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Abstract   A series of thermoplastic polyimide resins with a low coefficient of thermal expansion (CTE) were prepared by blending a rigid resin

system  3,3',4,4'-biphenyltetracarboxylic  dianhydride  (BPDA)/p-phenylenediamine  (PDA)  with  a  flexible  resin  system  4,4'-[isopropylidenebis(p-

phenyleneoxy)]diphthalic anhydride (BPADA)/PDA. The effects of the blending ratio on the macromolecular coil size, free volume, and CTE of the

mixed  system  were  studied.  The  mixing  is  carried  out  in  the  prepolymer  poly(amide  acid)  (PAA)  stage,  which  makes  the  two  systems  more

compatible  and  is  conducive  to  the  formation  of  a  semi-interpenetrating  network  structure  between  the  rigid  molecular  chains  and  flexible

molecular chains. The flexible structure of the BPADA/PDA system is used to ensure the melt processing performance. The rigid characteristics of

the BPDA/PDA system can inhibit the movement of molecular chains and reduce the free volume fraction, thereby reducing the CTE value. When

the  rigid  system  content  reaches  30%,  the  CTE  can  be  reduced  to  38  ppm/K.  This  method  provides  a  new  approach  for  studying  low  CTE

thermoplastic polyimide resins.
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INTRODUCTION

Thermoplastic polyimide (PI) resins play an important role in the
mechanical industry, medical treatment, chemical industry, and
other  fields  due  to  the  outstanding  comprehensive
performance  of  the  PI  material  and  the  good  melt  processing
performance  of  the  thermoplastic  resin.[1−4] It  can  not  only  be
used  to  prepare  advanced  composite  materials[5−7] but  also  to
prepare medical  sterilization packaging,  gears,  bearings, etc.[8,9]

Thermoplastic  PI  usually  chooses  flexible  monomers  to  ensure
good  melt  processing  performance,  such  as  4,4'-oxydiphthalic
anhydride  (ODPA)  and  4,4'-diaminodiphenyl  ether  (ODA),  to
improve the movement of the molecular chain.[10−12] However,
flexible  molecular  chains  usually  lead  to  a  high  coefficient  of
thermal expansion (CTE) due to the movement of the molecular
chain  and  the  unordered  arrangement.[13−15] For  example,  the
CTE of a typical thermoplastic PI resin ULTEM is about 56 ppm/K.
The high CTE limits the application of the thermoplastic PI resin
in  the  precision  device  field,  such  as  optical  lenses  and
communication components. Also, other components may slip
and  even  fall  off  with  climate  change  and  electrical  heating
during  use.[16,17] Therefore,  the  development  of  methods  to
reduce  the  CTE  of  thermoplastic  PI  resins  has  become  a  new
research direction.

There  have  been  many  studies  on  low  CTE  PI  materials,
such  as  using  rigid  monomers  to  inhibit  the  movement  of
molecular  chains,[18,19] adjusting  the  density  of  the  electron
cloud of dianhydride and diamine to increase the probability
of charge transfer complex (CTC) formation,[20,21] using strong
non-bond  interactions  such  as  hydrogen  bonds  to  enhance
the  intermolecular  force,[22,23] and  filling  rigid  nano-
particles.[24,25] However,  the  methods  above  will  lead  to  the
decrease in the molecular chain movement and the increase
in  the  melt  viscosity  for  the  resin,  so  these  methods  are
mostly used in the film materials prepared by solution mold-
ing. Similar to the design contradiction between the low CTE
and  thermoplastic  processing  characteristics  in  PI  materials
research, there is a design contradiction between the low per-
mittivity  and  low  CTE,[26,27] low  CTE  and  high
transmission,[28,29] etc.  Fang  and  coworkers  prepared  a  block
copolyimide  to  perform  characteristics  of  each  unit,  im-
proved the equilibrium properties of the random copolymer-
ization,  and  achieved  the  high  transparency  and  low  CTE  at
the same time.[30] Starting from this idea, we consider upgrad-
ing the rigid and flexible skeleton structure design to the con-
densed  matter  level,  blending  at  the  molecular  chain  state,
working the respective roles of flexible and rigid systems, and
realizing  the  balance  between  the  thermoplastic  processing
characteristics and the low CTE value.

Therefore, we chose BPADA/PDA as the flexible main struc-
ture and BPDA/PDA as the rigid main structure to blend in the
polyamide acid  stage.  This  not  only  avoids  the problem that
the uniform distribution of rigid monomers affects the motil-
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ity in the process of copolymerization but also promotes the
full mutual capacity of the two systems at the molecular chain
level, which is conducive to the formation of a network struc-
ture with interpenetrating rigid and flexible molecular chains.
This mechanism is shown in Fig. 1. The good melt processing
performance  of  the  BPADA/PDA  flexible  system  was  used  to
realize the requirements of thermoplastic processing, and the
anchoring  effect  of  the  rigid  BPDA/PDA  system  was  used  to
reduce  the  movement  of  the  molecular  chain  inside  the
formed  product  and  the  free  volume  fraction  inside  the  sys-
tem in order to reduce the CTE value of the product.

EXPERIMENTAL

Materials
The  monomers  BPADA,  BPDA  and  PDA  were  provided  by
Beijing  Forsman  Technology  Co.,  LTD.  The  solvent N,N-
dimethylacetamide (DMAc) was purchased from Tianjin Damao
Chemical  Reagent  Factory.  Both  pyridine  and  acetic  anhydride
are commercially available analytical pure products and used as
received without further purification.

Preparation Process of PI Resins
Taking  (BPADA/PDA):(BPDA/PDA)=7:3  (W:W)  as  an  example.
BPADA  (5.889  g,  11.3  mmol)  was  added  into  a  250  mL  three-
necked  flask,  and  then  70  mL  of  DMAc  was  added  and  stirred
until the dianhydride monomer was completely dissolved. Then,
PDA  (1.111  g,  10.3  mmol)  was  added  in  batches,  and  the  PAA
solution (1 g/10mL) was obtained by reaction in an ice bath for
2  h.  Meanwhile,  in  another  100  mL  three-necked  flask,  BPDA
(2.249 g,  8  mmol),  DMAc (30 mL) and PDA (0.751 g,  7.2 mmol)
were  added  in  order,  and  the  PAA  solution  (1  g/10mL)  was
obtained by the same procedure.  Then,  the two PAA solutions

were  mixed  and  stirred  for  8  h.  Pyridine  and  acetic  anhydride
were added to carry out chemical imidization, and the reaction
continued for 2 h. Finally, the solution was slowly dropped into
the stirring ethanol to precipitate a yellowish solid, filtrated and
washed with ethanol, and placed in the oven for 2 h at 260 °C to
complete the imidization. The PI resins were set as BPADA/PDA,
(BPADA/PDA):(BPDA/PDA)=9:1,  (BPADA/PDA):(BPDA/PDA)=8:2,
and  (BPADA/PDA):(BPDA/PDA)=7:3  according  to  the  blending
ratio  and  named  as  BPADA/PDA,  PI-9:1,  PI-8:2,  and  PI-7:3  for
short.

Preparation of PI Sheets
The  PI  sheets  were  prepared  by  hot-press  according  to  the
heating  procedure  shown  in Fig.  2.  The  PI  resin  powder  was
kept at 260 °C for 20 min and then heated to 320 °C for 20 min.
During  the  hot-pressing  process,  the  pressure  was  maintained
at  2  MPa  and  the  pressure  was  relieved  several  times  to
discharge the air as much as possible.

Measurements
Fourier  transform  infrared  spectroscopy  (FTIR)  was  performed
by  using  the  Nexus  670  (Nicolet  Company,  USA)  with  the
scanning wavenumbers ranging from 4000 cm−1 to 400 cm−1.

The  differential  scanning  calorimetry  (DSC)  test  was  per-
formed on a Q20 (TA Company, USA). In the nitrogen environ-
ment, the resin was heated to 400 °C at the rate of 10 °C/min
and  then  lowered  to  room  temperature  after  holding  for  5
min.  Then,  the  resin  was  heated  to  400  °C  at  the  rate  of  10
°C/min  again  to  observe  the  heat  absorption  and  release  of
the resin and to record the data at the same time.

The viscous flow characterization for the PI resins was con-
ducted  on  the  hybrid  rheometer  DHR-1  (TA  Company,  USA)
equipped with a 25 mm diameter parallel plate fixture. The PI

 
Fig. 1    Interpenetration mechanism of rigid and flexible molecular chains.
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resin  was  pressed  into φ=25  mm, h=1  mm  discs  for  the  test
and heated to 400 °C at a rate of 5 °C/min. The test conditions
were oscillation mode, a frequency of 10 Hz, a strain of 0.1%,
and an oscillation frequency of 10 rad/s.

The particle size and distribution of the PAA solution were
determined by  using the Zetasizer  Nano (Malvern Company,
UK). The concentration of the PAA solution was 2 mg/mL, the
test  temperature  was  20  °C,  and  the  solution  was  stable  for
120 s before the test.

The CTE of the PI resin was determined by using the Q400
(TA  Company,  USA).  The  thermal  history  was  eliminated  by
heating  from  room  temperature  to  100  °C  at  a  rate  of  5
°C/min in a N2 atmosphere. After cooling completely, the tem-
perature was increased a second time to 100 °C at a rate of 5
°C/min to calculate the CTE value of the PI resin.

The  molecular  simulation  technique  was  used  to  analyze
the  occupied  volume  and  free  volume  distributions  and  to
calculate the free volume fraction (FFV) and CTE. This calcula-
tion process  was  performed by Materials  Studio  8.0,  and the
detailed method was based on our previous work.[26,31,32]

RESULTS AND DISCUSSION

Fourier Transform Infrared Spectrometry (FTIR)
The  FTIR  spectra  of  PI  resins  with  different  blending  ratios  are

presented in Fig. 3. The characteristic absorption bands at 1780
and  1720  cm−1 ascribed  to  asymmetric  and  symmetric
stretching vibration bands of  carbonyl  C＝O on the imide ring
can  be  seen.  The  characteristic  absorption  bands  around  1370
cm−1 correspond  to  the  C―N  bond,  and  the  characteristic
absorption  bands  at  720–740  cm−1 are  ascribed  to  the  C＝O
bending  vibration.  These  results  indicate  that  polyimide  has
been prepared successfully.

Viscous Flow Characterization
The  viscosity-temperature  curves  of  BPADA/PDA  resins  with
theoretical  molecular  weights  of  60000,  30000,  and  6000  are
shown  in Fig.  4(a).  The  melt  viscosity  decreased  with  the
reduction in  the molecular  weight,  and the minimum viscosity
decreased from 9689 Pa·s with a theoretical molecular weight of
60000 to 144 Pa·s with the theoretical molecular weight of 6000.
This  is  mainly  due  to  the  decrease  in  the  molecular  weight,
which  makes  the  molecular  chain  shorter,  and  the  number  of
chain  ends  increases  while  the  entanglement  effect  is
weakened.  Compared with  the  structural  units,  the  chain  ends
have  a  larger  free  volume  and  stronger  mobility,  so  the  melt
viscosity decreases.

The BPADA/PDA system with the lowest melt viscosity and
theoretical molecular weight of 6000 was selected as the mat-
rix  to blend with different amounts of  BPDA/PDA. The visco-
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Fig. 2    Hot molding process for the PI resin.
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Fig. 3    FTIR spectra of PI resins of different blending ratios.
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Fig.  4    (a)  Viscosity-temperature  curves  of  BPADA/PDA  with  different  molecular  weights;  (b)  The  viscosity-temperature  curves  of
BPADA/PDA and BPDA/PDA resins with different blending ratios.
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sity-temperature curves of the blending PI resins are shown in
Fig. 4(b). The melt viscosity increased with the increase in the
amount  of  rigid  component  BPDA/PDA.  This  is  mainly  be-
cause  of  the  high  rigidity  of  the  BPDA/PDA  system  and  the
poor motility of the molecular chains.

Differential Scanning Calorimetry (DSC)
The DSC test results of the PI resins are shown in Fig. 5. The glass
transition temperature of BPADA/PDA is 233 °C. Due to the rigid
skeleton  structure  of  the  BPDA/PDA  chain  and  the  limited
movement  of  the  chain  segments,  the  glass  transition  of
BPDA/PDA  could  not  be  observed  in  the  DSC  test.  This  is  the
reason why only one glass transition temperature appears in the
blending  systems.  With  the  increase  in  the  rigid  component
BPDA/PDA  content,  the  glass  transition  temperature  of  the
blended  PI  system  increased  gradually  from  233  °C  in  the
BPADA/PDA  system  to  243  °C  in  the  PI-7:3  system.  This
phenomenon indicates that BPDA/PDA does play a positive role
in restricting the movement of BPADA/PDA chain segments and
increasing the glass transition temperature of the blend system.
It  can  also  be  inferred  that  the  interaction  scale  of  the  two  PI
systems may be at the chain segment level.

Size of Coil
A laser particle size analyzer was used to test the particle size of
each  system  in  the  PAA  solution  stage.  In  order  to  avoid
entanglement  and  overlap  of  molecular  chains  caused  by  an
excessive concentration, the solution was diluted to 2 mg/mL to
obtain  a  relatively  independent  size  of  the  coil  as  much  as
possible. The test results are shown in Fig. 6 and Table 1. As can
be seen from Figs. 6(a) and 6(b), the size of the polymer coil of
PAA in the two systems increased with the increasing molecular
weight.  In  addition,  the  conformational  rotation  of  the
BPADA/PDA  chain  was  stronger  than  that  of  the  BPDA/PDA
system,  which  is  attributed  to  the  presence  of  ether  bonds.
Therefore, the coil size of the BPADA/PDA system is smaller than
that of the BPDA/PDA system with a similar molecular weight.

BPADA/PDA with  a  molecular  weight  of  6000 was  used as

the matrix and blended with BPDA/PDA. From Fig. 6(c), it can

be observed that the two blending systems do not show two

Table 1    The coil size of each PI system.

Sample Size (nm) Sample Size (nm) Sample Size (nm)

BPADA/PDA-60000 24.4 BPDA/PDA-40000 21.0 PAA-9:1 9.1
BPADA/PDA-12000 11.7 BPDA/PDA-8000 11.7 PAA-8:2 8.7
BPADA/PDA-6000 9.3 BPDA/PDA-4000 8.7 PAA-7:3 7.5
BPADA/PDA-3000 4.9 BPDA/PDA-2000 5.6 / /
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Fig. 5    DSC curves of PI resins with different blending ratios.
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Fig. 6    Particle size distribution of different PAA dilute solutions: (a)
BPADA/PDA, (b) BPDA/PDA, (c) BPADA/PDA&BPDA/PDA.
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particle sizes but rather one coil size. With the increase in the
BPDA/PDA  content,  the  coil  size  of  the  blending  system  de-
creased gradually from 9.3 nm of BPADA/PDA-6000 to 7.5 nm
when the  blending ratio  was  7:3.  These  results  further  indic-
ate  that  the  molecular  chains  of  the  two  systems  achieve  a
molecular  level  mutual  solution,  which  may  form  a  network
structure  of  rigid  and  flexible  molecular  chains  interspersed
with each other.

CTE
The  curve  of  the  PI  resin  sheet  deformation  changing  with
temperature is shown in Fig. 7 and Table 2. As can be seen from
the data, the CTE of BPADA/PDA is 56 ppm/K, which is similar to
that  of  the  ULTEM  resin.  The  CTE  of  the  blended  PI  decreased
with the increase in the BPDA/PDA content. The CTE decreased
from 56 ppm/K of BPADA/PDA to 38 ppm/K of PI-7:3, which is a
drop  of  more  than  30%.  Material  Studio  8.0  was  used  to
calculate  the  CTE  of  the  blending  PI  system.  The  calculated
result  is  shown  in Table  2.  Although  the  calculated  results  are
higher than the experimental results, the overall reduction trend
is basically the same, which further validates the design idea of
blending a rigid and flexible system to reduce the CTE of the PI
resin.

FFV
Materials  Studio  was  used  to  calculate  the  FFV  of  each  blend
system  when  BPADA/PDA  blends  with  BPDA/PDA.  The  results
are shown in Fig. 8 and Table 3. It can be seen from the data that
the FFV of BPADA/PDA is 37.5%. The FFV of the blending system
decreased  gradually  with  the  addition  of  the  rigid  component
BPDA/PDA.  This  could  be  because  the  BPADA/PDA  and
BPDA/PDA  systems  form  a  similar  semi-interpenetrating
network structure. BPDA/PDA was inserted into the BPADA/PDA
system like a rigid rod, which reduced the free volume fraction
of the mixing system. The mechanism is shown in Fig. 1, which

is basically consistent with the rule of the size change of the coil.

CONCLUSIONS

A  series  of  thermoplastic  PI  resins  with  melt  processing
properties and low CTE were prepared by blending the flexible
system  BPADA/PDA  and  the  rigid  system  BPDA/PDA  at  the
prepolymer stage. The flexible system BPADA/PDA was selected
to  ensure  the  melt  processing  performance  of  the  resin.  The
rigid system BPDA/PDA intermixed with the flexible system can
reduce  the  FFV  of  the  blended  system  on  the  one  hand  and
inhibit  the  movement  ability  of  the  flexible  system  chain
segment  on  the  other  hand,  so  that  the  glass  transition
temperature  is  increased  and  the  CTE  is  reduced.  When  the
addition  of  BPDA/PDA  reached  30%,  the  CTE  of  the  blending
resin  decreased  from  56  ppm/K  to  38  ppm/K,  a  drop  of  more
than 30%. This work provides a new idea for reducing the CTE of
thermoplastic resins.
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Fig. 7    The CTE curves of PI resins with different blending ratios.
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