Applied Polymer

SCIENCE

Relaxation behavior and activation energy of relaxation for polyimide
and polyimide-graphene nanocomposite

Wajeeh F. Marashdeh, Jimmy Longun, Jude O. Iroh
Department of Mechanical and Materials Engineering, University of Cincinnati, Cincinnati, Ohio 45221-0021
Correspondence to: J. O. Iroh (E-mail: irohj@ucmail.uc.edu)

ABSTRACT: The relaxation behavior of polyimide and its nanocomposite containing 10 wt % of graphene was studied by using the
dynamic mechanical spectrometer. Dynamic mechanical analysis of polyimide and its composite was performed as a function of tem-
perature and frequency in the temperature range of 25-480 °C and frequency range between 0.05 and 100 Hz. The effect of increasing
frequency of testing from 0.05 to 100 Hz is a significant shift from the glass transition temperature, Ty, to higher temperature from
360 °C at 0.05 Hz to 420 °C at 100 Hz. The tan 6 peak height for both « and f transitions decreased with increasing test frequency
from 0.24 at 0.05 Hz to 0.08 at 100 Hz, due to increasing restriction to chain motion. At any given testing frequency, the T, for the
composite was shown to be higher than that for the matrix by about 5-10 °C. The Arrhenius equation was used to calculate the acti-
vation energy for both a and f transitions. The activation for o and f transitions for the composite and polyimide matrix were deter-
mined to be 688 and 537 kJ/mol and 313 and 309 kJ/mol, respectively, indicating that a significant increase in the energy barrier to
chain relaxation occurred as a result of reinforcement of polyimide with low weight fraction of graphene. © 2016 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2016, 133, 43684.
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INTRODUCTION

Composite materials are increasingly used in the aerospace, air-
craft, sports, and military industries because of their low density
and outstanding specific modulus and strength. Because of their
low density, there is a significant weight savings when compo-
sites are used in aircraft and automobile structures. Polymer
matrix composites possess outstanding corrosion and fatigue
damage resistance, thereby increasing device lifetime and
durability.

Polyimides classified as high-performance polymers,'
because of their excellent mechanical properties, high tempera-
ture stability, and dimensional stability.>® They are also
reported to possess high strength, high modulus, and remark-
able dielectric properties.>™ Consequently, polyimides and their
composites are used in the construction of structural compo-
nents in the automotive, transportation, and aerospace indus-
tries. Polyimides have also found a variety of applications in the
military aircraft industry.6 Polyimide (PI) is prepared from the
reaction of a dianhydride with a diamine. Its chain backbone
contains a characteristic cyclic imide functional group.” The for-
mation of PI occurs in two steps, namely, (1) polymerization
reaction to form the precursor, poly(amic acid) (PAA), and (ii)
imidization or dehydrocyclization reaction which converts PAA
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into PI. Imidization is a cyclo-dehydration process that can
occur thermally by heat treatment of poly(amic acid) or chemi-
cally by reaction with an anhydride.®

Recently, the discovery of graphene has provoked intensive
attention due to the unique properties that can be derived from
their nanoscale size and their high aspect ratio. Graphene, a
single-layer carbon sheet with a hexagonal lattice structure, can
be used as a filler to enhance the mechanical and physical prop-
erties of polyimide.”'! Dynamic mechanical analysis allows a
rapid and accurate measurement of thermomechanical proper-
ties of thin films and moderately thick samples at a high strain
rate (10° s™'). The data obtained from dynamic mechanical
analysis can be used to (1) predict the damping behavior of the
material, (2) determine the extent of crosslinking, and (3) gain
an insight into the chemical structure as well as the microstruc-
ture of a material. The dynamic mechanical analysis of polyi-
mide and polyimide composites shows more than one
structural relaxation over a wide range of temperatures.'> How-
ever, the major secondary transition in polyimide is the « tran-
sition, which is observed at the glass transition region. The
temperature corresponding to the o transition is taken to be the
glass transition temperature T, for a linear amorphous polymer.
The glass transition region is the second region of viscoelastic
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Figure 1. Synthesis of poly(amic acid).

behavior and it marks a change from glassy to rubbery behav-
ior. In addition to the « transition, the other secondary transi-
tions that could be observed at temperatures below the glass
transition temperature, includes the f and 7 transitions. The
secondary relaxation phenomenon is usually studied by dynamic
mechanical analysis and dielectric techniques.'>'* Secondary
transitions in polymers and polymer composites can be studied
by calorimetric, free volume, static mechanical and dynamic
mechanical methods. In this paper our focus is to use dynamic
mechanical method to study the secondary transitions in polyi-
mide and polyimide graphene composites. This approach seems
more sensitive and reliable than the calorimetric method espe-
cially at high temperature > 400°C where the o transition in
polyimide occurs. The difficulty in studying secondary transi-
tions in high temperature polyimide using calorimetric method
was also confirmed by others.'” The activation enthalpy and the
activation volume which reflect the sensitivity of plastic defor-
mation has been calculated by using a variable strain rate
method."®

In this study, the relaxation behavior of polyimide and
polyimide-graphene composite containing 10 wt % of multilay-
ered graphene is investigated as a function of test frequency and
temperature. Polyimide nanocomposite containing 10 wt % of
graphene was selected for this study because of its interesting
optical, electrical, and mechanical properties. The activation
energy for secondary transitions in polyimide and its nanocom-
posite was determined by using data obtained from dynamic
mechanical analysis. Comparison of the damping behavior of
polyimide and its nanocomposite was done by, comparing the
shape of the Cole—Cole curve.

EXPERIMENTAL

Chemicals and Materials

The reagents used in this study include 4,4-oxydianiline (ODA,
97% purity), pyromellitic dianhydride (PMDA, 99% purity),
and N-methyl-pyrrolidone (99% purity). They were purchased
from Sigma-Aldrich Company. Graphene nanosheets (GNS,
98.48% purity) of 50-100 nm thickness were purchased from
Angstron Materials, Dayton, Ohio.

Synthesis and Fabrication of the Nanocomposite

5.16 g of 4,4-oxydianiline was dissolved in 100 mL of N-
methyl-pyrrolidone (NMP) placed in a three neck round flask.
The solution was stirrer continuously for 1 h after which
1.198 g of graphene was added to the solution. This amount of
graphene was determined to be equivalent to 10% wt. of the
composites. Stirring was maintained at same speed for another
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8 h to ensure sufficient dispersion of graphene in the solution.
Subsequently, the reaction temperature was reduced to 5 °C after
which 5.62 g of pyromellitic dianhydride (PMDA) was added to
the mixture with stirring. Stirring was continued for another
10 h. Figure 1 shows a schematic for the synthesis of poly(amic
acid). The polymer solution which contains suspended graphene
nanosheets was solution cast onto glass substrate and thermally
imidized under vacuum at 120 °C for 2 h followed by final cur-
ing at 200 °C for 1 h.

Measurements

Dynamic mechanical spectroscopy (DMS) provides a highly
sensitive way to study the dynamic mechanical response of a
linear viscoelastic material. The response of a polymeric solid
under sinusoidal stress is usually expressed in terms of the com-
plex modulus E* as a function of the frequency and tempera-
ture. E* is composed of its real part (the storage modulus E')
and the imaginary part (loss modulus E”). The loss tangent, tan
0 or internal friction is the ratio of E” and E'. Besides the deter-
mination of the complex modulus and damping behavior of
polymeric materials, DMS is also used to study the following
processes (1) curing and cross-linking reactions, (2) the effect
of fillers and branching on the glass transition temperature, (3)
prediction of lifetime of polymers and composites, (4) determi-
nation of temperature for primary and secondary transitions,
and (5) determination of the activation energy associated with
second order transitions.

In dynamic mechanical measurement a sinusoidal stress ¢ is

applied, and the sinusoidal strain ¢ is measured over a time

period. For a viscoelastic material, strain lags behind the stress

because of damping and energy dissipation by the material. The
strain ¢ and stress ¢ can be expressed as follows:

e=¢ exp(iwt), (1)

o=0- exp(i(wt+9), (2)

where @ is the angular frequency, t is the time, and J is phase

lag.

The complex modulus is expressed as the ratio of sinusoidal
. . .17
stress to sinusoidal strain

o _ o-exp(i(wt+0) _
€ & exp(iwt)
o

~ (cos d+isin ),

o+ (cos(wt+09)+i(sin wt + 9))

Er=
& (cos wt +isin wt) (3)

™
o
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E'=E+iE’, (4)

where E* is the complex dynamic mechanical tensile modulus
for which the real part E'=%(cosd) is storage modulus and
the imaginary part, E'=2-(sino) is the loss modulus which is
related to the energy dissipated. tan ¢ is defined as the ratio of
energy dissipated to energy stored per cycle of deformation.

"

tand= — . (5)

The graphene/polyimide composites used in this study contains
10 wt % of graphene nanosheets embedded in the polyimide
matrix. Dynamic mechanical spectrometer, DMS used in this
study is a DMS EXSTAR 6000, DMS 6100 Module, manufac-
tured by Seiko Instruments, Inc. Dimensions of nanocomposite
samples are as follows: 20 mm (L), 6.7 mm (W), and thickness
0.12 mm (#). The polyimide matrix the sample dimensions are
20 mm (L), 6.7 mm (W), and thickness 0.06 mm (#). The strain
level for the tension test is 0.01%. DMA mode tension mode
applying temperature sweep at various frequencies. The fre-
quency range used is 0.05-100 Hz, and the temperature scan
rate is 2.0 °C/min.

Renishaw inVia Raman microscope was used to study the
changes in the structure of graphene as a result of reinforcement
of polyimide. The scanning electron microscope pictures were
taken by using FEI XL30 FEG environmental scanning electron
microscope (ESEM model). Samples for ESEM measurements
were cut using a razor blade and adhered to a sample holder
using carbon tape followed by sputter coating. A denton sputter
coater filled with argon gas was used to coat the nonconductive
samples with gold palladium for 15 s to achieve conducting
samples.

Wide angle X-ray diffraction (WAXD) tests were carried out by
using an X'Pert Pro MPD XRD diffractometer with radiation
wavelength of 1.54 A. The 20 angle range used for each mea-
surement was 5-30°.

RESULTS AND DISCUSSION

Raman Spectroscopy

Figure 2(a—c) show the Raman spectra for (1) polyimide, (2)
grapheme, and (3) polyimide—graphene GNS/composites. A
characteristic Raman absorption band is observed at 1380 cm ™'
for polyimide and stems from stretching of C-N bond. The
band at 1578 ¢cm ™' is due to aromatic -C=C stretching vibra-
tion. Another characteristic polyimide peak located at
1780 cm ™ is due to the imide cyclic carbonyl, C=0 stretching
vibration. Graphene shows a strong Raman absorption peak at
1380 cm ™', which is identified to be the carbon D peak due to
presence of defects in the carbon crystalline structure. Another
Raman characteristic absorption peak for graphene is the G
peak associated with the graphitic structure, which is observed
at 1580 ¢cm™'. For the polyimide-GNS composite, there is a
noticeable shift in the polyimide C-N absorption peak to higher
wavenumber to 1388 cm ™ '. The red shift in the C-N absorp-
tion band may be due to structural changes occurring in polyi-
mide in the presence of multilayer graphene sheets. There is
also a noticeable overlap and interference between the G peak
for graphene and the phenyl -C=C band in polyimide. The

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43684 (3 of 8)

CIENCE

1384

1578 1785

Intensity(a.u)

1000 1200 1400 1600 1800 2000
Wavenumber(cm™)
Figure 2. Raman spectra of (a) polyimide, (b) graphene, and (c) polyi-
mide—graphene composite. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

cyclic imide carbonyl band was also shifted to higher wavenum-
ber from 1780 to 1785 cm™ ', in agreement with the reported
shift in the C-N band to higher wavenumber.

Scanning Electron Microscopy (SEM)

SEM was used to characterize the morphology of the nanocom-
posites. The micrographs provide valuable information about
the dispersion of graphene in polyimide matrix. SEM can also
provide a useful insight into the processing-structure—property
relationship at the atomistic level. The SEM pictures shows
insertion of PI into the galleries with a significant separation
between the graphene layers as marked by the arrow. The SEM
pictures (Figure 3a,b) suggest that both intercalation and exfoli-
ation of graphene multilayer sheets occurred.

The insertion of graphene in polyimide matrix is responsible
for the decrease in the flexibility of polyimide. The morphology
of the composite is rough and ridge-like, owing to the 2D
geometry of graphene sheets. Figure 3b shows the dispersion of
the graphene at higher magnification. The multilayered gra-
phene sheets are intercalated by insertion of poly(amic acid)
between graphene sheets during in situ polymerization. The
insertion of polyimide into graphene sheets should have a sig-
nificant impact on the dynamic mechanical behavior of the
nanocomposite.

Wide Angle X-ray Diffraction (WAXD) Study

Wide angle X-ray diffraction (WAXD) was used to study the
dispersion and structure of the graphene-polyimide composite.
X-ray diffraction tests were carried out using a Cu-K radiation
source at a wavelength of 1.54 A and the test was performed in
the diffraction angle (260) range of 0.5-30°. The d-spacing was
calculated by using Bragg’s equation, the Bragg equation can be
expressed as follows:

unl=2dsin0 (n=1, 2, 3, ...), (6)

where 4 is the X-ray wavelength, 0 is the Bragg angle in degrees,
and d is the d-spacing. Figure 4 shows the WAXD diffracto-
graphs for polyimide, graphene powder, and polyimide-gra-
phene composite. The WAXD spectrum of graphene powder
shows a sharp and strong diffraction peak at a 20 angle of 26.5°
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Figure 3. SEM pictures showing cross-sectional morphology of 10% graphene/polyimide at (a) 1 um and (b) 200 nanometer scale.

which corresponds to the interlayer d-spacing 3.36 A. The
WAXD for polyimide does not show any angle diffraction
peaks, although there is a broad and weak peak at a diffraction
angle, 20, of 18° which is believed to be due to the amorphous
hallow. The WAXD spectra of the graphene/polyimide compos-
ite show a diffraction peaks at a 20 angle of 26.5° with inter-
layer spacing, d of 3.36 A which is similar to that observed for
graphene powder. It is suggested that the graphene characteristic
peak is maintained intact during the formulation of the com-
posite in agreement with the SEM micrographs. A broad and
weak diffraction observed at 20 of 6° is believed to be due to
possible interaction of polyimide carbonyl with graphene.

Storage and Loss Moduli

Figure 5 shows the dependence of the storage modulus E' on
frequency and temperature, for frequency range of 0.05-100 Hz.
The storage modulus, E' increased with increasing applied fre-
quency. For the range of frequency studied, the storage modulus
showed significant decrease between 320 and 430°C due to
glass-rubber transition. The decrease of E as temperature
increased in the glass transition region is very gradual at high
frequency and sharper at low frequency. The steepest decrease
in the storage modulus with increasing temperature occurred

a Pure polyimide
b 10% graphene/polyimide
€ Graphene powder
El
a
-
B
s
E——— e N
b
a
- 9 14 19 24 29

28(Degrees)
Figure 4. WAXD diffraction spectra for (a) polyimide, (b) graphene/polyi-
mide composite, and (c) graphene. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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between 350 and 430 °C for the composite and 320 and 400 °C
for polyimide.

The relaxation behavior of the composite is shown more clearly
in Figure 6 where the loss modulus E’ is plotted against tem-
perature as a function of frequency. As the frequency decreased,
the o and f transition peaks became sharper and more distinc-
tive. A comparison of variation of loss modulus, E’ with tem-
perature for the composite and polyimide matrix at 1 Hz is
shown in Figure 7. The o transition peak for polyimide is stron-
ger and more intense and located at a lower temperature than
that for the composite. The trace of variation of the loss modu-
lus with temperature for polyimide shows two major peaks at
100 and 375°C and a minor but weak peak between 200 and
300 °C. The peak at 100 °C may be due to motion of chain due
to presence of solvent and water and may be ascribed to the y
transition. The f transition peak is located between 200 and
300°C and is due to the fraction of unimidized poly(amic
acid). This peak is very weak in the DMS spectrum for neat
polyimide at 1 Hz. The intensity of the f transition peak is
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Figure 5. The dependence of the storage modulus, E' for polyimide at
1 Hz [bottom curve, (a)], and polyimide-graphene composite, at a fre-
quency range from 1 to 100 Hz (top curves). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Dependence of loss modulus on temperature and frequency for
graphene/polyimide composite. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

strongly dependent on frequency. The ratio of § peak height to
o peak height increases with decreasing test frequency due to
longer testing time that allows for short range motion of pol-
y(amic acid) block. Indeed at a frequency of 0.05 Hz the ratio
of the f to « peak height is nearly one. The glass transition
temperature for polyimide was shown to be 375 °C from the log
E” vs. temperature curve (Figure 5). The trace loss modulus
against temperature, for the composite shows two intense peaks
at 220 and 378°C at 1 Hz due to the ff and o transitions,
respectively (Figure 7). There is no noticeable strong peak at
100 °C suggesting minimal segmental motion at this tempera-
ture. It is suggested that the f transition for the composites is
due to presence of poly(amic acid). The distance separating o
and f peaks as well as the ratio of the heights of these two
peaks became smaller at shorter test frequencies.

The Cole—Cole type of plot was first developed for studying
dielectric behavior of materials,'® but is also applicable to visco-
elastic materials since viscoelasticity has an intrinsic time—energy
relationship. Relaxation processes in viscoelastic material can be
described by using the Cole—Cole plots. Relaxation occurs
whenever polymer chains rearrange themselves to adopt either a
lower energy conformation or to fill free volume. The shape of
the Cole—Cole plot is affected by factors such as differences in

3x10°® : : T T

B vransition
2x10 cctransition E
z\ 3
A 3
z / \ 3
= P o
= E “‘/ / \
1x10° 2l B
.
\\(:B
b
Sx10°7 L L . .
100 200 300 200 500

Temperature(*C)
Figure 7. Dependence of loss modulus on temperature at frequency of 1
Hz for (a) polyimide and (b) graphene/polyimide composite. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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Figure 8. Cole—Cole plot for graphene/polyimide composite at 0.05, 1,
and 10 Hz. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

the structure of segmental units within a polymer chain, hetero-
geneities due to inherent processing characteristic features
including (1) molecular weight distribution, (2) free volume
distribution, (3) filler concentration, (4) degree of crystallinity
and thermomechanical history.'® Nonsymmetrical semi-circle
curve of the Cole-Cole plot for the polymer and polymer com-
posites is indicative of the system’s heterogeneity.*’

The Cole—Cole plot for graphene/polyimide composite is shown
in Figure 8 as a function of frequency (0.05-10 Hz). The shape
of the Cole-Cole plot for the composites is like a puckered
semi-circle that necks and then sharply and trails-off at high
modulus end. Graphene nanofillers will constrain the mobility
of the polymer chains because of physical and chemical interac-
tion with the matrix. Figure 9 shows comparison of Cole—Cole
plot for polyimide and the composite at 1 Hz. The Cole—Cole
curves for both system are similar; however, the semicircle
made by the Cole—Cole trace for polyimide matrix has a bigger
diameter and higher apex, which is consistent with higher loss
modulus due to higher dissipated energy for polyimide. The
capacitance (approximated to 1/E) of the neat polyimide is

2.5x10° T T T T
2.0x10° |- -
. 15x10° C \ .
= L / _o=0~p \_‘\ a
- = a ~r
1.0x10° | J'L/ D\,j e T
k] "Uooor
: Sgn}
b
50x10 | _
0.0 L 1 1 " 1 s 1
0.0 5.0x10° 1.0x10° 1.5x10" 2.0x10°
E'(Pa)

Figure 9. Cole—Cole plot at 1 Hz for (a) polyimide and (b) graphene/pol-
yimide composite. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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issue, which is available at wileyonlinelibrary.com.]
0.00 A ETET FETTE S TET FTETE FETTE FTTE FETTE § ey e
S0 100 150 200 250 300 350 400 450 SO0

much higher than that for the composite, which indicates
higher damping capacity for polyimide.

Glass Transitions Temperature (o Transition) and f
Transition

The o transition of a polymeric material is an important phe-
nomenon and it is related to the thermal energy required for
changes in the conformation of the molecules at the micro-
scopic level. The glass transition temperature (T,) is often
referred to as temperature for o transition and it is usually
observed as the temperature corresponding to the maximum of
tand versus temperature curve for the o transition. T, for gra-
phene/polyimide composite containing 10 wt % of graphene
was observed to increase with the increasing frequency as shown
in Figure 10. The « transition peak location was shifted to
higher temperature as frequency of testing increased, in agree-
ment with the theory of linear viscoelasticity. The T, for the
composites varied between 377 and 419 °C as the test frequen-
cies was varied from 0.05 to 100 Hz. Not only did the tan ¢
peak for o and f§ transitions shift to higher temperature, the
height of the o and f transitions decreased as the frequency of

Peak height
Tan
(=]
]
/O
o]

Frequency(Hz)

Figure 11. Variation of the tan é peak height with frequency. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]
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T emperature(°C)
Figure 12. Effect of temperature on tan o for (a) polyimide and (b) gra-
phene/polyimide composite at 1 Hz. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

testing increased as shown in Figure 11. It was also found that
the height and location for the f transition peak also varied as
the frequency was varied. This trend is similar to that observed
for the o transition.

The o and f transitions for polyimide are compared to those
for the composite at 1 Hz as shown in Figure 12. It is shown
that o transition peak for the composite occurred at a higher
temperature than that for polyimide; however, the height of «
transition peak is much higher for polyimide. Though the pres-
ence of graphene lowers the damping ability of polyimide, the
nanocomposite showed a remarkably high dissipation peak as
indicated by the height of the tan ¢ peak for « transition of
about 0.12 (Figure 12). The low temperature secondary transi-
tion peak located at around 100 °C is absent in the tan J versus
temperature curve for the composite (Figure 12) due to
enhanced (1) imidization of poly(amic acid) and (2) removal of
water and solvent in the presence of graphene.

The activation energy is a measure of the energy barrier that a
material must overcome in order to undergo structural reorgan-
ization or motion. One of the methods used to calculate the
activation energy associated with o and f transition is the
Arrhenius method.”' In the Arrhenius model, the behavior of
polymer chains in the glass transition region is explained in fre-
quency terms. The barrier model is based on the idea of two
positions (energy minima) separated by a barrier of a given
height, i.e., activation energy (E,). The temperature dependence
on frequency can be expressed as given in eq. (7):

7Ea
- on(3E) ”
where fis the frequency and analogous to the rate constant and
A is pre-exponential factor of Arrhenius equation, R is the gas
constant, and T is the absolute ‘[empera‘[ure.17 The activation
energy of both o and f transition can be calculated by using the
WLF equation [eq. (9) and eq. (10)].
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Table I. DMS Data Based on the Plot of tand vs Temperature

f (Hz) Inf(Hz) T, (K) Ty (K)
0.05 ~3.00 650 474
0.2 ~161 658 483
0.5 ~0.69 662 494
1 0.00 668 501
5 1.61 674 506
10 230 678 509
100 461 692 523
A exp (L
i _Aov(st) (8)

f Aexp(E}TEZ") 7

O5G) o
_pdnf). (10)
(z)

By analyzing the data from the plot of tan ¢ against tempera-
ture (Table I), one can determine the activation energy by con-
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Figure 13. Arrhenius plot for o transition for polyimide (top) and gra-
phene/polyimide composites (bottom). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Arrhenius plot for f§ transition for polyimide (top) graphene/
polyimide composite (bottom). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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structing an Arrhenius plot. Arrhenius plot is constructed for
both o and f transitions by drawing In f (Hz) versus 1/T (K™')
curve. The plot of In f against 1/T gave a linear relationship
whose slope equals (—E,/R) (Figures 11 and 12). The activation
energy E, was obtained by multiplying the slope of In f against
1/T curve with the gas constant R and 688 and 313 kJ/mol were
obtained as the activation energy for o and f transition, respec-
tively. The activation energies obtained in this study are in the
range of values reported for an amorphous polymer with aro-
matic backbone.”” Comparison of the activation energy for
relaxation for polyimide and the composite shows that the
energy barrier for chain relaxation is higher for the composite
than polyimide, when tested under similar conditions (Figures
13 and 14). The fit for the f transition is not as good as that
for the « transition due to the difficulty of locating the exact
position of the f§ transition peak from the broad and weak tan
J versus temperature peaks for f§ transition.

CONCLUSIONS

Raman spectrum for graphene/polyimide composite shows a
noticeable shift in the polyimide C-N absorption peak to higher
wavenumber to 1388 cm ™' due to structural changes occurring
in polyimide in the presence of graphene. Raman spectroscopy
also shows an overlap between the graphitic G peak in graphene
and the phenyl (aromatic) band in polyimide due to lattice
matching of the aromatic units present in both graphene and
polyimide. The tan é dependence of on frequency and tempera-
ture is much more pronounced at lower test frequency where
the tan J peak height for both the « and f§ transition are more
intense and sharp.

The activation energy for the glass transition was determined to
be 688 and 537 kJ/mol for graphene/polyimide composite and
neat polyimide, respectively, which are significantly higher than
those for the f transition of 313 and 309 kJ/mol for the com-
posite and matrix, respectively. The nonsymmetrical nature of
the Cole—Cole plot affirms the heterogeneity of both the nano-
composite and polyimide.
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