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Abstract

In this project the effect of polyacrylonitrile (PAN) on thermal and mechanical properties
of polyimide (PI) was studied. The aim of this study is to formulate multifunctional
polyimide/polyacrylonitrile blend by combining excellent properties of polyimide such as high
solvent and wear resistance, high dimensional stability, excellent thermal resistance and high
modulus with the superior properties of polyacrylonitrile such as low density, thermal stability,
high strength and modulus of elasticity. Polyacrylonitrile is a high-performance polymer that
unlike others has the capability to form highly oriented molecular structure when subjected to a
low temperature heat treatment. It has applications in ultra-filtration membranes, hollow fibers
for reverse osmosis and fibers for textile. It is also pre-cursor material for the manufacture of
carbon fibers which are characterized by high stiffness, high tensile strength, low weight, high

chemical resistance, high temperature tolerance and low thermal expansion.

In this study, a polyimide blend containing different weight percentages of
polyacrylonitrile (0.1, 0.5, 1, 5 and 10 wt%) was synthesized and cast into thin films and fully
characterized. The degradation behavior of the blends was studied using Thermogravimetric
Analysis (TGA) and Differential Scanning Calorimetry (DSC). Functional group analysis and the
chemical structure of the blend was studied by using Fourier Transform Infrared Spectroscopy
(FTIR). Dynamic Mechanical Analysis (DMA), was used to study the changes in the storage
modulus and damping behavior of the blends as a function of temperature and composition. The

morphology and microstructure of the blends was studied by using the optical microscope.

From FTIR, the degree of imidization of the blend containing 10 wt.% of PAN was

determined to be 97.5%. DMS analysis show the Tg of the blend containing 10 wt.% of PAN



was to be ~370°C. While the blend containing 10wt% of PAN produced the highest Tg, the
blend containing 1wt% of PAN showed the highest damping ability. Rate of change of enthalpy
was calculated using Differential Scanning Calorimetry and it shows that increasing the amount
of PAN in the blend resulted in a decreasing heat release. The percentage weight loss and char
retention were calculated from the TGA curves. By utilizing the results obtained from these

techniques, the PI/PAN blends suitability for thermo-mechanical applications is assessed.
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Chapter 1

Introduction

1.1 Overview of Project

Polyimide-based blends, copolymers and composites have always been a research interest
owing to its vast array of properties and its compatibility with other materials to formulate
composites and blends. The incorporation of polyacrylonitrile (PAN) into Polyimide (PI) is
known to have improved mechanical properties, thermal stability, modulus and is shown to have

increased fire retardancy.

In this project the effect of addition of polyacrylonitrile on polyimide’s structure, mechanical
and thermal properties is studied. A solution of polyacrylonitrile in N- methyl pyrrolidone was
mixed into synthesized poly (amic acid) to obtain blends with varying weight percentage of

PAN.
1.2 Research objectives

The aim of this project is to successfully synthesize and characterize polyimide (PI),
polyacrylonitrile (PAN) and its blends. Thermal characterization is done to study the effect of
PAN on PI’s thermal properties and to observe changes in thermal behavior. Fourier Transform
Infrared Spectroscopy (FT-IR) is done to monitor structural changes and changes in degree of
imidization. Dynamic mechanical analysis is performed to observe the viscoelastic behavior of

the blend when compared to its constituent polymers.



1.3 Polyimide matrix

Polyimides (PI) are in the class of high-performance polymers due to the specific rigid
heterocyclic structures in the backbone. Polyimides are used in applications such as packing
materials, aerospace materials, circuit boards and interlayer dielectrics due to its good dielectric
properties, flexibility, excellent thermal stability, high tensile strength and good solvent

resistance [1-5].

Fully aromatic PIs have rigid chains and strong interchain interactions which result in
poor solubility and non-melting characteristics thus having low processability. Polyimides are
manufactured by polycondensation of an anhydride and an amine in the presence of a dipolar
aprotic solvent such as such as N-methyl-2-pyrollidone (NMP) and dimethyl formamide (DMF).
An amine group attacks one of the carbonyl groups in the anhydride moiety, which results in a
displacement of the carboxylate functionality, after which there is a proton transfer resulting in
the formation of the poly (amic acid) (PAA) precursor [2]. The rate of reaction is dependent on
the basicity of the solvent as mentioned in Koton et al [65]. The formation of PAA is reversible
and is shown to change back into its respective diamine and dianhydride. The forward rate
constant is significantly higher than the reverse rate constant which causes the reaction to appear
irreversible. Additionally, using pure reagents for PAA synthesis results in a very low reverse
rate constant. [66-67]

Upon exposure to temperatures greater that 250°C, poly (amic acid) (PAA) undergoes
cyclization at the -NH and -OH site to release water and form polyimide (PI). This process
alternatively is known as imidization. The degree to which PAA imidizes determines several

properties of polyimide such as glass transition temperature (Tg) and mechanical properties such

2



as stiffness and flexibility. [64] There is direct correlation of Tg to the curing temperature,

meaning a higher curing temperature cure yield polyimide with a higher Tg [4]-[8].

@) @]
,©’ O oﬁ@iﬁo
HoN NH2 S

PM DA

Polymerization

qu

Poly(amic acid)
Imidization

@ O e
O O
Polyimide

Figure 1: Schematic for the synthesis of Polyamic Acid from ODA and PMDA [2]



1.4 Polymer blends

Blending of polymers to improve final properties has always attracted both academic and
industrial interest. Polymer blends exhibit a variety of improved properties such as strength and
thermal resistance[11], improved solvent resistance[12], improved ionic [13] and electrical [14-
17]conductivity, enhanced optical activity[18-21], flammability [22-25], decrease gas

permeability [26-30] and increased modulus [31-35].

Several polymers have been used in the past as matrix materials for blend formulation.
Rigid polymers such as polyimides [36-42], polyaniline [43], epoxy resins [44-47], poly (methyl
methacrylate) [48-50] and butadiene acrylonitrile copolymer [51] are often used as host matrices.
Parameters such as polymer-polymer compatibility, statistical thermodynamics, transport
phenomena and phase separation behavior determine the ultimate properties of blends. Miscible
polymers blends are expected to exhibit synergistic behavior where the addition of the second
phase improves a property of the first polymer. Additionally, blending polymers from a
commercial point of view provides cost dilution which can aid in engineering newer less

expensive materials [52].

This study will focus on the effect of addition of polyacrylonitrile to polyimide matrix.

The blend is then characterized for structural, thermal and mechanical properties.

1.5 Polyacrylonitrile

Polyacrylonitrile (PAN) is a semi crystalline organic polymer resin with a linear
structure. Unlike other thermoplastics PAN degrades before melting under standard conditions. It
has the capability to form highly oriented molecular structure when subjected to low temperature

heat treatment. It has applications such as ultra-filtration membranes, hollow fibers for reverse



osmosis and fibers for textiles. Its low cost and high carbon yield make it highly favorable for
manufacture of carbon fibers, which are formed when PAN is heated to a temperature of 300°C
to form thermally stable ladder polymers and then carbonized at high temperatures (>1000°C).

[54-57]

PAN homopolymers are used very infrequently owing to its poor processing properties,
to counter this an appropriate amount of comonomer such as acrylic acid (AA), methacrylic acid
(MAA) and itatonic acid (IA) is generally incorporated into PAN during polymerization for
enhancing properties such as solubility, spinnability, hydrophilicity and drawability. This plays a

crucial role in the properties and quality of resulting carbon fibers. [58,59]
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Figure 2: Schematic showing cyclization of PAN [53]

PAN exhibits a phenomenon known as stabilization between the temperature of 200 and
300°C. PAN undergoes a variety of physical and chemical changes owing to several exothermic

chemical reactions, including cyclization, dehydrogenation, oxidation, crosslinking and



fragmentation. Cyclization reactions, which convert the linear structure of PAN into an infusible

ladder polymer are considered to be most important. [54,60-63]

The cyclization reaction is terminated by the head-to-head linkages with the polymer
chain. Ammonia and hydrogen cyanide are released at the same temperature only after the
cyclization is complete. At a higher temperature, oligomers are evolved from the uncyclized

portion of the polymer.[53]



1.6 PAN/PI blends and copolymers

The stabilization of PAN is a well-known intermediate phenomenon exhibited by PAN to
form conjugated ladder structures. Here the effects of PAN content on the thermal and
mechanical behavior were systematically investigated to serve as a guide for high-performance

polymeric fiber fabrication.

The cyclization of PAA to PI possess an endothermic feature, which can be promoted by
the heat released from the cyclization of PAN’s nitrile groups. This could potentially accelerate
the time-consuming step of stabilization. The high molecular orientation of PI would also affect
the orientation of the PAN/PI blend fibers, which lead to the improved mechanical and thermal
properties [68]. Alternatively, this composite could also have the potential to produce high-
performance carbon fibers since PAN is a useful precursor for carbon fiber production and PI

fibers are used for carbonization and graphitization [69,70].

Polyimides (PI) have long been known for their excellent flame resistance with a limited
oxygen index (LOI) value of 60. However, they are too expensive to be used in flame retardant
applications [71]. Oxidized PAN fibers exhibit similar LOI values ranging between 40-60. Thus,
the addition of PAN to PI is focused on reducing the manufacturing cost while retaining the
superior flame-retardant properties. Polyimides do not exhibit the property to be drawn into
fibers, by adding PAN to form a blend, there is scope for it to be drawn into fibers which could

then be used for several applications.



Chapter 2

Experimental

2.1 Materials

The reagents used in this study are as follows: pyromellitic dianhydride anhydride (99%
purity), 4, 4’- diamino diphenyl ether (99% purity), 1 -methyl-2-pyrrolidone (99% purity) and
the polyacrylonitrile (PAN) with an average molecular weight of 150,000 were purchased from
Sigma Aldrich. All the reagents listed above are of analytical grade; AR. De-ionized water was

also used in this process.
2.2 Synthesis and Preparation
2.2.1 Synthesis of PAA using condensation method

200ml of NMP is poured into a three-necked flask with a supply of constant dry air, into
which 19.046 of ODA was added under continuous stirring for 30 minutes at 10°C. After 5 hours
of stirring 20.962gms of PMDA was added into the flask and stirring was continued for another
18hrs after which the mixture was transferred in to glass containers which were purged with
nitrogen. The solution is then degassed in a vacuum chamber to remove dissolved air and is then

stored in a dry and dark atmosphere.
2.2.2 Preparation of PAN solution

2g of PAN is dissolved in 200ml of NMP at 80°C with constant stirring. The resulting

solution is a 1 wt.% solution of PAN in NMP which is then cooled and stored in a desiccator.



2.2.3 Ex-situ synthesis of PAN/PI blend

The prepared PAN solution is added in measured quantities to yield 0.1, 0.5, 1, 5, 10
wt.% PAN in the PAA. The solutions are then subjected to mechanical stirring and then ultra-

sonicated for 30 minutes after which they are stored in a dark and dry atmosphere.
2.2.4 Film Preparation

The PAA/PAN solution along with neat PAA are casted onto a glass substrate in a
vacuum oven initially for 60°C after which the temperature is ramped up to 120°C, 160°C, 200°C
and finally 300°C for 4 hours each. A stepwise increase in temperature is utilized to prevent

cracking due to thermal shock.



2.3 Compositional Analysis
2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)

Attenuated Total Reflectance FTIR was performed using Nicolet 6700 FT-IR instrument
(Smart Orbit ATR accessory with diamond crystal) over a wavelength range of 3500cm™ to

400cm™ to determine the chemical composition and the degree of imidization of the blend.
2.4 Morphology
2.4.1 Optical microscopy

Optical microscope was performed analyse the effect of surface morphology of PI upon
the addition of PAN. T690PL Amscope microscope was used to take images at 4x, 10x, 40x and

100x resolutions.
2.5 Mechanical Properties
2.5.1 Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) was used to determine the viscoelastic properties
of the blend films. Samples with dimensions of 20mm x 10mm x 0.06mm in a temperature range

of 25°C to 600°C were analyzed using EXSTAR 6000, manufactured by Seiko Instruments.
2.6 Thermal properties
2.6.1 Thermogravimetric Analysis (TGA)

TGA was used as a method to empirically assess the thermal stabilities of the
polymer blend films. Samples of known weight were heated at a rate of 10°C/min in an

inert atmosphere up to temperature of 700°C to study degradation and char retention.

10



TGA Q50 953501-301 Thermogravimetric Analyzer (6275) by TA Instruments was used

to perform the test.

2.6.2 Differential Scanning Calorimetry (DSC)

DSC was used to assess properties such as thermal stability, heat released and rate
of change of enthalpy. Samples of known weight were heated at a rate of 5°C/min in an
inert atmosphere up to temperature of 700°C to measure heat released and enthalpy
changes. A heating rate of 30°C/min was used to determine degradation behavior of the
blends. EXSTAR6000, Differential Scanning Calorimeter manufactured by Seiko

instruments was used to perform the test.

11



Chapter 3

3.0 Results and Discussion

3.1 Fourier Transform Infrared Spectroscopy
3.1.1 Structural analysis

Imidization is an important aspect for polyimides since it affects the properties of the
resultant films. The process of imidization is highly temperature dependent and involves
dehydration; the removal of water, which is then followed by cyclization; the closing of the
imide ring [72]. The effect of weight fraction of PAN on imidization of PAN/PI blends is
studied. Studies have shown that additives alter imidization by increasing the surface area on
which it can take place [73]. Figure 3 shows FTIR spectra for PAN/PI blends, neat PI and neat
PAN. The absorption bands of Neat PAN and Neat PI are indicated in tables 1 and 2

respectively.

12
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Figure 3: FTIR spectra for (a) Neat PI, PAN/PI blends and (b) Neat PAN

Table 1: Absorption Bands for PAN

Band Position Band Characterization
2938,1453,1357,1249 Aliphatic Stretching CH, CH; and CH3
2242 C=N nitrile group
1623 Weak amide group

13



Table 2: Absorption Bands for PI

Band Position Band Characterization

3550-3250 N-H stretching

3100-3000 C-H stretching
1778 C=0 asymmetric stretching of imide
1716 C=0 asymmetric stretching of imide
1647 C=O0 stretching of amide
1612 C=N/N-H coupled deformation of amide
1543 O(N-H) of amine
1496 C=C stretching of p-substituted benzene
1408 NMP absorption
1365 C-N-C stretching of imide group
1238 V(C-0O-C) between two aromatic rings
1050 C-H in-plane bending
725 Symmetric C=O stretching

PI exhibits characteristic absorption bands at ~1778, 1365 and 1716 cm™ due to
asymmetric carboxylic acid stretch, C-N stretch and asymmetric C=O stretching respectively.

The peak at 1495 cm™! is associated with stretching of phenyl ring.[74]

PAN exhibits peaks at 2242 cm™! indicating nitrile group, 2938, 1453, 1357 ,1249 cm’!
indicating the aliphatic groups (CH, CH> and the CH3 groups) and a weak amide peak at 1623
cm’! is also present [75]. Disappearance of peaks at 2940 and 2240 cm™ is due to cyclization of
PAN. New peaks appear at 800 and 1600cm™, these are due to the formation of C=C, C=N and

=C-H bonds [76][77].

14



3.1.2 Degree of Imidization

DOI is calculated using equation 1. The peaks at 1776 cm! which represents
asymmetrical stretching of C=0 ketone bond are normalized with the peak of 1496 cm™ which is

indicative of phenyl peak [78][79]. Table 4 shows DOI values of PAN/PI blend.

(A1776

A1496)Blend- x100 (1)

DOI=
(A1776/A14%)

Neat

Where A represents area under the respective peaks for blend and neat PI.

In figure 4, peaks 1496 and 1776 cm™! of neat PI and PAN/PI blend are shown. The 1776
cm’! peak represents C=0 asymmetrical stretching of polyimide and is observed to move to the
right in case of the blend. Due to the presence of nitrile group, which is highly electronegative,

the bond length decreases which shifts the peak towards higher wave numbers [80].

15
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Figure 4: FTIR graphs for neat PI and PAN/PI blends at (a) 1496 cm™ and (b) 1776 cm™ peaks

Table 3: Peak height values for PAN/PI blend compositions at 1776 and 1496 cm™! peaks

Composition Peak Height
(% PAN)
1776 cm™! 1496 cm™!
0 0.7 0.19
0.1 0.79 0.2
0.5 0.55 0.15
1 0.44 0.13
5 0.59 0.18
10 0.93 0.21




This shift in peaks however is not exhibited in the phenyl peaks indicating that nitrile
group does not affect its development. This phenomenon does not have any effect on degree of

imidization as showing in table 4 and figure 5.

Table 4: Degree of Imidization values for PAN/PI blends

Composition (% wt PAN) A1776 A1496 DOI (%)
0.1 1.89 12.87 95.09
0.5 1.65 11.46 96.93

1 1.11 7.56 94.76
5 1.61 11.05 95.72
10 2.06 14.60 98.68
120
Neat PI
100 l\.’.\.—./l
80
S
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N 60
=
E
X 40 1
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Figure S: Plot showing degree of Imidization (DOI) vs % composition.
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3.2 Optical Microscopy
Figures 6-11 show optical micrographs for neat PI, 0.1, 0.5, 1, 5 and 10% PAN/PI

compositions, respectively at different resolutions in color and grey-scale images.

Figure 7: Micrographs of 0.1 PAN/PI
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Figure 8: Micrographs of 0.5 PAN/PI

Figure 9: Micrographs of 1 PAN/PI
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Figure 11 Micrographs of 10 PAN/PI

Optical microscopy was performed to determine the effect of PAN on morphology of PIL.
Presence of PAN can be observed as dark regions of micrograph. It can be seen that the

distribution of PAN particles of varying shapes and sizes is quite uniform within the PI matrix.
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With increase in weight fraction of PAN an increase in average particle size is observed. This
could be due to the PAN particles coming close to each other as a result of hydrogen bonding
and forming globule-like structures [99]. Hence, varying sizes and shapes of PAN particles are

observed, especially at higher PAN content.

The presence of large particles of PAN within the PI structure affects the thermo-
mechanical properties of the blend. The results from the following experiments will corroborate

the findings from optical microscopy.

3.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis provides information on the mechanical properties of
polymers undergoing sinusoidal deformation as a function of temperature [81],[87]-[89]. This
technique was used to determine the influence of addition of PAN on structural and mechanical
properties of PI. Viscoelastic behavior from the glassy region to the rubbery region is studied as
a function of temperature. Loss factor (tan o) vs temperature of neat PI, neat PAN and blends

containing 1, 5 and 10% PAN is plotted as shown in figure 12.
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3.3.1 Glass Transition Temperature
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Figure 12: Plot showing Tan delta vs temperature curves for neat PI, neat PAN, 1, 5 and 10% PAN/PI

Tan 6 plot was used to determine the glass transition temperature of neat PI, neat PAN
and PAN/PI blends. The temperature corresponding to the peak of tan 6 curves is considered as
the glass transition temperature. From figure 13 it can be observed that neat PI shows a Tg of
~388°C and neat PAN has a Tg of ~89°C. This is corroborated by others [83]-[84]. A
corresponding change in the storage modulus is observed in figure 15. The region that occurs
before the Tg peak is glassy since a polymer in this region exhibits plastic deformation. As
temperature increases there is a change in the slope of the storage modulus indicating glass

transition. With further increase in temperature the peak flattens out into a rubbery plateau where
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the polymer exhibits elastic deformation [85]. This is followed by flow region where the polymer
flows like a liquid. From table 5, it can be observed that addition of PAN results in a decrease in
Tg by ~40°C. This could be due to restrictions in chain motion caused by the presence of
increased amounts of PAN in PI matrix [86]. Additionally, the tan (8) peaks for PAN/PI blends

exhibit a single Tg peak indicating a good miscibility between the individual components [92].
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°
350 «—
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Figure 13: Plot showing variation of Tg with composition.
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Table 5: Table showing Tg (°C) and tan (9) area for all the compositions

Composition Tg Tan(d) area
(% PAN) (°O) (a.u.)
Neat PI ~ 388 12.6
1 ~ 345 26.7
5 ~ 361 18.1
10 ~ 376 16.9
Neat PAN ~ 89 11.2

Theoretical Tg for polymer blends can be calculated using Fox equation as shown below

[88][89].

I WL W2
— = 4=
Tg Tgl Tg2

)

Where Tg is the glass transition temperature of the blend, Wi and W» are the weight
fractions of the individual polymer components and Ty and Tg are the glass transition
temperature of the respective polymers. Upon substituting suitable values, a theoretical Tg

ranging between 333 — 365 °C is obtained which lies close to the values obtained from testing.
3.3.2 Damping ability

Damping property or the loss factor helps in identifying the nature of molecular motion
that exists in the material. The ability of the material to regain its original shape after
deformation is revealed by the intensity of the damping peak [81]. Damping ability was
determined by measuring the area under the tan (8) peak for all the compositions (figure 12).
Damping ability is dependent on availability of free volume or free movement of polymer chains
which is critical for dissipating the absorbed energy. From table 5, it is observed that damping
abilities of Neat PI and neat PAN are quite similar as their tan (8) values are close enough. 1%
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PAN/PI composition exhibits the highest damping ability. It is seen that further increase of PAN

has decreased damping, this could be attributed to reduced flexibility and higher degrees of

interactions within the composite. However, all the PAN/PI blends show an improved damping

ability when compared to neat PI. This drop is due to the presence of PAN and its interaction

with the PI matrix that is reducing free volume, thus, restricting the energy dissipation [82].
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3.3.3 Storage modulus
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Figure 15: Plot showing storage modulus (GPa) vs temperature for all compositions

Storage modulus plot gives the measure of stiffness of the film when subjected to tensile
loading at room temperature [87]. Figure 15 shows variation of storage modulus vs temperature
for all the compositions. It was observed that the storage modulus of PAN/PI blend at glassy
region (before Tg) is ~2.5 times higher than that of neat PI. Neat PI exhibits the lowest storage
modulus at room temperature while the highest modulus is exhibited by 1% PAN/PI. Addition of
further PAN results in a decrease in the initial modulus implying increased amount of

interactions which reduces the free volume.

As the temperature increases, it is observed that storage modulus of the blend drops at a
faster rate than compared to that of neat PI. This implies that the polymer chains have obtained

enough energy for long range motion which is nothing but the glass transition temperature.
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At temperatures close to 350°C, the storage modulus of the blends begins to drop; this is
not seen in neat PI until temperatures close to 390°C. After this region, the storage modulus
curve begins to flatten out owing to the interactions which prevents further slippage of the
polymer chains. This region is the rubbery plateau at which 10% PAN/PI shows the highest

modulus.

The glassy region modulus indicates the rigidity of the material below Tg. It can be seen
here that there is a significant increase in glassy region modulus for 5% PAN/PI. The modulus
decreases slightly for 10% PAN/PI. This shows that addition of 5% PAN is synergistically
reinforcing the blend. The rubbery plateau region modulus was measured at 400°C for neat PI
and the blends and at 200°C for neat PAN. The appearance of rubbery plateau region indicates
entanglements or crosslinks. Both the width and the properties of the region depend on the
molecular weight between crosslinks. This is proven by the values of glassy and rubbery region

modulus listed in table 6.

Table 6: Glassy region and rubbery region modulus for all the compositions

Composition Glassy region modulus Rubber plateau modulus
(%PAN) (GPa) (GPa)
Neat PI 1.90 0.28
1 2.50 0.54
5 4.96 0.59
10 4.63 0.57
Neat PAN 2.92 0.15
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3.4 Thermo-Gravimetric Analysis

Thermogravimetric analysis helps in understanding the thermal degradation behavior of

the material. The degradation behavior of material when subjected to a controlled increase in

temperature is recorded as mass loss percentage [93]. In this study, TGA was performed on

cured PAN/PI films with different weight fractions of PAN. The data obtained was used to

determine the percentage mass retained and rate of mass loss in neat PI, neat PAN and PAN/PI

blend.

3.4.1 Thermal behavior in nitrogen atmosphere

3.4.1.1 Percentage mass retained study

Figures 16 and 17 compare percentage mass retained and derivative mass

loss as functions of temperature for neat PI and neat PAN, respectively.
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Figure 16: Plot showing % mass retained vs temperature (°C) for neat PAN and neat PI in Nitrogen atmosphere
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Figure 17: Plot showing derivative mass loss vs temperature (°C) for neat PAN and neat PI in Nitrogen atmosphere

In figure 16, it is seen that both Neat PI and Neat PAN lose mass steadily till 280°C
where PAN exhibits a sharp drop implying the onset of degradation. This continues till 300°C
where the curve flattens out indicating the cyclization of PAN [94]. This is supported by the
derivative mass loss curve in figure 17 where a sharp peak is exhibited by neat PAN at 280°C
which is indicative of onset of degradation. The narrow peak is approximately 20°C broad and
indicates rapid mass loss. The curve flattens at a temperature of 300°C which indicates the onset
of cyclization. At higher temperatures we see that oligomers are evolved from the uncyclized

portion of PAN which result in a step transition at 400°C [95].

PI on the other hand starts degrading at a temperature of 480°C and proceeds to lose mass

till 550°C resulting in approximately 35% loss in mass [96]. Measures to reduce the rate of mass
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loss at this temperature will improve PI’s thermal stability. From figure 17 it is observed that the
decomposition peak of PI is broader and shorter than PAN, indicating that the reaction doesn’t

occur as rapidly. The rate of mass loss of neat PI and neat PAN is the same at their respective

degradation temperatures as shown in table 7.

Table 7: Comparison of rate of mass loss for neat PI and neat PAN in Nitrogen atmosphere

Sample Rate of mass loss (s!)
Neat PI at 500°C 0.018
Neat PAN at 280°C 0.018
100 o ~rrrm———— Atmosphere: Nitrogen
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= = 0.1 PAN
807 0.5 PAN
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= 60 e
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Figure 18: Plot showing % mass retained vs temperature (°C) for (a) Neat PI, 0.1 and 0.5% PAN/PI and (b) Neat PI,

1, 5 and 10% PAN/PI in Nitrogen atmosphere
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To compare the effect of addition of PAN to PI the percentage mass retained vs temperature plot
for all the compositions is shown in figure 18. It is observed that the addition of PAN results in
an initial mass loss. However, the temperature of onset of degradation remains relatively
unchanged. The addition of PAN has evidently reduced the slope of the curve which indicates a
decrease in the rate of mass loss. It is seen that at higher temperatures (>700°C) both neat PI and

PAN/PI blends show similar mass retention.
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3.4.1.2 Derivative mass loss study
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Figure 19: Plot showing derivative mass loss vs temperature (°C) for PAN/PI blends compared to neat PI in
Nitrogen atmosphere

From the derivative mass loss curve, it is seen that the addition of PAN has considerably
reduced the rate at which the blend degrades. There is a trend that is observed where the increase
in PAN added to the blend results in slower rate of decomposition (lower rate of mass loss). Neat
PI exhibits the highest rate of mass loss and 10% PAN/PI blend exhibits the lowest (table 8).
This phenomenon can be explained by PAN’s ability to form a ladder-like structure upon curing
at a temperature of 300°C throughout the PI matrix [97]. In case of percentage mass retention of
blends, it is seen that increasing weight fraction of PAN results in an increase in mass retained
(table 8). As explained by J. Xue et al, the temperature of onset of degradation is where
cyclization of PAN occurs and higher mass retention in 10% PAN/PI blend is due to loss in

oligomeric PAN influencing the amount of non-volatile residue in the blend [95].
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Table 8: Comparison of percentage mass retained for PAN/PI blends in Nitrogen atmosphere

% Mass

Composition Retained
Neat PAN 33.9
Neat PI 64.1
0.1 53.5
0.5 53.5
1 57.3
5 59.9
10 61.3

Table 9: Rate of degradation of PAN/PI blends in Nitrogen atmosphere

Composition (%
PAN) Rate of mass loss (s!)
0.1 0.013
0.5 0.013
1 0.012
5 0.012
10 0.010

Upon comparing the rate of mass loss values of neat PI, neat PAN and PAN/PI blends in tables

(7) and (9), there is a trend of decreasing rate of mass loss as shown in figure 20.
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Figure 20: Comparison of rate of mass loss of the blends in Nitrogen atmosphere
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3.4.2 Thermal behavior in air atmosphere

3.4.2.1 Percentage mass retained study
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Figure 21: Plot showing % mass retained vs temperature (°C) for Neat PAN and Neat PI in air atmosphere
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Figure 22: Plot showing derivative mass loss vs temperature (°C) for Neat PAN and Neat PI in air atmosphere
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Percentage mass retained and derivative mass loss curves for neat PI and neat PAN are

shown in figures 21 and 22, respectively.

Thermal behavior of PAN/PI blend varies according to the atmosphere. While both
nitrogen and air show similar properties till temperatures of 600°C, the properties vary after that
due to char degradation in air. The char primarily consisting of carbon reacts with the oxygen at
higher temperatures and is released in the form of CO and CO: gases. Neat PI loses very little
mass till ~580°C. This minimal loss of mass can be attributed to un-evaporated solvent and water
vapor from the curing process. After crossing the 580°C however, PI degrades into char. Char

provides a certain amount of thermal stability by prevent newer material from getting oxidized.

It can be seen that at temperature close to 670°C, the char begins to decompose. While
the degradation peaks are not clearly visible in figure 21, they appear as distinct peaks in figure
22. PAN’s decomposition in air shows similar behavior to that of nitrogen atmosphere till the
formation of char at temperatures close to 640°C after which it decomposes to leave behind close
to 10% of the original mass. The rate of mass loss of both polymer and char for neat PI and neat

PAN is shown in tables 10 and 11.

Table 10: Rate of mass loss of polymer

Composition (%PAN)| Rate of mass loss (s)

Neat PI 0.086

Neat PAN 0.155
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Table 11: Rate of mass loss of char

Composition
(%PAN) Rate of mass loss (s!)
Neat PI 0.204
Neat PAN 0.048

To measure the general effect of addition of PAN to PI, a mass retained plot of PAN/PI

and neat PI vs temperature is shown in figure 23.
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Figure 23: Plot showing % mass retained vs temperature (°C) for (a) Neat PI, 0.1 and 0.5% PAN/PI and (b) Neat PI,
1, 5 and 10% PAN/PI in air atmosphere

Unlike in nitrogen, it observed that due to oxidation of both polymer and char, onset

temperatures of the blend is lower than that of neat PI. This effect is less pronounced in the

compositions that have lower weight fractions of PAN. From the derivative mass loss curve
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shown in figure 24, it can be seen that all samples including neat PI and PAN/PI blends exhibit
two peaks after onset of degradation. The first peak area gives the rate of polymer degradation

while the second peak area gives rate of char degradation.

3.4.2.2 Derivative mass loss study
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Figure 24: Plot showing derivative mass loss vs temperature (°C) for Neat PI and PAN/PI blends in air atmosphere

The rate of mass loss of polymers and their char are shown in tables 12 and 13, respectively. It
can be observed that addition of PAN has increased the onset of degradation for both the
polymer and the char in all the samples. This can be attributed to the stabilization of PAN which
is improving blend’s thermal stability. Research by Xiao et Al [98] shows that PAN stabilizes to

a higher degree in the presence of oxygen due to formation of conjugated C=0 structures which
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facilitate in further dehydration and increase the interactions with the PI matrix which could be

reinforcing the blend.

Table 12: Rate of degradation of PAN/PI blend polymers in air

Composition Onset of Degradation

(%PAN) O Rate of mass loss (s!)

Neat PI 522.66 0.084

0.1 534.57 0.069

0.5 537.59 0.073

1 530.79 0.077

5 539.67 0.078

10 536.84 0.058

Table 13: Rate of degradation of char in air

Composition Onset of Degradation

(%PAN) O Rate of mass loss (s!)

Neat PI 666.9 0.203

0.1 676.73 0.215

0.5 685.62 0.228

1 690.15 0.206

5 677.49 0.284

10 675.22 0.199

Through the rate of degradation of the polymer and the char, it can be observed that PI
containing 10% PAN shows the slowest rate of mass loss. This could imply a direct correlation
between increased interaction of stabilized PAN improving thermal stability. The rate of mass
loss values of both polymers and their char as plotted against composition and are shown in

Figure 25.
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Figure 25: Rate of degradation of PAN/PI blend (a) polymers and (b) char in presence of air

3.5 Differential Scanning Calorimetry

3.5.1 Heat Loss and Change of Enthalpy

Differential scanning calorimetry measures difference in heat flow between a sample and
an inert reference as a function of time and temperature where both the sample and the inert
reference are subjected to a controlled environment [96]. The change in heat flow occurs when
there is a transition in the sample. The heat flow is then plotted on y-axis against temperature on

the x-axis.

In this study, DSC was performed on cured PAN/PI films with different weight fractions
of PAN. Data obtained was used to determine the transitions occurring in the blend during the
heating cycle. The obtained data is then compared to the thermal behavior of both neat PI and
neat PAN. Figure 26(a) shows the thermograms of PAN/PI in comparison with neat PI. Figure

26(b) compares thermograms of neat PI and neat PAN.
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Neat PAA exhibits an endothermic behavior during imidization, this dip in the curve is
missing in the neat PI indicating complete imidization, corroborated by FTIR spectra table 4. In
neat PAN’s thermogram a sharp and narrow peak indicates a rapid reaction, which in PAN’s case

implies stabilization [97]

From figures 26a and 26b, it can be stated that the addition of PAN has a definite effect
on thermal behavior of PI. In case of neat PAN, the peak found at 280°C is absent indicating
complete stabilization during the cure. PAN cyclizes at temperature of ~280°C and forms a
network like structure in the matrix of PI. In the thermograms of PAN/PI blends, it is observed
that peaks ~600°C broaden implying improvement in thermal properties (reduction in heat
released) over that of neat PI. Area under the peaks is measured to calculate enthalpy which is
then divided by time between the peak to give rate of change of enthalpy. This value is then
divided with the weight of the initial sample that gives us the rate of heat released upon

degradation. The values are shown in table 14.
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Figure 26: DSC thermograms for (a) PAN/PI blends and neat PI, and (b) neat PAN and neat PI in Nitrogen

atmosphere.
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Figure 27: DSC thermograms of PAN/PI blends between 400°C and 525°C in Nitrogen atmosphere

From figure 27, it can be seen that higher weight fractions of PAN (>1%PAN) exhibit a
step at temperatures between 450°C and 500°C. This peak is also seen in neat PAN where the
oligomers release by the uncyclized PAN begin to degrade (figure 25). It is seen that increasing
the weight fraction of PAN moves the step towards left indicating higher PAN weight fraction
blend exhibit degradation behavior like neat PAN in this temperature range. This phenomenon is

not exhibited by neat PI or the lower weight fraction PAN/PI blends.
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Table 14: Rate of change of enthalpy of PAN/PI blend.

Composition Rate of heat
(wt% PAN) AH(J) release(J/sec)
Neat PI 49.63 0.125
0.1 76.52 0.095
0.5 121.1 0.128
1 224 0.124
5 77.81 0.115
10 21.79 0.019

From table 10, it is seen that there is a general trend indicating a decrease in the amount of heat

released with increase in weight fraction of PAN.
3.4.2 Degradation Study

For determining thermal degradation behavior of the blends, DSC was performed in air
atmosphere at a high heating rate of 30°C/min. A high heating rate is used to simulate conditions
of combustion. The thermograms of the blends and neat PI can be seen in figure 28. Samples

showing similar thermal behaviors are shown together in figures 29a and 29b.
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Figure 28: DSC thermograms in air for neat PI and PAN/PI blends containing (a) 0.1, 1 and 5% PAN (b) 0.5 and
10% PAN
The temperature of onset of degradation for both nitrogen and air thermograms is listed in table
15. Blends subjected to heating in air show an increase in their onset temperatures. An
interesting observation that can be made by comparing onset temperatures is that while the
addition of PAN has reduced the onset temperature in nitrogen atmosphere, the blends exhibit an
increased onset temperature implying that the blends show improved thermal properties in
conditions where it is exposed to a reactive atmosphere and higher rate of heat. This behavior is
explained by Xiao et Al [101] who state that PAN stabilizes better in the presence of oxygen.
This could enable the use of PAN/PI blends in application which require thermal stability at

higher temperatures.
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Table 15: Comparison of onset of degradation temperatures of blend in Nitrogen and air atmospheres

Composition Temperature of Onset of
(% PAN) Degradation(°C)

Nitrogen Air

Neat PI 555.30 576.44

0.1 496.59 600.44

0.5 513.98 584.04

1 518.11 586.04

5 511.31 608.57

10 481.86 600.84

The rate of degradation of films and heat released during degradation are calculated from the
DSC thermograms. Enthalpy calculations are made by measuring the area under the peaks. Heat
release is calculated by multiplying the change of enthalpy value with mass of the sample. The
heat released per second is calculated by dividing the above value with the time of

decomposition. The thermal behaviors of the blend can be seen in the graphs shown in figure 29.
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Figure 29: Graphs showing (a) Degradation time vs composition (b) Rate of heat release vs composition.
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There is a general trend observed which shows that blends containing higher weight percentage

of PAN have lower degradation times. It can also be seen that the rate of heat release of certain

blends is comparable with that of neat PI. Table 16 shows the change of enthalpy values and heat

release rate corresponding to the blend.

Table 16: Change in enthalpy and rate of heat released of neat PI and PAN/PI blends.

Composition (% AH(J) Heat Released
PAN) per second
(J/sec)

Neat PI 59.05 0.59

0.1 40.21 0.39

0.5 84.45 1.05

1 20.89 0.28

5 28.40 0.28

10 53.23 0.55
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4 Conclusion

FTIR was performed on PAN/PI blends to study the effect of addition of PAN on
imidization. Higher degree of imidization is indicative of improved mechanical properties such
as higher tensile modulus and wear resistance, thermal properties, and chemical properties such
as solvent resistance, solvent entrance and impermeability to gas flow. Upon studying the DOI
values of PAN/PI blends, it is observed that addition of PAN has interfered minimally with
imidization. It is seen that there is a generally positive trend of increasing DOI that is observed
with increasing weight fraction of PAN. The film containing 10% PAN shows a 98.6%
imidization which is highest amongst all the blend compositions. This could be attributed to the

PAN network providing additional surface area and sites for dehydration and cyclization.

From TGA it can be concluded that the addition of PAN has resulted in an increase in the
temperature of onset of degradation. It is shown that there is a slight decrease in the mass
retained after the heating cycle indicating that the char retention of the blend has reduced.
However, upon closely examining the decomposition behavior it is seen that the rate of
decomposition is greatly reduced upon the addition of PAN to the PI. This could be because of
the cyclization (stabilization) behavior of PAN interfering with the decomposition mechanism.
From the thermograms it can be stated that the addition of PAN to PI does not adversely affect
the thermal stability of PI, in fact it reduces the rate at which mass is lost by 45%. The addition
of PAN to PI results in the formation of a network like structure of stabilized PAN throughout
the matrix of PI. The reduced rate of mass loss could be attributed to this structure decomposing

before the matrix does thus improving its thermal stability.

From DSC it can be observed that the thermal properties of PAN have been altered. The

cyclization behavior exhibited by the neat PAN which resulted in a sharp peak is no longer

48



present, indicating complete cyclization of PAN during the cure. Also, the secondary peak of the
oligomers of PAN is also absent in the blend. Addition of PAN in general broadens the peak
implying that the speed at which the blend degrades has reduced. Among all the blend
compositions, 10% PAN releases the lowest amount of heat per gram upon degradation implying
that the increase in the cyclized PAN network has cause the thermal stability of the blend to
improve. PAN/PI blends show an increased temperature of onset of degradation when compared

to neat PI.

From DMA it is observed that addition of PAN to PI does not alter the glass transition
temperature significantly. The damping ability is found to improve with increasing weight
fraction of PAN as compared to neat PI. 5% PAN/PI composition shows synergistic
reinforcement at glassy region storage modulus while 10% PAN/PI blend shows the highest
rubbery region modulus due to entanglement or crosslinking. Overall it can be said that adding

PAN to PI enhances its thermomechanical properties.

4.1 Scope for future work

1) Ability of PAN/PI blend to be drawn into fibers
i) Synthesis of high-performance carbon fiber using PAN/PI blend
ii1)  Flammability study

v) PAN/PI as host material for organo-clay nanocomposites
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