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Abstract Copolyimide (co-PI) fibers containing 4,4'-
oxydiphthalic anhydride (ODPA) moiety into the 3,3',4,4'-
biphenyltetracarboxylic dianhydride (BPDA)/p-phenylene-
diamine backbone were prepared via a two-step wet-spin-
ning method. The processability and mechanical properties
were improved significantly after the incorporation of
ODPA, and the fibers exhibited an optimum tensile strength
of 10.94 cN dtex~" and modulus of 470.52 ¢N dtex ' with
elongation of 2.75 % at a BPDA/ODPA molar ratio of 7/3.
Two-dimensional wide angle X-ray diffraction indicated
that highly oriented structures and ordered molecular pack-
ing regions were formed in the fibers. Two-dimensional
small angle X-ray scattering revealed that the incorporation
of ODPA resulted in the reduction in radius, length,
misorientation, and internal surface roughness of the mi-
crovoids in the fibers simultaneously, which was supposed to
be mainly dominated for the drastically improved me-
chanical properties of PI fibers. Moreover, the co-PI fibers
exhibited excellent thermal and thermal-oxidative stability,
and the 5 % weight loss temperature was above 572 and
535 °C under nitrogen and air, respectively.

Introduction
High-performance aromatic polyimide (PI) fibers have

been considered as one of the most promising engineering
materials due to their excellent mechanical properties,
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thermal stability, and chemical resistance along with di-
electric performance [1-3]. Currently, two major tech-
niques including one-step method and two-step method are
mainly used to prepare PI fibers [4-6]. As is well known,
the earliest commercialized P84 fibers manufactured by
Lenzing AG are derived from 3,3',4,4’-benzophenonete-
tracarboxylic dianhydride (BTDA), 4,4’-diphenylmethane
diisocyanate (MDI), and 2,4-tolylene diisocyanate (TDI)
by the one-step method [7, 8]. In the one-step spinning
process, PI fibers are produced directly from organ-soluble
PIs synthesized via a polycondensation reaction of dian-
hydrides and diamines in toxic phenol solvents [4, 5, 9-12].
Due to the convenience in preparation of PI fibers, this
method has been recognized as the most effective way to
prepare PI fibers with excellent mechanical properties.
Unfortunately, the selection of organ-soluble monomers
and environment-friendly solvents has restricted the de-
velopment of industrial production of PI fibers in the one-
step method. Accordingly, the situation raises a critical
demand for the researchers to turn their focus to the other
technique two-step method, in which poly (amic acid)
(PAA) fibers are obtained by extruding PAA solution into
coagulation bath and subsequently converted into corre-
sponding PI fibers through thermal or chemical imidization
[13-15]. The first patent about PI fibers was published by
DuPont company in 1960s, in which the PI fibers were
prepared with pyromellitic dianhydride (PMDA), 4,4-
oxydianiline (ODA), and 4,4'-thiodianiline (TDA) in
dimethylacetamide (DMAc) solvent by the two-step
method [16]. By means of the extensive amount of po-
tential monomers and solvents, the industrial level pro-
duction of PI fibers is more likely to be realized in this
method. Nevertheless, in the two-step wet-spinning
method, the microvoids and other structural imperfection
could generate through the dual-diffusion and imidization
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process, leading to a negative effect on the mechanical
properties of PI fibers [17, 18]. To overcome the drawback,
some modifications should be done in attempt to improve
the mechanical properties.

Generally, the introduction of specific groups into the
polymer backbone has been considered as a typical ap-
proach to modify the chemical structure of PI fibers, as
outstanding properties of individual group could be inte-
grated to form new high-performance polymers [19, 20].
So far, in order to improve mechanical properties of PI
fibers, the monomers contain rigid aromatic heterocyclic
units, such as 2-(4-aminophenyl)-6-amino-4(3H)-quina-
zolinone  (AAQ),  2,5-bis(4-aminophenyl)-pyrimidine
(2,5PRM), and 2-(4-aminophenyl)-5-aminobenzimidazole
(BIA), are preferred to increase the rigidity of the polymer
chain and introduce additional intermolecular associations
[10, 21, 22]. For example, a series of PI fibers containing
AAQ moiety were prepared by Niu et al. with the tensile
strength and modulus up to 2.8 and 115.2 GPa, respec-
tively. The incorporation of rigid-rod heterocyclic units
containing both -NH- and =N- has enhanced the inter-
molecular associations via hydrogen bonding, which
greatly affects the mechanical properties of PI fibers.
Nevertheless, with the increased rigid units, it is difficult
for the polymer chains to rearrange themselves to reduce
the size of microvoids. On the contrary, the introduction of
flexible units into rigid polymer backbone may provide
opportunities to reduce the size of microvoids because of
the increased flexibility of polymer chains, which posts a
positive impact on the mechanical properties of PI fibers.

In the present work, a series of PI fibers were prepared
by incorporating 4,4’-oxydiphthalic anhydride (ODPA)
into 3,3’,4,4-biphenyltetracarboxylic dianhydride (BPDA)/
p-phenylenediamine (p-PDA) backbone. The BPDA/p-
PDA system has been recognized to be promising to pre-
pare high-performance PI fibers due to its low cost and
high performance [23]. The processability and flexibility of
PI fibers were improved significantly upon the incorpora-
tion of ODPA. Herein, we focus on the effect of the in-
corporation of ODPA on the properties of the co-PI fibers
and also explore the evolution of molecular packing and
morphology with the incorporated ODPA moiety, as in-
troducing flexible units to improve mechanical properties
of PI fibers through reducing the size of microvoids have
remained to be explored.

Experimental

Materials

The monomers BPDA and ODPA were purchased from Shi
Jiazhuang Hai Li Chemical Company and purified by

sublimation prior to use. The monomer p-PDA was ob-
tained from Shangyu Li Xing Chemical Company and
purified by recrystallization. The solvent DMAc (analytical
pure) was purchased from Tianjin Fu Chen Chemicals
Reagent Factory and utilized after distillation. The deion-
ized water used in the experiment was prepared by the
Laboratory Water Purification System.

Preparation of the BPDA/ODPA/p-PDA (BOP) co-
PI fibers

The co-PI fibers were prepared by the two-step wet-spin-
ning method according to the following process. Take the
polymerization of BOP-5 (the molar ratio of BPDA/ODPA
is 5/5) PAA solution, for example, p-PDA (43.81 g) was
first dispersed in 1000 ml DMAc solvent by stirring in the
dried atmosphere. After the diamine was almost dissolved,
the dianhydrides BPDA (59.59 g) and ODPA (62.83 g)
were added in order. The solution was stirred for 5 h at low
temperature to obtain a spinning solution containing
15 wt% solid content. The viscous solution, filtrated and
degassed overnight before spinning, was extruded into
coagulation bath through a spinneret (100 holes, 70 pm in
diameter) to get as-spun PAA fibers under the pressure of
nitrogen. The PAA fibers were then washed by deionized
water to remove the residual solvent DMAc and dried in
the oven with the temperature of 80 °C. Subsequently, the
dried fibers were delivered into ovens at the temperature
ranging from 280 to 500 °C with concomitant drawing on
the spinning rollers. After the thermal imidization process,
the mechanical properties of PI fibers were improved ex-
tensively. To make comparisons, the PI fibers with molar
ratios of BPDA/ODPA varying from 10/0 to 5/5 were
prepared under the same spinning condition. The reaction
for the preparation of the co-PAA and co-PI fibers is listed
in Scheme 1.

Characterization

The intrinsic viscosities of the co-PAA solutions were
measured using a Germany SCHOTT 52510 Ubbelohde
viscometer at 35 °C.

The apparent viscosities of the co-PAA solutions were
performed by American Brookfield RVDVC viscometer at
30 °C. The samples were degassed prior to use. The rela-
tionship between viscosity of the fluid and shear rate can be
evaluated by power law:

n = Ky" = Kc"s", (1)
where # is apparent viscosity of the fluid, y is shear rate,
s is shear speed of the rotator, ¢ is constant that represents

the coefficient of the rotator, and K and n are power law
index.

@ Springer
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Scheme 1 The reaction for the
preparation of the co-PAA and
the co-PI fibers. m/n = 10/0,
9/1, 8/2, 7/3, 6/4, 5/5
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Fourier transform infrared (FT-IR) measurement was
carried out on Nexus 670 made by Nicolet Company with
scanning wavenumber ranging from 4000 to 400 cm ™.

The mechanical properties of PI fibers were measured
using an YGOO1A-1 instrument with a gauge length and
extension speed of 20 mm and 10 mm min~", respectively.
For each type of fibers, at least 15 monofilaments were tested,
and the average value was used as the representative.

Two-dimensional wide angle X-ray diffraction (2D
WAXD) was performed on a Bruker D8 Discover
diffractometer equipped with GADDS as a 2D detector.
X-ray diffraction measurements were taken from reflection
mode at room temperature using Ni-filtered Cu Ko
(4 = 0.154 nm) radiation operated at 40 kV and 40 mA.
The order degree X of macromolecule can be confirmed by
the equation

Uy Ix
X =— x-—=x100 %, 2
o T o (2)

where Uy and Ux denote the backgrounds of the reference
sample and experimental sample, and /y and Ix are integral
intensities of diffraction lines of the reference sample and
experimental sample, respectively. Moreover, the degree of
molecular orientation can be calculated by integrating the
corresponding intensity of azimuthal scans along the iso-
lated and preferred crystalline plane [24]. The degree of
molecular orientation in the fibers can be measured based
on Herman’s equation:
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where f is the degree of molecular orientation along the fiber
axis direction and ¢ represents the angle between the fiber
axis and c-axis crystal unit cell. The numerical values of the
mean-square cosines in the equation above are determined
by corrected intensity distribution I(¢) diffracted from the
crystalline plane by Gaussian fitting following the equation

7If](qﬁ)sind) cos? pde
<cos2 d)> =2 7 4)
[ 1(¢)singdg

0

Two-dimensional small angle X-ray scattering (2D
SAXS) was performed on NanoSTAR-U (BRUKER AXS
INC) using an HI-STAR detector. The generator was op-
erated at 40 kV and 650 pA with Cu Ko radiation. The
distance between the sample and the detector was
Lsp = 1074 mm. The effective scattering vector
q (g = 4nsin0/2, where 20 is the scattering angle) at the
distance ranges from 0.044 to 2.0 nm™".

As for wet-spinning process, the needle-like shape mi-
crovoids along the fiber axial direction can be characterized
by SAXS. Therefore, the radius of microvoids can be de-
scribed by Guinier functions as follows:

10) = ewp( L), 5)
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where R is the radius of the microvoids with circle cross-
section and I(q) is the scattering intensity in reciprocal.
Through the Fankuchen successive tangent method, the
average radius of microvoids can be calculated according
to the equation

R=> RWii=123.), (6)

where R; is the radius of different size of microvoids and
W; is the corresponding volume percentage of microvoids.
Then the average fibril length L and misorientation B, are
determined by the following equation proposed by Ruland:

1
22 22
5By :ﬁ—l—s By, (7)
where B, is the angular spread of the data fitting by
Gaussian—Gaussian function and s is the scattering vector
(s = 2sin6/A). Furthermore, the fractal dimension D
(D = 6—0) is confirmed by the equation

I(q) xq % (8)

where o is the constant that can be obtained from the ex-
periment data.

Thermo gravimetric analysis (TGA) was performed with
a TGA Q50 instrument at a heating rate of 10 °C min~'
from 50 to 900 °C under nitrogen and air.

Dynamic mechanical analysis (DMA) was performed on
a DMA Q800 system with a load frequency of 1 Hz and
heating rate of 5 °C min~' at the temperature ranging from
50 to 450 °C.

Results and discussion
FT-IR spectra of the co-PI fibers

The chemical structures of PAA and PI fibers with different
molar ratios of BPDA/ODPA are confirmed by FT-IR
characterization as revealed in Fig. 1. Four characteristic
absorption bands are observed at 1773, 1700, 1360, and
734 cmfl, which are attributed to the C=0 asymmetrical
stretching of imide groups, C=0 symmetrical stretching of
imide groups, C-N stretching, and C=0 bending of imide
ring, respectively. Furthermore, the characteristic absorp-
tion bands of PAA fibers at 1660 cm ™! (amide-I band) and
1550 cm ™! (amide-II band) are not observed for co-PI
fibers, indicating that the co-PI fibers have been success-
fully prepared by the two-step method after thermal
imidization. In addition, the absorption band at 1264 cm ™!
accounting for C-O-C stretching becomes much broader,
and its intensity increases simultaneously with the in-
creased ODPA content, suggesting that C—-O-C groups
have taken participate in the formation of chemical struc-
tures of PI fibers.

imide ring

= w734

Benzene Ring

1518

Absorbance

1660 1550

T T T
2000 1500 1000

Wavenumbers (cm™)

Fig. 1 FT-IR curves of the PAA and PI fibers with different molar
ratios of BPDA/ODPA. a PAA-BP-0; b PI-BP-0; ¢ PI-BOP-1; d PI-
BOP-2; e PI-BOP-3; f PI-BOP-4; g PI-BOP-5

Mechanical properties of the co-PI fibers

The intrinsic viscosities of the co-PAA solutions and me-
chanical properties of the co-PI fibers are presented in
Table 1. It can be observed that homo-PI (BP-0) fibers
exhibit the tensile strength of 7.41 cN dtex_l, modulus of
349.92 cN dtex ', and elongation of 1.12 %. Apparently,
the tensile strength and modulus were improved sig-
nificantly upon the incorporation of ODPA, ranging from
8.48 and 10.94 cN dtex ' to 361.78 and 470.52 cN dtex ',
respectively. The BOP-3 fibers, which possess a BPDA/
ODPA molar ratio of 7/3, own the optimum mechanical
properties with the tensile strength and modulus of 10.94
and 470.52 cN dtex', respectively. It should be noticed
that the mechanical properties of PI fibers were improved
before the ODPA content reaches 30 %, and further in-
creasing ODPA content leads to the slightly decrease in
mechanical properties of PI fibers. The possible reason for
the extensive improvement is inferred as follows. It is well
known that the mechanical properties of PI fibers are
closely dependent on the intrinsic viscosities, inter-
molecular interaction, and rigidity of polymer backbone,
molecular packing, and structural defects [24-27]. Cur-
rently, the intrinsic viscosities of PAA solutions range from
1.80 to 2.32 dL g~ ' without the ordered regularity, im-
plying that the enhancement in mechanical properties is not
mainly affected by the intrinsic viscosity. Moreover, the
ether bonds have not introduced any intermolecular asso-
ciations in the formation of chemical structures of PI fibers,
giving no evidence in improving mechanical properties of
PI fibers. On the other hand, with increased flexible units,
the efficiently improved flexibility of PI fibers provides
opportunities for the rearrangement of the polymer chains

@ Springer
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Table 1 The intrinsic viscosities of the synthesized co-PAA solutions with different molar ratios of BPDA/ODPA and the mechanical properties

of the corresponding co-PI fibers

PI fibers Molar ratio of BPDA/ODPA Intrinsic viscosity (dL/g) Strength (cN/dtex) Modulus (cN/dtex) Elongation (%)
BP-0 10/0 2.32 7.41 349.92 1.12
BOP-1 91 1.98 8.48 400.49 2.40
BOP-2 8/2 1.80 9.27 428.65 247
BOP-3 7/3 2.17 10.94 470.52 2.75
BOP-4 6/4 2.12 10.03 411.63 2.59
BOP-5 5/5 1.92 8.62 361.78 2.58

under large deformation as well as for the reduction of the
size of microvoids. Thus, it is speculated that the variation
of the molecular packing and structural defects has made
great contributions to the improved mechanical properties
of PI fibers.

Molecular packing of the co-PI fibers

For aromatic PI fibers, the crystallinity and molecular
orientation are two crucial subjects that determine the final
performance of PI fibers during imidization process. In
order to investigate the effect of these basic structure pa-
rameters on the performance of PI fibers, the 2D WAXD
patterns of PI fibers with different molar ratios of BPDA/
ODPA are obtained as shown in Fig. 2. Along the meridian
direction, all the fibers exhibit clear diffraction streaks,
revealing a high orientation in the fiber axial direction.
Along the equator direction, the obscure amorphous halos
indicate the fibers consisting of poor ordered lateral pack-
ing structures of PI chains. Moreover, there is no evidence
of diffractions in the quadrants, demonstrating that the
prepared co-PI fibers do not exhibit well-defined 3D
crystalline structures.

Fig. 2 2D WAXD patterns of the co-PI fibers with different molar

ratios of BPDA/ODPA. a BP-0; b BOP-1; ¢ BOP-2; d BOP-3; e BOP-
4; f BOP-5

@ Springer

For details, the WAXD patterns profiles along the
meridian and equator directions of the co-PI fibers are
displayed in Fig. 3a and b, respectively. As observed in
Fig. 3a, three diffraction peaks at 11.1° (d = 0.796 nm),
17.4° (d = 0.509 nm), and 23.1° (d = 0.385 nm) appear in
homo-PI fibers. On the basis of our previous work, the
lowest energy conformation for BPDA/p-PDA units was
obtained as a repeat length of 1.587 nm by computer
simulation [10]. The value is close to the twice of the
observed data at 20 = 11.1° (0.796 x 2 = 1.592 nm), and
the diffraction streak is set to be the (002) plane. Therefore,
the peak at 20 = 17.4 and 23.1° can be assigned to be
(003) and (004), respectively. With the increased ODPA
content, dramatic changes occur in the WAXD patterns.
The peak at 11.1° finally shifts to 11.0° after the incorpo-
ration of ODPA, resulting in the slightly increased chain
repeat length along the fiber axial direction, since some
BPDA/p-PDA units have been replaced by larger ODPA/p-
PDA units. In the meantime, the intensity of the peak at
17.4° increases initially and then decreases at a BPDA/
ODPA molar ratio of 7/3. Moreover, the peak at 23.1°
becomes much diffuse and completely disappears for BOP-
5 fibers.

On the equator direction as revealed in Fig. 3b, a series
of broad diffraction peaks around 18.1° are identified,
which are 18.1, 18.4, 18.6, 18.4, 18.5, and 18.7°, corre-
sponding to BP-0, BOP-1, BOP-2, BOP-3, BOP-4, and
BOP-5 fibers, respectively, giving evidence of decreased
d-spacing with increasing ODPA content. Meanwhile, the
order degree of macromolecule is calculated to be 2.19 Uy/
Iy, 1.99 Uy/ly, 1.97 Uy/ly, 2.13 Uy/ly, 2.06 Uy/ly, and 1.98
U/l based on Eq. (2) [28]. It should be noted that the
d-spacing and order degree of the co-PI fibers exhibit the
similar trend, indicating that the high-order degree of
macromolecule could result in the loose packing structures.
Furthermore, the peaks become much broader and diffuse
after the introduction of ODPA, revealing the gradually
decreased order degree of lateral packing structures.

In addition, the degree of molecular orientation along
the fiber axial direction was also studied by WAXD. The
degree of molecular orientation of (002) plane can be
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Fig. 3 WAXD intensity profiles of the co-PI fibers with different molar ratios of BPDA/ODPA. a meridian direction; b equator direction

Table 2 The calculated
molecular orientation of the

PI fibers

BP-0

BOP-1 BOP-2 BOP-3 BOP-4 BOP-5

co-PI fibers

Degree of orientation 0.87

0.86 0.85 0.80 0.83 0.84

calculated according to Eq. (3) and (4). According to the
results in Table 2, the degree of orientation decreases after
the introduction of ODPA and reaches the lowest value for
BOP-3 fibers. However, with further increased ODPA
content, the degree of orientation starts to increase on the
opposite. For PI fibers, there is a certain degree of mole-
cular orientation during the spinning and drawing process,
which may affect the properties of PI fibers. In the present
work, the chains have endured almost the same degree of
orientation with consistent draw ratio in drawing process,
and as a consequence, the final molecular orientation of PI
fibers is determined during the spinning process.

The schematic diagram of the velocity gradient of PAA
solution and corresponding macromolecule structure be-
havior in wet-spinning process is depicted in Fig. 4. Due to
the shear flow in the spinning cylinder, the macromolecules
tend to stretch out to flow more freely, which is called as
disentanglement. After extruding PAA solution out the
spinneret, the macromolecules gradually entangle to form
random coils to recovery elastic deformation in response to
the loss of shear stress, which is known as Barus effect.
With concomitant drawing on the spinning rollers, the
macromolecules have oriented along the drawing direction.
Meanwhile, PAA fibers are gradually freezed through the
dual-diffusion process. However, the series of co-PAA
solutions exhibit various elastic recovery capabilities,
which are greatly dependent on the sensibilities of vis-
cosities to the shear speed and subsequently influence the
molecular orientation in the spinning process. Therefore,
the relationship between apparent viscosities [1)] of the co-
PAA solutions and shear speed s is discussed to observe the

dependence of viscosities of the co-PAA solutions on the
shear speed as illustrated in Fig. 5a and b. The curves
indicate that the co-PAA solutions behave as typical non-
Newtonian fluids, and the viscosities decrease greatly at a
low shear speed, giving evidence of strong dependence on
the shear speed. In addition, in order to further investigate
the dependence variation of the co-PAA solutions on shear
speed, the In /1] versus In s plots of the co-PAA solutions
are present in Fig. 5b based on Eq. (1). The slopes of fitting
curves are found to be —0.71, —0.62, —0.38, —0.37,
—0.45, and —0.66, corresponding to BP-0, BOP-1, BOP-2,
BOP-3, BOP-4 and BOP-5 co-PAA solution, respectively.
Generally, it is suggested that the high value in slope re-
sults in relatively poor dependence of viscosity on shear
speed and slow elastic deformation recovery after extrud-
ing PAA solution out the spinneret. Herein, the BOP-3
PAA solution exhibits the highest value of slope in the
series of co-PAA solutions and keeps the most oriented
chains with the highest intermolecular interaction. Mean-
while, the increased physical entanglement points will be
generated after the introduction of ODPA due to the im-
proved flexibility of polymer chains. It should be noted that
both the increased intermolecular interaction and entan-
glement points will not facilitate the further orientation by
drawing. As a consequence, both the two sides result in the
lowest degree of molecular orientation for BOP-3 fibers.
The result is in agreement with the calculated degree of
molecular orientation. In conclusion, it is reasonable to
believe that the improvement in mechanical properties is
not mainly dominated by molecular orientation in the
present work.

@ Springer



4110

J Mater Sci (2015) 50:4104-4114

Fig. 4 Schematic diagram of
the velocity gradient of PAA
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Fig. 5 a The viscosities of the co-PAA solutions with different shear speed; b The In [g] versus In s plots of the co-PAA solutions

Morphologies of the co-PI fibers

In wet spinning, some defects such as microvoids could be
formed during the dual-diffusion and thermal imidization
process due to the removal of micromolecules. In this
section, the morphological evolution of BOP fibers after
thermal imidization was characterized by 2D SAXS. As the
scattering from microvoids typically accounts for the most
overall scattering in semicrystalline polymers [29, 30],
SAXS has become an ideal tool to investigate the nanos-
cale structural change of PI fibers. With regards to PI
fibers, the microvoids were distributed approximately
parallel to the fiber axis. Upon the introduction of ODPA
content, the parameters such as the average radius R, length
L, and misorientation By of microvoids will vary accom-
panied with the evolution of aggregation state in the fibers.

As demonstrated in Fig. 6, the 2D and 1D SAXS patterns
along the meridian direction of the co-PI fibers with different
molar ratios of BPDA/ODPA are obtained. All the scattering
patterns show intense and elongated streaks near the

@ Springer

beamstop along the fiber axial direction, which reflects the
oriented needle-like structure of microvoids aligned parallel
to the fiber axis. Moreover, the scattering intensity of BOP
fibers gradually decreases along with the increased scattering
vector ¢, indicating the existence of nanoscale structure in
the fibers. In order to determine the size of microvoids, the
Guinier functions are introduced as displayed in Eq. (5) [31,
32]. Taking the BOP-3 fibers as illustrated in Fig. 7, for
example, the radius R; (i = 1, 2, 3) and corresponding vol-
ume percentage W; (i = 1, 2, 3) to different size of mi-
crovoids can be confirmed by Fankuchen successive tangent
method. The average radius R of microvoids can be calcu-
lated according to Eq. (6), which are listed in Table 3 [33].
Obviously, the radius of the microvoids decreases along with
increased ODPA content until the molar ratio of BPDA/
ODPA reaches 7/3 and then increases with further intro-
duction of ODPA. It is still related to the rheological property
of co-PAA solutions. Due to the slowest elastic recovery
deformation of BOP-3 PAA solution, the least entanglement
points are formed in the macromolecule chains during the
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Fig. 6 The 2D and 1D SAXS patterns of the co-PI fibers with different molar ratios of BPDA/ODPA. a BP-0; b BOP-1; ¢ BOP-2; d BOP-3;

e BOP-4; f BOP-5
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Fig. 7 Guinier plot of the scattered intensities of BOP-3 fibers along
the meridian direction by Fankuchen successive tangent method

spinning process, which provides the segmental motion ca-
pability for macromolecule chains to reduce the size of mi-
crovoids during the dual-diffusion process.

Moreover, both the size distribution and misorientation
of microvoids have contributed to the streak profile as re-
ported by Ran et al. [34]. The average fibril length L and
misorientation B, could be analyzed with the equation
expressed as Eq. (7) proposed by Ruland [35]. The inten-
sity profiles corresponding to azimuthal scans extracted at

different scattering vectors and Ruland plot for the BP-0
fibers are shown in Fig. 8a and b, respectively. The length
L is obtained from the intercept of the szB(z)bS versus s° plot
and misorientation B, from the slope of the plot, which are
listed in Table 3 as well. Analogously, the L and B, de-
crease after the incorporation of ODPA, and the values
increase slightly when the ODPA content is over 30 %. It
can be concluded that the microvoids tend to decrease in
the size and distribute parallel to the fiber axial direction
upon the introduction of ODPA, leading to the improved
mechanical properties of PI fibers.

Furthermore, the fractal dimension D, focused on the in-
ternal surface roughness of microvoids, is also a crucial
factor that affects the mechanical properties of PI fibers.
Followed by the equation given in Eq. (8), the slope -ocan be
inferred from the In /(q) versus In g plot, and subsequently the
fractal dimension D can be obtained as displayed in Fig. 9.
Herein, the results give an evidence of decreasing tendency
of D, which correlates with that of the mechanical properties
of PI fibers. Basically, the higher the D value, the stronger the
internal surface roughness of microvoids [23]. In addition,
the rough surface of microvoids could easily concentrate
stress and thus leads to the generation of defect structures,
which restricts the improvement in mechanical properties. In
conclusion, the reduced internal surface roughness of mi-
crovoids has well confirmed the improvement in mechanical
properties of PI fibers.

Table 3 The parameters of

‘ . R A PI fibers R; R (nm) L (nm) By (°)

microvoids of the co-PI fibers

prepared with different molar R, (nm) Wy R, (nm) W, R; (nm) W3

ratios of BPDA/ODPA
BP-0 1.29 1.00 0.94 0.21 1.14 0.06 1.56 119.61 31.68
BOP-1 1.26 1.00 0.79 0.25 0.62 0.15 1.55 106.02 27.60
BOP-2 1.08 1.00 0.55 0.30 0.88 0.14 1.37 97.78 22.12
BOP-3 0.76 1.00 1.26 0.08 1.33 0.03 0.90 97.66 15.21
BOP-4 0.92 1.00 1.05 0.13 1.05 0.11 1.16 98.15 16.73
BOP-5 0.94 1.00 0.97 0.19 1.32 0.05 1.19 99.21 19.42
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Fig. 9 Fractal features of the co-PI fibers with different molar ratios
of BPDA/ODPA

Thermo gravimetric analysis of the co-PI fibers

Figure 10 illustrates the thermal stability of the co-PI fibers
heated from 50 to 900 °C at a heating rate of 10 °C min™~'
in nitrogen and air. The homo-PI fiber exhibits 5 % weight
loss temperature (7,;5) at 612 and 606 °C in nitrogen and
air, respectively. After the introduction of ODPA, the value
of T,5 ranges from 572 to 599 °C in nitrogen and 535 to
596 °C in air, indicating the reduction in thermal stability
with the increased ODPA content. Nevertheless, the Ts
moves to high value at a BPDA/ODPA molar ratio of 5/5 in
both nitrogen and air atmosphere, which can be inferred
through WAXD patterns of the co-PI fibers. With regards
to BOP-5 fibers, the broad peak along the equator direction
shifts to high value at 18.7°, indicating the reduction in
d-spacing in the fibers. Thus, the compact lateral stacking
structures are conducive to improve the thermal stability of
PI fibers. In conclusion, the introduction of ODPA leads to
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Fig. 10 TGA curves of the co-PI fibers under nitrogen and air

the reduction in the thermal stability of PI fibers because of
the decreased rigidity of polymer backbone. Ultimately, all
the fibers exhibit excellent thermal stabilities with the 5 %
weight loss temperature above 572 and 535 °C under ni-
trogen and air, respectively.

Dynamic mechanical analysis of the co-PI fibers

Figure 11 demonstrates the DMA curves of the co-PI fibers
evaluated at a heating rate of 5 °C min~' from 50 to
450 °C in nitrogen atmosphere. Two series of peaks are
identified in the curves, in which the higher ones are o
relaxations corresponding to the glass transition tem-
perature (7,) of the PI fibers, and the other ones are f
relaxations representing sub-glass transition of the PI
fibers. For o relaxation, with increased ODPA content, the
value of T, of the co-PI fibers exhibits a pronounced de-
creased tendency due to the increased flexibility of the
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Fig. 11 DMA curves of the co-PI fibers with different molar ratios of
BPDA/ODPA

polymer chains. Meanwhile, the value of tan delta exhibits
a clear increased tendency induced by the incremental
energy consumption of segmental motion of the chains. It
is worth noticing that the value of tan delta shows a slightly
decrease when the ODPA content is over 40 %, which can
be explained by the contributions mentioned as follows.
First, although the flexibility has been enhanced upon the
introduction of ODPA, the improvement in the flexibility
for BOP-4 and BOP-5 fibers is not obvious as can be ob-
served from the data of T,. On the other hand, the impact
lateral structures have been gradually formed (from
WAXD patterns), and thus the improved packing structures
have led to the restricted segmental motion of the chains.
As a consequence, the two opposite effects have resulted in
the slightly decreased intensity of o relaxation. In addition,
the appearance of the f§ relaxation was related to the con-
formation change of BPDA (cis to trans), as the bonds that
connect two phenol rings tend to rotate to form planar
conformation to set the lowest energy conformation [24,
36].

Conclusion

A series of high-performance PI fibers containing ODPA
moiety have been prepared by a two-step wet-spinning
method. The mechanical properties of the co-PI fibers were
evidently improved by incorporating flexible monomer
ODPA into rigid BPDA/p-PDA backbone. The optimum
mechanical properties of the co-PI fibers were realized when
the BPDA/ODPA molar ratio was 7/3, with the tensile
strength and modulus of 10.94 c¢N dtex ' and 470.52 cN
dtex_l, respectively. Moreover, the evolution of oriented
molecular packing and morphologies was characterized by

2D WAXD and 2D SAXS, respectively. Highly oriented
structures along the fiber axial direction were observed in the
series of PI fibers, and a degree of molecular orientation of
0.80 was obtained for optimum BOP-3 fibers. Under the
same external conditions, the molecular orientation was
mainly dominated during spinning process, and the high
degree of molecular orientation was obtained for the PAA
solution which possessed strong dependence of viscosity on
shear speed. In addition, the average radius, length, misori-
entation, and internal surface roughness of microvoids were
found to decrease with increased ODPA content until the
molar ratio of BPDA/ODPA was over 7/3, which should be
responsible for the improved mechanical properties of PI
fibers. In conclusion, all the fibers exhibited excellent ther-
mal and thermal-oxidative stability, although the introduc-
tion of ODPA led to the slightly reduction in the thermal
properties. Consequently, we developed a new approach in
preparing high-performance PI fibers via the two-step wet-
spinning method.
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