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ABSTRACT

A high-performance aromatic co-polyimide (co-PI) fiber was prepared by

thermal treating the polyamic acid (PAA) precursor fiber produced through a

wet spinning technique. A gradient thermal treatment protocol, which was

selected based on the thermogravimetric analysis of PAA fibers, was employed

for achieving the best structure and fiber performance. The structural and

morphological variations of fibers at different thermal treatment stages were

verified by Fourier transform infrared spectroscopy, sonic orientation detection,

wide-angle X-ray diffraction and scanning electronic morphology. Thermal

treatment cycloimidizes the PAA precursor into PI fibers with the concomitant

development of a laminar orientation structure expanded from outer to inner

layers of the fiber. The ordered chain repeat length is calculated to be 1.62 nm in

the meridian direction. Mechanical measurements indicate that the synthesized

co-PI fiber achieves optimum fracture strength and initial modulus up to 3.56

and 101 GPa, respectively. Thermal characterization results indicate a 5%

weight loss temperature under nitrogen up to 591 �C and a glass transition

temperature at 340 �C.

Introduction

Polyimide (PI) constitutes a class of high-perfor-

mance aromatic heterocyclic materials with versatile

applications from aerospace to biologicals due to its

outstanding thermal stability, chemical and radiation

resistance, as well as the extraordinary mechanical

and dielectric properties [1–7]. As one of the most

important material forms, PI fiber has gained wide-

spread interests in both fundamental and industrial

research fields since 1980s when Soviet researcher

Koton et al. [8–16] made a series of different PI fibers.

PI fibers based on dianhydride of diphenyloxidete-

tracarboxylic acid and pyromellitic acid and various

diamines containing phenylene oxide, diphenyl-

methane, p-phenylene, fluorene and diazo groups

were prepared. Also, PI fibers containing heterocyclic

units (e.g., pyridine, oxadiazole, benzimidazole) in

the diamine and acid dianhydride fragments were

prepared. Accordingly, extensive researches
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associated with the structure and properties of PI

fibers were performed [9, 11, 14]. And great

achievement was attained by Stephen Z. D. Cheng

during 1990s based on his detailed studies with the

wide-angle X-ray diffraction (WAXD), thermogravi-

metric analysis (TGA), dynamic mechanical analysis

(DMA), scanning electronic morphology (SEM) and

tensile stress–strain investigations on a series of

homo-polyimide (homo-PI) and co-polyimide (co-PI)

fibers prepared via a one-step technique [17–27].

Currently, there are two principal techniques for

preparing PI fibers, namely one-step method and

two-step method. Generally, due to the incomplete

cyclodehydration of PAA fibers in the two-step

technique, the one-step approach is more favorable

for producing high-performance PI fibers since the

possibility for forming defects, which is always the

major problem in the two-step technique, could be

completely eliminated [5–7, 28–30]. As an example,

Cheng et al. [2] have successfully prepared high-

performance 3,30,4,40-biphenyltetracarboxylic dian-

hydride/2,2 0-bis(trifluoromethyl)-4,4 0-diamino-

biphenyl (BPDA/PFMB) PI fibers via one-step

method. The resultant PI fibers with 10 times draw

ratio display a tensile strength of about 3.2 GPa and

an initial modulus higher than 130 GPa. The BPDA/

PFMB PI fibers also display an excellent thermal

stability because it shows a 5% weight loss under dry

nitrogen and air atmosphere at 600 �C. However,

only limited number of PI fibers can be prepared by

one-step method due to the difficulty in finding

powerful solvents for dissolving PIs with high

molecular weight. Most of these fibers are derived

from the 3,30,4,40-biphenyltetracarboxylic dianhy-

dride due to its higher solubility in phenolic solvent

[31, 32], such as phenol, p-chlorophenol, m-cresol,

p-cresol and 2,4-dichlorophenol. Consequently, the

two-step technique, through which PI fibers are

produced by thermal treatment of the polyamic acid

(PAA) precursor fibers spun from PAA solution,

becomes important and turns into the focus of

research interests in recent years [33–54]. The thermal

treatment protocol plays a key role in preparing high-

performance PI fibers since porous or skin–core

structure would be readily formed if inappropriate

thermal process is applied [37, 45, 55–57].

In this paper, we report our work on preparation of

a novel high-performance co-PI fiber from its pre-

cursor PAA solution via the two-step technique by

employing an experimentally determined gradient

thermal treatment protocol. The PAA solution is

prepared by condensation polymerization of 3,30,4,40-

biphenyltetracarboxylic dianhydride (BPDA), 2-(4-

aminophenyl)-5-aminobenzimidazole (BIA) and

p-phenylenediamine (p-PDA) in dimethylacetamide

(DMAc) solvent. The reaction process and chemical

structures are shown in Scheme 1. Thermal treatment

converts the PAA fiber into its final PI form with the

concomitant establishment and elaboration in orien-

tation structure and morphology, endowing the PI

fibers with considerably improved mechanical prop-

erties. The gradual variations of orientation structure

were investigated by measuring the WAXD patterns

and sonic orientation responses of the fibers pro-

duced at different thermal treatment stages. The

surface and cross-sectional morphologies of the fibers

were traced during the whole thermal stage by SEM

observation. Thermal properties of the final PI fibers

were characterized by TGA and DMA.

Experimental

Materials and fiber spinning

PAA solution was prepared by condensation poly-

merization of 3,30,4,40-biphenyltetracarboxylic dian-

hydride (BPDA), p-phenylenediamine (p-PDA) and

2-(4-aminophenyl)-5-aminobenzimidazole (BIA) in

dimethylacetamide (DMAc) solvent with a 15% (w/

w) solid concentration, and the molar ratio of BPDA,

BIA and p-PDA is 4:1:3. The intrinsic viscosity of

PAA solution at 35 �C was 3.2 dL/g. Prior to use, the

synthesized PAA precursor solution was degassed

under vacuum at 50 �C to remove the existing air.

PAA fibers were then prepared through the wet

spinning process by extruding the degassed PAA

solutions through a spinneret (100 holes with 70-lm
hole diameter) under nitrogen pressure of 0.2 MPa

into a coagulation bath filled with deionized water.

The extruded fibers were immediately drawn under

constant speed (0.5 m/min) and finally collected on a

roller for further treatment.

Thermal treatment

The cyclodehydration of PAA fibers to PI fibers was

carried out in a horizontal electric furnace with a 1.4-

m-long ceramic tubular chamber (22 mm in diame-

ter). A bundle of PAA fibers was drawn out from a
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feeding roller, admitted through the furnace and

wounded on a reel placed behind the outlet of the

furnace. The feeding roller and the fiber collecting

roller were set at the same speed, so there was no

tension during thermal treatment process. The ther-

mal treatment time of the fibers in the furnace was

calculated to be 2 min. The fibers were treated under

four gradient thermal stages, i.e., 80 �C for 2 min,

240 �C for 2 min, 300 �C for 2 min and 370 �C for

2 min. The temperature of the last thermal stage was

set above the Tg of the PI and varied from 340 to

380 �C during the experiment. Finally, 370 �C was

selected for the thermal cycle since optimum

mechanical properties were achieved on the PI fibers

at this temperature.

Characterization

Mechanical properties of the fibers were tested on a

filament tensile instrument manufactured by Tai

Cang Hong Da Fang Yuan Electric Co., Ltd, in Chang

Zhou, China. The gauge length and tensile speed

were 20 mm and 10 mm/min, respectively. The

diameter of the filament was determined from the

microscopic observation (Motic group BA200

microscope). For each sample, at least 10 filaments

were tested and the average values were reported as

the mechanical property.

Densities of PAA and PI fibers with different

thermal treatments were measured with a GH-300S

density meter produced by Matsuhaku Company in

Taiwan. Firstly, fibers were ultrasonic cleaned in

acetone for 30 min to remove the surface contami-

nants. Then, the ultrasonic cleaned fibers were vac-

uumed and dried at 60 �C for 30 min to be weighed

as m1. Secondly, the fibers were ultrasonic cleaned in

acetone for 30 min again to exclude the air bubbles

between fibers. Then, the ultrasonic cleaned fibers

were washed by ethanol and placed in density meter

loaded ethanol to be weighed as m2. Finally, the

density of fibers can be calculated using the following

equation:

qf ¼
m1ql

m1 �m2
; ð1Þ

where qf represents the density of fibers and the unit

is g/m3, and ql represents the density of liquid in

density meter and the unit is g/m3.

Fourier transform infrared (FTIR) spectra of the

fibers treated at different thermal stages were

Scheme 1 Synthesis of the BPDA/BIA/p-PDA co-PAA and co-PI.
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collected on a Nicolet Nexus 670 FTIR spectrometer

in the wave number range of 4000–400 cm-1.

Two-dimensional wide-angle X-ray diffraction (2D

WAXD) patterns were recorded on a Bruker D8

Discover diffractometer equipped with a general area

detector diffraction system (GADDS) as a 2D detec-

tor, in a transmission mode at room temperature.

X-ray generator uses Cu Ka radiation (0.1542 nm).

The peak positions were calibrated using the

diffraction of silicon powder (2h = 28.47�). A bundle

of closely stacked parallel fibers were fixed on the

specimen holder by double-sided adhesive tape, and

the point-focused X-ray beam was aligned perpen-

dicular to fiber axis.

The sonic velocity in the fibers was measured on a

SCY-I-type sonic orientation detector manufactured

by the Material Academe of Donghua University,

China. The length of the fiber samples was about

70–80 cm, and the measurement was taken on dif-

ferent points along the fibers by moving the receiver

to change the testing distance. For each fiber sample,

8–10 data points were collected and linearly fitted to

give the sonic velocity.

SEM images were recorded on a SEM-4500 micro-

scope (JEOL Ltd, Tokyo, Japan) and a quanta scan-

ning electron microscope (FEI Quanta 200, Czech

Republic). The surface morphology was observed by

mounting the fibers in short length on a specimen

holder using conductive adhesive. For the cross-sec-

tional observation, the fibers were embedded in

epoxy resin followed by brutally broken in liquid

nitrogen to give the freeze-fractured cross sections or

cut with a sharp razor blade to yield the flat cross

sections. All the samples prepared for both surface

and cross-sectional morphology observations were

coated with a ca. 5-nm gold layer prior to

measurement.

TGA measurements of both PAA and PI fibers

were taken on a TGA Q50 system (TA Company,

USA) at a heating rate of 10 �C/min. Glass transition

temperature (Tg) of PI fiber was determined with the

DMA system of Q800 (TA instrument) at a heating

rate of 5 �C/min.

Results and discussion

Determination of thermal treatment protocol

Figure 1 exhibits the TGA and DTG thermal behavior

of the as-spun PAA fibers. With the increase in the

temperature, the TGA curve exhibits four distinct

weight loss stages in the range of 25–110 �C (stage I),

110–240 �C (stage II), 240–300 �C (stage III) and

300–380 �C (stage IV). The weight loss in stage I was

determined to be ca. 4.89 wt%, which is suggested to

be the removal of the free water molecules diffused

into the PAA fibers during the coagulation process.

Further thermal treatment evaporates the remaining

solvents (mainly DMAc) in the fibers and simulta-

neously converts the PAA fiber into its imide form

through cycloimidization. Figure 1 demonstrates that

the total weight loss in stage II, stage III and stage IV

is 10.1 wt%, which corresponds to the removal of the

existing solvents and the elimination of water mole-

cules during the polymer cyclization process. Theo-

retical calculation suggests that the weight loss of

PAA caused by complete cyclodehydration is

9.22 wt%. Thus, the residual solvents in the PAA

fibers are estimated to be 0.88 wt% by subtracting the

cyclodehydration weight loss of PAA (9.22 wt%)

from the total weight loss (10.1 wt%) in stage II, stage

III and stage IV. Experimental results indicate that

fibers treated between 150 and 200 �C become con-

siderably brittle and easily fractured into short pieces

without any mechanical usefulness, which probably

results from the degradation of PAA chains. How-

ever, at enhanced temperature over 200 �C, the fibers

Figure 1 TGA and DTG curves of PAA fiber measured under

nitrogen atmosphere.
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become flexible again and grow stronger with

increasing temperature, mainly owing to the occur-

rence of cycloimidization. From Fig. 1, we can see

that the weight loss of 7.57 wt% in stage II is occur-

ring in the range of 110–240 �C. Because the residual

solvents in PAA fibers are calculated only to be

0.88 wt%, the 7.57 wt% weight loss suggests the

achievement of a considerably high degree of

imidization in the fibers when treated to 240 �C,
consistent with the 90.4% degree of imidization

obtained from FTIR analysis (shown later in Fig. 4).

Subsequent thermal treatment at stage III and stage

IV only brought a 2.53% total weight loss, which

denoted a slow and difficult imidization process.

Nevertheless, degree of imidization of PI fibers was

enhanced to 92.5 and 100% (calculated from FTIR

spectra in Fig. 4) after thermal treatment at stage III

and stage IV, respectively. Thus, thermal treatment at

stage III and stage IV is essential and tremendously

significant for achieving high-performance PI fibers

since it is believed that what occurs at these two

stages is mainly the perfection of the imidization and

the regularity of the PI structure. Based on the above

analysis, a four-step gradient thermal treatment

process was finally determined for the cyclization of

the PAA fibers to produce the high-performance PI

fibers, i.e., 80 (step I), 240 (step II), 300 (step III) and

370 �C (step IV). Step 1 was referred to be the pre-

treatment stage, and 80 �C was selected for removing

the adsorbed free water molecules to avoid the pos-

sible formation of defects in the fibers during the

subsequent high-temperature dehydration process.

The temperature of 240 �C was selected as the second

step since predominant imidization would take place

at this temperature and the degradation of PAA

chains between 150 and 200 �C could be effectively

circumvented. For step III and step IV, 300 and

370 �C were employed respectively with the purpose

of realizing perfect imidization and structure regu-

larity. Work on the successful preparation of high-

performance PI fibers with this gradient thermal

annealing process is shown later.

Thermal behaviors of the PI fibers

Figure 2 exhibits the TGA curves for the final PI

fibers measured under air and nitrogen atmosphere.

The data demonstrate the excellent thermal stability

of our prepared PI fibers with a 5% weight loss up to

579 and 591 �C under air and dry nitrogen,

respectively, which is highly superior to that of

BPDA–ODA [58] and PMDA–ODA–PABZ PI fibers

[28] and comparable to that of the BPDA–PFMB PI

fibers (600 �C) [2].
The thermal dynamic behaviors of the PI fibers

were presented by its DMA characteristics in Fig. 3.

As can be observed, the fiber exhibits clear thermal

relaxation behavior during the temperature scanning

process, with the appearance of two distinct peaks on

the tan–delta curve. The peak located at 340 �C cor-

responds to the Tg of the PI fibers and is generally

named as a-relaxation [23, 24], which is suggested to

originate from the segment motion of the polymer

chains. The peak centered at 207 �C with a broad

range from 100 to 250 �C is referred to be b-relaxation
[59, 60] and interpreted as the non-cooperative

motion of the uncrystallized diamines in the co-PI

fibers based on Li’s report [23].

Figure 2 TGA curves of the PI fibers measured under air and dry

nitrogen atmosphere.

Figure 3 DMA curves of PI fibers with a heating rate at 5 �C/min

and frequency at 1 Hz.
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Mechanical properties of the fibers

By utilizing the gradient thermal annealing protocol,

PI fibers with excellent mechanical properties were

prepared in our present work. As a summary, Table 1

lists the variation of the various properties of the PI

fibers during the thermal treatment process, includ-

ing diameter, density, fracture strength, initial mod-

ulus and percentage elongation at break.

With the proceeding of the thermal annealing

process, the diameter of the sample fiber decreased

gradually from 16.2 lm for the as-spun PAA fiber to

12.5 lm after being treated to 370 �C. This fiber

thinning down phenomenon observed during ther-

mal curing is under expectation since solvent evap-

oration and cyclodehydration are known to occur.

And it is suggested that the diameter changes

occurring before 240 �C are mainly due to solvent

removal, while further diameter decrease observed

after that is primary caused by further

cycloimidization of PAA and the subsequent dense

packing effect of polymer chains at elevated tem-

perature [57, 61]. The fiber diameter holds constant at

12.5 lm during 350–370 �C. However, it exhibits a

non-ignorable augmentation to 13.7 lm after raising

the temperature to 380 �C. This is unexpected and is

suggested to arise from the disorientation of polymer

chains at high temperatures to increase the entropy

elasticity.

The density of fibers increases from 1.288 to

1.408 g/cm3 gradually with temperature increasing

from 80 to 370 �C and then decreases dramatically to

1.32 g/cm3 when temperature increasing to 380 �C.
The increase in density of fibers arises from solvent

removal and gradual cycloimidization of PAA, which

can promote the formation of dense packing and

ordered polymer chain. The decrease in density of PI

fibers when the temperature is above 370 �C is

mainly caused by the disorientation of polymer

chains. The trend of change of density is in accor-

dance with the fracture strength during the gradient

thermal treatment process.

Fracture strength increases dramatically with tem-

perature and reaches a maximum value of 3.56 GPa

at 370 �C. The data shown in Table 1 indicate that

pretreatment at 80 �C has limited effects on the fibers’

overall mechanical performances. The steepest and

vast enhancement in fracture strength was observed

on the fibers treated at 240–300 �C, corresponding to

the formation of rigid heterocyclic structures due to

thermal imidization of PAA and the formation of

highly oriented polymer chains along the fiber axis,

which can be observed in 2D WAXD patterns (shown

in Fig. 5). Further thermal treatment at Tg (340 �C) or
higher temperature (350, 360 and 370 �C) results in a

further significant enhancement in fracture strength,

and the best performance was realized at 370 �C. The
promotion of fracture strength at this stage is sug-

gested to be the perfection of cycloimidization

[57, 61], as determined by infrared analysis, together

with the perfection of highly oriented laminar struc-

ture [54] of polymer chains along the fiber axis (re-

vealed by SEM in Fig. 7) due to gradient elevated

temperatures treatment. The variation of the fibers’

initial modulus follows a similar trend during the

thermal curing process but with an apparent decrease

from 133 GPa to around 101 GPa when treated at the

temperature above Tg.

For the elongation at break for the as-spun PAA

fibers, pretreatment at 80 �C reduces it from 9.0 to

Table 1 Mechanical property of fibers at different thermal treatment processes

Sample

name

Thermal treatment process

(�C)
Diameter

(lm)

Density (g/

cm3)

Fracture strength

(GPa)

Initial modulus

(GPa)

Elongation at break

(%)

PAA None 16.2 – 0.196 12 9.0

PAA-80 80 15.2 1.288 0.233 13 3.6

PI-240 80-240 15.0 1.380 2.09 65 3.2

PI-300 80-240-300 13.4 1.388 2.61 133 2.1

PI-340 80-240-300-340 13.1 1.392 3.30 106 3.2

PI-350 80-240-300-350 12.5 1.394 3.33 106 3.1

PI-360 80-240-300-360 12.5 1.401 3.52 101 3.5

PI-370 80-240-300-370 12.5 1.408 3.56 101 3.5

PI-380 80-240-300-380 13.7 1.320 2.29 85 2.8
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3.6%. And, it exhibits only a slight variation in the

range of 2.1–3.6% during the followed thermal curing

process. The relatively low percentage elongation

suggests the rigid characteristics of the obtained fiber.

The above-mentioned results suggest that thermal

treatment protocol has a considerably significant

influence on the fibers’ performance and the thermal

annealing above Tg is essential for achieving high-

performance PI fibers. In the present study, the

optimum PI fibers were prepared with fracture

strength of 3.56 GPa, modulus of 101 GPa and elon-

gation at break of 3.5% under a gradient thermal

protocol of 80–240–300–370 �C. Thermal treatment at

or above 380 �C in air should be strictly avoided since

disorientation of polymer chains in polyimide fibers

would occur and consequently results in a serious

compromise of the fibers’ mechanical properties, as

shown in the last row in Table 1.

The mechanical properties of PI fibers prepared

under our present experimental conditions are

mostly related to the chemical structure, orientation

and morphology. After thermal cycloimidization at

240 �C, a rigid-rod PI structure is basically formed

and multiple hydrogen bonds are also formed inter-

molecular due to benzimidazole units in BIA [42, 43],

which are the foundation of preparation of high-

performance co-polyimide fibers. Besides, a highly

ordered orientation structure of polymer chains along

the fiber axis is formed at the same time according to

WAXD patterns (shown in Fig. 5) and the ordered

laminar fibrils can be observed clearly in SEM images

(shown in Fig. 7), which account for the sudden and

vast enhancements in fracture strength and initial

modulus. When the temperature of thermal treat-

ment is further increased from 240 to 370 �C, the

perfection in rigid-rod PI chemical structure, hydro-

gen-bonding interaction, dense laminar fibrils and

ordered orientation structure of polymer chains is

further enhanced, which result in a synergetic effect

on final mechanical properties of co-polyimide fibers.

After thermal treatment temperature is increased, the

degree of imidization is increased based on FTIR in

Fig. 4, and the orientation structure of polymer

chains along the fiber axis is more ordered based on

the sharper and shorter streaks along the meridian

direction in WAXD patterns in Fig. 5, and the laminar

fibrils are more dense and homogeneous distributed

in the whole cross section based on SEM images in

Fig. 7. Thus, the mechanical properties of co-poly-

imide fibers under the gradient thermal protocol

adopted in this paper are mainly affected by chemical

structure of polyimide, hydrogen-bonding interac-

tion intermolecular, orientation of polymer chain

along the fiber axis and the inner morphology of

laminar fibrils.

Study of the cycloimidization process

Figure 4 exhibits the FTIR spectra of the fibers treated

under different thermal protocols. Significant chan-

ges were observed when the PAA fibers were treated

to 240 �C. However, after that, the FTIR spectra were

almost identical, which is similar to that reported by

Saeed and Xu [61, 62].

For the spectrum of the as-spun PAA fibers shown

in Fig. 4a, the peak located at 1650 cm-1 is pertaining

to the stretching vibration of C=O in the carboxylic

acid and amide groups. The appearance of this peak

suggests the amic acid characteristics of the fibers.

The four distinct absorbances at 1773, 1718, 1354

and 737 cm-1 in Fig. 4b suggest that PAA was

cycloimidized into PI after thermal treatment at

240 �C. The peaks at 1718 and 1773 cm-1 are corre-

sponding to the C=O symmetric and asymmetric

stretching vibration of the imide ring, respectively,

the peak at 1354 cm-1 is related to C–N stretching

vibration of the imide ring, while the peak at

737 cm-1 is related to the imide ring bending [44].

Further thermal treatment results in increase in the

degree of imidization. The increase can be reflected

Figure 4 FTIR spectra of fibers at different thermal treatment

processes: (a) PAA, (b) PI-240, (c) PI-300, (d) PI-380.
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by enhanced absorbance at 1718 and 1354 cm-1 and

the weakened absorbance at 1650 cm-1 on the IR

curves shown in Fig. 4c, d.

To quantitatively evaluate the variation of

imidization during the thermal treatment process, the

degree of imidization for the fibers treated at differ-

ent temperatures was calculated by comparing the

relative absorbance intensity of the peaks centered at

1354 cm-1 (mC–N of imide ring) and 1513 cm-1. The

absorbance at 1513 cm-1 is ascribed to the C–C

stretching of p-substituted benzene and selected as

the internal standard since it is supposed to be con-

stant during the whole thermal procedure [61, 62].

The fibers treated at 380 �C are assumed to be

cyclized completely and used as the external stan-

dard with 100% imidization. Thus, the degree of

imidization of the fibers heated at selected tempera-

ture could be calculated using the following equation:

Degree of imidization ¼ D1354=D1513ð ÞT= D1354=D1513ð Þ380;
ð2Þ

where D1354 and D1513 represent the IR absorbance

intensity of the peaks at 1354 and 1534 cm-1,

respectively; T and 380 represent the thermal treat-

ment temperature of the sample fibers and the

external standard fibers.

Calculation results indicate that about 90.4%

imidization has already been accomplished in the

fibers after heated at 240 �C. However, it becomes

rather slow after that and subsequent thermal treat-

ment at 300 �C only brings about limited increase in

the degree of imidization from 90.4 to 92.5%. The

limited increase in the degree of imidization is con-

sidered to be caused by severely restricted chain

mobility after cyclization. Hence, to realize complete

imidization for producing high-performance PI

Figure 5 2D WAXD pattern of fibers with different heat treatment processes: a PAA, b PAA-80, c PI-240, d PI-300, e PI-340, f PI-350,

g PI-360, h PI-370, i PI-380.
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fibers, an elevated temperature over Tg is required in

the thermal procedure.

As a standard method, sonic velocity detection was

usually employed for observing changes in structure

or arrangement and packing state of molecules,

because sound wave is transmitted by stretching of

chemical bonds in the backbone along the direction of

polymer chain and by the way of non-bonded inter-

molecular vibration in the direction perpendicular to

the polymer chain.

Table 2 lists our sonic velocity measurements on

the fibers treated under different thermal cycles. The

data indicate that the sonic velocity increases grad-

ually with the thermal treatment temperature, which

is believed to be caused by the structural variation

from the relatively flexible PAA to the more rigid

heterocyclic PI units. The steepest increase in sonic

velocity in PI fibers was observed after thermal

treatment at 240 �C (as shown in Table 2), implying

the realization of a considerably high degree of

imidization and orientation of polymer chains at this

point, consistent with the results of mechanical

properties test (Table 1) and infrared analysis (Fig. 4),

whereas further thermal treatment to 300 �C only

results in a slight enhancement in sonic velocity,

demonstrating a slight structural variation from 240

to 300 �C. Sharp promotion in sonic velocity occurs

again at the elevated temperature (370 �C), which is

suggested to be caused by the perfection of imidiza-

tion and high orientation of polymer molecules along

the fiber axis at a temperature above Tg. The sonic

velocity variation suggests the structural variation of

the fibers during the thermal annealing process.

Study of the orientation and crystallization
structures

Figure 5 exhibits the 2DWAXD patterns for the fibers

treated at different thermal stages.

For the as-spun PAA fibers and those treated at

80 �C, Fig. 5a, b exhibits nearly identical patterns

without any characteristic diffraction, implying an

amorphous structure in the fibers. For the fibers

treated with temperatures higher than 240 �C, seen
from Fig. 5c–i, two clear diffraction streaks appear in

the meridian direction, indicating the formation of

the ordered structure along the fiber axis. The

obscure amorphous halos along the equator direction

demonstrate the poor ordered lateral packing struc-

tures of PI chains. Moreover, there is no evidence of

diffraction in the quadrants, revealing that the PI

fibers do not exhibit well-defined 3D crystalline

structures [34, 44].

For details, the WAXD patterns along the equator

and meridian directions of the fibers treated at tem-

peratures higher than 240 �C are presented in Fig. 6a,

b, respectively. The broad peaks in the range of

15–25� can be observed in the equator, representing a

typical amorphous behavior of polymer chains in the

transverse direction of the fibers. The intensities of

the peaks increase gradually with increasing tem-

perature, implying the improved lateral packing

order of the polymer chain.

In the meridian direction as shown in Fig. 6b, two

peaks at about 10.9� and 15.8� with d-spacing values

of 0.81 and 0.56 nm (by Bragg equation) can be

observed. According to our previous work [44], the

minimum energy conformation for BPDA/PDA units

is supposed to have a repeat of 1.587 nm, which is

close to the twice and three times of the calculated

data of 0.81 nm and 0.56 nm. Therefore, the peaks at

10.9� and 15.8� are assigned to the (002) and (003)

layers, respectively. The ordered chain repeat length

in the meridian direction is twice as large as the d-

spacing of (002) layer and is calculated to be 1.62 nm.

The molecular orientation of the ordered structure

along the meridian direction can be determined

through an azimuthal integration of the intensity

belonging to the (002) plane since it is isolated along

the meridian direction. According to the results in

Table 3, the degree of molecular orientation increases

with increasing temperature and reaches the maxi-

mum at 370 �C. This improvement is ascribed to the

formation of ordered structures during imidization

process, making a contribution to the enhancement of

the mechanical properties of the PI fibers. However,

further increases in the temperature lead to the slight

decrease in the orientation degree, which is mainly

Table 2 Sonic velocity of the fibers obtained under different

thermal treatment processes

Sample name Thermal treatment process (�C) C (km/s)

PAA-80 80 2.2

PI-240 80–240 6.6

PI-300 80–240–300 7.1

PI-370 80–240–300–370 10.5
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due to the decomposition of the PI backbones at high

temperatures.

The freeze-fractured cross-sectional morphologies

for the fibers treated under different thermal cycles

are presented in Fig. 7. The cross-sectional morphol-

ogy varies drastically during the thermal treatment

protocol. The as-spun PAA fibers exhibit rather flat

and smooth cross sections (in Fig. 7a), suggesting a

brittle fracture behavior, accounting for the fibers’

poor mechanical properties at this point. Figure 7b

exhibits that the cross section becomes rough after

thermal treatment at 80 �C. And this phenomenon

becomes considerably obvious at 240 �C, with the

pulling out of laminar fibrils on the cross section

(Fig. 7c), indicative of a ductile rupture. This is sug-

gested to originate from the occurrence of thermal

imidization and the subsequent formation of a hard-

wall-soft-core fiber structure [54], which is consistent

with the drastically increased facture strength and

initial modulus. Careful observation suggests that the

laminar fibrils in the outer wall are more than those

in the core section. The diagrammatic sketch of cross

section of fibers is shown in Fig. 7g.

Further thermal treatment results in a further

considerable promotion in fracture strength and ini-

tial modulus with the concomitant observation of

highly fibrillated structures on the fractured surfaces

of the fibers treated at elevated temperature, as

shown in Fig. 7d–f. In particular, for the fibers treated

at 370 �C, the fibrils exhibit a homogeneous distri-

bution in the whole cross-sectional area and the

boundary between outer wall and inner core com-

pletely disappeared, which is a result of the combi-

nation of high degree of imidization and orientation

of polymer chains in PI fibers. Consequently, an

optimum mechanical performance was realized

based on this uniform and highly fibrillated

structure.

During the process of thermal treatment, the

feeding roller and the fiber collecting roller on both

end of the furnace are set in the same speed, so

drawing ratio is 1 and stretch is not applied in ther-

mal treatment process. Thus, stretch is not the factor

accounting for the high orientation of polymer chain

along the fiber axis (shown in Fig. 5). Then, rear-

rangement of polymer chains along the fiber axis and

the consequent ordered fibrils formed along the fiber

axis is speculated as the primary cause when solvent

is removed during thermal treatment. During the

process of thermal treatment, polymer chains have a

better opportunity to arrange themselves into defect-

free positions to form ordered molecular alignment

due to the removal of micromolecules [33], so gra-

dient thermal treatment would improve the

mechanical properties of PI fibers [37, 48]. When

solvent inside the fibers is removed, there is more

free volume for the segments of polymer chains to

rearrange. Although no stretch is applied in thermal

Figure 6 Set of WAXD fiber patterns scanning along the equatorial (a) and meridian (b) direction.

Table 3 Degree of orientation for fibers obtained under different thermal treatment processes

Sample PI-240 PI-300 PI-340 PI-350 PI-360 PI-370 PI-380

Degree of orientation 0.8375 0.8476 0.9485 0.9361 0.9579 0.9580 0.9421
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treatment process, fibers are in a straight state with

drawing ratio of 1. The straight state of fibers in

thermal treatment would promote the ordered

arrangement of segments of polymer chains along the

fiber axis, and large-scale ordered fibrils are formed

consequently from out wall to core of the fibers

(shown in Fig. 7). After the solvent is removed dur-

ing thermal treatment, diameter of fiber is smaller

and the structure of fibers is denser, so the arrange-

ment of fibrils is denser and distributed homoge-

neously, which accounts for the high performance of

the prepared co-polyimide fibers. When the temper-

ature of thermal treatment is increasing from 240 to

370 �C, the fibrils formed along the fiber axis are

more ordered across the whole transverse cross sec-

tion of fibers (shown in Fig. 7), which explained the

enhancement of mechanical properties of co-poly-

imide fibers.

Study of the surface and cutting cross-
sectional morphology

The surface characteristic of the sample fiber A, B, C,

D and H (in Table 1) obtained under different ther-

mal protocols is shown in Fig. 8. As shown, all the

fibers exhibit uniform and regular surface mor-

phologies without the appearance of defects and

voids on the fiber surfaces excluding the observation

of continuum notches along the longitudinal axis,

which were caused innately by spinneret during the

fiber spinning process. Fibers subject to thermal

treatment exhibit smoother surface morphologies as

compared to the as-spun PAA fibers (Fig. 8a). Fig-

ure 8f shows a bundle of PI fibers obtained at 370 �C,
the image of which indicates that our prepared fibers

are considerably uniform and has a diameter of about

12.5 lm.

To find the possible defects formed in the inner

area, the fibers were embedded in epoxy resin and

cut with a razor blade for cross-sectional observation,

the results of which are shown in Fig. 9. As can be

Figure 7 Fractured cross-sectional morphological photographs of fibers at different stages of the thermal treatment process: a PAA,

b PAA-80, c PI-240, d PI-300, e PI-370, f PI-370 and g diagrammatic sketch of cross section of fibers.
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observed, voids and other defects are completely

absent from the inner area of the fibers. In particular,

instead of the formation of a porous structure, the

fibers prepared under current procedure exhibit

rather condensed cross sections, indicating the nice

validity of the selected gradient thermal treatment

protocol used in the present study.

Figure 8 Surface morphological photographs of fibers in different thermal treatment processes: a PAA, b PAA-80, c PI-240, d PI-300,

e PI-370, f PI-370.

Figure 9 Cutting cross-sectional morphological photographs of fibers at different thermal treatment processes: a PAA-80, b PI-240, c PI-

300, d PI-340, e PI-350, f PI-360.
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Conclusions

A new high-performance aromatic co-PI fiber has

been prepared via the two-step technique by

employing a well-selected gradient thermal treatment

protocol. The optimum fibers were prepared with

fracture strength of 3.56 GPa and initial modulus of

101 GPa after thermal treatment at 370 �C, which

concomitantly exhibit rather condensed and defect-

free inner structures with uniform diameters of about

12.5 lm. Orientation structure formed in the fibers

was confirmed by WAXD, and the repeat unit length

along the meridian direction is estimated to be

1.62 nm. Thermal analysis suggests excellent thermal

stability for the final PI fibers with 5% weight loss

temperatures up to 591 �C under nitrogen and 579 �C
in air and a glass transition temperature at 340 �C,
which meet the requirements for a large amount of

practical applications.
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