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ABSTRACT: New semicrystalline polyimide/oligoimide blends, designated for matrices
in carbon fiber-reinforced composites, were developed. A specific advantage of the
proposed polyimides is their ability to crystallize from the melt, therein retaining their
crystallinity throughout the manufacturing process. The generation of crystallinity
after melting, referred to as recrystallization, was investigated here as affected by
blending the polyimides with oligoimides of a similar chemical structure. Based on
thermal analysis and enthalpy measurements, comparative X-ray diffraction analyses,
and polarized light microscopy of hot-stage-controlled crystallization, the recrystalliza-
tion ability was determined for five different oligoimides. In some cases, the addition of
oligoimides, both amorphous and crystalline, resulted in complete recrystallization.
The main contribution of the oligoimides is suggested to be through plasticization,
allowing segmental chain mobility during crystallization, and not via nucleation. A
similar effect was obtained by lowering the molecular weight of the polyimide; this,
however, generates mechanical property reduction, rendering the polyimide irrelevant
to composite materials. Finally, it was shown that crystallization was also enhanced by
carbon fibers, serving as a nucleating agent and generating transcrystallization. © 2002
John Wiley & Sons, Inc. J Appl Polym Sci 83: 2873–2882, 2002; DOI 10.1002/app.10277
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zation; thermoplastics

INTRODUCTION

Of the many polymers used as matrices for com-
posite materials, aromatic polyimides (PIs) are of
particular interest as thermally stable binders,1,2

primarily in aerospace, marine, and automotive
applications. Thermoplastic PIs offer several ad-

vantages over conventional thermoset PIs,3 the
most notable being improved toughness and the
ability to be thermally processed and shaped.
However, demanding processing conditions pre-
vent wide use of thermoplastic PIs for carbon
fiber-reinforced composites (CFRCs) for high-tem-
perature application. In this regard, great atten-
tion has been given to a family of thermoplastic
PIs based on aromatic dianhydrides4,5 or dia-
mines.6 These PIs were developed traditionally as
an amorphous or mesomorphic class of high-tem-
perature polymers,1 whose reluctance to crystal-
lize derives from the high viscosity of their melt.7
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Another class of PI matrices for advanced com-
posites, which can crystallize from the melt, was
developed in the last years. These PI matrices are
known by the names LARC–CPI,8–10 LARC–CPI-
2,11,12 and PI-2.13 They all exhibit attractive prop-
erties such as excellent thermal and oxidative
stability, high mechanical properties, excellent
resistance to solvents, and strong bases and high
adhesive properties. A specific feature of these
polymers is their ability to crystallize from the
melt to form crystalline matrices for composite

materials. This feature distinguishes them from
other semicrystalline PI powders of the LARC–
TPI type,14 which melt in the temperature range
270–290°C and do not recrystallize upon cooling.
LARC–TPI can crystallize after melting only in
the presence of a residual solvent.15

The objective of this study was to investigate
the crystallization behavior of a new PI semicrys-
talline polymer,16 presented in Structure (1), by
considering various factors of potential influence
on crystallization.

(1)

These factors include (i) variation of the process-
ing conditions with emphasis on the melting and
annealing temperature; (ii) addition of oligoim-
ides (OIs) of related chemical structure to that of
the PI molecules and of potential nucleating ac-
tion; (iii) changing the molecular weight of the PI
by shifting from the stoichiometric dianhydride/
diamine ratio; and (iv) addition of carbon fibers
with a potential nucleating ability. Because most
of the manufacturing processes of thermoplastic
matrix composites require matrix melting, crys-
tallinity retention throughout the manufacturing
process is a major advantage. The generation of
PI crystallinity after melting, referred to as re-
crystallization, is therefore the main issue of this
work.

It was intended to study the effect of each of
these factors on the ability of the PI to recrystal-
lize. The study was based on thermal analysis
and calorimetry-based enthalpy measurements,
comparative X-ray diffraction (XRD) analyses of
the crystalline structure, and polarized light mi-
croscopy of hot-stage-controlled crystallization.

EXPERIMENTAL

Materials and Preparation

Poly(amic acid) (PAA) was obtained by polycon-
densation of 1,3-bis-(3,3�,4,4�-dicarboxyphenoxy)-

benzene and 4,4�-bis-(4-aminophenoxy)biphenyl
in a 25% solution of N-methyl-2-pyrrolidone
(NMP) at 25°C and subsequent drying at 80°C for
20 h. A series of PI samples were synthesized in
which the molecular mass was reduced by slightly
increasing the dianhydride proportion in the
monomer mixture above the stoichiometric ratio.

PI films, 30–40 �m thick, were prepared from
PAA by casting onto soda lime glass plates and
oven curing under air. The films were removed
from the glass plates by soaking in water. They
were cured for 20 min at 100°C, 20 min at 120°C,
20 min at 150°C, 15 min at 200°C, 30 min at
250°C, and 30 min at 280°C in the air. Films of
PI/OI blends were prepared by adding 10 wt % of
the OI in a fine powder form, to a stirred PAA
solution described above. The film-casting proce-
dure followed that of the pure PI.

Composite materials and single-fiber micro-
composites were prepared with two types of car-
bon fibers, namely, a low modulus (200 GPa) poly-
acrylonitrile-based fiber (ELUR, NPO “Chimvolo-
kno,” Moscow, Russia) and a high modulus (770
GPa) pitch-based fiber (PRD-172, DuPont, Wil-
mington, DE). Carbon fiber prepregs were pre-
pared by fiber impregnation with an NMP solu-
tion of PAA and subsequent drying of the result-
ing prepregs at 80°C for 20 h. The estimated
weight content of the PI matrix in the prepregs
after the imidization of the PAA was 34% (based
on the respective densities of the fiber and the PI
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of 1.8 and 1.4 g/cm3; the fiber volume fraction was
about 60%).

Measurements

Intrinsic viscosity was measured in a 0.5% solu-
tion of PAA in NMP at 25°C. Differential scan-
ning calorimetry (DSC) was performed using a
Mettler DSC-30 Model on 5–10-mg samples con-
tained in aluminum pans with a heating rate of
10–20°C/min under nitrogen. Thermogravimetric
analysis (TGA) was conducted using 50-mg sam-
ples contained in a platinum crucible with a heat-
ing rate of 10°C/min under air. Crystallization
studies were carried out on a hot-stage (FP82 HT,
Mettler, Switzerland) under a polarizing optical
microscope (Nikon Optophot-PDL) equipped with
a video camera and monitor/color printer (Sony).

Wide-angle XRD measurements were con-
ducted on a diffractometer with a Philips PW-
1830 generator. A wavelength of 1.54 Å was gen-
erated from a CuK� source, with graphite as the
monochromator. Samples were scanned in the an-
gular range of 10–40°.

RESULTS AND DISCUSSION

Processing Conditions

PI can be obtained in the form of semicrystalline
films, 30–40 �m thick, with a tensile strength of
90–110 MPa, tensile Young’s modulus of 3.2 GPa,
and breaking deformation of 5–8%. As follows
from the experimental results, the possibility to
obtain a semicrystalline PI film from the PAA
precursor will depend on the heating rate. The
results of the DSC investigation performed on the
PAA film subjected to different heating rates is
shown in Figure 1. The glass transition tempera-
ture, Tg, of the PAA was determined to be 100°C.
Crystallization of the partially (30%) imidized
polymer occurs in the temperature region of 180–
190°C, followed by further imidization and possi-
bly additional crystallization. The endotherm at
315°C is attributed to the melting of the crystal-
line phase. The TGA results in Figure 2 indicate
that the imidization reaction begins at 130°C;
about 80% of the reaction occurs between 130 and
220°C and it ends completely at about 300°C. A
fully imidized PI film shows the beginning of

Figure 1 DSC traces of PAA at different heating rates, indicating its glass transition,
with the imidization reaction followed by crystallization of the formed PI and by
crystalline melting of the PI.
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weight loss in air at �500°C. The existence of a
crystalline phase is proved also by the XRD re-
sults in Figure 3, showing a series of distinctive
crystallinity peaks.

As shown in Figure 1, both the possibilities to
create an initial crystalline phase and the melting
enthalpy, �Hm, depend on the heating rate. For
example, for 1°C/min, no crystallization of the
PAA film occurred. Also, based on the melting
peaks, increasing of the heating rate from 2.5 to
20°C/min increased �Hm from 18 to 32 J/g. Ac-

cordingly, the properties of PI films in the first
step of the PAA–PI transformation will depend
strongly on the conditions of their temperature
treatment. For this reason, a uniform curing
treatment of PAA (prescribed in the Experimen-
tal section above) was maintained throughout the
experiments. The ability of PI to recrystallize was
studied by DSC performed on crystalline PI (Tm
� 315°C, �Hm � 44 J/g) obtained from PAA by
imidization on a glass plate up to 280°C. The PI
film was melted in the DSC crucible for 5 min at
a temperature Tx (Table I) above the melting
point and subsequently cooled to 300°C and main-
tained isothermally for 40 min, followed by cool-
ing to room temperature. After this thermal cycle,
the sample underwent a second DSC scan during
which the melting temperature, Tm, and enthalpy
were recorded again.

The results, which are presented in Table I,
show that the maximum temperature which al-
lows recrystallization is 320°C, namely, 5–10°C
above the melting temperature. According to po-
larized light microscopy, in this temperature
range, a residual structural organization in the
molten PI is still retained, which, upon cooling,
initiates recrystallization. Otherwise, by trans-
forming to a fully isotropic state, the molten PI
loses its ability to recrystallize as a result of its
high melt viscosity. This has been reported previ-
ously for other semicrystalline PIs.10,12,17 Obvi-
ously, a narrow window of 5–10°C is insufficient
for practical operations such as melt impregna-
tion of fibers; hence, the use of pure PI for com-
posite materials is not feasible if crystallinity is to
be retained.

Effect of OIs on Recrystallization

The idea to blend thermoplastic PI with OIs of
similar chemical structure to nucleate recrystal-
lization has been suggested in the litera-

Figure 2 TGA traces at a heating rate of 10 k/min: (1)
PAA, showing a major weight loss in the temperature
range of 130–220°C due to water loss associated with
the imidization; (2) fully imidized PI, showing a signif-
icant thermal stability above 500°C.

Figure 3 Wide-angle XRD pattern of a fully imidized
PI film.

Table I DSC Data of the PI Film After Thermal
Treatment at Tx

Tx (°C) Tm (°C) �Hm (J/g)
Tg

(°C)

Initial film 317 38.6 198
310 324 24.5 199
320 314 7.8 200
330 Not detectable Not detectable 200
350 Not detectable Not detectable 200
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ture.5,10,12 In this study, five OIs of chemical re-
semblance to the PI repeating unit, the dianhy-
dride segment, or the diamine segment, as

suggested in refs. 5 and 12, were tested. The
chemical structures of these OIs are presented in
Structures (2)–(6) below:

OI-1 (Tm � 294.4 °C)

(2)

OI-2 (Tm � 288.9 °C)

(3)

OI-3 (amorphous)

(4)

OI-4 (amorphous)

(5)

OI-5 (Tm � 277.5 °C)

(6)

The PI/OI blends were subjected to the following
thermal treatment in the DSC: Each sample was
heated at 10°C/min to 340°C, that is, to a temper-
ature from which the pure PI cannot recrystallize
upon cooling (Table I); the melting enthalpy of the
first scan, �Hm1, was determined. The sample
was maintained at 340°C for 1 min to ensure
complete melting and then cooled at a rate of
10°C/min to a given crystallization temperature
for a 40-min isothermal treatment. This was fol-
lowed by cooling at 10°C/min to 30°C. A second
DSC scan was performed subsequently at a heat-
ing rate of 10°C/min, to obtain the melting en-

thalpy of the recrystallized phase, �Hm2. The ra-
tio of (�Hm2/�Hm1) � 100%, denoted as the re-
crystallization percentage (RP) and the treatment
temperature that gave the maximum crystallin-
ity, was determined for each PI/OI sample, as
displayed in Table II.

It is seen that the maximum values of RP were
obtained with the lower molecular mass OI-2,
OI-3, and OI-5 rather than with OI-1 and OI-4. It
is also noted that the amorphous OI-3 generated
the maximum �Hm2 and the crystalline OI-5 gen-
erated the maximum RP. Because crystallinity of
the OI additive is not a prerequisite for PI recrys-
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tallization, it is implied that the contribution of
the OI additive to recrystallization is by plastici-
zation of the PI. This is supported by another
observation that the Tg of the PI/OI blend de-
creases with the OI content as demonstrated in
Figure 4 for OI-1 blends, showing a linear de-
crease (with a correlation coefficient of 0.97) from
about 200°C for pure PI to 167°C in a 60:40 wt %
mixture. Concomitantly, the Tm of this mixture
changes only slightly from 317 to 308°C. These
effects, which are typical of plasticizers,18 reflect
a larger free volume and an easier chain segmen-
tal mobility needed for the crystallization process.

The idea that the contribution of the OI is by
plasticization, and not necessarily by nucleation,
is supported further by the XRD results. Figure 5
presents the diffraction results of PI, OI-2, and
the PI/OI-2 blend. For a qualitative impression,
Figure 6 presents polarized light photomicro-
graphs of OI-2 and the PI/OI-2 blend, respec-
tively, crystallized on a glass plate. While the
photos in Figure 6 confirm the crystalline struc-

ture of the three materials, the important obser-
vation is that the typical diffraction lines of the OI
disappear completely from the diffraction pattern
of the blend, which is identical to that of the
original PI. In other words, the XRD results con-
tradict the anticipated mechanism of PI nucle-
ation on OI crystals.

Because OI-3 is soluble in NMP and therefore
can be readily mixed with PAA, it becomes the
material of choice for fiber preimpregnation in
composite material manufacturing. This OI was
also selected for the second part of this study.

Effect of Molecular Mass on Recrystallization

To test the suggestion that chain mobility is a
dominant factor in the recrystallization capabil-
ity, and because chain mobility is affected by the
molecular mass, the effect of the molecular mass

Table II DSC Data of the PI/OI Blends

Materials
Annealing

Temperature (°C)
Tg

(°C)
Tm1

(°C)
Tm2

(°C)
�Hm1

(J/g)
�Hm2

(J/g)
RP
(%)

PI/OI-1 270 199 317.6 317.6 44.0 13.0 29.5
PI/OI-2 280 190 316.6 316.4 36.4 36.0 98.9
PI/OI-3 270 192 312.5 313.0 40.6 38.5 94.8
PI/OI-4 270 194 317.8 315.2 33.1 27.2 82.2
PI/OI-5 250 — 313.1 310.7 25.5 30.0 117.6

Figure 4 Dependence of the glass transition temper-
ature of PI/OI-1 blends on the weight fraction of OI-1.

Figure 5 Comparison of wide-angle XRD patterns of
the PI film, the oligoimide OI-2, and their 90/10 PI/OI-2
blend. The typical features of the blend are identical to
those of pure PI.

2878 YUDIN ET AL.



of the PI was studied next. The molecular mass of
the PI was reduced by slightly increasing the
dianhydride proportion in the monomer mixture
above the stoichiometric ratio, reflected in the

intrinsic viscosity [�] of the PAA in NMP. The PI
films were obtained by thermal imidization of
PAA. The mechanical properties of these films
and the RP value in comparison with OI-1, which
marks the minimum molecular mass of the PI
molecule, are shown in Table III. The recrystalli-
zation treatment was identical to that described
in the section above on the effect of OIs. The
treatment temperatures which gave the maxi-
mum crystallinity for the PI-2 and PI-3 films were
310 and 300°C, respectively.

The results in Table III show that the gradual
reduction in the molecular mass, as reflected by
the intrinsic viscosity, results in a gradual de-
crease of the glass transition and melting temper-
ature and in a corresponding increase of the RP
value. Again, the ability of PI to recrystallize
seems to depend on the extent of the segmental
chain mobility. At strength, � and the modulus,
E, retention is also observed; however, the elon-
gation to break, �, is lowered significantly and the
PI becomes brittle, so that decreasing the intrin-
sic viscosity of PAA below 0.8 dL/g seems imprac-
tical.

Effect of Carbon Fibers on Recrystallization

Since the PI blends are destined for CFRC mate-
rials, the effect of the fiber must be evaluated in
addition to the effects of the OI and molecular
mass. The fiber is expected to nucleate crystalli-
zation on its surface and to induce a highly or-
dered transcrystallinity, which may result in im-
proved mechanical properties of the composite
material in the fiber direction.19

Below, the transcrystallization ability of a
pitch-based carbon fiber is compared with that of
a polyacrylonitrile-based fiber. As indicated
above, because OI-3 is soluble in NMP and there-
fore can be readily mixed with PAA, it becomes
the material of choice for fiber preimpregnation in
composite material manufacturing and its blend
was studied with the carbon fibers. The influence

Figure 6 Polarized light micrographs of the crystal-
line structures of the PI/OI-2 blend (a) and the OI-2 (b).

Table III Properties of OI-1 and PI Films with Different Intrinsic Viscosity of PAA

Sample
[�]

(dL/g)
Tg

(°C) Tm (°C) �Hm (J/g)
RP
(%)

�
(MPa)

E
(GPa)

�
(%)

PI-1 1.3 213 Not determined Not determined — 101 2.86 13.4
PI-2 0.8 205 325 40 42 92 3.70 3.1
PI-3 0.5 198 322 44 53

Very brittle powderOI-1 0.1 154 294 45 100
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of the fibers on the crystallization process in PAA
is expressed in the DSC results shown in Figure 7
and Table IV. It is seen that the crystallization
temperature shifts by 5–10°C to lower values for
PAA/carbon fiber prepregs compared with the
pure PAA film. Also, the carbon fibers increase
the melting enthalpy of the PI matrix (taking into
account a 34% weight fraction of the matrix in the
composite). Moreover, the nucleating ability of
the high modulus pitch-based fiber is stronger
than that of the other fiber, which is expressed in
the lower crystallization temperature and the
higher melting enthalpy of the first.

The question of the possibility to recrystallize
the PI matrix after its melting in the presence of
carbon fibers was investigated with single-fiber

microcomposites by polarized light microscopy
coupled with a temperature-controlled hot stage.
A single carbon filament was first incorporated
into the PI/OI-3 (90/10) matrix melt at 340°C,
followed by treatment at 270°C until the appear-
ance of the first crystallites on the fiber surface.
To prevent bulk crystallization, this system was
then quenched to room temperature. The results
of the polarized light microscopy in Figure 8 show
that the pitch-based fiber generated a signifi-
cantly thick transcrystalline layer, while the poly-
acrylonitrile-based fiber under the same condi-
tions hardly generated any. The nucleation abil-
ity of the fiber depends on its crystalline structure
and on the crystalline lattice match with the ma-
trix structure. It has been shown that, due to a
number of reasons, which are beyond the scope of
this article, the nucleation ability of a pitch-based
carbon fiber is significantly higher than that of a
polyacrylonitrile-based carbon fiber (for compari-
son, a glass fiber, which is amorphous, does not
initiate transcrystallization spontaneously).20 Fig-
ure 8 shows also that if, instead of quenching, the
first sample was left longer on the hot stage sig-
nificant bulk crystallinity would also develop, as
expected. It is noted that the ability of the pitch-

Figure 7 DSC scans at a heating rate of 10 K/min of PAA: (1) neat; (2) with
polyacrylonitrile-based carbon fibers; (3) with pitch-based carbon fibers.

Table IV DSC Data for the Imidization of PAA
at 10 K/min in the Presence of Carbon Fibers

Material
Tc

(°C)
�Hc

(J/g)
Tm

(°C)
�Hm

(J/g)

PAA 182.8 31.1 317.0 26.7
PAA � ELUR 180.9 33.3 309.6 44.7
PAA � PRD-172 172.8 42 309.7 56.5
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based carbon fiber to enhance significant tran-
scrystallization enhances, in turn, the operating
temperature window for fiber impregnation.

CONCLUSIONS

New semicrystalline PI matrices for carbon fiber-
reinforced composites were developed. In the pro-
cess of thermal imidization of PAA, which occurs
during the fiber-impregnation stage, a semicrys-
talline structure can form in the matrix. The abil-
ity of this crystallinity to regenerate through the
molding process of composite laminates from the
original prepregs, that is, the capability of the PI
matrix to recrystallize after melting, can be en-
hanced by the addition of OIs and by fiber-driven
transcrystallization.

The mechanism by which the OIs enhance re-
crystallization is most probably plasticization of
the matrix, allowing the PI to crystallize by in-
creasing its chain mobility. A similar effect was
recorded for the decreasing of the molecular mass
of the PI. Transcrystallization, which is favored
for pitch-based carbon fibers, also results in a
higher level of recrystallization.

The authors (V. E. Y., T. E. S., and G. M.) wish to thank
the Israel Academy of Sciences and Humanities and
the Russian Academy of Sciences for supporting a sci-
entific-exchange program.
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