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In this investigation, efforts were given to develop carbon-nanofiber-reinforced polybenzimidazol nanocomposite
for space application. Processing of polybenzimidazol was carried out by using polybenzimidazol in powder and
solution forms. Thermomechanical properties of compression-molded polybenzimidazol, unfilled polybenzimidazol
films, and nanofiber-reinforced polybenzimidazol films were investigated using thermogravimetric analysis,
dynamic mechanical analysis, and tensile testing. Thermogravimetric analysis revealed that both compression-
molded polybenzimidazol and polybenzimidazol films show high thermal stability. Dynamic mechanical analysis
studies depicted that both compression-molded polybenzimidazol and polybenzimidazol neat films exhibited a high
storage modulus, even at a temperature of 250°C. Polybenzimidazol nanocomposite films were cast with different
loadings of carbon nanofibers from 0.5 to 2 wt % in polymer solution. Addition of carbon nanofibers improved the
thermal stability and storage modulus of polybenzimidazol film. Mechanical testing showed that both compression-
molded polybenzimidazol and polybenzimidazol films resulted in the highest ultimate tensile strength in comparison
to any unfilled polymer. Investigation under scanning electron microscopy confirmed uniform dispersion of carbon
nanofibers in polymer solution. Analysis of fractured surfaces revealed that neat polybenzimidazol film exhibited
ductile failure and dispersion of carbon nanofibers into the polybenzimidazol, resulting in transformation from

ductile to brittle failure.

I. Introduction

N THE 21st century, it is well established that lightweight high-

performance polymeric composites with excellent mechanical,
thermal, and fatigue properties are of great interest for interplanetary
space missions, especially to space structures, as applications of
these materials reduce overall cost of the mission [1]. Despite these
positive aspects of polymeric composite materials for space
missions, for longer missions in which structures are required to
undergo an extended period of time in a space environment, the
polymer matrix shows limitation in maintaining the outstanding
performance. Therefore, the present trend of research is primarily
focused on development of a high-performance polymer with out-
standing thermal and mechanical properties for extended exposure to
a harsh space environment.

In this context, a newly emerged high-performance polymer such
as polybenzimidazole (PBI) was processed and characterized. PBI is
a heterocyclic thermoplastic polymer and shows excellent thermo-
chemical properties and outstanding mechanical properties [2]. In
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molded form, PBI shows the highest compressive and tensile
strength in comparison to any unfilled polymeric resin [3,4], as well
as the highest glass transition temperature 7, (425°C), high decom-
position temperatures (500-600°C), and stability under oxidation,
and it maintains excellent strength at cryogenic temperatures [5]. PBI
shows better strength than polyimide and polyamideimide at higher
temperature and is also superior in terms of other properties such as
chemical, radiation, and fire resistance, resulting in the best high-
performance polymer for various applications to future-generation
space [3]. The high thermal stability of PBI is attributed to the
presence of aromatic and heterocyclic rings in the polymer chain,
which provide rigidity to the polymeric chain [6]. Because of these
properties, PBI is an excellent polymer for aviation and space
applications. PBI has found its application for protective sealing,
thermal and mechanical insulators, and nose cones of aircraft [3].
Because of its excellent thermal properties and superior non-
flammability, PBI has been used for firefighters’ protective clothing,
high-temperature gloves, and astronauts’ flight suits [7-9]. PBI has
better insulating properties and it forms a good textile fiber [10]. In
recent years, acid-doped PBI has emerged as a promising material for
the application in the membrane of the fuel cell [10,11]. Having
excellent thermal and chemical resistance and high mechanical
properties, PBI has a great potential for space application as a heat-
shielding and radiation-shielding material. It shows considerable
promise not only as a matrix for high-temperature structural
composite materials, but also as fibers and films [12].

Based on these considerations, an effort has been given in the
present investigation to manufacture compression-molded PBI and
PBI films with better thermal stability and high mechanical
properties for space application. Despite having better thermal and
mechanical properties, the real challenge is the processing of PBI as
such, because this particular polymer does not melt. Moreover,
compression-molded PBI requires very high temperature and
metallurgical pressure to process. Therefore, very few research
papers are available to date regarding the processing of PBI. Some
researchers have demonstrated the processing of PBI in powder form
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[13], and some other papers demonstrate the processing of PBlin N,
N-dimethylacetamide (DMACc) solvent to produce PBI composite
and nanocomposite [2,7,8]. In a previous study [7] about PBI
nanocomposite, more emphasis was given on the mechanical
properties of PBI/CNF (carbon nanofiber) nanocomposite. However,
thermal properties of material were not studied in much detail. In this
context, the present work has covered both thermal and mechanical
aspects of compression-molded PBI and PBI/CNF nanocomposite.
The study has demonstrated better thermomechanical properties of
PBI nanocomposite films when compared to the results of the
previous study. This study also has focused on process optimization
of compression-molding PBI in detail.

Note that with the development of high-performance polymers,
different nanofillers are also getting equal attention. The nanofillers
are being incorporated to the polymer resins in order to further
enhance their properties such as stiffness, toughness, thermal, and
barrier [14]. CNFs receive significant attention for their potential
applications as reinforcements in polymer matrices, due to their high
tensile strength, modulus, and relatively low cost. Therefore, in this
context, efforts were made to develop carbon-nanofiber-reinforced
polymer nanocomposite films using different dispersion techniques;
consequently, this paper opens a new window for dispersing
nanofillers in PBI resins. Large research opportunities exist to answer
more fundamental questions regarding dispersion, optimization of
filler content, new potential applications, development of processing
technologies, filler matrix interface interactions, and characterization
techniques. The objective of this investigation is to prepare PBI/CNF
composites by the film-casting technique and to examine their
thermal and mechanical behaviors by using thermogravimetric
analysis (TGA) and dynamic mechanical analysis (DMA), respec-
tively. A detailed morphology analysis of fractured surfaces is
presented by using scanning electron microscopy (SEM) to investi-
gate failure mechanism, fiber dispersion, and CNF/matrix adhesion.

II. Experimental
A. Materials

High-temperature-resistant PBI thermoplastic with a density of
1.3 g/cm?, having a molecular weight of 20, 000 g/mole (Celazole
brand, supplied by PBI Performance Products) was used for
compression molding. A solution of PBI in DMAc (with 26%
concentration of PBI, supplied by PBI Performance Products) was
used for casting the film of neat PBI and PBI reinforced with CNFs. A
solution of 99% concentrated N, N-DMAc was purchased from
Aldrich Chemicals. Carbon nanofibers with diameters ranging from
70 to 200 nm and lengths of 50 to 200 pm were supplied by Pyrograf
Products, Inc., with the trade name of PR-19-XT-LHT. All materials
were used as received.

B. Processing of Polybenzimidazole

Compression molding of PBI powder was carried out using
temperatures in excess of 400°C and high metallurgical pressure. To
make the specimen using the compression-molding process and to
get the best specimen with desired properties, different processing
parameters were varied to optimize the process. Both heat and
pressure were applied during the processing. Because PBI is not
melt-processable sintering, a process used for metals is being used
for the processing of PBI In the sintering process, very high
temperature and pressure are applied for long periods to compact the
material together to give it the desired shape. The polymer is heated
above its glass transition temperature before applying the high
pressure to compact the material. The two different methods that
were used to make the specimens using PBI powder follow.

1. Method 1

In this method, the mold was filled with the required amount of
PBI powder and put in the press. The mold was heated to 440°C at a
rate of 5°C/ min by applying a pressure of 10 MPa. The mold was
kept at this pressure and temperature for 3 h. After 3 h, the mold was

allowed to cool to a temperature of 50°C and then pressure was
released and the molded part was removed.

2. Method 2

In this method, PBI powder was dried at 200°C for 12 hin a forced-
air convection oven. After drying the PBI powder, the mold was filled
and put in the press. The mold was heated to 440°C at a rate of
5°C/ min. It was kept at 440°C for 30 min to get a uniform heat
distribution. Then a pressure of 55 MPa was applied on the mold with
the same temperature for 4 h. Pressure was released for 30 s so that
any gas formed during the heating process could escape. After 4 h,
the mold was allowed to cool to a temperature of 100°C. At this point,
the pressure was released and the molded part was removed.

C. Solution Casting of Basic PBI Film

In this process, efforts were given to fabricate PBI films using the
PBI solution in DMAc. The PBI solution in DMAc was highly
viscous, and therefore the solution was diluted by adding 10 ml of
DMAc to 20 g of PBI solution. The resulting solution was stirred
mechanically at 50°C for 15 min to get a uniform mixture of PBI in
DMAc. The mixture was then used to produce films that were
60—80 pum thick. The films were prepared by spreading the mixture
over the glass plate with the help of an adjustable doctor’s blade. The
film was allowed to dry in the vacuum oven at 80°C for 2 h and then it
was cured at 200°C overnight. The cured film was peeled off from the
glass plate by immersing in the hot distilled water at 80°C. The film
was keptin hot distilled water for about 60 min to remove any lithium
chloride that was added to the solution. After removing the film from
the hot distilled water, there was a formation of wrinkles that might be
due the presence of DMAc. There is also the possibility that lithium
chloride could also be present to some extent. Therefore, in order to
remove the wrinkles before mechanical testing, the film was pressed
in the hot press at 250°C and at a pressure of 5 MPa. The film was
again dried in the oven at 100°C for 4 h to remove any moisture, then
it was dried in the vacuum oven overnight at 300°C to remove any
DMACc present in the film.

D. Solution Casting of PBI Nanocomposite Films

To fabricate the nanocomposite film, mechanical stirring and bath
sonication methods were used. In the first method, a precalculated
amount of CNFs were carefully weighed and directly mixed in the
diluted solution of PBI. The mixture was then stirred mechanically
using an overhead stirrer at 300 rpm for 30 min. In another method,
the calculated amount of CNFs was weighed and then added to the
DMACc solvent and dispersed by ultrasonic mixing for 30 min at
60°C. After ultrasonic mixing, CNFs dispersed in DMAc solvent
were added to the PBI solution. The ultrasonic process in combina-
tion with mechanical stirring was continued for the next 15 min.
The mixture was then used to cast the film on the glass plate, as
described in the previous section. The nanocomposite films were
prepared by dispersing 0.5, 1, and 2 wt % of CNFs into the PBI
matrix.

E. Thermal Gravimetric Analysis

TGA was carried out to determine thermal stability of PBI powder,
compression-molded PBI, PBI neat film, and PBI nanocomposite
film. Tests were performed using a Perkins Elmer thermal analysis
instrument (Pyris Diamond Thermogravimetric Analyzer). Com-
pression-molded samples were cut into small pieces using a cutter
and then ground to get the small-size specimens for the TGA test. The
weight of all the samples was maintained between 7 and 10 mg. The
samples were heated from a temperature range of 25 to 600°C at a
heating rate of 10°C/ min. The furnace was purged with nitrogen gas
to prevent oxidation at a flow rate of 25 ml/ min.

F. Dynamic Mechanical Analysis

DMA is performed in tensile mode at an oscillation frequency of
1 Hz using Perkin-Elmer dynamic mechanical analyzer (Pyris
Dynamic Mechanical Analyzer). Samples of compression-molded
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PBI were cut into a rectangular shape and then machined to the final
dimensions of 1.2 x 8.1 x40 mm?>. PBI neat film and nano-
composite films were cut in rectangular form with dimensions of
0.06 x 8 x 40 mm>. Data are collected from 25 to 550°C at a
scanning rate of 3°C/ min. Elastic modulus and mechanical damping
of all the samples were measured.

G. Tensile Testing

Tensile testing of compression-molded PBI, neat PBI film, and
nanocomposite films was carried out using a Zwick Tensile machine
at a test speed of 2 mm/ min at 20°C. Rectangular specimens of
150 x 10 x 0.06 mm? were cut from the cast films. Compression-
molded specimens were machined to dumbbell shape for tensile
testing. Five specimens for each material were tested for the repro-
ducibility of the results. Force-displacement curves were recorded
from which Young’s modulus and tensile strength were evaluated.
An extensometer was also used to determine the exact value of
Young’s modulus.

H. Fractographic Analysis

SEM studies were carried out on gold-coated films in order to
examine the dispersion of carbon nanofibers in the polymer matrix
and to study the fracture surfaces after mechanical testing. Images
were obtained using a JEOL JSM-7500F field emission SEM.

III. Results and Discussion
A. PBI Processing

Compression molding of PBI powder was carried out using
temperature in excess of 400°C and high metallurgical pressure. The
aim of this investigation was to prepare specimens with high tensile
strength as reported by the supplier of PBI. Two methods were
applied to manufacture the specimen using the compression-molding
process. In the first method, PBI powder was heated up to 440°C at a
pressure of 10 MPa by keeping the mold at this temperature for 3 h.
The specimen obtained after compression molding is shown in
Fig. 1a. The specimen looks foamy, which might be due to low
pressure during compression molding, which results in incomplete
compactness of the material. Therefore, proper temperature and
pressure should be applied in order to soften the material and to get
enough compaction of the material so that it can achieve the desired
strength.

In the second method, before compression molding, the material
was sufficiently dried in order to avoid any moisture (which may
result in voids in the molded specimen), and a high pressure of
55 MPa was applied, as recommended by the manufacturer of PBI.
The heating cycle was also increased from 3 to 4 h. The specimen
obtained with this method is shown in Fig. 1b. In this case, the
specimen shows improvement of compactness and density of the
material. The reason behind maintaining the mold at high temper-
ature and pressure for a longer time was that the PBI is an amorphous
thermoplastic and it does not melt, even at high temperature.
However, PBI shows a softening point: i.e., a glass transition
temperature at which molecules are flexibility enough and the

a)

desired shape can be given. Therefore, sintering is the only process
for fabrication of these materials where high temperature and
pressure are applied to the material to get the desired shape.

B. Processing of PBI Neat Film and Nanocomposite Film

PBI in the form of film was produced to evaluate thermal and
mechanical properties of the polymer. Figure 2a represents neat PBI
film obtained from solution casting. After removing the film from the
glass plate using hot distilled water, wrinkles were formed, which
were removed by pressing the film in the hot press at 250°C and at a
pressure of 5 MPa. PBI nanocomposite films obtained with two
different dispersion techniques having 1 wt % of CNFs are shown in
Figs. 2b and 2c, and the compression-molded specimen is shown in
Fig. 2d. The nanocomposite film obtained with separate dispersions
of CNFs in DMACc solvent using ultrasonication is shown in Fig. 2b.
After dispersion of nanofibers in the polymer solution, the color of
the film was totally changed from brown, as in the case of neat PBI
film, to blackish, which could be the first test of examining the
uniform dispersion of CNFs in the polymer matrix. In the case of PBI
nanocomposite film that was obtained by direct mechanical mixing
of CNFs into the polymer solution, the dispersion of CNFs is not up
to the mark, as evident from Fig. 2c.

The color of the film was not changed and agglomeration of
CNFs is clearly observed. Therefore, it can be concluded that
ultrasonication of CNFs before adding into the polymer solution is
the more effective way to get PBI nanocomposite films.

C. Thermal Gravimetric Analysis

TGA of PBI powder, compression-molded PBI, PBI neat film, and
PBI nanocomposite film was carried out to determine the thermal
stability of the polymer. Figure 3a represents a comparison of PBI
polymer in different forms. TGA curves show the thermal decom-
position behavior of polymer as a function of temperature. The
decomposition behavior of PBI powder is shown in Fig. 3a. The TGA
curve shows two-step decomposition. The initial weight loss that
occurred between 40 and 130°C is around 2.35%. This weight loss
occurred due to evaporation of water. PBI is highly hygroscopic;
therefore, it absorbs moisture that evaporates during heating,
resulting in a reduction in weight. The weight loss at the initial stage
can be minimized by drying the powder in the oven. After the first
degradation step, weight loss starts very slowly but continuously
until the temperature reaches 545°C. There is only a 5% weight loss
up to this temperature, which is significantly lower than with other
polymers. Therefore, it can be concluded that thermal stability of PBI
is superior in comparison to any other polymer. The high thermal
stability of PBI is due to the presence of aromatic and heterocyclic
rings in the polymer chain. The loss in weight in the second
degradation step was due to the loss of phenol and other gaseous
products, which is confirmed by experiments [15]. At very high
temperature, ammonia and methane evolved from heterocyclic and
aromatic rings, respectively.

Comparative studies of thermal decomposition behavior of
compression-molded PBI with PBI powder reveals that compres-

b)

Fig. 1 Photographs of a) compression-molded at low pressure and b) compression-molded at high pressure.
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Fig. 2 Photographs of a) PBI neat film, b) PBI 1 wt % CNF obtained after ultrasonication of the solution, ¢c) PBI 1 wt % CNF obtained after direct

mechanical mixing, and d) compression-molded PBI sample.

sion-molded PBI shows high thermal stability at the initial stage, up
to a temperature range of 200°C. The high thermal stability of
compression-molded specimen might be due to its exposure to the
high temperature during the compression-molding process. High
temperature dries the material and removes moisture that was present
in PBI powder. On the other hand, for compression-molded PBI, the
weight loss occurred continuously up to a temperature of 325°C
without any stable plateau. After this temperature, the polymer
exhibits thermal stability, and only 0.2% weight loss occurred from a
temperature of 400 to 550°C, with a total weight loss of 6.5% up to
this temperature, which is still high thermal stability of polymer at
this temperature. The continuous weight loss of the PBI polymer in
the first stage could be explained with the fact that exposure of PBI to
the surrounding air at high temperature during the compression-
molding process might have oxidized the material, which ultimately
degraded the material properties to some extent.

The TGA curve for neat PBI film and PBI nanocomposite film is
shown in Fig. 3b. The TGA curve shows two-step degradation for
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neat PBI film. A relatively short degradation step started at about
50°C and continued up to 150°C, with a 2% weight loss. The weight
loss occurred due to absorption of moisture by the polymer, and any
DMACc remained inside the polymer film, even when it was dried.
After the first degradation step, the weight loss occurred gradually
but very slowly. The polymer remained stable until the temperature
of 405°C, with a total weight loss of 5%; thereafter, the second
degradation step started, where weight loss occurred more rapidly,
but PBI was not totally degraded. Only a 9.5% weight loss occurred
up to the temperature of 600°C. The addition of 1 wt % of CNFs in
PBI has not improved the thermal stability of PBI in the first
degradation step, but an improvement is observed at higher
temperature, and a 5% weight loss occurred at a temperature of
420°C, with 0.5 wt % CNFs in the polymer. After the addition of 2%
carbon nanofibers in the polymer, it was observed that thermal
stability of PBI improved remarkably. The first step of degradation
has been almost eliminated, as most of the moisture has been
absorbed by CNFs. There is only a 1.2% weight loss observed up to
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Fig. 3 Plots of comparison of thermal stability of PBI: a) in different forms and b) neat film and nanocomposite film.
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Fig. 4 Comparison of a) storage modulus and b) loss-factor curve of compression-molded PBI and PBI films.

the temperature of 200°C, and then the polymer remained stable up to
the temperature of 430°C, with 5% of weight loss; thereafter, the
polymer started to degrade. This is because high thermal stability
with 2 wt % CNFs could lead to high cross-linking density at this
loading. Cross-linking restricts mobility of the polymeric chains,
which ultimately delays the decomposition of the materials. A
previous study [16] on CNF-reinforced polymer composite has
revealed that reinforcement of CNFs, even with small weight percent,
improve the thermal conductivity of the material. Therefore, itis also
expected for this study that thermal conductivity of the polymer has
improved specifically with 2 wt % loading of CNFs, which could be
the reason that by dispersing 2 wt % CNFs, thermal stability of the
material has improved, as heat dissipates more quickly at 2 wt %
loading of CNFs.

D. Dynamic Mechanical Analysis

DMA is performed in tensile mode at a fixed frequency of 1 Hz to
study the behavior of storage modulus E” as a function of temperature
and glass transition temperature 7,. A comparison of storage
modulus for molded PBI and PBI neat films is shown in Fig. 4a. The
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figure reveals that the compression-molded specimen shows a high
storage modulus throughout the temperature range in comparison to
the storage modulus of the PBI film. One of the explanations of the
low storage modulus of PBI neat film could be the DM Ac solvent that
could be present in the film. The presence of DMAc solvent might
have reduced the stiffness of the PBI film. When comparing the loss-
factor curve of compression-molded PBI and PBI films, it is observed
that compression-molded PBI shows high glass transition and it is at
430°C, as shown in Fig. 4b. However, PBI film indicates a wider loss-
factor curve, resulting in better cross-linking of the PBI film.

DMA plots of the storage modulus as a function of temperature for
both neat PBI film and PBI nanocomposite film at different carbon
nanofiber loadings are shown in Fig. 5a. The figure demonstrates that
addition of 0.5 wt % of CNFs increases the storage modulus up to
88% (from 4.26 to 8.03 GPa). By further adding CNFs in polymer up
to 2 wt %, a small decrease in storage modulus is observed, but this
value is still higher than the storage modulus of the neat PBI film. A
50% increase in the storage modulus from 4.26 to 6.41 GPa is
observed with 2 wt % of CNFs, and this is relatively higher than that
reported in literature [7]. By adding CNFs to the polymer, the
improvement in the first plateau of the storage modulus is observed
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Fig. 5 Comparison of a) storage modulus and b) loss-factor curve of neat PBI film and PBI nanocomposite films.
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Table 1 Storage modulus of compression-molded PBI, PBI neat film, and nanocomposite film as a function of temperature

Materials

Elyc, GPa  Ely.c, GPa  Eloc, GPa  Elspe, GPa  Ejyp, GPa  Elgpoc, GPa  Ejyo, GPa

Glass transition
temperature, 7',

Compression-molded PBI 6.95 6.85 4.93
Neat PBI Film 4.26 3.93 3.70
PBI-0.5% CNF nanocomposite film 8.03 7.43 6.47
PBI-1% CNF nanocomposite film 5.85 5.68 491
PBI-2% CNF nanocomposite film 6.41 6.25 5.55

3.81 3.18 2.84 2.13 434
3.12 2.08 1.20 0.16 416
5.58 3.96 2.99 0.74 421
3.81 2.47 1.14 0.16 418
4.63 2.26 1.04 0.27 419

Glass transition onset of peak of loss-factor curve.

and a drop of storage modulus of nanocomposite films occurs at
certain higher temperatures when compared to the neat PBI film. The
decrease in the storage modulus after the first plateau is typically
related to the small movement of polymer molecules in the side
chains. This is the typical characteristic of an amorphous polymer,
which shows two plateaus in the storage modulus and then there is a
sharp decrease in the storage modulus. The sharp decrease in the
storage modulus after the second plateau is due to the large
movement of the molecules in the polymer backbone that cause the
material to soften and thus cause a decrease in stiffness of the
polymer. A summary of the storage modulus at different temper-
atures is presented in Table 1.

Comparing the results for this study and results presented pre-
viously [7], it can be observed that PBI neat film and nanocomposite
films have shown higher values of storage modulus, Young’s
modulus, and tensile strength for this study when compared with the
results of the previous study [7]. One of the possible explanations of
achieving better results could be the better fiber—matrix interface.
Proper adhesion between fiber and matrix is essential in order to
ensure optimum stress transfer across the resulting interfaces [17,18].
Another possible explanation could be the higher cross-linking of
polymer films manufactured in this study. Cross-linking restricts the
motion of the polymeric chains and results in an improved value of
storage modulus and strength of polymer. Therefore, it can be
concluded that better processing of PBI film is achieved in this
investigation.

The loss-factor curve of the neat PBI film and PBI nanocomposite
measured by DMA is shown in Fig. 5b. The curve represents two
transition peaks at different temperatures. The higher temperature
transition is normally referred to as glass transition 7'y, which occurs
when the main polymer chains are free to rotate, and is associated
with a substantial fall in mechanical strength. The peak height of loss
factor increased and became narrower by adding 0.5 wt % of carbon
nanofibers. By further adding carbon nanofibers, a decrease in peak
height of loss-factor curve was observed. However, there was a
broadening of the peak in the loss-factor curve, which was due to the
unconstrained segment of polymer molecules. Table 1 represents the
glass transition temperature measurement as an onset of maximum
peak height of loss-factor curve. Both neat PBI and PBI nano-
composite have very high glass transition temperatures, as reported
in the table. A secondary transition, called § transition, was also
observed in the loss-factor curve of neat PBI and PBI nanocomposite.
This transition represents the motions of side chain molecules in the
polymer. It was observed that by adding carbon nanofibers in the
polymer, the value of secondary transition temperature increased up

to 30°C, with 2 wt% of carbon nanofibers. Carbon nanofibers
restricted the motion of the side chain molecules very effectively.

E. Tensile Testing

Tensile tests of molded PBI, neat PBI film, and PBI nano-
composite to study the effect of CNFs on tensile properties of PBI
were performed using a Zwick tensile machine at room temperature
with a test speed of 5 mm/ min. A comparison of tensile test results
with each material is presented in Table 2. A tensile strength of
112 MPa was obtained with the compression-molded specimen
processed at a temperature of 440°C with a pressure of 10 MPa.
Compression-molding of PBI at a temperature of 440°C and at a
pressure of 55 MParesulted in a tensile strength of 145 MPa, and it is
clearly the highest tensile strength of any unfilled polymer. In this
case, note that the PBI powder was dried in a vacuum oven for 12 h
before the compression-molding process.

In the first case, it is possible that as the PBI powder was not dried,
resulting in the presence of moisture during curing, leading to low
tensile strength. Also, the temperature, pressure, and heating cycle
during the compression molding were not optimized enough to get
the full strength of the molded material. During this process, since
pressure is applied to the PBI resin continuously during heating, the
decomposed gas resulting from the heating of PBI could not escape
from the sintered PBI and therefore remains therein as voids. These
voids cause the cracking of the specimen, resulting in the decrease of
tensile strength. The decomposed gas comprises the vapor resulting
from the decomposition of the nonpolymerized PBI resin itself and
the vapor resulting from the reaction of lithium chloride (this is added
to the PBI resin as a stabilizer) with the PBI resin at high temper-
atures. The decomposed gas includes CO, CO,, CH,, chloroform,
and phenol [15]. Therefore, in conclusion, the temperature, pressure,
and heating cycle need to be selected carefully.

Tensile strength and Young’s modulus of PBI neat film and PBI
nanocomposite film are illustrated in Fig. 6. A tensile strength of
157 MPa is achieved for neat PBI film. Further increase in strength is
observed by adding 1 and 2% CNFs in the polymer, as shown in
Fig. 6. A 9% increase in tensile strength is achieved by dispersing 1%
CNFs in the PBL

Note that both stiffness and toughness of PBI have also increased.
By adding CNFs up to 2 wt %, a further increase in tensile strength of
PBI filmis observed. In this case, a 15% increase in tensile strength is
observed and the value of Young’s modulus has increased from 6.55
to 8.11 GPa, an improvement of about 24%, as shown in Fig. 6. An
improvement of 30% in failure strain is also observed by adding 2%

Table 2 Tensile test results for compression-molded PBI, PBI neat film and PBI nanocomposite film

Materials Tensile strength ¢, MPa  Tensile modulus, GPa Elongation, %  Std. dev.
Compression-molded PBI-1 # 112 5.63 1.56 6.34
Compression-molded PBI-1 ® 145 7.77 1.96 6.46
Neat PBI film 157 6.55 2.67 3.1
PBI-0.5% CNF nanocomposite film 165 7.02 2.90 4.18
PBI-1% CNF nanocomposite film 171 7.77 3.25 4.27
PBI-2% CNF nanocomposite film 181 8.11 3.46 593

*Compression-molded specimens produced by simultaneous heating and pressing of PBI powder at low pressure.
"Compression-molded specimens produced by simultaneous heating and pressing of PBI powder at high pressure.

“Results are the average of six replicate specimens.
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Fig. 6 Comparison of tensile strength and Young’s modulus of PBI
neat film and nanocomposite film with different CNF loadings.

CNFs in PBI polymer. In general, filler additions are detrimental to
the toughness of the material. However, it is interesting to see that the
addition of carbon nanofibers has improved the toughness of PBI.
This kind of effect of CNFs on the toughness of the polymer has also
been reported by some other researchers [6,7].

F. Scanning Electron Microscope Analysis

Scanning electron microscopy of neat PBI and PBI nano-
composite was carried out to examine the dispersion of carbon

nanofibers. Though carbon nanofibers are difficult to disperse in the
polymer matrix due to large surface area, SEM analysis of the
samples for the case when the fibers were first ultrasonicated in
DMAc and then dispersed in PBI has shown good dispersion of
CNFs with all the fiber loadings. However, the samples with 2 wt %
of CNFs have shown very few agglomerations, as shown in Fig. 7c.

Samples prepared by direct mixing of 1 wt % of carbon nanofibers
into the polymer matrix have shown a large agglomeration area, as
shown in Fig. 7d. Direct mixing of carbon nanotubes into the PBI
polymer was studied by Okamoto et al. [8] and good dispersion of
CNTs into the PBI polymer was reported.

G. Fracture Morphology

Scanning electron microscopy was also carried out to examine the
fracture morphology of failed surfaces after tensile testing of neat
PBI, PBI nanocomposite film, and compression-molded PBI. A
ductile failure was observed for neat polymer film, as shown in
Fig. 8a. The fracture surface shows a wavelike pattern that might be
due to the plastic yielding that occurred locally while the load was
applied. By adding 0.5 wt % of CNFs in the polymer matrix, a mixed
kind of failure was observed and a phase transition appeared from
ductile to brittle failure. Analyzing the fracture surfaces of
nanocomposite film reinforced with 2 wt % of CNFs, it is observed
that deformation occurred in a different direction, as crack growth is
limited to one direction, due to the fibers present in the matrix.

A much rougher fracture surface was observed upon adding
2 wt % CNF into the PBI matrix, as shown in Fig. 8c. The increased
surface roughness implies that the path of the crack tip is distorted
because of the carbon nanofiber, making crack propagation more
difficult. CNFs act as a crack arrestor and delayed the crack

Fig. 7 SEM analyses of PBI neat film and nanocomposite film with different nanofiber loadings: a) neat PBI film, b) PBI 0.5 wt % CNFs x3000, c) PBI
2 wt % CNFs x3000, and d) PBI 1 wt % CNFs x3000 produced with direct mixing of CNFs into the polymer solution.
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Fig. 8 SEM micrographs of fractured surface of PBI neat film and nanocomposite film with different nanofiber loadings and compression-molded PBI:
a) neat PBI film, b) PBI 0.5 wt % CNFs x3000, ¢) PBI 2 wt % CNFs x3000, and d) compression-molded PBI.

propagation in the matrix material. Because of more resistance to
crack growth in the presence of CNFs, both strength and stiffness of
nanocomposite have increased when compared to neat PBI film, as
indicated by the results in Table 2. Better interfacial adhesion of
CNFs with the matrix material is essential in order to gain the benefit
of CNFs. Absence of an effective interface between the carbon
nanofiber and the neat resin does not help to transfer the mechanical
loads between the two regions.

Fracture surface of compression-molded PBI is shown in Fig. 8d.
Compression-molded specimens also have a similar kind of fracture
morphology as that demonstrated by PBI basic film: ductile failure of
the material.

IV. Conclusions

Thermomechanical properties of both compression-molded PBI,
PBI neat film, and nanocomposite films were investigated using
thermogravimetric analysis (TGA), dynamic mechanical analysis
(DMA), and tensile testing. TGA analysis showed that compression-
molded PBI has very high thermal stability up to a temperature of
550°C. Thermal stability of PBI film improved about 15% by loading
up to 2% CNFs. DMA studies showed that both compression-
molded PBI and PBI neat films exhibit very high storage modulus of
3.81 and 3.12 GPa, respectively, even at a temperature of 250°C, and
a further improvement of about 48% was observed after the addi-
tion of 2% CNFs in PBI solution. Ultimate tensile strengths of
compression-molded PBI and PBI films were 145 and 157 MPa,
respectively. A considerable improvement in tensile strength of
about 15% was achieved by dispersing 2 wt % of CNFs in PBI film.
Scanning electron microscopy has confirmed the uniform dispersion
of CNFs in polymer solution. Analysis of fractured surfaces revealed
that a ductile failure occurred for neat PBI film and for
nanocomposite; the failure was translated from ductile to brittle.
These results lead to the conclusion that PBI is a high-performance
polymer with excellent thermal and mechanical properties, and

these properties make PBI an excellent candidate for aerospace
applications.
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