize the effect of interfacial reinforcement, a simple
model was created as shown in Fig. 5(d). In detail, one end of
a single fiber was fixed with a resin pellet, and the other end
was  pulled  by  a  tensile  machine  to  simulate  a  hanging
weight.  The loading force  increased gradually  over  time and
was  recorded  by  a  computer.  The  length  of  fiber  embedded
in  the  resin  was  kept  as  consistent  as  possible  for  different
samples.  PBO-C0  and  PBO-C1  were  selected  as  representa-
tives  to  compare  the  force  required  to  completely  pull  the
fiber  out of  the resin,  and photos of  the samples at  different
loading periods were taken. The results are shown in Fig. 5(e).
For  PBO-C0  fiber,  when  the  loading  force  increases  to  169.1
mN, the fiber is completely pulled out, leaving a hollow resin
pellet. But in sharp contrast, the sample of PBO-C1 remains in-
tact  when  the  force  also  reaches  169.1  mN,  and  no  sign  of
pulling  out  can  be  found.  This  comparison  visually  demon-
strates the interfacial enhancement capabilities of CNS sizing
agents.  The  force  required  to  pull  PBO-C1  out  of  the  resin  is
270.6 mN, 60% higher than that of PBO-C0, which is basically
consistent with the IFSS results.

To vividly  illustrate  the advantages  of  this  rather  mild  and
simple  sizing  method,  we  carefully  compared  the  tensile
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Fig. 5    (a) IFSS results of PBO/epoxy composites before and after sizing treatment; (b) ILSS results of PBO/epoxy composites before and
after  sizing  treatment;  (c)  Comparison  of  the  increase  of  IFSS  and  the  retention  of  tensile  strength  among  this  work  and  previously
reported surface  modified  PBO fibers;  (d)  Simple  model  for  intuitive  demonstration of  interface  enhancements;  (e)  Loading force  as  a
function of time.

Table 2    Contents of surface functional groups on PBO-C0 and PBO-C2.5 fibers.

Sample C―C (%) C―N (%) C―O (%) N＝C―O (%) O＝C―O (%)

PBO-C0 69.3 18.5 9.8 2.4 0
PBO-C2.5 61.1 17.5 16.6 2.7 2

Table 3    Cs of the fibers treated with different concentrations of sizing
agents.

Sample Concentration of sizing agents (wt%) Cs (wt%)

PBO-C0 0 0
PBO-C0.5 0.5 2.1
PBO-C1 1 2.4

PBO-C2.5 2.5 3.2
PBO-C5 5 4.2

  Ling, R. et al. / Chinese J. Polym. Sci. 2023, 41, 306–314 311

 
https://doi.org/10.1007/s10118-022-2834-x

 

https://doi.org/10.1007/s10118-022-2834-x


strength  retention  and  the  IFSS  increase  of  the  modified
fibers  in  this  work  with  those  reported  in  the  literature,  as
shown in the Fig. 5(c). Obviously, it can be seen that CNS sized
PBO  fibers  not  only  show  significantly  improved  interfacial
properties,  but  also  retain  the  excellent  mechanical  proper-
ties.

The macroscopic mechanical properties of the composites,
the  interlaminar  shear  strength (ILSS),  were  further  tested to
demonstrate  the  interfacial  enhancement  effect  of  CNSs.  As
shown in Fig. 5(b), the ILSS of the composites presents a vari-
ation trend similar to that of the IFSS, that is,  it  gradually im-
proves with the increase of the CNS contents. Finally, the ILSS
of the PBO-C5 reinforced composite is improved by 24% com-
pared with that of  the PBO-C0 reinforced composite.  The re-
sults of ILSS and IFSS firmly support the critical role of CNSs in
the construction of mechanically robust interfaces.

Furthermore, the interfacial failure mechanism of the com-
posites is revealed by observing the surface microstructure of
the PBO fibers after debonding. As shown in Fig. 6(a), the frac-
ture surface of the pristine PBO fibers is still quite smooth, in-
dicating that the interaction between the fibers and the mat-
rix resins is extremely weak. In contrast,  the surface morpho-
logies  of  the  sized  fibers  are  changed  significantly  after  de-
bonding.  The  active  interfacial  layer  introduced  by  sizing
treatment  is  destroyed  during  the  debonding  process.  For
PBO-C0.5  (Fig.  6b),  some  fine  and  shallow  grooves  can  be
found  on  the  fracture  surface.  A  few  resin-embedded  CNSs
are also exposed at the same time. As the CNS concentration
increases,  the  grooves  become  deeper  and  wider,  and  the
CNSs observed also increase significantly. When the CNS con-
centration increases to 5 wt% (Fig.  6e),  many microfibrils  are
stripped off from the fiber surface. The severe damage of the

interfacial  layer  results  in  a  hierarchical  morphology.  The de-
struction  of  the  interface  and  the  peeling  of  the  microfibers
can  dissipate  a  large  amount  of  energy,  thereby  greatly  im-
proving  the  IFSS  of  the  composites.  Therefore,  the  PBO-C5
possesses the strongest interface among all the samples.

According  to  the  above  research  results,  the  interface  en-
hancement mechanism can be summarized. Good wetting of
the fibers by the resin is a prerequisite for obtaining a mech-
anically  strong  interface.  The  oxygen-containing  functional
groups carried by the CNSs enhance the surface activity of the
PBO fibers, which facilitates the wetting and spreading of the
epoxy resins, resulting in an interface with fewer defects such
as bubbles and voids. Meanwhile, the high specific area of the
CNSs increases the contact area between the PBO fibers and
the resins, thus promoting the mechanical interlock between
them. What’s more, the carboxyl groups of the CNSs chemic-
ally  react  with  the  epoxy  resins  (Fig.  6f),  which  can  further
strengthen  the  bonding  force  between  the  resins  and  the
PBO fibers.  Under  the synergistic  effect  of  these aspects,  the
interfacial  adhesion  properties  of  the  PBO  fiber-reinforced
composites have been greatly improved.

CONCLUSIONS

In  this  work,  we  developed  a  green  and  environmentally
friendly  sizing  agent  for  PBO  fibers  using  only  water  as  the
solvent.  The  functionalized  CNSs  with  excellent  water
dispersibility  was  used  as  the  nano-reinforcement  and
introduced  onto  the  PBO  fibers  by  sizing  treatment.  XPS  and
SEM results show that the CNSs disperse well on the PBO fibers,
which  helps  to  improve  the  surface  activity,  roughness,  and
wettability.  On  this  basis,  the  IFSS  of  the  sized  PBO  fiber-
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Fig. 6    SEM images of fracture surfaces: (a) PBO-C0, (b) PBO-C0.5, (c) PBO-C1, (d) PBO-C2.5, (e) PBO-C5; (f) Interfacial chemical reaction
between CNSs and epoxy resins.
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reinforced  composites  increases  significantly.  When  the  CNS
concentration  is  5  wt%,  the  IFSS  of  the  composites  reaches  its
maximum, which is 79.6% higher than that of the pristine one.
Moreover,  the  sized  PBO  fibers  possess  excellent  mechanical
properties  and  heat  resistance.  In  all,  this  new  type  of  sizing
agent  can  effectively  overcome  the  serious  environmental
pollution of traditional solvent-based sizing agents and provide
strong  interfacial  adhesion  between  the  PBO  fibers  and  the
epoxy resins.
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