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ABSTRACT

High Temperature Materials for Aerospace Applications. (May 2010)
Andrea Diane Adamczak, B.S., Austin Peay State University; M.S., Texas A&M
University

Chair of Advisory Committee: Dr. Jaime C. Grunlan

Further crosslinking of the fluorinated polyimide was examined to separate the
cure reactions from degradation and to determine the optimum post curing conditions.
Glass transition/melting temperatures were ascertained using DSC, while weight loss
during curing and T4 were determined using TGA. Furthermore, the mechanical
properties were measured using an Instron to relate to the thermal properties to find the
optimum curing conditions. The polyimide resin exhibited the best post-curing
conditions for further crosslinking for 8 hours at 410 °C based on Tg, thermal stability,
and mechanical properties.

Blister temperatures, resulting from rapid heating, were obtained by monitoring
changes in transverse thickness expansion using two different techniques. Both
techniques employed showed similar blister temperatures in relation to the amount of
absorbed moisture, regardless of sample size. The polyimide resin exhibited blister
temperatures ranging from 225 — 362 °C, with 1.7 - 3.0 wt% absorbed moisture, and the
polyimide composite had blister temperatures from 246 — 294 °C with 0.5 - 1.5 wt%

moisture.
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Weight loss of the fluorinated polyimide and its corresponding polyimide carbon
fiber composite under elevated temperature was examined. Weight loss as a function of
exposure temperature and time was measured using TGA and by pre- and post-weighing
of specimens treated in an oven. Both techniques showed similar weight loss trends as a
function of time and temperature, but TGA showed much greater weight loss due to
greater surface area to volume (i.e., small sample size). The neat polyimide resin and
carbon fiber composite exhibited negligible weight loss at temperatures below 430 °C
for exposure times up to 20 minutes.

Transition-metal carbides were initially synthesized by carbothermal reduction of
transition-metal halides and polymer precursor mixtures, at temperatures that range from
900 to 1500 °C in an argon atmosphere. TaC was synthesized from TaBrs, as a model
carbide for this process. Significant (> 40 vol%) amounts of TaC were formed at
reaction temperatures as low as 900 °C for one hour, with greater times and temperatures
leading to > 90 vol% yield. Universality of method was also proven by using other

various transition-metal halide salts (NbBrs, WCls, and WClg) with the polyimide.
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CHAPTER |

INTRODUCTION

1.1 Background

High temperature polyimides are finding use in a variety of applications, from
electronics to aerospace, due to their high thermal stability and excellent mechanical,
chemical, and electrical properties.'> Additionally, fiber-reinforced high temperature
polymer matrix composites are particularly attractive for aerospace structures because of

their low density,” high mechanical strength,>*"'® high modulus,>>" thermo-oxidative

2,8-9,11-12 2,5,10,13

stability, excellent electrical properties, and superior chemical

2,4-5,9,14

resistance. A variety of polyimide-based composites have been studied for

23115 One in particular is a fluorinated phenylethynyl

use in aerospace applications.
terminated imide (FPTI) polymer that is especially useful due to its environmental
stability and high glass transition temperature (435 — 455 °C).” Due to this high dry T,
the fluorinated polyimide is a good material to withstand the extreme service conditions
experienced by military aircraft and reusable space vehicles.

The materials utilized in hypersonic vehicles will be exposed to severe

mechanical, thermal and oxidative environments over short periods of time, and cause

rapid, sequential overlapping degradation mechanisms. The primary structures for

This dissertation follows the style of Chemistry of Materials.



these vehicles need to be lightweight, strong and thermally durable. High temperature
polyimides are the leading candidates for such applications.'® An understanding of how
these polyimide composites will react to the complex conditions of stress, temperature,
and moisture is necessary to determine whether degradation of the polyimide matrix is
accelerated or delayed. The performance of these composites is primarily dependent on
the properties of the polymer matrix, but is also affected by the carbon fiber-matrix
interface. Thus, knowing how the polyimide and its carbon fiber composite will behave
under a range of thermal gradients and hygrothermal/thermo-oxidative environments is
needed.

The structure-property relations of the FPTI polymer have previously been
characterized in terms of oligomer synthesis, rheology, thermal properties, and cure

reaction kinetics.*”!>!7

The polyimide and corresponding carbon fiber composite,
discussed in this prior work, is currently being evaluated for leading edge primary
structures and engine components. Despite its promise, there are still significant
knowledge gaps in understanding the polyimide’s structure-property-performance
relationship for future aerospace applications. In particular, the trade-off between
attainable full cure and the overlap with the onset of thermal degradation. Filling in
some of these knowledge gaps is the focus of Chapters III-V.

High temperature ablation resistant materials with low brittleness are required to
achieve higher hypersonic speeds, especially on the leading edges, which are exposed to

extreme thermal environments (e.g. >3000 °C). Polyimide composites alone are not able

to withstand these environments, necessitating a new class of materials. The addition of



transition-metal carbides to the current polyimide composite is one approach to this
requirement. Transition-metal carbides are refractory materials with the highest known
melting points, that in many cases exceed 2600 °C.""' Besides high temperature

18,20

stability, these materials exhibit outstanding hardness, good wear resistance,’’

25-26 h 26-27

chemical inertness,'***** high elastic moduli, and strengt Tantalum carbide
exhibits one of the highest melting points (3880 °C) of any known material. TaC has
also been formed by in-situ decomposition of TaCls or TaBrs in the presence of thermal
dissociating poly(cyanogen) in inert atmospheres up to 1800 °C.** However, the TaC
formation was not efficient as a protective coating due to its inhibition of further
carbonization of the inner liquid tantalum core with the carbon from the thermal
dissociation of the polymer matrix. It is now clear that the tantalum must be distributed
within the polymer matrix on the molecular level for this thermally induced TaC in-situ

thermal protective coating mechanism to be effective. In Chapter VI a successful

protocol for the low temperature formation of transition-metal carbides is described.

1.2 Research Goals and Dissertation Outline

The overall goal of this dissertation is two-fold. Ascertaining the multiple
mechanical, thermal, chemical, and physical degradation mechanisms for FPTI
polyimide and its carbon fiber composites for lightweight structural applications for
hypersonic vehicles is the first objective. The second objective is to characterize and
develop a transition-metal carbide thermal protective coating upon exposure to rapid

heating from a mixture of polymer and transition-metal halides.



This dissertation will address four key topics:

1. Characterization of time-temperature-mechanical properties (TTMP) of
FPTI polyimide resins from 400-500 °C in inert atmospheres to separate
cure reactions from oxidative induced degradation (Chapter III).

2. Determination of blister formation thresholds for the FPTI polyimide
resin and its carbon fiber composite as a function of inherent moisture
content (Chapter I'V).

3. Understand the thermal degradation of FPTI polyimide resin and its
carbon fiber composite by studying weight loss measurements as a
function of temperature-time exposures (Chapter V).

4. Development of low temperature method for transition-metal carbide
formation through intimate molecular distribution of transition-metal
halide salts within FPTI polyimide (Chapter VI).

The overall structure of this work, to understand FPTI polyimide and its carbon

fiber composite and carbide formation for thermal protection, is shown in Figure 1.1.



High Temperature Polymeric
Materials

Time-Temperature Behaviors Materials for
Thermal Protection

Polymer-
Further Moisture- Thermal Transition-
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Figure 1.1. Overview of the high temperature materials research performed for this
dissertation.



CHAPTER I

LITERATURE REVIEW

2.1 Requirements for High Temperature Materials

The need for better high temperature materials in the aircraft industry has been
growing due to the renewed interest in space exploration and the desire to travel faster at
low altitudes. Advanced composites are a type of high temperature materials that are
composed of long, high-performance reinforcements and resins with excellent thermal
and mechanical properties. Typical reinforcement fibers include carbon and graphite,
aramid, silicon carbide and other types of ceramic fibers. Epoxies, bismaleimides
(BMI), cyanate esters, high performance thermoplastics, and polyimides comprise the
key materials used as the matrix, and are for the most part thermosetting materials.” "
Composite materials properties are controlled by their fiber, matrix, and fiber-matrix
interface properties.”'
Advanced composites are generally designed for high strength, high stiffness,

30,32

low weight, and the ability to withstand high temperatures. The fiber reinforcements

are normally considered strong, high modulus fibers that are 10-100 pm in diameter.***
These fibers can be oriented in several arrangements such as unidirectional, transverse,
and weave, that each have advantages and disadvantages. An example of carbon fibers
woven together to make a fabric sheet is shown in Figure 2.1. These fibers can then be

embedded into a matrix resin with a maximum loading of 60-70%.” The addition of

fiber reinforcements is intended to enhance the mechanical or physical properties of the



matrix material, such as strength, stiffness, coefficient of thermal expansion,

29-30,33-35

conductivity, resistance to oxidation, and thermal transport.

Figure 2.1. Carbon fiber fabric made of carbon fiber ropes woven together.*

The matrix material within a composite is the continuous phase that gives shape

29-30

to the structure, so any type of material that can be easily molded and sustain the

mold shape can be used. Over 90% of modern composites are composed of some type

1.’ The matrix material provides a number of functions that it gives

of polymeric materia
to the composite much like that of the fiber reinforcements. Some of these functions

include stabilizing and transferring stress to the fibers, acting as a glue to hold the fibers

together, allowing fiber properties to be spread throughout composite, providing



interlaminar strength, and protecting fibers from mechanical and environmental

degradation.**'~

Unfortunately, the matrix material is also the weak link of the
composite, preventing the fiber from providing its full benefit.>! While there are a few
thermoplastic composites being used for advanced applications, the majority of
composites are composed of thermosets since the 1970's.*” Thermoset resins are used
because they can be processed (shaped) at low temperatures and upon curing of resin
they form highly crosslinked amorphous solids.”’ Once a thermoset has been cured, it
cannot be converted back to a liquid and maintains its shape. In general, thermosets
have high glass transition temperatures (Tg), which is crucial when considering a matrix
material for high temperature applications.

The performance of composites is not only dependent on the fiber reinforcement
and matrix, but also relies on a strong interface between the two materials.”**> The
mechanical and physical properties of the composite are strongly influenced by this
interaction. For high modulus, strong, and tough composites, adhesion between the fiber
reinforcement and matrix must be maximized and withstand degradation.”>”*?° When
selecting materials for composites, it is important to consider the level bonding that will

occur between the fiber reinforcement and matrix material to optimize the necessary

properties.

2.1.1 Fiber Reinforcements
Several types of fiber reinforcements exist for use in high temperature

composites and their selection is determined by considering the fiber properties before



being added with the matrix.”’ Some of the most commonly used reinforcements are
silicon carbide, aramid, and carbon fibers. Silicon carbide fibers exhibit high modulus
(480 GPa), high strength (2.1 GPa), high stiffness, and good thermal stability, but their
use is more common in metal and ceramic composites.”***!

Aramid fiber reinforcements are the most common organic fibers used in high
performance composites. The fiber is made by processing the polyamide (Fig. 2.2) and
then spinning it into fibers. Aramid fibers have been used commercially since 1971 and
have found a wide variety of uses, from rubber-related goods to ballistic protection.””
3941 These fibers exhibit high strength (4.5 GPa), good modulus (120 GPa), low density,
high toughness, and are chemically inert.”* While aramid fibers are high melting (500
°C), they perform best at moderate temperatures (~250 °C). Downfalls to the use of

aramid fibers are that they are affected by light and high moisture absorption.? 4!

=004

Figure 2.2. Chemistry of aramid fiber.

Carbon fiber reinforcements exhibit the highest strength (~4 GPa), high modulus
(~300 GPa), high thermal conductivity, good electrical conductivity, low density,
resistance to creep, and chemical inertness.’*" Carbon fibers are also lightweight and

have excellent thermal stability. These properties combined are attractive for use in high
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temperature materials. Thomas Edison first used carbon fibers in 1878 to make the light
bulb, but it was not until the 1950’s and 60’s when carbon fibers were developed and

produced for their excellent mechanical properties.”*!

Brittleness, low impact
resistance and elongation, and susceptibility to oxidation are a few negative aspects to

carbon fiber reinforcements.”” Nevertheless, the beneficial properties outweigh these

negative aspects and are thus the fiber reinforcement of choice for the present work.

2.1.2 Matrix Materials
Thermoset resins are the most ideal candidate for high temperature composites
due to their ability to withstand high temperatures relative to most thermoplastic

s 29,40
resms.

Other advantages to using thermosets include relatively low processing
temperature, good fiber wetting, ability to form complex shapes, and resistance to

creep.42 Typical thermosetting materials include epoxies, bismaleimides, cyanate esters,

and polyimides. Figure 2.3 shows the chemical structures for each of these resin types.
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Figure 2.3. Basic monomer structures for epoxy (a), bismaleimide (b), cyanate ester (c),
and imide (d).

Since their introduction in 1947, epoxy resins have been the most developed and

most commonly used of the thermoset materials, largely because of their excellent

29-30,40,43-44 -
o Epoxy composites are

mechanical properties and processing characteristics.
used in a variety of applications including aerospace, sporting goods, and medical
devices. Epoxies have very good mechanical properties, adhesion (provide a good
interface), moderate creep resistance, and good electrical resistance.””>**" A few pitfalls
associated with epoxy resins are moderate creep resistance, poor toughness, poor UV

29,40,42

resistance, and limited high temperature performance. These resins are typically
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limited to usage temperatures below 125 °C, despite having Ty’s up to 180 °C (Fig.

2.4).24 Epoxies are used as a standard for the development of new classes of resin

. . 44
materials due to their common usage.

500
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100 |

Epoxy BMI Polyimide

Figure 2.4. Use temperatures for common resin matrix composite materials.’**

Bismaleimide (BMI) resins became attractive for high temperature composites
due to better thermo-oxidative and hot/wet properties compared to epoxies.”’ BMIs are
similar to polyimides in structure, as shown in Figures 2.3b and d. BMI resins exhibit

Tg’s near 300 °C, which in turn leads to good performance properties below this
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529,45
temperature.”

Major disadvantages of using BMIs is the concern of long-term health
and safety issues with the monomer and final product, despite having higher usage
temperatures compared to epoxies (Figure 2.4).°*** Cyanate esters are another class of
materials that exhibit better thermal and strength properties in relation to epoxy resins,
but they are not as good as BMIs.**** The major advantages of cyanate esters include

. . : . 29:30,42,44
low dielectric loss and low moisture absorption.” "

The basic cyanate ester
structure is shown in Figure 2.3c. The major concern with cyanate esters lies with long-
term thermal stability in moist conditions due to moisture reacting with any unreacted
monomer units present.****

Polyimide resins are the most promising of the matrix materials due to their
resistance to extremely high temperatures, with Ty’s greater than 300 oC 9304245
Besides their excellent thermal stability, polyimides also exhibit good thermo-oxidative

2945 The basic structural

stability, excellent toughness, and good mechanical properties.
unit of polyimides is shown in Figure 2.3d, and many variations can be made to the
structural unit of the backbone and endcaps. The high glass transition temperatures and
high thermo-oxidative stability are due to the combination of the imide and aromatic
structures.**  Some challenges associated with polyimides, over the other matrix
materials mentioned, are the higher processing temperatures, long cycles, and higher
pressures.”” These issues will be explored in more detail in Section 2.3. Based on the

excellent properties and higher usage temperatures (Fig. 2.4) that polyimides exhibit,

this was the matrix material chosen for the present work.
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2.2 High Temperature Polyimides
Throughout the 1950’s and 60’s a great amount of research was being done in an
effort to develop thermally stable polymers for longer exposure times and higher

44,46

temperatures. Polyimides were the ones that stood out (after their introduction in

1964) due to their processability, properties, heat resistance, usefulness, and inexpensive

4 There is a wide array of polyimides that have been developed,

starting materials.
studied, and used for many applications. The best examples of these materials are

reviewed in detail here as a basis of comparison for the matrix used in the present work.

2.2.1 PMR-15
The PMR-15 polyimide was first discovered in 1970, but received little interest

47 In 1972, the PMR (polymerization of monomeric

due to processing problems.
reactants) approach was improved at NASA Lewis Research Center.****° The 15 refers
to the molecular weight (1500 g/mol) of the imidized polymer. Figure 2.5 is the imide
structure of PMR-15 before crosslinking into a thermoset at 343 °C.* PMR-15 has a T,
of 345 °C, which was considered a highly thermally stable polymer at the time,
especially when compared to that of epoxy materials.”® The Ty and properties of PMR-
15 are not of the neat resin, but of the carbon fiber composite due to processing
conditions. The flexural strength and modulus of PMR-15 at room temperature is 845

MPa and 66 GPa, respectively.”’ The retention of mechanical properties and minimal

weight loss are obtained up to 230 °C for long exposure times, and for shorter times up
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to 316 °C.> The strength decreases to 562 MPa at 288 °C, while the modulus only

decreases to 59 GPa.’!

o Q o o) (o}
N @ @m
0 [s] 0 0
Figure 2.5. PMR-15 chemistry before crosslinking.

PMR-15 has been widely used for a variety of applications. The first component
to use the PMR-15 composite was the F404 engine and other components include nozzle
flaps, fan blades, and the space shuttle aft body flap.** Despite PMR-15"s good thermal
and mechanical properties, there are limitations to the material’s further use. Quality
control, variability from batch-to-batch, and high fabrication costs are two of the

1.2%  Other issues such as microcracking, high

problems on the manufacturing leve
processing temperatures, resin flow control, and long term thermo-oxidative stability are
common not only with PMR-15 but other composite materials as well.*” Despite the
limitations mentioned above, health concerns (mutagenic) over the dianiline (monomer)
used in PMR-15 is the major reason it has not been widely used in the last 20 years, and

has led to the development of other polyimide systems.”>**
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2.2.2 6FDA Based Polyimides

A series of polyimides were developed to remedy the issues with PMR-15.
Avimid-N, PMR-II-50, and AFR-700B are polyimides that contain an aromatic diamine
and either the acid-ester or dianhydride form of 2,2’-bis(3,4-dicarboxyphenyl)
hexafluoropropane. The dianhydride form is commonly referred to as 6FDA, and for
simplicity all three forms will be discussed using this abbreviation. The combination of
these monomers allows for a more thermally and thermo-oxidatively stable polyimide
with a higher resistance to microcracking compared to PMR-15.* The use of 6FDA
allows for enhanced processability of the polyimide and also provides greater moisture
resistance and fracture toughness, while maintaining excellent thermo-oxidative stability
due to the presence of the fluorine substituents.*** Other improvements to polyimide
processability with the addition of fluorine substituents include: solvent solubility, melt
characteristics, low dielectric constant, low moisture adsorptivity, and optical

8,44
transparency.

Avimid-N

DuPont discovered Avimid-N in 1971 (also known as NR-150), which is the neat
polyimide resin.”> Avimid-N was withdrawn from the market in the early 1980’s due to
low interest, but was reintroduced in the 1990°s.* The Ty for this polyimide is 355 °C
and it retains its properties after 100 hours of exposure to temperatures just above the
Tg.2’45 The structure for Avimid-N is shown in Figure 2.6. The initial endcaps for this

polyimide were phthalic anhydride; however, the endcaps for DuPont’s production of
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Avimid-N are unclear.>?

The flexural strength and modulus of Avimid-N carbon fiber
composites at room temperature are 1207 MPa and 104 GPa, respectively.”® After
exposure to 316 °C, the strength decreases to 510 MPa, while the modulus decreases to

79 GPa.”> While the room temperature properties are much higher than PMR-15, the

loss of strength and modulus is greater after exposure to temperatures close to the Tg.45

Figure 2.6. Avimid-N polymer structure.

The applications of Avimid-N are not readily available, but it was suitable for jet
engine parts due to high Ty, high toughness, and excellent thermo-oxidative stability.*
Overall use of this polyimide was minimal, despite the excellent properties, due to
processing issues and inability to meet certain temperature requirements for aerospace
applications.”® During the synthesis, water by-products are produced, and this formation
hinders the formation of the polyimide.” Other problems include little flow of the
material during crosslinking and solvent removal.>*> The starting materials are a good

starting point if the processing issues could be overcome.
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PMR-11-50

PMR-II-50 was developed in the late 1980°s (following PMR-15) in order to find
a more thermally stable material. The 50 refers to the molecular weight of 5000 g/mol,
much like that of PMR-15. The key differences between Avimid-N and PMR-II-50 are
the endcaps used and starting with the acid-ester form of 6FDA instead of the
dianhydride. The endcaps used are the same as that of PMR-15, a norbornyl structure,
as shown in Figure 2.7. Initial work with this material showed that changing the
monomers and increasing the molecular weight of the pre-polymer created an
improvement in thermal stability. PMR-II-50 carbon fiber composite flexural strength is
very high at 1840 MPa, which reduces to 593 MPa after exposure to 343 °C, and has a

Ty 0f 370 °C.>

— n

Figure 2.7. PMR-II-50 chemical structure before crosslinking.

Currently, the PMR-II-50 composite is not widely being used due to processing
issues, although an easier method has been developed using an autoclave to produce
high quality composite laminates.”> Other processing issues include volatile byproducts,

high viscosities, limited high temperature processing materials and expensive tooling.™
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Another issue with PMR-II-50 is the resin’s inability to meet certain temperature
requirements for some aerospace applications.” PMR-II-50 exhibit excellent thermal
and mechanical properties, except for the occurrence of microcracking due to the
material’s brittleness from its high crosslink densities.® The CF5’s present in the
backbone of PMR-II-50 give the polyimide excellent thermo-oxidative stability up to

400 °C.

AFR-700B

AFR-700B was developed by Tito Serafine at TRW under Northrop’s Structural
Composite Material program that was funded by the Air Force Materials Laboratory and
DARPA.**" The structure of AFR-700B is shown in Figure 2.8 and the repeating unit
has a degree of polymerization (n) of 8.* The major difference, besides the n value,
between PMR-II-50 and AFR-700B is in the way they are processed. AFR-700B has a

Tg around 400 °C and excellent thermo-oxidative stability."”

Figure 2.8. AFR-700B chemical structure before crosslinking.
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AFR-700B has been used on the fuselage trailing edges of the F-117A Stealth
Fighter. However, the material does not withstand hygrothermal exposure due to the
weak norbornene crosslinks, which significantly decreases the strength and Ty of the
material.>">  The nadic endcaps are hydrolyzable in the presence of moisture or
oxidative environments, and replacing the endcaps with phenylethynyl results in a very

stable polyimide, which is further discussed in the next section.

2.2.3 Acetylene Terminated Polyimides

There has been a lot of research on polyimides using acetylene terminated
endcaps. This chemistry was chosen due to the drawbacks to norbornyl endcapped
polyimides, such as poor thermo-oxidative stability from the norbornene ring and
weakening of crosslinking unit, and processing issues due to the formation of side

8,58-59

products during crosslinking. Landis and coworkers conducted most of the early

research using acetylene terminated polyimides in 1974.°%¢'

The use of acetylene
terminated endgroups results in resins that have good solvent and moisture resistance,
and excellent physical and mechanical properties.*** The polyimide resins described in

this section, Thermid 600, PETI-5 and others, and AFR-PE-4, all use an acetylene

terminated endcap.

Thermid 600
Thermid 600 was developed by Gulf Chemical Division Company in 1975, and

later acquired by National Starch.* Thermid 600 has seen limited use commercially
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because of processing difficulties, such as poor flow characteristics and the lack of
solubility in common solvents.** The difficulties are likely from the ethynyl groups
reacting that inhibit flow before a complete melt or soft state can form.* The
imidization temperature and the temperature at which the ethynyl groups polymerize
(195 °C) are also too close to allow for complete removal of the byproducts.” The Ty for
Thermid 600 is 370 °C and the polyimide resin also has good thermo-oxidative stability
up to 316 °C.**% The structure for Thermid 600 is shown in Figure 2.9. The room
temperature tensile strength and modulus of Thermid 600 resin is 96.5 MPa and 3.79
GPa, respectively, and the flexural strength and modulus is 124 MPa and 4.48 GPa.”
Thermid 600 composite has a room temperature flexural strength of 1.28 GPa that
decreases to 1.04 GPa after exposure to 316 °C.** The flexural modulus of the

composite sees a similar drop from 104 GPa to 83 GPa after being exposed to 316 °C.

H
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Figure 2.9. Thermid 600 chemical structure before crosslinking.
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PETI-5

PETI-5 was developed in 1996 at NASA Langley Research Center in an effort to
find a material for the High Speed Civil Transport (HSCT) vehicle for the new High
Speed Research (HSR) Program.’”® The Ty for PETI-5 varies between 250 and 270 °C
due to variances of molecular weights of 1250, 2500, and 5000 g/mol.z’“'67 The
molecular weights were adjusted in an attempt to improve processability of the resin,
with 5000 g/mol being the starting point during initial development.®’ The structure of
PETI-5 is shown in Figure 2.10. PETI-5 has the optimum combination of properties
(when compared to other phenylethynyl terminated polyimides), such as high toughness,
mechanical, physical, and chemical properties.”> The room temperature tensile strength
and modulus of PETI-5 resin is 129.6 MPa and 3.1 GPa, respectively. After exposure to
177 °C, the resin tensile strength drops to 84.1 MPa and the tensile modulus decreases to
2.3 GPa.®® The flexural strength and modulus of the PETI-5 composite are 1083 MPa
and 55 GPa, respectively, and after exposure to 177 °C they decrease to 787 MPa and 54

GPa, respectively.
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Figure 2.10. PETI-5 chemical structure before crosslinking.

The HSCT program ended in 1998 after the Boeing announcement of delaying
the launch by 10 years due to the program not being economically viable.”® While
PETI-5 has excellent properties up to 177 °C, its Tg is too low and there are slight
processing issues.*® More recently, there has been an increasing demand for a material

that has properties similar to PETI-5's, but with a higher Ty and thermal stability.

AFR-PE-4

Based on the properties of AFR-700B and PETI-5, it was postulated that using
the endcaps from PETI-5 (phenylethynyl groups) and the fluorinated backbone from
AFR-700B (6FDA) would produce a polyimide with the hydrolytic stability (PETI-5)
and thermal stability (AFR-700B) properties needed for future applications.”” AFR-PE-
4 (also referred to as FPTI) was first reported in the literature in 1994.”"" FPTI exhibits
extremely high Tg's (435-455 °C) and significant mechanical property improvements at

higher temperatures (compared to previously mentioned polyimides).”*  Simpler
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processing methods, high ductility, and better thermo-oxidative stability of FPTI are

other attributes of this newer polyimide.” The structure of the FPTI oligomer is shown

in Figure 2.11. This is the polyimide used in the present study to further understand its
characteristics for use in future aerospace vehicles.
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Figure 2.11. FPTI oligomer chemical structure before crosslinking.

2.3 Present/Future Aerospace Applications

Polymer fiber composites have been used in aircraft since the first flight of the
Wright Brothers Flyer 1 in 1903.%" Since then they have been widely used for a plethora
of aviation and aerospace needs. In general, polymer fiber composites can be found in
airframes, engines, high-speed military aircraft, and the space shuttle (Figure 2.12).° In
the last 25 years, the National Aeronautics Space Administration (NASA) and Air Force
have been pursuing the development of high temperature materials to further advance

their aircraft.
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Figure 2.12. This Space Shuttle tile is composed primarily of a silicon-based material”
that is exposed to 1260 °C during reentry.”

Fiber reinforcements have been used in a wide variety of applications over the
years and will continue to be used. Silicon carbide has been mass produced since the
early 1900’s; however, silicon carbide fibers are a more recent development within the
last 30 years. Silicon carbide is not as widely used as aramid or carbon fibers. Silicon
carbide fibers can be found in aircraft wing structural elements and missile body
casings.”’ Aramid fibers were developed in 1971 and are not as widely used today due
to moisture penetration.”” These fibers have been used on the leading edges of aircraft
wings, fairings, radomes, skins or face sheets for honeycomb panels, and other structures
where impact damage is expected.”** Aramid fibers were used on the leading edges of
the Voyager aircraft that flew nonstop around the world.”” The structural and
nonstructural components on helicopters are also made using aramid fibers to provide
protection against small arms fire and one-third of the MBB BKI117 helicopter is

40,42

composed of aramid fibers. Today, aramid fibers are mainly being used as high
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energy impact containments, such as high performance pressure vessels, due to their

29.42 )
** These fibers are also used in

high strength and resistance to penetration damage.
filament wound vessels and containment rings in engines.42

Carbon fibers were patented in 1961 and are the most widely used fibers today
for reinforcement.”* They can be found in a wide array of applications from airframes to

16,42

engines. Carbon fibers are chosen for their stiffness, strength, low weight, and

thermal properties. On aircraft, carbon fibers are used on control surfaces, fuselages,

doors and landing gear assemblies, as well as helicopter rotor blades.”’

They are also
used on rockets and missiles, aerospace antennas, and many space structures (e.g.
satellites and telescope mounts).”** Carbon fibers are also used in the Hubble Space
Telescope and space shuttle for their superior heat resistance.”

Polymer matrix materials are found in many aviation and aerospace applications,
such as rocket motor cases, tail fins, and wings.* Epoxies are also being used to modify
older aircraft wings. Epoxy carbon fiber composites are being used on the space shuttle
payload bay doors and the remote manipulator arm.”” Two-thirds of the MBB BK117
helicopter are composed of these composites.” Bismaleimide resins have found use
where higher temperatures are needed for protection where epoxies cannot be used.*
The RB162 engine made by Rolls-Royce was one of the first aerospace applications to
use bismaleimides.* The F16XL aircraft used bismaleimides on the wing skins and ribs
in the best known application. The F-22 Raptor fighter jet is largely composed of

bismaleimides (e.g. wings, empennage, fuselage, and understructure).”’ This resin is

also used on the aft flap hinge fairing of the C-17, and tailboom of Bell helicopters.*’
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Cyanate ester resins are the least used of the polymer resins discussed earlier.
They are most commonly found on advanced stealth composites, radomes, antennae
skins, and space structures.”’ Polyimide resins, on the other hand, are being used more
often due to their high thermal stability. High speed military aircraft are using large
structural composite parts that include polyimides in the advanced aircraft systems,

. 4042
engine components, and casings.”

Polyimide resins are also being used as firewalls in
recently built fighter aircraft, and for skins on high-speed developmental aircraft for
thermal stability.”’ They can also be found on the booster tail and fins of the space
shuttle.*” In some cases, much higher temperature materials are needed, which are more

ceramic in nature. This is especially true for aircraft that will exceed Mach 14, making

the skin temperature 5700 °C due to aerodynamic friction.

2.4 Ultra-High Temperature Materials

High temperature materials are becoming of greater importance as the desire to
produce hypersonic vehicles increases. Figure 2.13 illustrates current operating
temperatures for various applications along with selected materials melting
temperatures.”” There is a need to find materials that are capable of operating at
temperatures greater than 3000 °C. Ultra-high temperature materials (UHTMs) are a
class of materials that are chemically and physically stable at temperatures above 2400
°C* UHTMs are potential candidates for applications associated with extreme
environments (e.g. hypersonic flight, rocket propulsion, atmospheric re-entry) because

they are high melting, hard, retain their strength at high temperatures and have mild



thermal expansion.
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227980 In general, the ultra-high temperature classification is

generally considered to begin at 1600 °C with no upper temperature limit.**
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Figure 2.13. Typical operating temperatures in high-temperature environments. Melting
temperatures of various materials are shown at the bottom of this chart.”

Materials that are being investigated for extreme environments are refractory

materials with melting temperatures above 3000 °C, which consist of early transition-

metals and borides,

carbides, or nitrides.”> These refractory materials provide strength,

durability, hardness, optical, electrical, and magnetic properties in addition to

withstanding high

borides and silicon

temperatures.”” Over thirty years ago, zirconium- and hafnium-

carbide were considered the most promising materials identified by

the Air Force.””®" In the early 1990's, NASA began to work with these materials and in
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1997 tested their applicability in thermal structures for ballistic probes.®’ The nose tip
was first composed of HfB, and 20% SiC, while three years later three different

materials were tested for the leading edge (HfB,-SiC, ZrB,-SiC, and ZrB,-SiC-C).*!

2.4.1 Transition-Metal Carbides
Transition-metal carbides are stable at high temperature (melting temperatures

18,20

greater than 3000 °C), have outstanding hardness, good wear resistance,”' chemical

h.26-% Such an unusual

inertness,'™**** high elastic moduli,”?® and strengt
combination of properties extends the potential use of transition-metal carbides beyond
high-temperature applications to electronic components, cutting tools, or catalysts for
chemical conversions.” Tantalum carbide is one of the refractory carbides to receive the
most attention due to its extremely high melting point of 3880 °C and a boiling point of
5500 °C under atmospheric conditions. While other transition-metal carbides were
explored in the present work, tantalum carbide was the primary focus due to these
excellent properties.

Over the past ten years there has been significant research on production methods
for transition-metal carbides. Originally, transition-metal carbides were prepared via a
powder metallurgical technique that involved elemental transition-metals (or oxides)
with solid carbon or carbonaceous gases by carbothermal reduction.'®*****¢  This
technique requires temperatures above 1700 °C and long exposure times to produce the

transition-metal carbides due to a lack of heat transfer.*”™ Other methods for producing

transition-metal carbides have been reported to include carbothermal reduction of
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89-90 85,91

transition-metal rapid metathesis reactions, solid state reactions, gas-solid

92-95 96-97

. . . . . 84
reactions, gas-phase reactions, carbothermal reaction assisted by microwaves,

899 and high-frequency plasma.'” Like that

electrochemical and solution state methods,
of conventional techniques, these methods involve high-temperature, high-energy, and
time consuming processes with relatively low yields and residual impurities (such as free
carbon, oxides, and sub-021rbide:s).84'85

There have been many recent efforts to synthesize transition-metal carbide
powders or bulk components at lower processing temperatures. One approach that has
been gaining attention is the use of polymer precursors to produce transition-metal
carbides at lower temperatures (below 1700 °C) via carbothermal reduction.'”"® The
idea is to also simultaneously produce final products in the form of thin films, coatings,
fibers, or composites.'” Preiss et al showed that polymeric precursors, such as niobium
and tantalum alkoxides and molybdenum ethylene glycolate, could be used for
processing TaC, NbC and Mo,C thin films and fibers at temperatures as low as 1400
o( 105

In an attempt to further lower the processing temperature and formation of
tantalum carbide, binary hydrogels, consisting of saccharose (or carbonaceous gel) and
alkoxides (or peroxo acids) of Nb and Ta, were used as the organic gel constituent and
starting materials for the transition-metal component, respectively.'”® The TaC and NbC
powders were produced at 1400-1500 °C based on the conclusion that the gels transform

into carbide precursors under pyrolysis at low temperatures (600-700 °C) thus allowing

the reactive carbon and finely dispersed oxide particles to be intimately mixed. The
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precursor thus formed is of higher reactivity, showing lower reduction temperatures (by

250-300 °C) than physical mixtures of oxides and carbon black.

v

Acidic [NTa-CarbonWN Solidifi- R Carjbonoization Heated tc:
Solution Liquid cation o 1600-2000°C

Figure 2.14. Flowchart showing the complex experimental procedure for production of
tantalum carbide using the liquid polymer precursor method.™'

Apart from transition-metal containing organic precursors, transition-metal
carbides were also successfully synthesized from mixtures of transition-metal

101102 Xiang et al report the

compounds and liquid organic/polymeric precursors.
formation of tantalum carbide using a liquid precursor route after forming pure tantalum
oxide at 900 °C from a complex mixture of tantalum chloride in hydrofluoric acid and

191 The results shown

oxygen-containing furan resin precursor (shown in Figure 2.14).
here clearly demonstrate that intimate mixing of transition-metal halides on the
molecular level with a polymer precursor was successful, despite the very acidic nature
of the starting materials and production of carbide at temperatures greater than 1600 °C.

Lei et al report on the preparation of transition-metal carbide nanoparticles using various

transition-metal oxides and melamine as the precursor, as shown in Figure 2.15.'” The
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formation temperature of 1100 °C for these carbides, with rather small sizes, was

reported and is much lower than conventional methods.

Figure 2.15. Flowchart showing the experimental procedure for the production of
tantalum carbide at low temperature.'*

It seems that if the transition-metal salt could be dispersed on the molecular level
within the polymer before thermal exposure that transition-metal carbide formation
would occur throughout material rather than just as a coating. In Chapter VI, we
demonstrate the ability to produce tantalum and other transition-metal carbides using this
approach. Tantalum bromide was the initial focus due to its high boiling point (349 °C)
and the subsequent tantalum carbide exhibits one of the highest known melting points
(3880 °C). The carbon source material chosen was the FPTI polyimide studied in earlier
parts of this work due its high thermal resistance. The in-situ mixing of these two
materials leads to the highest thermal resistance ceramic (tantalum carbide) using the
highest thermal resistance polyimide (FPTI). Additionally, the carbide is formed at

temperatures below 1200 °C.
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CHAPTER Il

FURTHER POLYIMIDE RESIN CROSSLINKING

3.1 Introduction

Initial studies with the neat fluorinated polyimide (Figure 2.11) showed
excellent thermal cure and stability, with reaction conversion less than 80% and a
decomposition temperature of 524 °C that resulted in 5 wt-% loss.*’” The added
fluorinated polyimide stability comes from the combination of the perfluoromethyl
substituents in the backbone of the oligomer (from AFR700B) and the phenylethynyl
endcaps (from PETI-5)."” In the present work, further crosslinking of the fluorinated
polyimide is examined to separate the cure reactions from degradation and to determine
the optimum post curing conditions. Glass transition and melting temperatures were
ascertained using DSC, while weight loss during curing and decomposition were
determined using TGA. Furthermore, the mechanical properties (i.e. tensile strength and
elastic modulus) were measured and related to the thermal properties to find the
optimum curing conditions. The polyimide resin exhibited the best post curing
conditions at 410 °C for 8 hours based on T4, thermal stability, and mechanical

properties.
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3.2 Experimental
3.2.1 Materials
Fluorinated phenylethynyl-terminated imide oligomer was obtained from

Performance Polymer Solutions Inc. (Centerville, OH) and used as received.

3.2.2 Sample Preparation

Fluorinated polyimide neat resin panels (2mm thick) were prepared at NASA
Glenn Research Center in a 10.2 x 10.2 cm steel compression mold. Resin pieces were
cut into 3 mm squares and 10 x 25 mm strips using a diamond blade saw cutter for TGA
and DMA testing, respectively. Resin panels were cut into 10.1 x 1.9 cm samples for
mechanical property testing with an Instron. All resin pieces were then placed in a

vacuum oven at 70 °C for a minimum of 24 hours to dry prior to testing.

3.2.3 Characterization

Differential scanning calorimetry (DSC) of the polyimide was performed with a
DSC Q20 (TA Instruments, New Castle, DE). Samples (3 mm squares) were heated to
targeted temperatures, from 410 — 500 °C, in increments of 30 °C and held for 0.5, 1, 2,
4, and 8 hours under a nitrogen atmosphere. After cooling to room temperature, samples
were then heated to 650 °C. Glass transition temperatures (Tq) and melting temperatures
(Tm) were determined using Universal Analysis software (TA Instruments, New Castle,
DE). Thermogravimetric analysis (TGA) of the polyimide was performed with a TGA

Q50 (TA Instruments, New Castle, DE). Samples (3 mm squares) were heated to
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targeted temperatures, from 410 — 500 °C, in increments of 30 °C and held for 0.5, 1, 2,
4, and 8 hours under a nitrogen atmosphere. After cooling to room temperature, samples
were then heated to 750 °C. Weight loss was measured during further curing conditions,
and the decomposition temperature (Tq) was taken to be the point of 5% weight lost
during the run. Char yields were obtained from the end of the run and include weight
lost during cure. Tensile strength and elastic modulus were obtained using an Instron
5900 Series Dual Column Tabletop Instrument (Norwood, MA). Samples were further
cured using a Barnstead Thermolyne 48000 Furnace (Dubuque, IA). The furnace was
heated to a targeted temperature, from 410 — 500 °C, in increments of 30 °C under a
nitrogen atmosphere. Samples (10.1 x 1.9 cm) were individually placed in the oven for
0.5, 1, 2, 4, and 8 hours. Testing was then performed at room temperature using
pneumatic side action grips. The further cured polyimide samples were imaged using a
Zeiss Axio Imager.M2m (Thornwood, NY) optical microscope. Images were collected
using the z-stacking method and combined using instrument software. The degree of
curing was obtained using a Bruker (Billerica, MA) Alpha-P ATR infrared spectrometer

with Opus 6.5 software.

3.3 Results and Discussion
3.3.1 Thermal Properties

Figure 3.1(a) shows the glass transition temperatures as a function of cure time in
relation to the cure temperatures for the polyimide resin. The 410 °C temperature run

showed the best linear trend as cure time was increased, with 8 hours resulting in the
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highest Ty (458 °C). While the 440 and 470 °C cure temperatures gave high Tg’s for 0.5
and 1 hour cure times, the Ty’s became increasingly higher with some of the cure times
resulting in an undeterminable Ty from the data. The 2 and 4 hour cure times resulted in
Ty’s around 500 °C for the 440 °C cure temperature. Beyond 2 hours for the 470 °C cure
condition, the Ty’s were indistinguishable and samples visually showed signs that
degradation had started to occur. Despite the high Ty (530 °C) for the 500 °C 30 minute
curing, the sample visually appeared to be degraded on the exterior. This data suggests
that the cure conditions need to be any cure time at 410 °C or less than two hours for
cure temperatures below 470 °C. The melting temperatures as a function of cure time in
relation to the cure temperatures are shown in Figure 3.1(b). There was not as much
variability in Ty, as there was for the Ty, but the Tr,’s decreased slightly as the cure time
was increased regardless of curing condition. This increase in Tg is a result of restriction
of chain mobility caused by a greater crosslinked structure. Based on the results
obtained in Figure 3.1, the four hour at 440 °C cure resulted in the best combination of
glass transition and melting temperature.

Weight loss during cure, decomposition temperature (Tq), and char yield were
also obtained for the further cured resin. Figure 3.2(a) shows the weight loss during cure
as a function of cure time with respect to the cure temperature. The TGA was used to
first cure the samples and then heated further to obtain the Tq’s. The 410 °C curing

temperature showed little weight loss (< 2.4%), even with 8hr curing time.
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Figure 3.1. Polyimide resin Ty (a) and T (b) as a function of further curing time at
varying cure temperatures.
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Both the 410 and 440 °C curing temperatures showed linear weight loss trends as the
curing time was increased, while the 470 and 500 °C curing temperatures exhibited a
logarithmic trend with significant weight loss (> 10%) for cure times > 2 hours for 470
°C and all cure times for 500 °C. These trends are expected, in particular with the higher
cure temperatures, due to the eventual overlap of continued crosslinking and
degradation. The decomposition temperature trends are similar to the weight loss during
cure except that the 470 °C cure temperature exhibits a linear trend, as shown in Figure
3.2(b). The difference in Tq4’s for each cure temperature from 30 minutes to 8 hours
nearly doubled with each 30 °C cure temperature increment. While having a high Ty is
beneficial, the amount of weight loss during cure for those samples with higher Tq4’s is

too great for using those cure temperatures/times for post curing conditions.

3.3.2 Mechanical Properties

The elastic modulus (Fig. 3.3(a)) and tensile strength (Fig. 3.3(b)) were measured
for each of the polyimide resin cure times/temperatures. The 410 °C cure temperature,
regardless of cure time, maintained the best elastic modulus and tensile strength
properties. Cure times less than four hours at 440 °C maintained moderate elastic
modulus and tensile strength despite being lower than the 410 °C cure
temperature/times. Curing at 470 °C for 8 hr and > 30 minutes at 500 °C resulted in
samples that were too brittle or degraded to be tested. Based on these results, curing 8
hours at 410 °C produces the best mechanical properties (E ~ 2.1 GPa and TS ~ 45

MPa).
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3.3.3 Optical Microscopy

Optical microscope images for five selected further cured samples are shown in
Figure 3.4 based on the thermal and mechanical properties results. Two samples, cured
at 410 °C for 30 minutes (Fig. 3.4(a)) and 8 hours (Fig. 3.4(b)), suggest that there are
still regions of uncrosslinked material due to the brighter brown areas. The sample cured
one hour at 440 °C (Fig. 3.4(c)) was selected in order to determine if sample maintained
structural integrity on the micro scale. This cure time/temperature condition shows
remaining uncrosslinked material, but also indicates no significant degradation occurred.
Figure 3.4(d) and (e) are the 30 minute cure time at 470 and 500 °C curing temperatures,
respectively. These samples not only showed major degradation from the optical
images, but also appeared to be degraded to the naked eye. All of the optical images in
Figure 3.4 verify that the lower curing temperatures are better for obtaining a further

cured sample that maintains structural integrity.
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Figure 3.4. Polyimide resin cured for 30 min at 410 °C (a), 8 hours at 410 °C (b), 1 hour
at 440 °C (¢), 30 min at 470 °C (d), and 30 min at 500 °C (e).
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Figure 3.5. ATR FTIR results of further cured polyimide resin for selected cure
times/temperatures.

3.3.4 Degree of Crosslinking

Figure 3.5 shows the results obtained from ATR FTIR for the same samples used
for the optical images. With increasing cure time/temperature, the intensity of carbon
double (1640-1680 cm™) and single bonds (800-1300 cm™) increases, indicating further
crosslinking of the triple bonds (2100-2260 cm™). As the cure temperature is raised to
470 °C, these bond intensities begin to drop due to degradation, which is expected based
on the thermal and mechanical property data. There is a small presence of triple bonds
still remaining for both of the 410 °C samples, which is also suggested by the lower

intensity of the carbon double and single bonds. The 500 °C sample lacks the



44

appearance of major chemical bond shifts due to the severity of degradation that

occurred.

3.4 Conclusions

Increased glass transition temperatures were observed for the fluorinated
polyimide with any increase in curing time or temperature. Based on the results
obtained from DSC, curing for 4 hr at 440 °C results in the best glass transition and
melting temperatures. The TGA results indicate that curing below 440 °C, regardless of
time, generally improves the polyimide in terms of thermal stability. Tensile testing also
proved to be a useful indicator of the optimum post cure conditions, suggesting the best
strength and modulus at 410 °C for 8 hours. Despite these results, infrared spectroscopy
indicated that the 410 °C cure temperature, regardless of cure time, does not result in full
cure. A greater understanding of the extent of crosslinking for the polyimide resin is

essential in order to maximize the thermal stability for aerospace applications.
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CHAPTER IV
MEASUREMENT OF BLISTER FORMATION IN FLUORINATED

POLYIMIDE AND ITS CARBON FIBER COMPOSITE

4.1 Introduction
Despite their promise, an area of concern for composites to be used in severe

3,106-109 .
’ Moisture

environments is their ability to withstand hygrothermal degradation.
that is absorbed and then trapped can cause microcracking, blistering, or steam
delamination upon rapid heating.” This trapped moisture can lead to a reduction in

strength and strain at failure due to blistering and micro-cavitation.'**'!?

Blistering, in
particular, occurs when there is enough moisture pressure to exceed the strength of the
material, which happens when the temperature and water content is high.>'"” In general,
polyimides are very thermally stable due to their high T,’s and decomposition
temperatures,’” but their uptake of moisture needs further study, especially for the
fluorinated polyimide, due to initial findings with similar polyimides (PMR-II-50,
AFR700B, and PETI-5).*'°'% Adding reinforcements to the neat polyimide resin, such
as carbon fiber, has been shown to improve the hygrothermal degradation of the

109,111
1.7

composite materia Polyimide carbon fiber composites can absorb up to 1.5 wt%

09 .
In moist

moisture in the matrix, trapped inside voids or pre-existing flaws.
composites, blisters can form in the resin or at the fiber-resin interface upon exposure to

a rapid thermal spike. Thermal expansion and swelling is not an issue for carbon fibers
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in the presence of moisture, so blistering occurs only in the resin material and at the
resin-carbon fiber interface due to increasing temperature and moisture.''?

Here a blistering study was performed on the same fluorinated polyimide and
carbon fiber composite examined in Chapter III. Blister temperatures, resulting from
rapid heating, were obtained by monitoring changes in transverse thickness expansion
using two different techniques. In one case, a transverse extensometer was used to
measure the thickness changes, while quartz UV lamps provided a means to control
rapid heating of the material (known as the QUV method). Thermomechanical analysis
(TMA) was used as a secondary method to determine whether sample size influences the
temperature at which the resin and composite will blister. Both techniques showed
similar blister temperatures in relation to the amount of absorbed moisture, regardless of
sample size. The polyimide resin exhibited blister temperatures ranging from 225 — 362
°C, with 1.7 - 3.0 wt% absorbed moisture, and the polyimide composite had blister
temperatures from 246 — 294 °C with 0.5 - 1.5 wt% moisture. In general, increasing
moisture content in the polyimide will reduce blister temperature, but there is no clear
relationship between these values and modulus reduction. The blister testing
methodologies developed here will help to determine the ability of any high temperature
polymer and its carbon fiber composite to withstand hygrothermal degradation for future

use in military and aerospace applications.
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4.2 Experimental

4.2.1 Materials

Fluorinated phenylethynyl-terminated imide oligomer and polyimide carbon fiber
composite with 55 wt% carbon fiber, T650-35/8HS/AFRPE-4 10 ply (4 mm thick), were
purchased from Performance Polymer Solutions Inc. (Centerville, OH) and used as

received.

4.2.2 Sample Preparation

Fluorinated polyimide neat resin panels (2 mm thick) were prepared at NASA
Glenn Research Center in a 10.2 x 10.2 cm steel compression mold. Resin pieces were
cut into 1 mm and 1 inch squares using a micromatic precision slicing machine for
testing using the TMA and QUV method, respectively. Composite pieces were cut into
1 mm squares and 1 inch circles using a diamond blade saw for TMA and QUYV testing,
respectively. The various testing specimen parameters differed for the techniques used,
resulting in the different specimen sizes. Both resin and composite pieces were placed in
a vacuum oven at 70 °C for a minimum of 24 hours to dry prior to testing. The samples
were then placed into a humidity controlled oven at 100 °C and 95% RH to introduce

moisture.

4.2.3 Blister Testing
Thickness expansion was measured using an LSM 6200 laser scan micrometer
and LSM-506S laser measuring system (Mitutoyo, Aurora, IL) (i.e., transverse

extensometer) equipped with quartz lamps as a heating source, as shown in Figure
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4.1(a). A schematic of this apparatus is shown in Figure 4.1(b). The samples were
placed on two alumina rods supported at the ends by metal stands and positioned in the
center of the quartz lamps and heated to 500 °C with a 50 °C/min heating rate. The laser
extensometers, with a resolution of 0.5 pm, were positioned so that the only obstruction
was the sample. To maintain structural integrity of the test specimens, a temperature
calibration was performed on a small test block of resin and composite (to remain in
place during testing for each material) and a dry sample of resin and composite to verify
any temperature differences that may arise between the different specimens. Calibration
curves verified there was little difference between specimens for the resin and composite
as shown in Figure 4.2. This calibration confirms that the temperature of the sample
specimen is the same as the control block for the entire test. The alumina rods were
placed sufficiently far away from the testing area and therefore showed no effect on the
data as demonstrated in the calibration. Thermomechanical analysis of the polyimide
resin and polyimide-carbon fiber composites was performed with a TMA 2940 Thermal
Analyzer (TA Instruments, New Castle, DE). Samples were heated to 500 °C under an
air atmosphere using a 50 °C/min heating rate. Blister temperatures for both techniques

were taken as the onset of rapid dimensional change as a function of temperature.
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Figure 4.1. QUV transverse extensometer apparatus (a) for measuring dimensional
changes as a function of temperature. The schematic (b) shows the key components of
this device.

4.2.4 Characterization
Dynamic mechanical analysis (DMA) was conducted on post-blistered samples
to determine how the storage modulus is influenced by blistering. Samples were tested

at room temperature using a single cantilever, multi-frequency-strain sweep method.
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Optical microscopy was performed with a Hirox 3-D Microscope (River Edge, NJ) using
200x magnification. Scanning electron microscopy of the composite was performed
with an FEI Quanta 600 FE-SEM (Hillsboro, OR) at 100x, 200x, and 500x
magnification. Images for both techniques were taken of the cross-sections from the

center of the composite.

4.3 Results and Discussion
4.3.1 Transverse extensometer testing of polyimide resin and polyimide carbon

fiber composite

Figure 4.3 shows how the temperature marking the onset of blister formation is
determined using the QUV method. The load cell voltages do not need to be converted
to actual displacement given that the temperature at the onset of blistering is the only
data of interest. Two linear lines are fit to the data on either side of the inflection point
in this voltage as a function of temperature curve. The point at which the two fit lines
meet is taken as the temperature at which blistering begins. Figure 4.4(a) shows blister
temperature as a function of percent moisture in the neat polyimide resin. Blister
expansion was observed for non-moisture induced samples, which has also been found

by others.”>'"’
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Figure 4.2. Temperature calibration for polyimide resin (a) and composite (b).
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Figure 4.3. Load cell voltage as a function of sample temperature obtained using the
QUYV method. The temperature marking the onset of blistering, for both polyimide and
polyimide carbon fiber composite, is taken as the intersection of fit lines. The data
shown here is from a test with the neat polyimide resin.

The resin samples absorbed 1.7 - 3.1 wt% moisture that resulted in blister onset
temperatures ranging from 225 — 379 °C. The data shows that there is little correlation
between the amount of moisture in the resin and onset of blister formation. Samples
with the same, or very similar, absorbed moisture had blister temperatures vary more
than 100 °C. This large variation is most likely due to the structural integrity of the resin
(i.e., voids generated in the matrix during processing). Upon rapid heating of samples
with the same moisture content, the samples with more defects are more likely to blister
at lower temperatures compared to those with few defects. This is due to more moisture

being confined in one localized spot within the material, which readily produces a blister
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compared to a sample with the moisture more uniformly distributed throughout the

sample.
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Figure 4.4. Temperature marking onset of blister formation as a function of moisture
content in neat polyimide resin (a) and carbon fiber composite (b). The trendline shown
in (b) has an R? value of 0.88.
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Figure 4.4(b) shows the relatively linear inverse relationship between blister onset
temperature and moisture content for the polyimide carbon fiber composite samples.
The amount of moisture absorbed for the composites is much lower than the resin
samples. Moisture contents of 0.4 - 1.5 wt% resulted in blister onset temperatures of
246 — 294 °C. These low onset temperatures are not surprising because composites
typically have more voids and pre-existing flaws, in particular due to a weak interface
between the resin and carbon fiber, that lead to lower amounts of moisture causing
blistering relative to the neat resin. The composite does not absorb as much moisture as
the neat resin due to the large concentration (55 wt%) of non-moisture absorbing carbon
fiber.” Table 4.1 shows the amount of moisture uptake, thickness change, blister
temperature, and storage modulus for the composites. While the blister temperature is
affected in relation to the amount of moisture present, there is no clear relationship
between the thickness change or storage modulus of the composite with respect to
moisture amounts or blister temperature. The sample not subjected to moisture nor
blistering conditions exhibited a storage modulus of 8333 MPa. However, the non-
moisture induced/blistered sample and moisture induced/nonblistered sample resulted in
storage moduli of 1442 and 2600 MPa, respectively. Therefore, a reduction in storage
modulus is a result of both moisture and blistering conditions. Optical microscope and
SEM images support this assertion. The dry composite does not show any voids or
flaws in the optical microscope image (Figure 4.5(a)); however, the SEM images clearly
indicate voids within the resin and at the resin-carbon fiber interface (Figures 4.6(a) and

(b)). In the optical micrographs (Figure 4.5) the light areas are the carbon fiber, while
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the darker areas are the resin. The areas with alignment and orientation are the carbon
fiber in the SEM images (Figure 4.6). Both types of imaging clearly illustrate the
degradation that occurs in the resin and at the interface between resin and fiber due to
blistering. It is interesting to note that blistering also splits the carbon fiber itself in these
images. This could occur as a result of resin material flowing into gaps in the carbon
fiber weave during processing. Figure 4.5(c) is an OM image taken from the edge of a
blistered sample, which reveals that the composite undergoes oxidation on the surface
during heating. This is apparent due to the inability to distinguish the layers of

polyimide resin and carbon fiber.

Figure 4.5. Optical microscope images of the polyimide carbon fiber composite before
exposure (a) and after being subjected to blister conditions (b) from inside the sample.
An image taken from the edge of the composite is also shown (c).



Table 4.1. Polyimide composite parameters after heating to 500 °C.

Weight % Change in Blister Storage Modulus
Moisture Thickness (%) | Temperature (°C) (MPa)
0 - - 8333
0 10.4 303 1442
0.16 - - 2600
0.45 9.9 294 999
0.63 12.5 272 1885
0.68 10.5 274 1674
0.87 8.4 268 1768
0.88 10.4 264 1964
1.04 10.2 260 2423
1.07 8.8 261 1585
1.09 14.4 267 1486
1.21 10.8 263 1307
1.48 16.6 246 966
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Figure 4.6. SEM images of polyimide carbon fiber composite before exposure ((a) and
(b)) and after being subjected to blister conditions ((c) and (d)).
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4.3.2 Thermomechanical analysis of polyimide resin and polyimide carbon fiber

composite

Thermomechanical analysis is an alternate technique that can be used to measure the
onset of blistering in the polyimide resin and its carbon fiber composite. The TMA
method is similar to the QUV technique, but the blister temperature is determined by
evaluating the derivative of dimension change as a function of temperature, rather than
the absolute dimension change, due to greater accuracy in obtaining fit lines to the data.
Figure 4.7 shows an example of dimension change as a function of temperature. The
blister temperatures obtained for the polyimide resin range from 277 — 377 °C for
samples that absorbed 2.0 - 2.6 wt% moisture, as shown in Figure 4.8(a). When
compared with Figure 4.3(a), the same trend observed for the QUV method is seen with
the TMA method. The larger samples used for the QUV method were able to absorb
slightly more moisture, but samples with the same amount of moisture resulted in similar
blister temperatures for both methods. These results confirm the validity and accuracy
of both techniques and suggest that smaller samples do not release moisture from the
sides, but rather keep it trapped inside and expand the resin in the same manner as the
larger samples.

Blister temperatures as a function of absorbed moisture for the polyimide composite
are shown in Figure 4.8(b). The same linear trend as that found using the QUV method
is observed. The smaller composite samples absorbed similar percentages of moisture as
the larger samples, ranging from 0.1 - 1.4 wt%, and blister onset temperatures (247 —

266 °C) were also similar.
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Figure 4.7. First derivative of dimension change as a function of temperature for
polyimide measured with TMA. The inset is a magnified view of the inflection of the

curve that highlights how the blister onset is determined.

Although not truly quantitative, the agreement between the TMA and QUV methods

suggests sample size is not a significant issue for blister measurements. The QUV

method exhibits a more linear relationship, as indicated by a larger R? value, and may be

considered more precise than TMA. If small samples with smaller amounts of absorbed

moisture had been available, there would likely be less of a disparity between these two

techniques. The advantage of thermomechanical analyzers is that they are commercially

available, relatively inexpensive, and require less material (i.e., smaller sample size).
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Figure 4.8. Polyimide resin (a) and carbon fiber composite (b) blister temperature as a

function of moisture uptake measured with TMA. The trendline shown in (b) has an R?
value of 0.51.
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4.4 Conclusions

Absorbed moisture produces irreversible damage to the fluorinated polyimide
and its carbon fiber composite at temperatures as low as 246 °C, due to blister formation.
The neat polyimide resin exhibits greater hygrothermal stability than the carbon fiber
composite, in part due to fewer flaws within the resin. The polyimide composite shows
a linear decrease in blister temperature as a function of moisture present. Both of the
testing methods employed in this work (QUV and TMA) were successful in evaluating
the onset of blistering. Each technique measured similar trends and blister temperatures,
although the QUV method (with larger sample size) appeared to be more precise. Future
work with the fluorinated polyimide will include further crosslinking and strength testing
of both the resin and composite at elevated temperatures and exposure times. Greater
crosslinking is expected to reduce moisture uptake by the resin due to a decrease in
voids, which will increase the temperature associated with the onset of blister formation.
It is also expected that this absorbed moisture and the resulting blister temperature
results will be used to produce a model to predict the effects of moisture in the
composites at higher temperatures than those explored here. With a better understanding
of hygrothermal induced composite damage, improvements can be made to these high

temperature materials, which are of great need for aerospace applications.
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CHAPTER V
THERMAL DEGRADATION OF HIGH TEMPERATURE FLUORINATED

POLYIMIDE AND ITS CARBON FIBER COMPOSITE*

5.1 Introduction
Adding reinforcements, such as carbon fiber to neat polyimide resin, results in
lower weight loss due to a smaller amount of resin in the composite being subjected to

311 This added stability is a result of the polyimide resin matrix only being

degradation.
able to oxidize, or undergo other forms of degradation, from the surface of the material.
This allows the composite to withstand higher temperatures than the neat polyimide
resin due to less neat resin material at the surface.'” In this chapter, weight loss of the
fluorinated polyimide and its corresponding polyimide carbon fiber composite under
elevated temperature is examined. Weight loss as a function of exposure temperature
and time was measured using thermogravimetric analysis (TGA) and by pre- and post-
weighing of specimens treated in an oven. Both techniques showed similar weight loss

trends as a function of time and temperature, but TGA showed much greater weight loss

due to greater surface area to volume (i.e., small sample size).

*Reprinted with permission from "Thermal Degradation of High Temperature
Fluorinated Polyimide and its Carbon Fiber Composite" by A. D. Adamczak et al., 2010.
Journal of Applied Polymer Science, 115, 2254-2261, © 2010 by Wiley Periodicals, Inc.
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The neat polyimide resin and carbon fiber composite exhibited negligible weight loss at
temperatures below 430 °C, for exposure times up to 20 minutes. This study serves to
highlight the thermal stability, and clarify the thermal degradation mechanism, of this
fluorinated polyimide and its carbon fiber composite for future use in high temperature

applications.

5.2 Experimental

5.2.1 Materials

Fluorinated phenylethynyl-terminated imide oligomer and polyimide carbon fiber
composite with 55 wt-% carbon fiber concentration, T650-35/8HS/AFRPE-4 10 ply (4
mm thick), were obtained from Performance Polymer Solutions Inc. (Centerville, OH)

and used as received.

5.2.2 Sample Preparation

Fluorinated polyimide neat resin panels were prepared at NASA Glenn Research
Center in a 10.2x10.2 cm steel compression mold to produce 2 mm thick panels. Resin
pieces were cut into 3 and 6 mm squares using a micromatic precision slicing machine.
Composite pieces for testing were cut into 3 and 6 mm squares using a band saw. Resin
and composite pieces were then placed in a vacuum oven at 70 °C for a minimum of 24

hours to dry prior to testing.

5.2.3 Weight Loss Testing
Oven aging of specimens was accomplished using a Barnstead Thermolyne

48000 Furnace (Dubuque, IA). The furnace was heated to a targeted temperature, from
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250 — 510 °C, in increments of 20 °C under an air atmosphere. Samples (6 mm squares)
were individually placed in the oven for 2 - 20 minute time intervals in increments of 2
minutes, and a new sample was used for each time interval and temperature increment
(140 total samples were tested). Weight loss measurements for all resin and composite
samples were recorded and percent weight loss was calculated. Percent weight loss was
calculated using Equation 5.1:

sample initial weight-sample final weight

% Weight loss=

*100 (5.1)

sample initial weight

Thermogravimetric analysis of polyimide resin and polyimide-carbon fiber composites
was performed with a TGA Q50 Thermal Analyzer (TA Instruments, New Castle, DE).
Samples (3 mm squares) were heated to targeted temperatures, from 250 — 510 °C, in
increments of 20 °C and held for 20 minutes under an air atmosphere, unless otherwise
noted, using the equilibrate method. Weight loss was determined as a function of time at
increments of 2 minutes, from 2 - 20 minutes, to compare with results obtained from

oven testing.

5.2.4 Characterization

Optical microscopy of the resin and composite was performed with a Hirox 3-D
Microscope (River Edge, NJ) using 200x magnification. Images of the cross-sections of
each material were obtained after being exposed to 250 °C, 370 °C, 490 °C and 510 °C
for 20 minutes, along with an unaged control specimen. Scanning electron microscopy
of the composite was conducted using an FEI Quanta 600 FE-SEM (Hillsboro, OR) at

500x and 2000x magnification. Degradation of the polyimide resin was investigated
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using a Netzsch Thermogravimetric Analysis 209 F1 Iris (Burlington, MA) instrument
that was coupled with a QMS Aeolos mass spectrometer (Selb, Germany) and a Bruker
Tensor 27 FTIR (Madison, WI). Analysis was performed under air with a 20 mL/min
flow rate, 20 mg sample size and a 10 °C/min heating rate (used to heat the sample to
800 °C). The coupling system between the TGA, FTIR and MS was heated up to 200 °C

to prevent condensation of evolved gases.

5.3 Results and Discussion

5.3.1 Oven weight loss

The weight loss of the polyimide resin, and its carbon fiber composite, provides
insight into the stability of these materials at various time and temperature exposures.
Figure 5.1(a) shows the percent weight loss as a function of temperature for the neat
polyimide resin. At temperatures below 430 °C, the weight loss is less than 1% for
exposure times up to 20 minutes. This polyimide is able to withstand higher temperature
environments (without degrading) than most other polymers due to its highly aromatic
chemical structure and highly crosslinked network (Figure 2.11).> When exposure
temperatures are above 450 °C, the weight loss exceeds 1% after 14 minutes, especially
at 490 °C with exposure times greater than 10 minutes and 510 °C with exposure times
greater than 6 minutes. The decomposition temperature (T4) for the polyimide resin, as
shown in Figure 5.1(a), is 522 °C in air and 524 °C in nitrogen. Furthermore, the resin
has lost 5% of its weight at 529 °C in air, while this same level of degradation does not

occur until 538 °C in nitrogen. The lower degradation temperature observed with an air
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3 This fluorinated polyimide can

atmosphere indicates a modest level of oxidation.''
withstand up to ten minutes at 510 °C, just below its T4, with only a 4.5% weight loss in

air. A broader set of raw time and temperature data is shown in Table 5.1.
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Figure 5.1. Polyimide resin weight loss in oven as a function of exposure temperature
(a) and time (b).
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Table 5.1. Polyimide resin weight loss in oven. Values in table are loss percentage.

Temp Time (min)

(°C) 2 4 6 8 10 12 14 16 18 20

250 | 0.39 | 043 | 047 | 045 | 043 | 0.29 | 0.65 | 0.38 | 045 | 0.42
270 | 041 | 043 | 050 | 041 | 042 | 045 | 027 | 045 | 045 | 041

290 | 0.16 | 033 | 042 | 043 | 0.57 | 0.57 | 040 | 0.52 | 0.65 | 041

310 | 040 | 0.65 | 047 | 0.82 | 035 | 047 | 0.74 | 045 | 0.64 | 0.44
330 | 042 | 045 | 059 | 0.67 | 047 | 042 | 0.61 | 047 | 0.34 | 0.52
350 | 046 | 054 | 049 | 035 | 0.57 | 034 | 0.66 | 040 | 0.59 | 0.62
370 | 051 | 044 | 042 | 048 | 0.52 | 0.52 | 0.68 | 0.61 | 0.46 | 0.63
390 | 038 | 042 | 0.60 | 0.50 | 0.24 | 035 | 0.56 | 0.44 | 0.59 | 0.50
410 | 0.66 | 0.51 | 0.63 | 0.64 | 0.76 | 0.46 | 0.57 | 0.66 | 0.69 | 0.58
430 | 0.55 | 0.61 | 0.64 | 0.75 | 0.61 | 094 | 1.02 | 0.76 | 0.95 | 0.92
450 | 0.61 | 0.76 | 0.79 | 1.20 | 0.85 | 0.82 | 1.16 | 0.96 | 1.06 | 1.35
470 | 046 | 0.72 | 1.26 | 095 | 1.04 | 1.62 | 143 | 144 | 1.63 | 1.65
490 | 0.72 | 1.04 | 1.22 | 1.54 | 1.76 | 221 | 2.53 | 2.61 | 3.13 | 3.36
510 | 0.56 | 1.59 | 233 | 341 | 451 | 546 | 631 | 7.92 | 8.21 | 12.57

Oven-based weight loss shows an exponential trend up to 510 °C (Figure 5.1(a))

and this is expected to continue to higher temperatures. It is not until 430 °C that any

significant degradation is observed (Figure 5.1(b)), which is expected when the

temperature is below the polyimide’s decomposition temperature of 522 °C. A similar

observation can be made when considering weight loss as a function of time at varying

temperatures, as shown in Figure 5.1(b). At lower temperatures, regardless of time

exposure (up to 20 minutes), there is minimal weight loss until 470 °C. This data

demonstrates the fluorinated polyimide’s ability to withstand lower temperatures for

longer durations with little or no weight loss. Furthermore, this polyimide is able to

withstand higher temperatures than PETI-5 (Figure 2.10) due to its low T, (270 °C) and

a low decomposition temperature of 510 °C."
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Figure 5.2. Weight loss as a function of temperature measured with a heating rate of 20
°C per minute. Decomposition temperature of polyimide resin (a) and polyimide
composite (b) in air and nitrogen is shown at onset and 5% weight loss.

The lower stability in PETI-5 is due to differences in the backbone structure of the
polyimide, such as the lack of CF; groups and the addition of ether linkages, which
create other pathways for degradation to occur at high temperatures. AFR700B (Figure

2.8) has a similar structure to that of the fluorinated polyimide used here, except that
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AFR700B uses a nadic end-cap as the crosslinker. Both PETI-5 and AFR700B have
high T,’s, but AFR700B is not as thermally stable due to hydrolytic scission of its
norbornene crosslinks.” The superior thermal stability of the fluorinated polyimide
(highest T, and Ty) is due to its combination of the best features of PETI-5 (endcaps) and
AFR700B (perfluoromethylsubstituents).

Adding carbon fiber to the fluorinated polyimide further enhances its thermal
stability. The decomposition temperature of the polyimide containing 55 wt-% carbon
fiber, defined as the point at which 5% weight loss occurs, is 554 °C in air and 562 °C in
nitrogen, as shown in Figure 5.2(b). This high degradation temperature allows the
composite to withstand 510 °C for up to 20 minutes and maintain weight loss below 5%.
At temperatures below 470 °C, weight loss is less than 1% regardless of the amount of
exposure time. This enhanced thermal stability, relative to the neat polyimide, is a result
of a strong fiber-matrix interface.”’ An elevated T, (491 °C) 1s evidence of this strong
interaction. The adsorption of the polyimide to the carbon fiber surface delays

o - - - - 2,5,40,114-115
decomposition due to prevention of air from permeating the interface.””"™

Figure
5.3 shows that this strong interaction remains after exposure to 510 °C for 20 minutes.
These cross-sectional images of polyimide composite, exposed to 510 °C for 20 minutes,
show the carbon fiber tightly interfaced with the matrix. Cracks in the polyimide are
very apparent at both low (Figure 5.3(a)) and high (Figure 5.3(b)) magnification, but no
significant gaps are observed where polymer meets fiber. When exposure temperatures

are greater than 490 °C the composite begins to show signs of weight loss greater than

1% at all studied exposure times, as shown in Figure 5.4.
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This result is not surprising because the temperature is nearing the decomposition
temperature. A broader set of time and temperature weight loss data for the composite is

shown in Table 5.2.

Figure 5.3. Scanning electron microscope images of polyimide composite cross-
sections, after aging at 510 °C for 20 minutes, at 500x (a) and 2000x magnification (b).
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Table 5.2. Polyimide composite weight loss in oven. Values in table are loss
percentage.

Temp Time (min)

cc) | 2 4 6 8 10 | 12 | 14 | 16 | 18 [ 20

250 | 0.27 | 025 | 036 | 025 | 035 | 0.19 | 0.29 | 031 | 0.29 | 0.43

270 | 029 | 0.57 | 032 | 0.19 | 042 | 0.20 | 0.39 | 0.26 | 037 | 041

290 | 026 | 022 | 0.17 | 023 | 024 | 047 | 029 | 032 | 0.23 | 0.29

310 | 0.27 | 038 | 021 | 031 | 043 | 023 | 049 | 050 | 040 | 042

330 | 0.27 | 042 | 041 | 054 | 0.72 | 038 | 031 | 038 | 035 | 047

350 | 047 | 040 | 027 | 039 | 0.53 | 0.55 | 030 | 046 | 041 | 0.38

370 | 022 | 0.61 | 035 | 028 | 043 | 039 | 040 | 033 | 0.55 | 0.34

390 | 0.19 | 038 | 025 | 031 | 0.68 | 047 | 0.61 | 047 | 0.52 | 045

410 | 038 | 042 | 025 | 0.70 | 0.57 | 0.51 | 0.54 | 0.54 | 0.56 | 0.60

430 | 046 | 062 | 049 | 0.73 | 0.73 | 035 | 0.58 | 0.53 | 047 | 0.58

450 | 058 | 092 | 1.02 | 098 | 0.60 | 043 | 0.79 | 1.10 | 0.63 | 0.71

470 | 0.68 | 1.05 | 1.16 | 0.89 | 1.06 | 0.89 | 096 | 092 | 090 | 0.97

490 | 099 | 1.06 | 148 | 1.65 | 098 | 1.89 | 1.74 | 2.02 | 222 | 2.20

510 1.37 | 198 | 244 | 2.61 | 388 | 2.84 | 3.67 | 419 | 497 | 533

The composite not only exhibits lower weight loss with the addition of carbon

fiber, it enhances other properties.'"'

Carbon fiber acts as a protective barrier for the
resin in the composite to prevent exposure to destabilizing elements. This protection
allows the resin to withstand higher temperatures while also increasing the strength,
thermal oxidative stability, and higher strength to weight ratio than their metal

113
counterparts.

The barrier from the carbon fiber also delays the decomposition of the
polyimide resin within the composite. This is supported by the optical micrographs
shown in Figures 5.5 and 5.6. There is no change in the neat resin or composite at the
lower temperatures as seen in Figures 5.5(b), 5.5(c), 5.6(b) and 5.6(c). The light areas in

the composite are the carbon fiber, while the darker areas are the resin. At 510 °C, the

neat resin (Figure 5.5(e)) has qualitatively degraded more than the resin within the
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carbon fiber composite (Figure 5.6(e)). Also of note, is the delayed degradation at the
interface between the carbon fiber and resin in the composite. This observation further
reinforces the idea that the composite material has a strong fiber-matrix interface, thus
resulting in good thermal stability up to 20 minutes. The carbon fiber in the composite
also prevents structural defects from occurring at higher temperatures, as seen from the

images taken at 490 °C (compare Figures 5.5(d) and 5.6(d)).
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Figure 5.4. Polyimide composite weight loss in oven as a function of exposure time to
various temperatures.



72

Figure 5.5. Optical microscope images for neat polyimide resin prior to aging (a) and
aged at 250 °C (b), 370 °C (c), 490 °C (d), and 510 °C (e) for 20 minutes.
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Figure 5.6. Optical microscope images for polyimide composite prior to aging (a) and
aged at 250 °C (b), 370 °C (c), 490 °C (d), and 510 °C (e) for 20 minutes.

5.3.2 Mechanism of polyimide degradation
Previous studies have focused on how similar PMR (polymerization of monomer
reactants) type polyimides degrade at high temperatures in an attempt to predict the

8,113

long-term, high-temperature performance. There are two different pathways that

degradation occurs for these polyimides. One degradation route is through the cleavage
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of the C-N imide bonds that leads to a direct loss of CO, CO,, and low levels of ArNCO.
The second degradation pathway is from the loss of CF; and F from the two CF;
linkages in the backbone of the polyimide, which is independent of the loss of CO and
CO,. Figure 5.7 shows the loss of the CF3; and NCO bonds using a combination of TGA
and infrared spectroscopy for the fluorinated polyimide resin exposed to temperatures
from 530 — 700 °C in air. At lower temperatures, the major degradation pathway
appears to be a loss of CFs linkages (CHF; has characteristic peak at 1150cm™) from the
backbone of the polyimide, whereas there is minimal loss of CO and CO,. The higher
temperatures primarily show loss of the NCO chemical bonds (isocyanate stretching is at
2340 cm™) with the CF; intensity decreasing as exposure temperature increases. These
results suggest that both degradation pathways are independent of each other, but it is
interesting to note that the breakdown of the backbone via NCO bonds occurs at much

higher temperatures than the decomposition temperature of the polyimide resin material.

5.3.3 Thermogravimetric analysis

Weight loss measured using thermogravimetric analysis, of the fluorinated
polyimide resin and composite, was performed as an alternative to oven aging. Figure
5.8 shows weight loss of the neat polyimide resin for temperatures ranging from 250 —
510 °C and 2 - 20 minute hold times once each temperature was reached. When
compared with Figure 5.1(b), it is clear that the TGA gives a much higher weight loss,

relative to oven aging, for temperature exposures over 450 °C.
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Figure 5.7. Polyimide weight loss as a function of temperature in air measured with a
TGA-IR system (a). FTIR spectra of degradation products collected during heating (b).
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This discrepancy between oven and TGA is likely due to several factors, of which
sample size is one of the most significant. TGA requires a much smaller sample, which
results in better heat transfer compared to the oven due to greater surface area to volume
ratio.'" Another issue with the oven is that opening, to place a sample inside, lowers the
actual temperature and therefore less time is spent at the exposure temperature. The air
flow over the sample in the TGA may also be enhancing weight loss. The oven
technique is more reliable for small exposure times (2 - 10 minutes) because the TGA
takes 6 - 8 minutes to reach the required test temperature and therefore gives a distorted
weight loss. These factors cause the carbon fiber composite to show enhanced weight
loss with TGA as well, as shown in Figure 5.8(b).

An examination of weight loss as a function of temperature for the polyimide
resin (Figure 5.8(a)) shows little loss prior to 450 °C. It should be noted that both TGA
and oven testing produce the same general weight loss trends as a function of time and
temperature. At lower temperatures, regardless of exposure time, there is no visible
difference in weight loss prior to 450 °C. At higher temperatures, the TGA gives a
clearer separation between test conditions relative to the oven. Much like neat
polyimide, the composite shows little weight loss below 450 °C (Figure 5.8(b)), where
the amount of exposure time begins to yield appreciable degradation. These trends are
the same as those found with oven aging (Figure 5.4), except for the higher weight loss
at 510 °C. Weight loss for a broader set of times and temperatures, measured with TGA,

are shown in Tables 5.3 and 5.4 for neat polyimide and its composite, respectively.
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Table 5.3. Polyimide resin weight loss using TGA. Values in table are loss percentage.

Temp Time (min)
(°C) 2 4 6 8 10 12 14 16 18 20
250 | 0.11 | 032 | 0.35 | 036 | 0.36 | 0.37 | 0.37 | 0.37 | 037 | 0.37
270 | 0.14 | 033 | 035 | 036 | 036 | 036 | 0.37 | 0.37 | 037 | 0.37
290 | 0.02 | 0.16 | 0.18 | 0.18 | 0.19 | 0.19 | 0.19 | 0.19 | 0.19 | 0.19
310 | 0.08 | 0.25 | 0.26 | 0.27 | 0.27 | 0.27 | 0.27 | 0.27 | 0.27 | 0.27
330 | 0.06 | 023 | 0.24 | 025 | 025 | 0.26 | 0.26 | 0.26 | 0.26 | 0.26
350 | 0.10 | 0.29 | 0.30 | 0.31 | 0.32 | 0.32 | 0.33 | 0.34 | 035 | 0.36
370 | 0.04 | 021 | 0.22 | 0.24 | 0.26 | 0.29 | 0.31 | 0.33 | 035 | 0.37
390 | 0.15 | 034 | 036 | 0.41 | 046 | 0.51 | 0.55 | 0.59 | 0.62 | 0.66
410 | 022 | 038 | 044 | 0.54 | 0.62 | 0.70 | 0.76 | 0.82 | 0.88 | 0.92
430 | 0.05 | 022 | 034 | 047 | 0.60 | 0.72 | 0.82 | 092 | 1.01 | 1.10
450 | 0.15 | 039 | 0.61 | 0.87 | 1.12 | 1.36 | 1.59 | 1.82 | 2.03 | 2.25
470 | 0.26 | 0.58 | 1.01 | 1.52 | 2.04 | 2.57 | 3.11 | 3.67 | 424 | 482
490 | 0.12 | 0.63 | 1.61 | 290 | 437 | 596 | 7.57 | 9.19 | 10.84 | 12.51
510 | 0.15 | 0.88 | 2.92 | 6.03 | 9.47 | 12.95 | 16.61 | 20.73 | 25.61 | 31.33

Table 5.4. Polyimide composite weight loss using TGA. Values in table are loss

percentage.

Temp Time (min)
(°C) 2 4 6 8 10 12 14 16 18 20
250 | 0.00 | 0.07 | 0.09 | 0.10 | 0.11 | 0.12 | 0.12 | 0.13 | 0.13 | 0.13
270 | 0.00 | 0.03 | 0.06 | 0.08 | 0.09 | 0.10 | 0.11 | 0.12 | 0.12 | 0.13
290 | 0.01 | 0.16 | 0.22 | 0.26 | 0.28 | 0.30 | 0.31 | 0.32 | 0.33 | 0.33
310 | 0.00 | 0.09 | 0.11 | 0.13 | 0.14 | 0.15 | 0.15 | 0.16 | 0.16 | 0.17
330 | 0.00 | 0.08 | 0.14 | 0.17 | 0.19 | 0.20 | 0.21 | 0.22 | 0.23 | 0.24
350 | 0.00 | 0.12 | 0.16 | 0.19 | 0.21 | 0.23 | 0.24 | 0.26 | 0.27 | 0.28
370 | 0.00 | 0.13 | 0.20 | 0.24 | 0.27 | 030 | 032 | 0.34 | 0.35 | 0.37
390 | 0.00 | 0.09 | 0.16 | 0.21 | 0.26 | 0.29 | 0.32 | 0.35 | 0.37 | 0.39
410 | 0.00 | 0.14 | 025 | 033 | 039 | 044 | 049 | 0.52 | 0.56 | 0.59
430 | 0.00 | 0.15 | 0.27 | 037 | 046 | 0.53 | 0.59 | 0.65 | 0.70 | 0.75
450 | 0.05 | 024 | 036 | 0.50 | 0.65 | 0.78 | 090 | 1.02 | 1.12 | 1.23
470 | 0.00 | 0.18 | 044 | 0.72 | 1.01 | 1.29 | 1.55 | 1.80 | 2.04 | 2.28
490 | 0.01 | 039 | 1.01 | 1.68 | 237 | 3.10 | 3.85 | 4.62 | 541 | 6.21
510 | 0.02 | 0.54 | 1.61 | 290 | 422 | 556 | 6.87 | 816 | 9.50 | 10.89
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5.4 Conclusions

Very little degradation (< 1% weight loss) was observed for a fluorinated
polyimide and its carbon fiber composite, when exposed to temperatures below 430 °C.
Beyond 470 °C, both neat resin and carbon fiber-filled composite displayed relatively
linear weight loss as a function of time, but this linear slope grew exponentially with
temperature. Thermogravimetric analysis of the polyimide, done in air and nitrogen,
suggests that oxidation is a relatively minor factor in the degradation process. Infrared
spectroscopy performed during degradation confirmed that fluorinated species are the
first to leave, followed by isocyanate groups at much higher temperature (~600 °C). The
polyimide composite shows a higher thermal stability compared to the neat polyimide
resin for the exposure times studied here. When exposed to 510 °C for 20 minutes, the
composite had a maximum weight loss of 10.9% using TGA and 5.3% using an oven,
while the neat polyimide had a maximum weight loss of 31.3% and 12.6% for TGA and
oven, respectively. The TGA method gives a more accurate weight loss for exposure
times greater than 10 minutes, whereas the oven technique appears more useful when
exposure times are less than 10 minutes. We found that for exposure times up to 20
minutes the composite shows better thermal stability; however, long term aging at lower
temperatures of similar composites frequently showed the opposite effect.”> Both
polyimide resin and composite were found to undergo thermolysis and modest oxidation
during degradation. Future work for the fluorinated polyimide will include improved
crosslinking and protection of thermally sensitive side groups (e.g., -CF3). With a better

understanding of degradation conditions and mechanism, improvements can be made to
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these high temperature materials. There will be a continual need for composites with

ever higher thermal stability, especially as aircraft travel at ever increasing speeds.
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CHAPTER VI
LOW TEMPERATURE FORMATION OF ULTRA HIGH TEMPERATURE

TRANSITION-METAL CARBIDES FROM SALT-POLYMER PRECURSORS*

6.1 Introduction

Transition-metal carbides were initially synthesized by carbothermal reduction of
transition-metal halides and polymer precursor mixtures, at temperatures that range from
900 to 1500 °C in an argon atmosphere. TaC was synthesized from TaBrs, as a model
carbide for this process, because it has one of the highest known melting points of 3883
°C." A high temperature polyimide, with a glass transition temperature of 440 °C, was
used as the polymer matrix to prevent significant loss of carbon at high reaction
temperatures.  Significant (> 40 vol%) amounts of TaC were formed at reaction
temperatures as low as 900 °C for one hour, with greater times and temperatures leading
to > 90 vol% yield. Polystyrene and polyvinyl acetate were also used to successfully
produce TaC with high yield (> 90 vol%), which demonstrates the universality of this
method. Universality of method was also proven by using other various transition-metal
halide salts (NbBrs, WCls, and WClg) with the polyimide. Using a series of interrupted
studies, it is shown that tantalum carbide must first go through tantalum oxide during

this low temperature process.

*Part of this chapter is reprinted with permission from "Low Temperature Formation of
Ultra High Temperature Transition Metal Carbides from Salt-Polymer Precursors" by A.
D. Adamczak et al., 2010. Journal of the American Ceramic Society, in press, © 2010 by
Wiley Periodicals, Inc.
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Finally, the atomic ratio of tantalum to carbon was varied in an attempt to generate

robust films/coatings that could act as thermal protection layers for high speed aircratft.

6.2 Experimental
6.2.1 Materials and Methods

The fluorinated phenylethynyl-terminated imide (FPTI) oligomer (Performance
Polymers Solutions Inc., Centerville, OH) (0.76 mmol, 2.0 g) was dissolved as received
in 150 mL of N-methyl pyrrolidinone (Alfa Aesar, Ward Hill, MA) and heated to 100
°C.  The solution was then left to stir for at least 24 hours to ensure complete
homogeneous mixture. Polyvinyl acetate (PVAc) with a molecular weight of 90,000
g/mol (Polysciences, Inc., Warrington, PA) and polystyrene (PS) with a molecular
weight of 305,000 g/mol (Ineos Styrenics, Channahon, IL) were prepared, separately, in
the same manner as the FPTI. The tantalum bromide salt [TaBrs] (Alfa Aesar, Ward
Hill, MA) (3.5 mmol, 2.0 g) was measured and dissolved in 100 mL absolute ethanol
(Acros, West Chester, PA) in a dry box under an inert atmosphere. The TaBrs solution
was stirred under an inert atmosphere for approximately 1 hour before adding to the
FPTI/NMP solution in a reaction vessel. The resulting combined mixture was heated to
210 °C slowly under an argon atmosphere to remove all solvent. The intimately mixed
solids were then placed in a furnace (Barnstead Thermolyne 48000, Dubuque, 1A) and
heated to 340 °C under an argon atmosphere for 4 hours to cure the oligomer (this step
was not performed for PS and PVAc). The niobium bromide salt [NbBrs] (Alfa Aesar,

Ward Hill, MA) was measured and dissolved in 100 mL absolute ethanol (Acros, West
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Chester, PA) in a dry box under an inert atmosphere. The NbBrs solution was stirred
under an inert atmosphere for approximately 1 hour before adding to FPTI/NMP
solution in a reaction vessel. The resulting mixture was heated to 210 °C slowly under
an argon atmosphere to remove all solvent. The intimately mixed solids were then
placed in a furnace (Barnstead Thermolyne 48000, Dubuque, IA) and heated to 340 °C
under an argon atmosphere for 4 hours to cure the oligomer. The tungsten chlorides,
WCly and WClg, (Alfa Aesar, Ward Hill, MA) were measured and dissolved separately
in 100 mL methanol (Acros, West Chester, PA) in a dry box under an inert atmosphere.
The WCly and WClg solutions were stirred under an inert atmosphere for approximately
1 hour before adding to FPTI/NMP solution in a reaction vessel. The resulting mixture
was heated to 210 °C slowly under an argon atmosphere to remove all solvent. The ratio
study used 0.5 g (0.86 mmol) tantalum bromide with varying amount of imide oligomer
to achieve the appropriate Ta:C ratio (1:2, 1:3, 1:5, or 1:10) then following the procedure

detailed above.

6.2.2 Carbide Formation

The FPTI polyimide/TaBrs mixture was put in an alumina crucible and placed in
a tube furnace (MHI H18-40HT, Cincinnati, OH) using an alumina tube. The ends were
sealed and tube was evacuated and flushed with argon for five cycles at two minutes
each. The furnace was programmed according to testing time and temperatures ranging
from one hour to eight hours and 350 — 1500 °C. The PS/TaBrs and PVAc/TaBrs

intimate mixtures were put in an alumina crucible separately and placed in the tube
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furnace, and programmed according to the desired testing time and temperatures. The
other FPTI polyimide/transition-metal salt (NbBrs, WCls, and WClg) mixtures were also
put in an alumina crucible and placed in the tube furnace, and programmed according to
the desired testing time and temperatures. The interrupted mechanism study involved
heating to a desired temperature (350 - 600 °C) and holding for one hour. After one
hour, the samples were removed immediately from the tube furnace to flash cool the

sample.

6.2.3 Characterization

Samples were analyzed using a Bruker-AXS D8 Advanced Bragg-Brentano X-
ray Powder Diffractometer (Madison, WI). The samples were crushed into a very fine
powder, and analyzed using a quartz ground disk (GM Associates, Inc., Oakland, CA).
Scanning was performed with a 0.0148 step size, 0.2 step time, and a 20 range of 20-
100°. TaC peaks were confirmed by comparison to card No. 01-077-0205, while card
No. 01-079-1375 was used to verify Ta,Os peaks. Tantalum bromide (TaBrs) peaks
were verified using card No. 00-018-1295. Spectra containing niobium were confirmed
using card No. 01-074-1222 for NbC and Nb,Os was verified by card No. 01-071-0336.
WC peaks were verified using card No. 00-035-0776 and WO, was confirmed by
comparing to card No. 00-032-1393. The amount of carbide and oxide formation for all
materials was calculated by quantitative analysis using the Rietveld Method and Topas
version 4 software. Scanning electron microscopy (SEM) and energy-dispersive

spectroscopy (EDS) were performed using an FEI Quanta 600 FE-SEM (Hillsboro, OR)
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equipped with a conventional Everhart-Thornley detector, back-scattered electron
detector, IR-CCD chamber camera, Oxford EDS system (equipped with X-ray mapping
and digital imaging) and cathodoluminescence detector. The microstructure and

dispersion of transition-metal halide/carbide was observed with SEM and EDS.

6.3 Results and Discussion

The approach reported here is unique because transition-metal halide salts were
used that are soluble in the same organic solvents as the polymeric precursor (see Table
6.1) and have sublimation/boiling temperatures lower than or close to the decomposition
temperatures of the polymer. Direct solubility of transition-metal halides and polymer
precursors in soluble organic solvents allows for more intimate mixing on the molecular
level. In addition, transition-metal halides have been shown to react with organic
compounds in solution and form complex compounds® that possibly lower the

.. . . 116
transition-metal carbide’s processing temperature.

This, together with low
sublimation/boiling points of those transition-metal salts, and solubility in the same
organic solvents as polymeric precursors, yields lower processing temperatures.
Fluorinated phenylethynyl-terminated imide oligomer was selected as the
polymer precursor because of its high thermal stability, low density and excellent

- . o 117-118
mechanical properties,

which makes it a good candidate material for high-
temperature aerospace composites. Commodity polymers, such as polyvinyl acetate and

polystyrene, were also used as polymeric precursors to successfully synthesize these

transition-metal carbides. FPTI and TaBrs precursor mixtures (Figure 6.1) were used to
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synthesize TaC in-situ using 900-1500 °C temperatures in an argon atmosphere, as
shown in Figure 6.2. X-ray diffraction (Fig. 6.2(a)) shows that the major reaction
products are TaC and Ta,Os, the proportion of which depends on the reaction
temperature and time. In the first series of reactions (Figure 6.3), the amount of TaBrs in
the FPTI precursor mixture was varied from 20 to 90 wt%. Those results showed no
significant effect on the TaC/TaO ratio in the final products after carbothermal reaction
at 1500 °C, thus the remaining studies were performed using a 50/50 polymer to
transition-metal salt weight ratio. A series of reactions were conducted at different
temperatures to determine the lowest temperature at which carbide formation
significantly diminishes and tantalum oxide becomes the major reaction product. Figure
6.2(b) shows that 41.5 vol% TaC can be produced at 900 °C after 5 hours, while TaC

becomes the major phase (68 vol%) after exposure to 1000 °C for only one hour.
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Table 6.1. Some physical and chemical properties of transition-metal halide salts,
polymer precursors, and final transition-metal products.

Material Boiling Melting Decomposition Solubility in organic
point (°C) point (°C) | temperature (°C) solvents
TaBr;s 349 280 - absolute alcohol, ether
NbBr; 360 - absolute alcohol
WCl4 300 methanol
WClg 347 methanol, ether
FPTI - - 530 N-methyl pyrrolidinone
N-methylpyrrolidinone,
PVAc 280 ethanol, ether
N-methylpyrrolidinone,
PS 325 ethanol, acetone, ether
TaC 5500 3883 i hydroﬂuo.rlc/mtrlc acid
mixture
Ta,0s 1380 i hydroﬂuo.rlc/mtrlc acid
mixture

Oligomer
Dissolved in

NMP

Distillation of
Oligomer/TaBr;
Solution

TaBr;

Cure Solid
Mixture
340 °C
4 hrs

Dissolved in
Ethanol

Place Sample
—_— in

Tube Furnace

Figure 6.1. Synthesis route for low temperature tantalum carbide formation.
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Figure 6.2. (a) XRD spectra of powder after reaction of 50/50 weight ratio of
FPTI/TaBrs precursor mixture at 1200 °C for 1 h (blue), 1000 °C for 1h (red) and at 900
°C for 5 hours (green) indicating presence of two major phases: TaC (peaks labeled with
triangles) and Ta,Os (peaks labeled with circles). The card numbers used in the
identification of compounds were Ta-C 01-077-0205 and Ta-O 01-079-1375. (b)
Amount of TaC formed after reaction at different temperatures for 5 hours at 900 °C and
1 hour at all other temperatures. The trend is semi-logarithmic with more than 90% of
TaC formation at a temperature of 1200 °C. (¢) Amount of TaC formed at 1000 °C using
50/50 weight ratio of polyimide/TaBrs salt as a function of time (hours) and 900 °C for 5
hours.
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Figure 6.3. Ratio study showing amount of tantalum carbide and oxide formation versus
variation of tantalum bromide to FPTI oligomer.

Our results also show (Figure 6.2(c)) a linear increase in amount of TaC in the final
product with reaction time at 1000 °C, with a maximum of 75.1 vol% after 8 hours. The
formation of tantalum carbide was also confirmed using SEM, equipped with EDS, for
the sample made at 1200 °C with less than 6% oxide phase (Figure 6.4(a)). The EDS
scan was taken as a field image that is representative of the entire image. The dispersion
of tantalum throughout the matrix was confirmed using dot mapping of image (see
Figure 6.5). There is an even distribution of all elements throughout the material.
Multiple locations were chosen and this confirmed that the TaC particles were uniformly

distributed.
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Figure 6.4. SEM images and associated EDS graphs (below the images), following 1200
°C heat treatment of (a) TaBrs and FPTI polyimide precursor, (b) NbBrs and FPTI
polyimide precursor, (c) WCls and FPTI polyimide precursor, and (d) WClg and FPTI
polyimide precursor for 1 hour. The EDS graphs are field scans of the entire image.
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Tantalum Carbide Tantalum Dotmap

40 um

Carbon Dotmap Oxygen Dotmap

Figure 6.5. SEM dotmaps of a tantalum carbide sample after exposure to 1200 °C for
one hour. The top left image is an SEM image of the area represented in each

corresponding element dotmap. The tantalum is well dispersed throughout the material,
indicating uniform distribution during mixing.

To the best of our knowledge, 900 °C is the lowest temperature, reported in
literature, for the synthesis of tantalum carbide with such a high carbide yield (40+
vol%). One possible exception is the work of Ma et al who reported synthesis of TaC by
reaction of Mg, Na,COs and TaCls at 600 °C for 8 hours.®*''®  The amount of TaC

formed was not reported because they characterized the products after washing in HCI
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and distilled water several times. Attempts were made to follow this purification method
in the present work, but we observed a loss in TaC with no removal of Ta;Os. A similar
study™ reported the formation of pure Ta,Os at 900 °C from a rather complex mixture of
TaCls solution in HCl and furan resin precursor. The results shown here clearly
demonstrate that intimate mixing of transition-metal halides on the molecular level with
a polymer precursor, and boiling/evaporation of transition-metal halides at temperatures
close to decomposition temperature of polymer precursor, significantly reduce the
formation temperature of TaC.

After successfully producing TaC at a relatively low temperature, this process
was extended by using commodity polymers with lower decomposition temperatures
than that of the polyimide. Polystyrene and polyvinyl acetate were chosen as model
polymers because PS is composed of only carbon and hydrogen, while PVAc has an
oxygen-containing side group, as shown in Figure 6.6. Carbothermal reduction of PS
and TaBrs at 1200 °C resulted in 93.2 vol% TaC, with the remaining phase being Ta,Os.
This composition is similar to that obtained from FPTI polyimide/TaBrs, although PS

does not contain any oxygen. Following the same procedure with PVAc resulted in

greater weight loss after being exposed to a carbide formation temperature of 1200 °C

and the lowest amount of carbide phase formed (85 vol%). These results indicate that
when the boiling point of the transition-metal halide is lower, or similar to, the polymer
decomposition temperature, the presence of the oxygen in polymers does not affect the
reaction products. Small amounts of Ta,Os shown here are most likely the result of the

reaction with the Al,O3 crucible that was used to place the sample in the furnace. In the
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case of PVAc, with a decomposition temperature significantly below the boiling point of

TaBrs, reaction with oxygen from the polymer precursor leads to a higher amount of

oxide in the final product.
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Figure 6.6. Volume fraction of TaC as a function of polymer type for a 50/50 weight
ratio of polymer/TaBrs precursor, with the remaining phase being Ta;Os. The reaction
conditions for all three types of polymers was 1200 °C for one hour.
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The universality of this low temperature synthesis method was further examined
by incorporating other transition-metal halides within the polymer precursor. Niobium
(V) bromide (NbBrs), tungsten (IV) chloride (WCly), and tungsten (VI) chloride (WCly)
were chosen as model compounds. Here again, NbBrs and WClg were chosen for their
solubility in organic solvents and high boiling point (350 °C), among other similarities to
TaBrs (see Table 6.1). Despite the low sublimation temperature (300 °C) of WCly, this
salt was chosen due to the lower oxidation state of tungsten. As in the case of FPTI
polyimide/TaBrs precursor, the reaction of NbBrs with the FPTI polyimide resulted in
the formation of 74 vol% transition-metal carbide (NbC) with some minor oxide residue
(NbO) at 1200 °C, as shown in Figure 6.7(b). Both WCls; and WClg reactions with the
FPTI polyimide produced pure transition-metal carbide (100 vol% WC) with no oxide
residue (WO), as shown in Figure 6.7(c) and (d). Due to the low sublimation
temperature of WCly, the mixture of FPTI oligomer and transition-metal salt was cured

at a lower temperature (280 °C) before placing in the tube furnace.
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Figure 6.7. XRD spectra of products after reaction at 1200 °C for one hour with
mixtures of (a) TaBrs and FPTI polyimide precursor, (b) NbBrs and FPTI polyimide
precursor, (c) WClg and FPTI polyimide precursor, and (d) WCls and FPTI polyimide
precursor. XRD for (a) and (b) show a presence of transition-metal carbides and oxides
in the final products and only transition-metal carbides for (¢) and (d). The peaks
labeled for (a) and (d) are the same labels for (b) and (c), respectively. The card
numbers used in the identification of compounds were Nb-C 01-074-1222, Nb-O 01-
071-0336, W-C No. 00-035-0776 and W-O No. 00-032-1393.

Scanning electron microscopy and energy-dispersive spectroscopy were
performed on these transition-metal carbides to further verify their identity. Niobium
carbide (Fig. 6.4(b)) has an interesting microstructure relative to the other carbides. This
sample is primarily niobium carbide with a trace of tantalum. The dark colored blocks

in the image consist primarily of niobium and tantalum with a small amount of carbon
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present, while the white cubes are roughly equal amounts of all three elements. The
fibers and flaky material throughout the image contain mostly niobium with trace
amounts of carbon and even smaller amounts of tantalum. When the fibers combine to
form bundles in the material they consist mostly of carbon with significant quantities of
niobium and tantalum. The two tungsten materials, W(IV)C (Fig. 6.4(c)) and W(VI)C
(Fig. 6.4(d)), have similar morphologies to tantalum carbide (Fig. 6.4(a)). The white
spheres and gray matrix in Figure 6.4(c) contain roughly an equal amount of tungsten
and carbon, although the field scan of this image contains mostly tungsten with small
amounts of carbon. In Figure 6.4(d), a more uniform tungsten carbide morphology is
observed throughout the material. While the field scan shown under the SEM image
indicates mostly tungsten present, there are some locations that contain mostly carbon.
All of the images shown here suggest that the in-situ method utilized to form these
transition-metal carbides is successful.

The mechanism for the formation of metal carbides has not been clearly
understood to-date, in particular when using polymers as the source of carbon.*!'®!"? A
better understanding of the mechanism could lead to the design of a more efficient and
lower temperature process. Experiments were performed to determine whether carbide
formation must first convert to oxide from the transition-metal halide and polymer. The
FPTI/TaBrs mixture was heated over a range of temperatures from 350 - 600 °C and was
expected to show all intermediate compounds that formed upon heating. These
temperatures were chosen based on the boiling points, melting points, and

decomposition temperatures of the starting materials (as shown in Table 6.1). The XRD
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results, shown in Figure 6.8, suggest a mechanism that goes from an amorphous material
through tantalum oxide before conversion to tantalum carbide. All peaks from the 500,
600, and 900 °C scans are some form of tantalum oxide, as the much smaller (barely
visible) peaks correspond to tantalum oxide (XRD card number 00-035-9222). The lack
of appearance of TaBrs peaks in all spectra, in particular before exposure, confirms that

an intimate mixture with the polyimide was obtained (i.e., Ta is dispersed on a molecular

level).
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Figure 6.8. Interrupted study performed on 50/50 weight ratio of tantalum bromide to
fluorinated phenylethynyl terminated polyimide. Samples were heated to a given
temperature and held for one hour followed by flash cooling.
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The SEM/EDS images in Figure 6.9 also support the proposed mechanism.
Figure 6.9(a) is a representative sample tested at 400 °C for one hour, while Figure
6.9(b) was tested at 600 °C for one hour. The sample at 400 °C contains mostly
polyimide with smaller amounts of tantalum, which is expected due to the
decomposition temperature of the polyimide (530 °C). At 600 °C, the material changes
to containing mostly tantalum with small amounts of carbon and oxygen. EDS was also
conducted on different areas within the SEM image, as shown in Figure 6.9(b). The dull
white spheres consist mostly of tantalum with small of amounts of carbon and trace
amounts of oxygen, and the dark gray areas are equal amounts of tantalum and carbon
with small amounts of oxygen. The white fluffy chunk at the bottom of the image in
Figure 6.9(b) has a majority of tantalum with carbon and oxygen each making up half of
the amount of tantalum, with trace amounts of fluorine and sodium. The white rod-like
structures in Figure 6.9(b) contain mostly tantalum with carbon and oxygen present in
half and one third the amount of tantalum, respectively. Other measures were taken to

confirm whether the proposed mechanism (Equation 6.1) is correctly stated.

XTaBrs + XOy .. = XTa,05 + XHBr + xBr,
Ta, O5 +7C — 2TaC + 5CO Equation 6.1
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Figure 6.9. SEM image and EDS graph (below the image), following 400 °C (a) and
600 °C (b) heat treatment of TaBrs and FPTI polyimide precursor, for 1 hour. The EDS
graph is a field scan of the entire image.

The first test involved replacing the argon atmosphere with that of a hydrogen/argon
environment and heating at 900 °C for 5 hours. This experiment resulted in only
tantalum oxide being formed, whereas in the argon atmosphere 43% tantalum carbide
was produced. The alumina crucible was replaced with a graphite sheet made into a boat
with a lid as another confirmation test. The testing conditions were performed using just
an argon atmosphere and a 900 °C/Shrs heating condition, which resulted in 33.2%

tantalum carbide formation. These results provide the information needed to validate
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that there must be some small or trace amounts of oxygen present in order for the
carbide formation to occur. In other words, the partial pressure po, must be adequate for
carbide conversion to take place. According to Chrysanthou et al, the conversion from
tantalum oxide to carbide is slow due to the diffusion of CO away from the TaC-Ta,Os

reaction interface.!"”

However, halides present in the gaseous phases are believed to
have catalytic function and contribute to the faster diffusion of tantalum to the carbon
particles that form by decomposition of the polymer, as previously postulated by Kim et
al,*® and thus enhancing the overall efficiency of the conversion to the transition-metal
carbide. This effect could aid the formation of tantalum carbide at the low temperatures
we have observed.

Initial studies involved varying weight ratios between the fluorinated imide
oligomer and the transition-metal halide. Weight ratios were varied from 20/80 to 90/10
of the mixture TaBrs/FPTI, while all prior experiments used 50/50 weight ratios (a 30:1
carbon to tantalum atom ratio). Reduced atom ratios of 1:2, 1:3, 1:5, and 1:10 Ta:C
were explored to generate carbide materials capable of being shaped or formed because
excess carbon likely weakens the final material due to its existence as amorphous
carbon. Table 6.2 lists the reaction conditions used with these varying Ta:C atom ratios,
as well as the conversion ratios of TaC and Ta,0Os. At the lower atom ratios (1:2 and
1:3) there was no presence of TaC, as shown by XRD in Figure 6.10. This is likely due

to lack of enough carbon atoms present to drive the reaction from Ta,Os, or the inability

to release the CO byproduct quickly enough from the interface. Figure 6.11 shows that
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regardless of the atom ratio a good intimate mixture is obtained after curing of the

polyimide Ta:C due to absence of any salt crystal structure.

Table 6.2. Conversion percentages of tantalum carbide and tantalum oxide for various
Ta:C atom ratios.

Ta:C Atom Ratio Temperature (°C) | Time (hr) TaC % Ta;0s %
Conversion Conversion
1:2 1000 8 0 100
1:2 1200 1 0 100
1:3 1000 8 0 100
1:3 1200 1 0 100
1:5 1000 8 9.2 90.8
1:5 1200 1 57.8 42.2
1:10 1000 8 59.5 40.5
1:10 1200 1 53.5 46.5
1:30 1000 8 81.5 18.5
1:30 1200 1 93.3 6.7
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Figure 6.10. Ratio study performed on 50/50 weight ratio of tantalum bromide to
fluorinated phenylethynyl terminated polyimide. The ratio of Ta:C was varied from 1:2-
1:10 for 1000 °C/8hrs and 1200 °C/1hr heating conditions. The smaller ratios, 1:2 and
1:3, regardless of heating condition, formed only tantalum oxide, whereas the 1:5 and
1:10 ratios formed mostly tantalum carbide.
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Figure 6.11. Comparison of 1:2 and 1:30 Ta:C atom ratio TaBrs/FPTI systems, post-
cured at 340 °C for 4 hours.

6.4 Conclusions

A relatively simple and low temperature method of producing tantalum carbide at
low temperatures, from TaBrs and polyimide via a liquid precursor route, was
developed. The significant reduction of tantalum carbide conversion temperature can be
attributed to the intimate mixing on the molecular level of transition-metal halides and
polymer precursors using two organic solvents. This technique successfully generated a
high yield of TaC (>75 vol%) at 1000 °C, beginning with TaBrs and polyimide.

Universality of this technique was demonstrated by using niobium bromide and tungsten
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chloride to successfully produce their respective transition-metal carbides. Different
types of polymer precursors, such as polystyrene and polyvinyl acetate, were also
successfully used to produce TaC. Upon heating, transition-metal halides boil or
sublimate at temperatures close to the decomposition temperature of the polymer
precursors, allowing the formation of transition-metal carbides by self-propagating gas
phase reactions. Additionally, halides present in the gaseous phases are believed to
serve a catalytic function and contribute to faster diffusion of tantalum to the carbon
particles that form during decomposition of the polymer, as previously postulated by
Kim et al,*® and thereby enhancing the overall efficiency of the conversion to the
transition-metal carbide. Mechanistic studies demonstrate the need to form the oxide
first from tantalum bromide before conversion to tantalum carbide can take place. In
order to lower the processing temperature further, studies are needed to quantify the
amount of oxygen needing to be present during the reaction. The influence of catalysts
also needs to be evaluated. The formation of thin films or fibers, or processing of
carbide matrix composites are now possible by using this low temperature methodology.
Using the in-situ, low temperature processing of transition-metal carbides reported here
could be advantageous for hypersonic vehicles by forming protective coatings on

metallic or polymeric substrates, allowing them to sustain temperatures beyond 1500 °C.
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CHAPTER VII

CONCLUSIONS

7.1 Conclusions
7.1.1 Polyimide and Polyimide Carbon Fiber Composite Studies

The goal of this research was to study degradation mechanisms of a fluorinated
phenylethynyl terminated polyimide and its carbon fiber composite. A series of studies
were performed to investigate the effects of further crosslinking in the polyimide (and
associated thermal degradation), heat-related ablation, and blistering due to the
combination of moisture and heat. The FPTI polyimide displayed decreasing
mechanical properties in regards to increasing time and temperature of further curing
conditions. The optimum cure conditions in regards to the glass transition temperature,
tensile strength, and elastic modulus was 410 °C for 8 hours. This essentially sets the
performance ceiling for these materials, which is important when deciding which
materials to use for a given aerospace application.

The presence of moisture was also shown to negatively effect the properties of
the FPTI polyimide resin and composite. Regardless of the amount of moisture present,
blistering is one way for the trapped moisture to escape. A transverse extensometer with
quartz lamps as a heating source measured thickness expansion, and a thermomechanical
analyzer (TMA) were both able to measure the onset of blister formation with varying
amounts of absorbed moisture (up to 3 wt%) in the samples. The polyimide resin

exhibited blister temperatures ranging from 225 — 362 °C, with 1.7 - 3.0 wt% absorbed
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moisture, and the polyimide composite had blister temperatures from 246 — 294 °C with
0.5 - 1.5 wt% moisture.

Despite the high Ty (435-455 °C) of the FPTI polyimide, its ability to withstand
temperatures >400 °C needed to be investigated for use in the extreme service conditions
experienced by military aircraft and reusable space vehicles. A weight loss study was
performed on a fluorinated polyimide resin and its carbon fiber composite in an effort to
determine its thermal stability and degradation mechanisms. Experiments were
conducted using a preheated oven and thermogravimetric analysis to obtain the weight
loss. Regardless of the method used or exposure time (2-20 min), the resin and
composite exhibited excellent thermal stability (less than 1% weight loss) below 430 °C.
After 20 minutes of exposure at 510 °C, the composite remained relatively stable with
only 5.3% weight loss using the oven technique, while the neat polyimide sustained
12.6% loss. When degradation occurred, it was found to be the result of thermolysis and
oxidation (to a lesser extent). Aircraft requiring extended exposure to temperatures >

430 °C will require alternate materials, such as polymer-ceramic hybrids.

7.1.2 Transition-Metal Carbide Formation

The goal of this research was to develop a processable technique to form
tantalum carbide for future high temperature materials from an in-situ mixture of
tantalum bromide and FPTI polyimide. Intimate mixing on the molecular level was
achieved due to the solubility of transition-metal halides and polymers in similar organic

solvents, which gives a reduction in the synthesis temperature. The method created is a
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relatively simple, low temperature route that generated greater than 90% TaC conversion
after exposing a 50:50 weight ratio mixture of TaBrs and polyimide to 1200 °C for one
hour. Even at temperatures as low as 1000 °C, the major product remains TaC. The
universality of the technique was explored by using other various transition-metal
halides (e.g. niobium bromide, tungsten (IV) and (VI) chloride) and polymers (e.g.
polystyrene and polyvinyl acetate). Atom ratios as low as 1:5 Ta:C resulted in formation
of TaC, whereas 1:2 and 1:3 Ta:C ratios resulted only in tantalum oxide formation. The
mechanism studies performed demonstrate the need to form the oxide first from
tantalum bromide before conversion to tantalum carbide can take place. This processing
route represents a promising way of lowering synthesis temperature of ultra-high
temperature transition-metal carbides that should ultimately allow aircraft to be able to
withstand temperatures much greater than polymer-based composites are currently able

to.

7.2 Future Work
7.2.1 Polyimide and Polyimide Carbon Fiber Composites

The degradation mechanisms investigated in this work provide an understanding
of the limits of the FPTI polyimide and composite under normal conditions. One area
that needs more analysis is the crosslinking effects within the composite material. In
other words, the polyimide composite may be adversely effected by the further curing

conditions set forth in Chapter III. The next step of this work is to incorporate the data
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into two parallel complimentary performance models based on the inputs of the

fundamental damage mechanism inputs as shown in Figure 7.1.

Fundamental Damage
Mechanisms Characterization and

Kinetics
*Further Resin Crosslinking, *Moisture-
Induced Blistering, *Thermal Degradation

Thermodynamic Progressive
Based Damage Lamina Layer
Model Model

Hypersonic Vehicle
Composite Performance

Figure 7.1. Overall technical approach for development of a hypersonic vehicle
composite performance model.
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One model will to create a lifetime composite model using thermodynamic procedures to
incorporate all of the diverse damage mechanisms. The second model involves the
progressive lamina failure analysis of the proposed lifetime model development. Both
models combined will deal with the thickness and geometric composite designs and will
be closely coordinated. They will collect the technical inputs from the damage
mechanisms findings to lead to hypersonic vehicle composite performance lifetime

predictions and guidance of materials development.

7.2.2 Ultra High Temperature Transition-Metal Carbides

The initial results of our low temperature carbide synthesis, shown in Chapter VI,
point toward areas to focus on in future studies, including further reduction of processing
temperature and generating robust shapes, coatings and/or fibers of the transition-metal
carbide material. Both areas will serve to enhance the work performed thus far, by
making this a lower energy technique and providing a means to make useful objects for
various applications. The carbide synthesis done thus far has shown that it is not unique
to the type of transition-metal halide or polymer used. The results have revealed that the
method has worked successfully at relatively low temperatures for four different
transition-metal halides and three different types of polymers. Further reducing the
formation temperature of these ultra high temperature carbides will lower energy costs
and increase the utility of this methodology. We propose two approaches to lower
carbide formation temperatures. Changing the inert atmosphere currently used (argon)

to an argon/carbon monoxide mixture is the first approach. The effect of changing the
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atmosphere during the reaction is to create a reducing atmosphere that should propel the
conversion of carbide at lower temperatures. The second approach involves using a
catalyst, either in the form of a metal plate (e.g., titanium, platinum, Ni-based super
alloy) or by addition of salt to the FPTI/TaBrs mixture (e.g., NaCl, Mg)."*” The addition
of a catalyst is known to speed up the conversion to carbide and also produce better

. 120-121
conversion rates.

Neither of these approaches has been previously reported at
temperatures as low as the ones reported in this work.

Initial weight ratios of the mixture TaBrs/FPTI were varied from 20/80 to 90/10
in an effort to generate monolithic carbide pieces. Most experiments used 50/50 weight
ratios with a 30:1 carbon to tantalum atom ratio. A reduced atom ratio, such as 1:3, 1:5,
1:10 Ta:C ratio, but these did not result in robust forms. Excess carbon likely weakens
the final material because it exists as amorphous carbon. More study is needed to
successfully produce robust objects for future applications. An aid to help form shapes
of the transition-metal carbide is to add fiber reinforcements, such as silicon carbide
fibers and/or carbon nanotubes. The addition of these reinforcements could add stability
and strength to the final transition metal carbide, aid in its formation, and possibly lower
the processing temperature. The simplest, and possibly most useful procedure in the
near term, would be to generate a carbide coating at the surface of an otherwise
polymeric object. Localized surface heating could produce a relatively thin (perhaps
millimeters thick) protective coating in-situ during aircraft flight. This would actually

link back to the first objective of lowering conversion temperature. If carbide would

form before the polymer undergoes significant thermal degradation, it would effectively
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insulate the underlying substrate as the temperature increased further (beyond the Ty of

unprotected polyimide).
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