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(Abstract) 

Soluble, thermally stable phosphorus containing polyimides have been synthesized to 

controlled molecular weights and well-defined phthalimide endgroups via solution 

imidization. They were characterized by intrinsic viscosity, DSC, TGA, and 

thermomechanical measurements. Molecular weight control was successful and these 

polyimides were thermally stable via dynamic TGA up to 500°C. Flame resistance was 

suggested by the 10~20 % of char yield observed in air at 750°C. Good tensile modulus 

(500~550 ksi) via stress-strain measurements and excellent adhesion to Ti-6AI1-4V 

substrates through single lap shear tests was demonstrated. 

Investigations of the effects of molecular weight and end group on thermal and 

mechanical properties of reactive amine terminated and non-reactive phthalic anhydride 

terminated PMDA-mBAPPO polyimides were pursued. Polyimides with non-reactive end 

groups do not crosslink and, hence, were essential for controlled processability. 

Rheological behavior was investigated with a parallel plate type viscometer and the results 

confirmed the thermoplastic nature of these systems.



Phenyl ethynyl endcapped polyimides were synthesized for a broad based 

investigation of their processibility and mechanical properties. Thermally stable soluble 

polyimide oligomers were synthesized via the poly(amic acid) precursor route followed by 

subsequent solution imidization. These polyimides were successfully crosslinked upon 

heating, without the evolution of volatile products. The phenyl ethynyl endcapped 

polymers (Teure ~ 350-400°C) exhibited a wider processing window above Tg, relative to 

the unsubstituted acetylene endcapped polymers (Toure ~ 200°C). Studies of the 

chemorheological behavior of these polyimides as a function of varying temperatures and 

times were conducted. This research allows the conclusion that high Tg, thermostable, and 

solvent resistant new networks suitable for structural adhesives and matrix resins have been 

identified. This was proven by characterization of these novel networks. Ninety-nine 

percent gel fraction networks were observed after cure at 380°C for 60 minutes. 

Thermomechanical properties such as tensile properties, adhesion properties, creep 

behavior, and heat distortion temperatures have been generated which illustrate the excellent 

dimensional stability and mechanical properties achievable at optimum crosslink density. 

Polyarylene ether sulfones were also studied which demonstrated the desirable 

combination of excellent thermal stability and good mechanical properties. Biphenyl-based 

polysulfones were synthesized and endcapped with 3-phenyl ethyny] functional groups. 

High Tg, thermostable, ductile and solvent resistant networks were prepared after curing at 

380°C. Thermo-mechanical behavior, including tensile properties and dynamic mechanical 

analyses have been determined and are reported in this thesis.
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CHAPTER 1. Introduction 

Polyimides are known to be excellent high temperature structural adhesives and 

composite matrix resins, which can be used in a variety of industrial areas, including 

aerospace (the high speed civil transport) and microelectronics. Their other attractive 

properties include high glass transition temperature, good thermal oxidative stability, and 

excellent thermo-mechanical properties. There is, however, greater urgency to produce 

high performance materials that meet the increasingly rigorous demands of the advanced 

materials industry. One attempt to improve certain properties involves the development of 

phosphorus containing polyimides. Since polymers containing phosphorus in the 

backbone are known to be thermally stable, many efforts have been made to synthesize 

phosphorus containing polyimides, which possess good stability and are soluble in many 

organic solvents. 

Phosphorus substituents are known to impart fire retardancy to macromolecular 

systems, and, in fact, phosphorus containing polyimides have exhibited high char yields 

upon thermo-oxidative degradation in air. In addition, phosphorus containing polyimides 

show excellent adhesion to Ti alloy, which is an important substrate in the aerospace 

industry. The phosphine oxide moiety in the polyimide backbone chain promotes enhanced 

solubility in many common solvents. As a consequence, this helps to overcome one of the 

principal disadvantages of polyimides, namely, their poor processibility. Other examples 

of efforts targeted at developing processable polyimides in our laboratory inlude siloxane 

block incorporation, molecular weight control, and solution imidization techniques. 

The objective of the first part of this research was to synthesize and characterize highly 

soluble, processible, flame retardant polyimides from hydrolytically stable phosphorus 

containing monomers employing new techniques such as molecular weight control and 
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solution imidization. These phosphorus containing polyimides were then investigated for 

their adhesion behavior and tensile and rheological properties, as a function of several 

dianhydride structures. Molecular weight was controlled by adding a monofunctional 

endcapper and by altering the ratio of diamine to dianhydride employing the Carothers 

equation (56,59). Non-reactive phthalic anhydride terminated polyimides were also 

investigated by melt viscosity measurements. 

The second part of the research has focused on improving the solvent resistant and 

thermo-mechanical properties of the polyimides by introducing certain functionalized end 

groups which can undergo a crosslinking reaction. Thermosets from functionally 

terminated oligomers possess the advantage of enhanced toughness, rigidity, thermal 

stability, solvent resistance, and relatively easy processing. A phenyl ethynyl end group 

can convert the amorphous thermoplastic polyimides to a thermosetting network structure 

through a curing reaction. In addition, the phenyl ethynyl endcapped polymers can be 

crosslinked without producing volatile products, while at the same time exhibiting a wider 

processing window compared to acetylene endcapped polymers. The objective of the 

second part in this research was to synthesize and characterize phenyl ethynyl endcapped 

PMDA-mBAPPO polyimides. Thermo-oxidative stability, curing behavior, 

thermomechanical and chemorheological properties were investigated in terms of varying 

cure conditions and molecular weights. Gel fraction and glass transition temperature 

measurements, as well as melt viscosity measurements, could provide useful information to 

understand and determine optimum curing conditions. Investigations into 

thermomechanical properties involved tensile and creep properties experiments. 

Polysulfones, another excellent engineering thermoplastic, was also investigated. 

Phenyl ethynyl endcapped biphenyl polysulfones were investigated for their curing 
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behavior by using similar experimental approaches as were employed in characterizating the 

polyimide systems. 

Following Chapter 2, which examines most of theoretical areas of synthesis, 

characterization, and structure-property behavior relationship, Chapter 3 will describe 

experimental procedures that have been conducted in this research. Finally, Chapter 4 will 

present and discuss the various experiments results, followed by the Conclusion. 
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CHAPTER 2. Literature Review 

2.1 Thermoplastic Polymers 

2.1.1 General Aspects 

Engineering plastics are being used in place of metals in aerospace and automobile 

industries mainly because they have met a higher strength to weight ratio (1-5). The 

requirements for high performance aerospace and automobile applications include excellent 

thermomechanical properties, thermo-oxidative stability, and chemical and radiation 

stability. In recent years, a wide variety of thermoplastic and thermoset polymers have 

been synthesized to meet the stringent demands of industry (2,3). Aromatic polymers are 

considered to be one of the first types of high temperature, high performance polymers 

because many aromatic polymers, including a number of hetero-atomic systems, are 

capable of satisfying these requirements (5). However, a number of other high temperature 

polymers tend to be insoluble and infusible. 

2.1.2 Thermoplastic Polyimides 

The search for polymeric materials with improved mechanical and thermal properties 

actually began in the early 1960’s (1,6), when many new polymer systems were 

discovered and evaluated as high temperature, high performance materials. Among them, 

polyimides were developed to offer a favorable combination of properties. The outstanding 

mechanical properties of polyimides, for example, make them excellent candidates to 
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replace metals, glass, and other materials in high performance applications. Also, in recent 

years, a number of structurally modified polyimides have been developed for specific 

applications (7), such as composites for the aerospace industry. To meet the stringent 

demands of industry, several polyimides curable by an addition mechanism have been 

developed and commercialized (1). 

Polyimides are condensation polymers usually derived from carboxylic acid 

dianhydrides and primary diamines. An amorphous, high performance engineering 

thermoplastics that is based on the regular repeating ether and imides linkages have received 

considerable industrial and commercial interest (2,3). The aromatic imide linkages in the 

poly(ether imide) (PEI) provide the high performance properties, stiffness, and high heat 

resistance, while the flexible ether units allow for easy processibility and good melt 

behaviors. Thus, PEIs exhibit relatively better processibility than polyimides without 

sacrificing improved physical strength, inherent flame resistance, outstanding electrical 

properties, chemical resistance, and high temperature and UV stability. 

The properties of polyimides are highly dependent on chemical and physical 

variables. The former includes monomer and solvent purity, reactivity, and stoichiometry. 

Physical variables include the solubility of the monomers, intermediates and catalysts, 

reaction temperature and time. Therefore, careful molecular design is required to produce 

high molecular weight, fully imidized, processible polyimides for high performance and/or 

structural applications. 

Monomer purity and stoichiometry are of dominant importance in achieving a high 

molecular weight (8), and the physical properties of most polymers are highly dependent 

upon achieving an optimum molecular weight. Processibility can be improved by 

molecular weight control and endgroup functionalization (2,3). Functionalized, low 

molecular weight polyimide oligomers, along with polyimides containing phosphorus in 

the backbone structure, permit better processibility without a loss of thermal oxidative 
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stability. The terminal groups can be either non-reactive or reactive such as maleimides, 

ethynyl, amine and phenyl ethynyl groups. They can be cured to form networks with 

improved thermal and high temperature dimensional stability. On the other hand, since 

polymers containing phosphorus as an integral part of the backbone are known to be 

thermally stable and flame retardant, efforts have been made to synthesize phosphorus 

containing polyimides (9-12). These polymers have good stability and are soluble in many 

organic solvents. 

All thermoplastic polyimides (TPIs) are known as step growth (condensation) 

polymers. The reaction is typically monitored by the loss of small molecular by-products, 

such as water, during polymerization. The most common method for polyimide synthesis 

involves the reaction of aromatic diamines with aromatic dianhydrides to initially form 

poly(amic acid)s, with the subsequent thermal ring closure to the polyimide structure. The 

imidization step can be conducted by bulk, solution, and chemical imidization techniques. 

The initial poly(amic acid) formation reaction between the amine and the anhydride is 

extremely easy, exothermic and is performed at or near room temperature. The poly(amic 

acid) formation is a reversible reaction. Raising the reaction temperature shifts the 

equlibrium back to that of the starting compounds (13). The reversibility of the poly(amic 

acid) formation has a significant effect on molecular weight equilibration and distribution 

(14,15). Monomer equilibrium is also important. The addition of excess dianhydride or 

diamine monomer decreases poly(amic acid) molecular weight, which involves the 

substitution of one of the dianhydrides with an amine group. Thus, the more electrophilic 

the anhydride, the quicker the reaction (Table 2.1.1). As expected, diamines with electro- 

withdrawing groups are less reactive than those with electron donating groups. 

Polar aprotic solvents such as NMP, DMAc are required for this reaction. In addition 

to providing necessary solubility, they form strong hydrogen bonds with the protons of the 

carboxylic acid group, making the reverse reaction limited and necessitating rapid 

Chapter 2. Literature Review



  

  

  

Dianhydrides Ea (eV) 

@ " 
¢ CL» PMDA 1.90 

g g 

9 0 ul 

ES CL» BTDA 1.55 
g 

a 7 
Oy BPDA 1.38 

° ° 
(uo Oy ODPA 1.30 

  

Table 2.1.1. Electron Affinity for Several Dianhydrides (29) 
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polymerization. The synthesis of the poly(amic acid) must be performed under anhydrous 

and inert conditions. The presence of water creates an imbalance and also causes the 

hydrolysis of the anhydride monomer (16), thus limiting the molecular weight of poly(amic 

acid). 

The cyclization to the polyimide structure is commonly achieved by thermally induced 

intramolecular condensation. This reaction can be purely thermal (bulk), performed in a 

solvent system designed to remove the by-products (water), or it can be catalyzed by acidic 

species (chemical). 

Bulk thermal imidization is the most common method of imidization (17-20). 

Poly(amic acid) formed in solution may be cast into films, after which thermal heating 

results in bulk imidization of the poly(amic acid) by solvent removal and complete 

cyclization. Usually, infusible and insoluble polyimides are created and side reactions, 

such as crosslinking, can occur during this process (21-23). 

Soluble polyimides can be synthesized by solution imidization of a poly(amic acid) 

(24-26). Usually, the poly(amic acid) solution is heated to 180-185°C so that there are 

fewer side reactions than during bulk imidization. An azeotropic agent like toluene or 

dichlorobenzene is added to remove the water that is formed during the reaction. Complete 

imidization can be achieved within 20-24 hours. The conversion of poly(amic acid) to 

polyimide can be easily monitored by IR. 

Polyimides can be also prepared at room temperature using chemical imidization 

techniques (27,28). Treatment of the poly(amic acid) with an aliphatic carboxylic acid 

dianhydride with tertiary amines leads to the complete cyclization of the poly(amic acid). 

The mechanism for this chemical imidization is shown in Fig. 2.1.1 (29). 

Polyimide molecular weight is controlled by the ratio of diamine to dianhydride and 

can be also controlled by using a monofuctional endcapper. Molecular weight control 

makes the polyimide processible and inhibits further side reactions during the 
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reprocessibility procedure, which is important for thermoplastics. 

Glass transition temperature provides important information about the method of 

processing and the maximum temperature at which a polymer can be used in any given 

application. Usually, the Tg range for polyimides is broad and strongly dependent on the 

structure (2,3). Flexible units along the polymer main chain, such as aliphatic carbon 

chains, ethers, and thioethers (which increase the freedom of chain motion), tend to lower 

Tg. Thus, as mentioned, polyetherimides are easily processed in the melt and in solution, 

whereas stiff polypyromellitimides are usually not melt processible using conventional 

techniques. However, monomers that have been found to improve solubility are those that 

disrupt the regularity of the backbone structure (2,30). Backbone regularity contributes to 

ordered chain packing, resulting in insolubility. Loss of this order allows solvents to 

penetrate and solvate the polymer chains. However, this improved solubility sometimes 

has a disadvantage. Typically, these materials have glass transition temperatures that are 

lower than those whose backbone structures are more regular. 

An additional type of polyimide is thermosetting oligomers, which include the 

maleimide terminated or acetylene terminated oligomers. (31). The reactive oligomers used 

to obtain crosslinked thermosetting polyimides provides several advantages over 

thermoplastics resins, such as low viscosity solutions, better solvent resistance, high glass 

transition temperatures, less creep, etc. The one disadvantage of these thermosets is 

reduced toughness. However, this disadvantage can be somewhat overcome by controlling 

the degree of polymerization (molecular weight) of the oligomers. Thermosetting systems 

will be discussed in a later chapter. 
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2.1.3 Thermoplastic Polysulfones 

Amorphous poly(arylene ether sulfone)s are rigid, transparent, and tough engineering 

thermoplastics with glass transition temperatures in the range 180-250°C. The chain 

rigidity is a result of the relatively inflexible phenyl and SO? groups and its toughness is 

attributed to the connecting ether oxygen. These groups are also known to offer thermal 

stability and chemical inertness. Polysulfones, in general, have excellent hydrolytic 

stability compared to polycarbonates, polyesters, and poly(ether imide)s (32), and may be 

stable when exposed to hot water for a number of hours. However, like all amorphous 

glassy polymers, polysulfones show stress crazing and cracking in many organic solvents. 

Cracking or crazing occurs if the solubility parameter of the solvent and the polymer are 

within 1-2 units of each other (33). Poly(phenyl sulfone)s are known to behave slightly 

better in polar solvents than its solubility parameter would indicate because of its tendency 

to crystallize, which, in turn, prevents crack propagation (32). Poly(phenyl sulfone)s 

crystallize rapidly in chlorinated aliphatic solvents. 

Poly(arylrene ether sulfone)s are usually prepared by reacting aromatic diols with 

aromatic dihalide sulfones in the presence of a base (Fig. 2.1.2). For example, the 

dipotassium salt of biphenol (BP) is prepared reacting biphenol with potassium carbonate, 

followed by reacting this biphenol salt with 4,4'-dichloro diphenyl sulfones (DCDPS) to 

form an ether sulfone structure in the polymer backbone. 

Nucleophilic substitution (SNa,) of aromatic halides is known to require very high 

temperatures (up to 350°C), unlike the aliphatic halides, because the carbon bonded to the 

chlorine in an aromatic halide is less electropositive (more electronegative) than the carbon- 

halogen bond of alkyl halides (33-36). Performing the reaction at such high temperatures 

increases the probability of other undesirable side reactions. However, the introduction of 

electron withdrawing substituents (EWG) to the ortho or para position of the halogen in an 
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aromatic halide remarkably increases the rate of nucleophilic substitution. 

There are several factors that influence the rate of the overall] reaction: the solvent, the 

leaving group, the nature of EWG, and the nucleophile. 

A dipolar aprotic solvent, such as DMSO, NMP, DMAc, DMF, is required for this 

polymerization. Besides providing the necessary solubility, the aprotic solvent is 

apparently essential for rapid polymerization rates. Dipolar aprotic solvents not only 

increase the nucleophilicity of the Nu-, but also stabilize the intermediate formed in SNa; 

reactions (33,34). 

An aromatic nucleophilic substitution reaction of the dihalide, which has electro- 

withdrawing groups such as dichloro diphenyl] sulfone (DCDPS), involves the attack of the 

Nu> (phenoxide anion) on the carbon bond to the leaving group (halide). The displacement 

of the leaving group then generates a new bond with the Nu-. In polysulfone synthesis, as 

in many others, the leaving group should be more stable than the Nu-. In this type of 

reaction, the difluorides, which can better stabilize negative charge, are more effective than 

the dichlorides (37). 

If a strong EWG, such as a sulfone, is either on the ortho or para position to the 

leaving group, an intermediate complex can be drawn where the negative charge is 

delocalized over the EWG. Because the reaction proceeds via this intermediate resonance 

structure, the character of the EWG 1s important (38). The nucleophilicity of the Nu- also 

affects the overall reaction; the better the Nu-, the faster the overall reaction rate (33,34). 

Another major factor is the choice of base. When using a strong base to activate an 

aromatic diol monomer, such as a biphenol, there are some disadvantages. For example, 

an exact stoichiometric amount of base is required because a strong base can react with the 

dihalide monomer (39). On the other hand, weak bases, such as K2CO3, do not hydrolyze 

the halide (39). Thus, an exact stoichiometric base amount is not necessary to achieve high 

molecular weight polymers. 
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All traces of moisture and other protic contaminants must be excluded from the 

reaction mixture before polymerization can occur. Otherwise, the biphenol salt might 

hydrolyze, resulting in the formation of potassium hydroxide. The hydrolysis removes the 

chloride group from the sulfone monomer, creating a functionality imbalance between two 

monomers (40). 

The reaction must be carried out at 150-160°C, primarily because of the poor 

solubility of salt at lower temperatures. Furthermore, at this reaction temperature, the water 

formed from the interaction of K2CO3 and the biphenol can be removed by an azeotropic 

agent. The excess K9CQO3 that dissolves in the DMAc, as well as the byproduct of 

potassium chloride, is removed by filtration. Utilizing this approach, various high 

molecular weight poly(arylene ether sulfone)s have been synthesized (41,42). 

Polysulfones are rigid, tough polymers with high impact strength. The origin of this 

toughness is due to a second order f relaxation at -80 — -100°C. The 8 transitions are 

known to involve 180° flips of the aromatic ring around the ether bond (43). The 

thermomechanical properties of thermoplastic polysulfones, as well as those of polyimides, 

will be discussed in a later chapter. 

2.1.4 Thermal Oxidative Stability and Flammability 

There is an industrial need for organic matrix resins with high temperature capabilities 

and flame resistant properties (44,45). An important source of thermal stability in 

polymeric materials is the primary bond energy that exist between the atoms in the chain. 

Polymers may also borrow additional stability from secondary valence forces. The sum of 

these forces is commonly defined as cohesion (i.e., the attraction between neighboring 

chains), and has an affect on the Tm and Tg. An important requirement for excellent 
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thermal stability is a high melting or softening temperature. Several variables are required 

to achieve a high softening system: a) crystallization, b) crosslinking, and c) chain 

stiffening (44,46,47). Crystallization and crosslinking effects, however, cannot be 

combined. Usually, high thermal stability in polymers can be achieved by making full use 

of resonance stabilization. 

The most widely used evaluation method for comparing the thermal stability of high 

temperature polymers is through dynamic thermogravimetric analysis (TGA) (44,48). In 

TGA, the weight loss of a polymer sample is monitored as a function of temperature. TGA 

data provides information about the threshold temperature at which major fragmentation 

occurs and is, therefore, an indication of the intrinsic stability of the polymer structure. 

The nature and composition of volatile by-products depend on the polymer structure, the 

method of polymerization, and the conditions proceeding the decomposition process. 

Isothermal TGA is also used to obtain similar information (48). Both of these methods are 

based on weight loss. The mechanism and characteristics of polyimide thermal 

decomposition have been investigated in some detail (49,50). It should be mentioned that 

the decomposition temperature in air is significantly lower than in nitrogen. If TGA and 

thermomechanical analysis are combined (which provide data on Tg and softening 

temperature), the thermal limitations of most polymers can be fully defined. 

Chemical fire retardants may work in the solid phase to modify the thermal 

decomposition process, or in the gas phase by yielding volatile products that inhibit flame 

reaction (48,51). In other words, the amount of char and incombustible gases that are 

formed in thermal decomposition are very important quantitative measures of flame 

resistance. 

An example of a fire resistant system where vapor phase processes form the basis for 

flame inhibition is the tripheny] phosphine oxide (TPPO)-Nylon 6-PET system (46,52,53). 

The effect of small additions of TPPO and Nylon 6 on the flammability of the PET 
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polyester is shown in Table 2.1.2. From this data, it can be concluded that the observed 

flame inhibition is related to the release of TPPO to the vapor phase, i.e., the flame. From 

more recent studies of phosphorus chemistry in flame using the molecular beam sampling 

mass spectrometric technique, the nature of the phosphorus intermediate species resulting 

from the decomposition of TPPO in | atm CHy and H>? fueled flame have been researched 

(52,53). For the fuel rich systems studied, the main species are P2, PO, and PO», with 

lesser amounts of P, HPO, and PN. A catalytic reaction scheme involving these species, 

which leads to H atom recombination, is provided in Table 2.1.3. 

As an index of flame resistance, the limiting oxygen index value (OD) can be identified 

(45). The limiting OI is the minimum fraction of oxygen in an oxygen-nitrogen atmosphere 

that is minimally sufficient to maintain combustion. Fundamentally, there are two 

consecutive chemical processes, decomposition and combustion, connected by ignition and 

thermal feed-back. In basic terms, the decomposition of material (pyrolysis) is a process 

that requires heat. The decomposition products are combusted, during which heat is 

generated, and it is this heat that is used to support the decomposition. To be flame 

resistant, a material should possess a large heat of decomposition. 

A significant correlation between char residue and the OI of the polymers (45,47,54) 

has been reported. This linear relationship can be represented as: 

OI x100 =17.5 + 0.4 CR 

where CR is the char residue in wt. % at 850°C. 

Although polyimides can burn, the self extinguishing behavior of most aromatic 

polyimides makes them ideal candidates for applications in the transportation and 

construction industries, due to the face that aromatic polyimides develop a surface char that 

smothers the flame during burning (55). Polysulfones also exhibit excellent resistance to 

burning. In addition, polypheny! sulfone)s and poly(ether sulfone)s show particularly low 

smoke emission as indicated by the National Bureau of Standards (45). 
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Table 2.1.2. Effect of Triphenylphosphine Oxide (TPPO) 

on Flammability of Polyester (46) 

  

  

Pure polyester Burns 

Polyester + 1 mol % TPPO Self extinguishing in 3~8 s 

Polyester + TPPO + Nylon6 Nonburning or self extingui 

(1% each) -shing inO~3s     
  

Table 2.1.3. Probable Reactions Leading to Inhibition in Flames 

Containing Phosphorus (52,53) 

  

(C6éHs)3PO > 

H+PO+M > 

OH + PO = 

HPO +H = 

other likely reactions 
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Chapter 2. Literature Review 

PO, P and P2 

HPO+M 

HPO +0 

H2+PO 

  

17



2.2 Thermosetting Networks 

2.2.1 General Aspects 

Thermosetting resins are those that are irreversibly transformed by heat or radiation 

from fusible, soluble materials into infusible and insoluble ones, through the formation of a 

covalently crosslinked, three-dimensional infinite network. In contrast, thermoplastic 

polymers, which soften and flow when heat and pressure are applied, are capable of 

reversible change. As the name suggests, thermosetting resins undergo changes in their 

physical properties to reduce shrinkage, or to provide flame retardance, as a result of 

chemical crosslinking reactions. The majority of thermosets are used in filled or reinforced 

form. They have good dimensional and thermal stability, chemical resistance and good 

electrical properties (56,57). 

The curing of a thermoset involves several complex steps. First, there is linear 

growth of the chain, which begins to branch and then to crosslink. As the reaction 

continues, molecular weight increases rapidly and eventually some chains become linked 

together into network structure of infinite molecular weight. This sudden and irreversible 

transformation from a viscous liquid to an elastic gel is referred to as the gel point. 

Gelation is one of the major characteristics of a thermoset. From a processing point, 

gelation is very important since the polymer does not flow and is no longer processible 

beyond this point (58). The sudden onset of gelation indicates the division of the mixture 

into two parts: (1) the gel, which is insoluble in all solvents, and (2) the sol, which 

remains soluble and can be extracted from the gel. As crosslinking continues beyond the 

gel point, the amount of gel increases at the expense of sol and the mixture rapidly 
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transforms from a viscous liquid to an elastic materials of infinite viscosity. Gelation 

typically occurs between 55 and 80% conversion (59). 

Another major phenomenon that may occur is vitrification of the crosslinkable 

molecular chains. This transformation from viscous liquid to glass begins to occur as the 

glass transition temperature of these partially cured network exceeds the cure temperature. 

Further curing in this glassy state is extremely slow. However, unlike gelation, 

vitrification is a reversible transition. Cure can occur by reheating to devitrify the partially 

cured network (57,58,60). 

2.2.2 Crosslinking and Gelation 

2.2.2.1 Gelation 

Gelation can be defined as a single molecule extending throughout the polymerization 

mixture which is connected by covalent bonds. Alternatively, gelation may be considered 

as the point when a three dimensional network is formed. From a physical point of view, 

the viscosity of the reacting material goes to infinity at the gelation point (61). Gelation 

depends on the functionality, reactivity, and stoichiometry of the reacting monomers. If the 

functionality of the monomer is 2, linear polymers are formed. If some trifunctional or 

higher functional monomers are involved, the polymers will either be branched or 

crosslinked. 

In order to calculate the gel point, a branching coefficient 'a' is defined as the 

probability that a given functional group on a branch unit is connected to another branch 

unit. The critical value of a, at which an infinite network forms, can be determined in the 

following manner (56,57,66). If a trifunctional (f=3) branching unit exists, each chain 
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terminating in a branch unit will be followed by two more chains. If both of these 

terminate in branch units, four more chains will be reproduced, and so on. If a<1/2, there 

is less than a 50% chance that each chain will lead to a branch unit, and thus, to two more 

chains. That is, there is a greater chance that it will terminate at an unreacted functional 

group. Under these conditions, the network can not grow infinitely and, eventually, the 

growth of the network through branching will be outweighed by the termination of chains. 

As a result, when o<1/2, all growing molecular structure must be limited, i.e., finite in 

size. When ot>1/2, each chain has a better than even chance to reproduce two new chains. 

Under these circumstances, branching of successive chains may continue to make the 

structure infinite. Thus, a three-dimensional, infinite network structure is possible. 

Therefore, @=1/2 may represent the critical point for forming infinite networks in a 

trifunctionally branched system (59) (Fig. 2.2.1). However, even though @ exceeds 1/2, 

this does not imply that the molecules will be combined into infinite molecules. Usually, in 

this statistical consideration, it is assumed that all functional groups are equally reactive, 

independent of molecular weight or viscosity, and that a reaction between two functional 

groups on same molecule will not occur. Also, a randomly selected chain may be 

terminated at both ends with unreacted dead ends, or it may have a branch at only one end, 

and both of the succeeding two chains may lead to unreacted functional groups. So, there 

is always a chance that these and other possible finite species will coexist with infinite 

networks as long as 1/2 <a< 1. However, errors resulting from these examples affect only 

the numerical agreement between theory and experiment, and not the overall consideration. 

Generally, infinite network formation becomes possible when the expected number of 

chains that will succeed n chains through the branching of several of them, exceeds n. That 

is, if f is the functionality of the branching units, gelation will occur when a(f-1) exceeds 

unity. 
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Fig. 2.2.1. Polymer from a simple trifunctional monomer. 

The critical value of a is can be deduced from this statistical calculation (56,59). 

Oc = 1/(f-1) (2.2.1) 

If more than one type of branching unit is present, an appropriate average, f, may replace 

(f-1) in Eg. 2.2.1. So, Eq. 2.2.1 is a particularly convenient formula for the condensation 

of polymers. 

The relationship between © and the extent of reaction, p, can be expressed as: 

rp2p 
oO = ——— (2.2.2) 

1— rp2 (1-p) 

where p is the extent of the reaction for the functional group, p is the ratio of the functional 

groups on the a branch units to all functional group in the mixture, and r is Na /Np (N is 

the total number of present in reaction mixture and r is equal to 1). From Eq. 2.2.1 and 

  

2.2.2, 

1 rp*p 
= (2.2.3) 

(f-1) 1~ rp? (1-p) 

1—rp2+rp2p = rp@pf —rp2p (2.2.4) 
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1 =p2 (r—rp + rpf— rp) (2.2.5) 

1 

So, Pc = (2.2.6) 

[r+rp (f-2) ]i2 

  

When r=1, p=1 (every units are on branch), 

Po= 1/(f-1)!? (2.2.7) 

Eq. 2.2.7 is very useful in terms of the commercial importance of three dimensional 

networks. Also, the number average degree of polymerization <Np> can be defined (62) 

as: 

<Nn>=No/N 

and P = 2(N-No) / £No 

If N is the total number of molecules present in the reaction mixture at an extent of reaction 

p, and Nog is the number of molecules present initially, then 2(No—N) is the number of 

functional groups that have reacted and fNg is the total number of groups initially present. 

Here, the average functionality f of a monomer is defined as 

f=2XN; fj/ Nj 

where Nj and f; are the number of molecules and the functionality of the ith component in 

the reaction mixture, respectively. 

Eliminating N from these expressions results in the following equation, which is 

known as the Carothers equation (62): 

<Np> = 2 / (2 —-pf) 

That is, for a fixed extent of reaction, the presence of multifunctional monomers (f >2) in 

an equimolar mixture of reactive groups has the greater number average degree of 

polymerization <N),> than for f=2. Conversely, for the same mixture, a lesser extent of 
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reaction is needed to reach a specified <N,> with multifunctional reactants than without 

them. 

2.2.2.2 Degree of Crosslinking 

Two approaches, swelling and mechanical measurements, are widely used to 

determine the degree of experimental crosslinking (58). 

Based on the theory of rubber elasticity, the shear modulus G of an ideal rubber is: 

G= vRT 

where v is the effect concentration of crosslinked chains in moles per gram, R is the gas 

constant, and T is the absolute temperature (63,64). The concentration of effective network 

chains is the sum of network chains joined chemically and the network chains formed by 

entanglement. 

When a crosslinked polymer is placed in a suitable solvent, the polymer imbibes the 

solvent and undergoes swelling to an extent determined by the nature of the polymer and 

the solvent (65). There are two opposite forces invovled in swelling: one is favorable 

mixing force due to increased entropy as the solvent spreads through the added volume, 

and the other is elastic retractive force because chains between network junctions are 

required to assume elongated conformations. The two forces are as follows; 

From Flory-Huggins Theory: 

- AGmix = - RT( In(1-C) + C + XC?) 

From the Theory of Rubber Elasticity: 

AGelastic = PpRT/McV} (C3 - C/2) 

At equlibrium, the two forces are equal. So, 

-RT (In (1-C) + C + % C2) =X RT/Me V} (CV3- €/2) 
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-Pp Vi (C13 - C/2) 
  Me = 

In (1-C) + C + X,C2 

Po = Py /Mc (moles/cc) 

= PaNavogadro Mc (chains/cc) 

where P, = polymer density (g/cc), V; = molar volume of solvent (cc/g-mole), X; = Chi 

parameter (dimensionless), C = relative concentration (dimensionless), Mc = average 

molecular weight of network chain (g/mole), and P. = crosslink density (chains/cc). Here, 

the volume fraction of the polymer in a swollen mass can be calculated by the following 

equations. 

Voo = WolPp + (Wee - Wo)/s 
C = Wo/PpVoo 

where Wg = initial weight of polymer (g), Woo = weight of swollen polymer (g), Voo = 

final swollen volume, C = relative concentration, and 9, = solvent density (g/cc). 

However, in many cases, experimental values do not agree with the degree of 

crosslinking calculated from knowledge of chemical crosslinking reactions. Reasons for 

this deviation include the simplistic assumptions made in deriving the relationships between 

swelling or mechanical properties and crosslink density. For example, the presence of a 

dangling chain or a trapped entanglement of chains leads to incorrect crosslink density 

values. In the dangling chain structure, some of the chemical reaction has been used to 

produce a branched chain that cannot participate in load-bearing when mechanical stress is 

applied to the network, or cannot limit the swelling of the network. In other words, 

although entanglement chains are not chemically joined, a physical crosslink is provided. 
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2.2.2.3 Cure Kinetics 

The mechanism and the rate (kinetics) of cure must be understood in the process of 

evaluating processing-morphology-property-durability relationships in thermosets system. 

An excellent review of the kinetics of the thermoset cure has been recently published by 

Prime (57) who writes that the heat of reaction can be determined by conducting the 

reaction isothermally with DSC. A continuous curve show the rate of heat generation of 

the sample as a function of time(t). The reaction is considered complete when the rate 

curve levels off to the baseline. The total area under the exothermic curve is used to 

calculate the isothermal heat of curve, Hy, at a given temperature (57) (Fig. 2.2.2). 

Usually, after the isothermal curve is obtained, the sample is then heated dynamically to 

measure the residual heat of reaction Hr. The sum of the isothermal heat (Hy) and the 

residual heat (Hp) is considered as the ultimate heat of cure (Hy);). The reaction rate can be 

determined directly from the DSC thermogram according to 

do/dt = 1/Hyi, (dH/dt) 

where « is the extent of reaction. 

The rate of heat generation (dH/dt) is known to show a maximum when plotted as a 

function of time (57,66). The reaction rate (do/dt) is proportional to the rate of heat 

generation and exhibits a maximum with time. Such behavior is a characteristic of chemical 

reactions referred to as autocatalytic reactions (67-71). However, the cure process is not 

necessarily limited to one chemical reaction. Two or more reactions can occur 

simultaneously and/or consecutively. The rate of conversion is also proportional to the 

concentration of unreacted material. Thus, the reaction rate equation is 

da/dt = (k; + kz a™) (1-a)" 

where (m+n) is the overall reaction order and kj, kz are the reaction rate constants that are 

temperature dependent through an Arrhenius equation, k=Ae(/RT)_ That is, the kinetics 
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Glass transition temperature versus degree of polymerization 

for a thermosetting system (72). 
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are actually a combination of nth order rate and autocatalytic rate (71). 

2.2.3 Chemorheology 

One of the most important factors influencing the processing of thermosetting resins is 

gelation. At the onset of gelation, resin viscosity rises rapidly and thus influences 

processing methods, such as injection molding or autoclaving. A schematic representation 

for the cure behavior of a thermosetting system is shown in Fig. 2.2.3 (72). A typical 

method for determining gelation time is through a standard ASTM test (D2471), which is 

based on steady-state viscosity. However, steady state viscosity measurements only 

characterize the liquid state. Some acceptable methods for the rheological study of 

crosslinking polymers have been recently reported (73-76). The viscous behavior of 

oligomeric thermoset materials in melt dominates the initial part of the loss modulus where 

G" is larger than the storage modulus G'. With increasing crosslinking (or molecular 

weight), the loss modulus only increases slowly while the storage modulus rises sharply 

until they intersect. Beyond this point, the storage modulus exceeds the loss modulus. 

Earlier studies revealed that ththeis intersection of G' and G" (i.e. tan 5=1) corresponded to 

the gelation point (72,77) (Fig. 2.2.4). Loss tangent measures the relative contribution of 

elasticity and viscosity to a resin system. Therefore, tan 6 of a viscous liquid will be 

greater than 1, while the tan 6 of an elastic solid should be less than 1. When resin systems 

progress from a viscous liquid, through gelation, to elastic solid, tan 6 of the gelation point 

would be expected to equal 1. 

However, the intersection time is found to be a function of frequency (78,79). This 

could mean that the intersection time might be close, but not identical, to the exact gelation 

time because the gelation time must be identical, regardless of the frequency of rheological 
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testing. So, there is some debate as to whether the gelation point occurs exactly at the 

crossover of G' and G", or just somewhere in its vicinity. In the gel state, if G'(@) 

coincides with G"(@) for any frequency W, then the G'-G" crossover can be referred to as 

the gel point. That is, the gel point can be detected by a multifrequency experiment because 

the loss tan 6 of G is independent of the frequency of the dynamic experiment (81-83). 

However, this condition is only satisfied when stress relaxation in the critical gel follows a 

power law, t -!/2 (80). In other words, the crossover of G' and G" can not be used for 

detecting the gel point, which will be more complicated when the stress relaxation exponent 

is not equal to 1/2. 

Gillham developed a time-temperature-transformation (TTT) diagram (60,84,85), 

which is very useful for understanding and comparing the cure and glass transition 

properties of a thermosetting system (Fig. 2.2.5) (84). The particular S-shaped curve 

between Tg (Tg of the reactants) and Tg.. (Tg of the fully cured system) results when the 

curing reaction is increased with higher temperatures. As seen in Fig. 2.2.5, at an 

intermediate temperature between Tg,.¢ and Tg.. , the reacting material first becomes a gel, 

forming a network. Then, it vitrifies and the reaction stops incompletely. So, this TTT 

diagram shows why curing reactions are carried out in steps, each at a higher temperature. 

Of course, the last step, the post cure, must be done above Tg.., (84). On the other hand, 

important aspects of Fig. 2.2.5 that should be pointed out include devitrification regions, 

caused by degradation, and the char region, seen in much higher temperatures. 

2.2.4 Solvent and Chemical Resistance 

High temperature engineering thermoplastics have great potential in applications such 

as matrices for high performance composites. Heat resistant thermoplastic polymers, such 
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as polysulfones, poly(phenylene sulfide), poly(ether imide) or PEEK, show several 

advantages over the more widely used thermoset resins (32). However, one of the 

disadvantages of thermoplastic resins with respect to thermosets is their generally low 

resistance to many common solvents, which results in reduced performance properties 

(58,86). A variety of environments act as so-called “stress cracking agents” for polymeric 

materials. These are divided into two categories: (1) chemical agents that produce chain 

scission and (2) swelling and physical agents that interfere with the cohesive forces 

between chains. 

Although the exact mechanism of environmental stress crazing is not known, it is 

generally accepted that absorption of the liquid and accompanying Tg reduction are related 

to stress cracking behavior (87,88). The extent of solvent swelling depends on the heat 

and entropy of mixing. The first can be predicted on the basis of the difference between the 

solubility parameter of polymer dp and solvent 6s. The maximum degree of swelling 

occurs in solvents having a solubility parameter 6 value close to that of the polymer (89). 

However, over a very broad range of 6, swelling can be sufficient to lower Tg. However, 

it is certain that the primary role of solvents in crazing is one of plasticization, because high 

resistance to dry crazing usually only occurs at temperatures below Tg, where the excess 

free energy of the glassy state is high. 

Crosslinking seems to bring about the total disappearance of crazing at sufficiently 

high crosslink densities, even though shear ductility, as seen in compression tests or in 

tension testing, is still present (58). 
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2.3 Thermomechanical Properties 

2.3.1 General Overviews 

A number of mechanical tests have been used to study viscoelastic materials, which 

include creep, stress relaxation, stress-strain, and dynamic mechanical behavior. 

Unlike crystalline polymers, the thermomechanical properties of glassy 

thermoplastics are not strongly dependent upon different fabrication conditions (91). Since 

the deformation of glassy thermoplastics is usually linear elastic or plastic, it is concentrated 

in a region close to the crack tip. The fracture of glassy thermoplastics can also be 

understood through the application of linear elastic fracture mechanics (90). The fracture 

strength of a brittle thermoplastic is dependent on several factors, such as specimen 

geometry, test temperature and applied pressure (91). These effects must be examined 

before the effects of structural differences can be considered (90,92). 

The second category of glassy polymers that will be considered are the thermosets. 

These are highly crosslinked polymers that are usually used below their glass transition 

temperatures, in contrast to rubbers, which are lightly crosslinked and used above Tg. 

Thermosets are known to be brittle, intractable materials and significant research has 

concentrated on methods of maximizing and improving their toughness. One of these 

methods involves adding a second phase of particles, such as fillers or rubber particles. An 

important application area for thermosetting polymers is high strength adhesives (90). 

Another important use of thermosets is as matrix materials for fiber reinforced composites. 

Because thermosetting polymers are insoluble in many common solvents, their chemical 

structure is extremely difficult to characterize. Furthermore, their structure can be changed 
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by using different kinds and amounts of curing agents, which controls the degree of 

crosslinking. 

2.3.2 Mechanical Properties 

2.3.2.1 Stress-Strain Measurements 

The most widely used mechanical test for polymeric materials is the stress-strain test. 

Stress-strain measurements are generally conducted in tension by stretching the specimen at 

a constant rate, while measuring the force on the specimen and its deformation. The 

deformation may be elastic and recoverable, or permanent (irreversible deformation). The 

best method for measuring elongation is to use a separate device like a strain gauge attached 

to the specimen inside the clamps, because measurements of the separation of the jaw or 

clamps can lead to serious errors (93). 

The cross sectional area of a specimen is decreased as it is stretched, so that the true 

stress is greater than the engineering stress. The true stress is the force per unit of cross 

sectional area at any time (or elongation). Stress is defined as the force per unit area of 

cross section as | 

Oo=F/A 

The strain defined as € = AL/Lg is can be replaced by the so called true strain defined as 

€ = In (LIL) 

The terms like tensile or Young's modulus E, yield stress Gy, elongation at yield ey, tensile 

strength Op, and elongation at break €g should be well defined in stress-strain curves 

(91,94). Young's modulus is given by the slope of the initial straight line portion of a 

stress-strain curve. That is, 
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E=do /de 

The yield point occurs where the stress goes through a maximum. The ultimate values are 

determined by the point at which the specimen breaks. 

The modulus of toughness can also be measured by the area under the stress-strain 

curve (94). This area has the units of energy per unit volume and is the process of 

deforming the material. Even though the tensile strength is certainly important, the 

toughness of the polymer is frequently a more useful parameter in the fracture mechanism. 

Like other mechanical tests, the stress-strain properties of polymers are very sensitive 

to temperature (91,61). At low temperatures, polymers tend to be brittle and may break 

before a yield point is reached. At higher temperatures (but below the glass transition), 

cold-drawing can take place for amorphous polymers. At glass transition temperature and 

above, the specimen stretches without necking (95-97). The modulus, yield strength, and 

tensile strength generally increase as the temperature is lowered. On the other hand, the 

elongation for rigid polymers usually decreases as the temperature is lowered. The 

modulus of amorphous polymers does not change much until the temperature approaches 

the glass transition temperature. The effect of test temperature on tensile behaviors is 

illustrated in Fig. 2.3.1. The effect of temperature may correspond to the three types of 

polymeric materials. At around Tg, the modulus may decrease by a factor of one thousand 

when the temperature is increased by only a few degrees, except in the case of the highly 

crosslinked thermosetting polymers, which are much less sensitive to temperature than the 

linear amorphous or crystalline polymers, and are always rigid. Over Tg, the modulus or 

tensile strength may change only a few degrees for such materials; their elongation is 

usually small, less than a few degrees (98). The speed of testing also affects the tensile 

properties of polymeric materials. Smith (99) has found that the Williams-Landel-Ferry 

(100) theory can be applied to rubbers and rigid plastics to give master curves for the 
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tensile strength and elongation, as well as for the modulus. Thus, an increase in speed of 

testing has a similar effect to a decrease in temperature. 

In addition to speed of testing and temperature, the stress-strain behavior of polymers 

depends upon many other physical and structural factors. For example, molecular weight 

and molecular weight distribution affects stress-strain properties (61,91,101). At very low 

molecular weights, the tensile stress to break, Op, is near zero. As the molecular weight 

increases, the tensile strength rapidly increases then gradually levels off. Since the major 

weak points are the chain ends, which do not transmit the covalent bond strength at the 

molecular scale, it is predicted that the tensile strength at an infinite molecular weight can 

reach an asymptotic value (59,91). 

Op =A - B/My 

where M, is the number average molecular weight and A and B are constants. Meanwhile, 

a three-dimensional model network of crosslinked chains predicts that the breaking Op is 

proportional to [1 - 2<M,>/<M,>]*/3, where M, and M, are the average molecular weight 

between crosslinks and the number average molecular weight, respectively (102,103). 

Stress-strain properties also depend on density, orientation, crystallinity, and 

molecular structure (61,91,98). It is often thought that the nature of stress-strain curves 

depends upon the strength of the intermolecular force between the polymer molecules. The 

addition of aliphatic side chains to a polar molecule can lower the strength of the van der 

Waals's forces. Unfortunately, it is not certain that the reduction of intermolecular force 

can explain all the observed structural effects. Other factors, such as decreased crystallinity 

and lowered glass transition temperatures, may also play important roles. 

2.3.2.2 Creep 

The dimensional stability of polymers is very important in many engineering 
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application. A rigid plastic should be able to withstand some tensile or compressive loads 

for long periods of time without changing its dimension or shape. Creep tests can be 

carried out in tension, compression, or shear. 

The term “creep” describes the time-dependent deformation, or strain, of a material 

resulting from a substantial load, prescribed as an applied stress and strain rate. The degree 

of creep of thermoplastics depends on the individual material properties and is a function of 

the applied stress level, stress state, temperature, the degree of crystallinity (Gf 

semicrystalline), prior history of vitrification, molecular weight, plasticiser and filler 

content (104). In contrast, highly crosslinked thermosets, such as epoxy resins, are 

relatively creep-resistant, even though they may creep when exposed to severe conditions, 

such as high temperature and moisture (91,105). Lightly crosslinked elastomers show 

primary creep, but undergo secondary creep when chain scission or crosslink breakdown 

permits chain slippage to occur. 

The simplest creep experiment involves step loading a material to a fixed stress, then 

measuring the strain as a function of time. The creep compliance “D” is defined as 

D(G,t) = €(6,0/o 

where €(6,t) is the strain resulting from the stress 6 applied at time zero and held constant. 

Usually, creep compliance “D” corresponds to uniaxial tension or compression, “J” 

corresponds to shear, and “B” to hydrostatic pressure. Briefly, a simple four-element 

model may be used to help understand creep behavior (91,101,105). This model consists 

of a spring (Ej), a dash pot (11) in series, another spring (Ez), and dash pot ()2) in 

parallel. A stress o is applied to this model. Each spring is assumed to be Hookean and 

each dash pot is assumed to be Newtonian. The total deformation is equal to the sum of the 

deformations of the spring (E), the dash pot (11), and the parallel combination of dash pot 

and spring. 

E = €] + Egt &3 
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or 

€ = o/E] + O/E2(1-le-“) + o/n3 t 

The retardation time tT gives the time required for parallel combination of Ez and 12 to 

deform to (1-1/e) or 0.6321 of its total deformation. However, in most creep tests, 

unloading (or stress removal) followed by reloading, is frequently applied (101,106). 

There is a measurable recovery when the load is removed. A simple loading and unloading 

sequence is depicted in Fig. 2.3.2 (104). At time t; the load is removed, spring E; snaps 

back to its unstretched state. During the recovery time, the spring E> gradually forces the 

plunger of dash pot 12 back to its original condition. However, dash pot 3 does not 

retract to its original state, as there is no force acting on it. The recovery curve obtained 

after the load is removed at time t; is shown by 

e=ege(tt/t+ ¢3 

where €2 = O/E (1 - e*!/T) and €3 = (0/N3) t1. 

It should be stressed that creep is a kinetic process that is strongly dependent on 

temperature. At temperatures well below the Tg, a polymer is rigid with a high modulus or 

low compliance. However, if the temperature is so low that segments of the polymer 

chains cannot move, very little creep will take place, even after long periods of time. As 

the temperature increases, both compliance and creep rate also increase, since some 

segmental molecular motions can take place. In the glass transition region, creep properties 

become very much temperature dependent. The creep rate achieves a maximum near the 

glass transition temperature for many polymers, especially those that are lightly crosslinked 

or slightly crystalline, or which have very high molecular weights (61,91). At 

temperatures well above Tg, significant elongation may take place, but the creep rate 

generally decreases. 

Below Tg, however, the creep behavior of an amorphous polymer is not dependent 

on its molecular weight. This is to be expected as long as the molecular weight is above 
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some minimum value. Polymer molecules move by chain segments (91) rather than by 

whole molecules (61,104); one part of a chain may change its configuration without the rest 

of the chain knowing about it. Thus, for glassy materials, the creep should be nearly 

independent of molecular weight. Above glass transition temperature, amorphous, 

uncrosslinked polymers behave as viscous materials. The creep of such material is highly 

dependent on molecular weight, and when elongation is plotted against time, most of a 

creep curve will appear as nearly a straight line. The viscosity of a polymer increases with 

molecular weight, which explains why the creep of such materials depends on their 

molecular weight (107-109) (Fig. 2.3.3). At molecular weights above M, viscosity is 

roughly proportional to molecular weight. 

logn = logK; + logM M<M, 

At molecular weights greater than M, the viscosity is proportional to the molecular weight 

to the 3.4 power. 

logn = logK?2 + 3.4 logM M>M, 

The constants K; and Ky depends on the temperature and the nature of the polymer. The 

critical molecular weight M, is thought to be the molecular weight at which a polymer chain 

becomes long enough for a chain entanglement to occur (110). These entanglements act 

like temporary physical crosslinks and greatly change their flow or creep behavior 

(61,91,111). In addition, creep rate is determined by the viscosity of the polymer. The 

greater the viscosity, the smaller the creep rate. Furthermore, creep recovery is also 

dependent on M;,. The creep has both a viscous and an elastic component. In most 

uncrosslinked polymers, the elastic component of creep results from chain entanglements. 

Therefore, as the molecular weight of a polymer increases, the number of entanglements 

increase; thus, elasticity and creep recovery should also increase. 

Below glass transition temperature, so little chain motion can occur that crosslinking 

has very little effect on creep properties unless there is a very high degree of crosslinking 
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(112,113). However, covalent crosslinks have a very dramatic effect on creep at 

temperatures above Tg (109,114). Crosslinking changes a polymer from a viscous liquid 

to an elastic rubber. Furthermore, only a very small degree of crosslinking is required to 

significantly reduce the creep. In practice, the crosslink network in polymers is always 

imperfect in that chain ends are not tied into the network. Moreover, the amount of 

elongation will change with time because a high degree of crosslinking is required to 

demonstrate the behavior of an ideal rubber (114). 

2.3.2.3 Heat Distortion Tests 

This simple test is very similar to a tensile creep test, except that the temperature is 

increased at a constant rate, rather than being held constant (115,116). As long as the 

material is rigid and glassy, it stretches slowly because of low creep and thermal 

expansion. At softening or heat distortion temperature, the polymer begins to lengthen at a 

fast rate over a narrow temperature range. This softening temperature is close to the glass 

transition temperature for amorphous materials, while for highly crystalline polymers, it is 

near the melting point. Typical heat distortion temperature is arbitrary. It is sometimes 

taken as the temperature at which elongation reaches a particular value, such as 2%. The 

low and high temperature conponents of the heat distortion curve may be approximated by 

two straight lines. So, the extrapolated intersection of these two lines is sometimes taken 

as the heat distortion temperature. Other heat distortion tests such as the ASTM heat 

distortion test (116) and torsional softening temperature tests are also common (91,117). 

The heat distortion curves are shifted by a change in applied stress. The higher the load on 

the specimen, the lower the heat distortion temperature. Usually, the stress dependence of 

the softening temperature is known to be greater at low stress than at high stress. The 

tensile heat distortion test is an efficient method of investigating the properties of a 
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polymer, especially for unknown polymers, where only a small amount of material may be 

available. 

2.3.3 Fracture Mechanics of Adhesive Joints 

Fracture is defined as stress-biased material disintegration through the formation of 

new surfaces within a body. For fracture to occur, a specimen must usually be subjected to 

mechanical loads, which deforms and results in either damange or material disintegration 

(118). 

At low temperatures, thermosetting and thermoplastic polymers show an almost linear 

increase of stress with strain, and fracture occurs at strains of only a few percent without 

noticeable plastic deformation, resulting in macroscopically smooth surfaces. Elastomeric 

networks, on the other hand, need to be strained by several hundred percent before the 

strain energy becomes sufficient for unstable rapid crack propagation to occur. Such a 

rupture is also classified as brittle fracture because the sample is not subjected to any 

noticeable additional deformation between the moment of fracture initiation, usually at some 

flaw or defect, and termination (90,119). 

It is important to distinguish between a craze and a crack. Many glassy polymers, 

stressed below breaking, develop large numbers of straight zones which are spanned by 

fibrillar matter called crazes (119-121). A craze is not an open fissure, but is spanned top 

to bottom by fibrils that are composed of highly oriented polymer chains (121). These 

crazes are called extrinsic crazes or crazes I. Surface defects may frequently be known as 

craze initiators. At higher strains, many polymers tend to deform by opening up small 

voids throughout the whole body. The deformed regions appear to be white (stress 

whitening) (Fig. 2.3.4) (118). Well above the yield point of the stress-strain curve, 
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intrinsic craze or craze II is observed (Fig. 2.3.5) (118). When stress is applied to a 

polymer, the first deformation involves shear flow of the polymer molecules past one 

another for a rubbery state, or bonding bending and stretching if it is below Tg. 

Eventually, a crack will begin to form, presumably from a preexisting flaw and then 

propagate at high speed, causing catastrophic failure. Although the volume of the sample is 

increased by the void space, the early formed fibrils hold the materials together until the 

crack grows through the polymer by breaking the chains (Fig. 2.3.6) (61). For rupture to 

occur, the energy required to produce the new surface must be balanced by a decrease in 

stored elastic energy. 

There are two approaches to describing fracture. In the first, the balance of energy is 

discussed, some of which is released from the elastic deformation by the creation of the 

new crack, and some of which is absorbed by the new surface area created. This approach 

provides a measure of the energy required to extend a crack over a unit area. This is 

referred to as fracture energy or critical strain energy release rate and is denoted as Ge. 

As a material is strained, energy is stored internally by chain extension, bond bending 

or bond stretching modes (122-124). This energy will be dissipated if bond breakage or 

viscoelastic flow occurs. The first analysis of the balance between the energy applied and 

the energy released in bond breakage as a crack propagated was developed by Griffith 

(122). He showed that when the release of strain energy per unit area of the crack surface 

exceeds the energy required to break the bonds associated with the unit area of surface, the 

intrinsic surface energy being designated as ‘,, a crack would propagate. 

Several specimen designs demonstratiing various testing geometries are shown in Fig 

2.3.7 (61,124). When o is the gross applied stress, E is the Young's modulus, and a is 

half the crack length, Griffith showed that the critical stress in an infinite plate geometry is 

defined by the relation 

o=(2E),/na)i2 
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Fig. 2.3.4. Stress-whitened dog-bone die sample (118). 

  
Fig. 2.3.5. Optical microscophs of crazes I and If (118). 
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Fig. 2.3.7. Testing geometries: (a) single-edge notch tension; (b) single-edge 

notch three point bending; (c) compact tension (61,124). 
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In the second, the local stress field around the crack tip is characterized by some 

parameter at break (118). The stress field around a sharp crack in linear elastic material can 

be defined by a parameter called the stress intensity factor, K, and some critical value, Ke. 

Thus, K is a stress field parameter, usually independent of the material, whereas Ke, often 

refers to the fracture toughness which is dependent on the material and defined as intrinsic 

material property. Fig. 2.3.8 (90) shows a sharp crack tip in a uniformly stressed, infinite 

plate assuming Hookean behavior. The stresses around the crack tip may be expressed in 

the form 

Oij = Oo (a/2r)!/ £;;(8) 

where 6; are the components of the stress tensor at a point, r and 6 are the polar 

coordinates of the point, taking the crack tip as the origin, and 2a is the length of the crack. 

Irwin (90,125) modified this solution to give 

Oij = K fj(0) / (27 r)l/2 + A(6) + B(O) rl/2 + ... 

where f, A, B are functions. As the crack tip is approached (r — 0), all terms other than 

the first two tend to zero and the first term is dominant. The form of the stress field is the 

same for all remote loading states and determined by fjj(@) / (2mr)!/2. Again, the 

magnitude of the local stresses is defined by K, the stress intensity factor, which is a 

function of the remote loading. If a characterizing parameter in the local region of the crack 

tip is sought, clearly 6 is not useful since it tends to infinity as r 0. However, the 

product ovr is finite in the local zone and for this reason K is taken as the local 

characterizing parameter; K is defined as 

o(2nr)l/2 asr >Oat 0=0 

K = K, is postulated at fracture. It is convenient to express the loading on a crack in terms 

of three orthogonal components (Fig. 2.3.9) (118), which may be superimposed to give 

any loading state: Mode I, the opening mode; Mode II, the shear mode; and Mode III, the 

out-of-plane shear mode. An applied loading may give rise to a mixture of all three, which 
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Fig. 2.3.8. | Sharp crack in a uniformly stressed infinite lamina (90). 

  

  

      

Fig. 2.3.9. | Modes of loading: (a) tensile opening mode : Mode I ; (b) in-plane 

shear mode : Mode II; (c) antiplane shear mode : Mode III (118). 
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can be expressed in terms of Ky, Ky and Kyy. Mode I is usually the most important since 

combinations of loading often result in a local mode I fracture (90,92). However, in 

adhesive joints which will be discussed in this thesis, mode II is more important. 

The local singular stress field is described by Ky and it is from the discontinuity that 

the energy is released by the way of G. Thus a critical Gy criterion is identical to a critical 

Ky criterion and Kj, combines materials properties, i.e., Gj, and E (126). In the case of the 

infinite plate, 

Kj-2 =E Gi = 162a plane stress 

Kj,2 = GE /1-p2 plane strain 

If © is measured at fracture for given a, Ky, is defined and the fracture behavior is 

characterized without the need to involve E, which is needed when G is used. 

2.3.4 Dynamic Mechanical Behavior 

Dynamic mechanical tests measure the response of a material to periodic or varying 

forces. Both the applied force and the resulting deformation change sinusoidally with 

time. An elastic modulus and a mechanical damping can both be obtained. The modulus 

may be a shear, a tensile, or a bulk modulus depending upon the experimental equipment 

(91,127). 

Viscoelastic polymers have some of the characteristics of both viscous dash pot and 

elastic springs. Thus, when such materials are deformed, part of the energy is stored as 

potential energy and part is dissipated as heat. The energy dissipated as heat appears to be 

as mechanical damping. 

Occasionally, high damping is desired in order to increase the toughness of plastics and 

to increase the friction energy (105,128). High damping, however, has some undesirable 
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side-effects because high damping is generally accompanied by a decrease in dimensional 

stability. In many applications, it is important that the polymer maintains its size and shape 

when stresses are applied for long periods of time. For example, high damping in tire 

rubber results in an increase in the operating temperature. This can cause rapid degradation 

of the rubber and premature failure of the tire (91). 

Dynamic mechanical tests have proven to be very useful in studying the structure of 

polymers. These mechanical properties are very sensitive to glass transitions, crystallinity, 

crosslinking, phase separation, morphology, and many other features involving the 

molecular structure of the polymer chain (61,97). Very useful information may be obtained 

by measuring the modulus and damping over a wide temperature range while maintaining a 

constant frequency. If only a single frequency is used, rather than range of several 

frequencies, it is generally better to choose a low frequency, such as one cycle per second, 

rather than a high frequency, such a hundred cycles per second, because secondary 

transitions and other structural features may be more easily detected at low frequencies 

(61,91,128). 

The shear modulus G' of rigid polymers is roughly 109-10!9 dynes/cm2 and the 

modulus decreases very slowly as the temperature increases. In the glass transition region, 

the modulus decreases by a factor of about a thousand over a short temperature interval. In 

this transition region, a polymer is semirigid and leathery. At temperatures above the 

transition region, the polymer is rubbery with a shear modulus of about 107 dynes/cm2, 

and the shear modulus again becomes relatively independent of temperature. At higher 

temperatures, the modulus of thermoplastics decreases rapidly due to viscoelastic behavior. 

The damping (G'"/G') goes through a maximum and then a minimum as the 

temperature is raised. Below glass transition temperatures, the molecular motion of the 

chain segments is frozen in. Deformation results primarily from the bending of valence 

angles of the atoms in the polymer chain, so the modulus is high, and the material has 
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nearly perfect elasticity (61,101,129). A perfectly elastic spring stores energy only as 

potential and does not dissipate any of it as heat. Thus, an elastic material or a stiff spring 

has low damping. In the transition region, the damping is high because some of the 

molecular chain segments are free to move, while other are not. This can be explained as 

follows. A stiff spring (frozen-in segment) can store much more energy for a given 

deformation than rubbery segments that are free to move. Thus, every time a stressed 

frozen-in segment becomes free to move, its excess energy is dissipated into heat. It is 

characteristic of the transition region when part of the molecular segments are free to move. 

At temperatures above the glass transition region, the damping is again low. In the rubbery 

region, molecular segments are not frozen in, but are free to move, so the modulus is low. 

Thus, if chain segments are frozen in or are completely free to move, damping is low. The 

damping peak is shown in the temperature range where many of the frozen-in segments 

may become mobile in a time-frame comparable to the time required for one oscillation. 

That is, the temperature at which the damping is a maximum depends on the frequency of 

the measurements. The temperature at which the damping is a maximum will be referred to 

as the glass transition temperature (91,101). 

In general, the dynamic mechanical properties of polymers at temperatures below the 

glass transition are not influenced by molecular weight. That is, if a rigid polymer has a 

high enough molecular weight, its properties are independent of molecular weight and 

molecular weight distribution (98,127,128). Since high molecular weight polymers have 

more entanglements than low molecular weight ones, the plateau region is broader because 

the plateau region of modulus curves results from chain entanglements. Chain 

entanglements delay the onset of viscous flow, so the damping minimum decreases as the 

molecular weight increases. In addition, the width of the damping curve can be used to 

estimate the molecular weights distribution. As the ratio of weight average to number 

average molecular weight increases, the damping peak broadens. 
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Crosslinks also prevent much of the viscous flow from taking place, so the second 

drop in the modulus does not occur (105,129). With a normally crosslinked rubber, the 

modulus may actually increase slightly with temperature. Crosslinking makes the damping 

small. With very lightly crosslinked materials, however, there may be enough 

imperfections in the network structure so that the viscous flow components are still as 

important as uncrosslinked materials (128). With more highly crosslinked rubbers, the 

damping as well as the modulus, is relatively insensitive to temperature. Above the glass 

transition temperatur,e the rubbery state modulus increases as the degree of crosslinking 

increases. Although there is no theory that enables one to predict the modulus as a function 

of crosslinking on an absolute basis, one could use the following equation from rubber 

theory (59,130). 

G = vRT/M, 

But in some cases, the equation gives values of M, which are much too small. Both the 

modulus and damping of highly cured thermosetting polymers are known to be nearly 

independent of temperature, from near absolute zero up to their decomposition 

temperatures. 
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2.4 Adhesion Theory 

Adhesion is the interaction that develops between two similar or dissimilar substrate 

materials that are brought into contact. Thus, adhesion science is a multidisciplinary 

science dealing with the chemistry and physics of surfaces and interfaces, as well as with 

the mechanics of deformation and adhesive joint fracture (131). An adhesive, as defined 

by ASTM, is a substance capable of holding materials together by surface attachment 

(132). It can be said that an adhesive is a substance capable of holding two bodies together 

in a functional (chemical, physical or mechanical) way. 

Even though adhesives serve several functions, such as sealing, insulating, resisting 

corrosion and vibration (fatigue), the major function of adhesives is for mechanical 

fastening. Adhesives can join two bodies possessing different kinds. Stresses are 

distributed uniformly over wide areas, allow lighter and stronger joints with mechanical 

fastening. 

Adhesives are classified in many ways, i.e., according to their application, 

performance, chemical composition and suitability for various materials, and cure methods. 

The most common classifications use a combination of origin and the chemistry of the 

adhesive. This leads to three main categories: structural, laminating, and pressure 

sensitive. 

2.4.1 High Temperature Structural Adhesives 

Resistance to prolonged exposure to high temperature is required of many adhesives 

for the aircraft and electrical industries. Therefore, so-called high temperature structural 
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adhesives are in demand for the high speed civil transport and in electronic applications in 

which environmental conditions are very severe. High temperature structural adhesives 

must maintain bond strength under (severe) conditions, such as thousands of hours at 

150°F, hundreds of hours at 600°F. 

A structural adhesive is defined as a bonding agent used for transferring load between 

adherends exposed to service environments typical for the structure involved (ASTM 

D907). Loads can be large and the bond area small, compared with the total surface area. 

Millard (133) classified high temperature structural adhesives into two groups based on the 

application temperature: intermediate temperature resistance adhesives (up to 400°F; epoxy 

based adhesives) and high temperature resistance adhesives (650°F; polyimides, 

polyquinoxaline type adhesives). A similar classification was made by Lee, who reports 

three groups based on application temperature. 

Epoxy resins have been widely utilized as structural adhesives, even though their 

application has been relatively limited to lower temperature ranges because of their poor 

fracture toughness and low heat distortion temperatures. In response to a growing need for 

high temperature structural adhesives, new polymeric adhesives for performance at elevated 

temperature (above 200°C) are being developed. Several high temperature structural 

adhesives, including polybenzimidazoles (134), polyquinoxalines (135,136) and 

polyimides (137-139) have been reported. However, the utilization of these polymers are 

again limited by their poor processibility and volatile by-products, in spite of their excellent 

thermal and mechanical properties. 

Both thermosetting and thermoplastics adhesives can serve as high temperature 

structural adhesives. Thermoplastic structural adhesives show significant potential 

compared to thermosetting adhesives due to their versatility (140). However, thermoset 

adhesives, such as the polyurethanes (140,141), phenolics (142), polyesters (143), and 

acrylic adhesives (144,145) are still widely used. 
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2.4.2 Mechanisms of Adhesion 

Adhesion is a specific interfacial phenomenon pertaining to the surfaces of two 

different bodies that are attracted to each other. The magnitude of the interfacial forces 

range from strong chemical bonds to weak van der Waals dispersion forces (146,147). 

Studying the mechanisms of adhesion makes possible the predictions of bond formation, 

the magnitude of adhesive bond strength, mechanical analysis of adhesive bonds, and the 

development of test methods. Although there are many proposed theories on the 

mechanisms of adhesion, none can satisfactorily explain every adhesion phenomenon (148- 

150). 

2.4.2.1. Adsorption Theory 

The adsorption theory defines the attractive forces between materials in terms of the 

chemisorbed and physisorbed atoms and molecules that exist at interfaces. This theory, 

which is the most widely accepted one among those proposed (151,152), maintains that 

adhesive joint strength comes from the inter atomic and molecular forces between the 

atomic and molecular species at the interface of the adhesive and substrate. 

The interactive forces are divided into three types: (1) primary bond interaction 

including ionic (electrovalent), covalent and metallic bond, (2) secondary bonds interaction 

such as van der Waal force, London force, hydrogen bonds, and (3) acid-base 

interactions. 

2.4.2.2 Electrical Theory 

The electrical theory of adhesion was proposed by Deryaguin and coworkers (153) and 

interprets adhesive forces in terms of electrostatic effects at an interface. Although 
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electrostatic forces emanating from the electrical double layer could be the primary source 

of adhesive bond strength, it may not be a general phenomenon. 

2.4.2.3 Diffusion Theory 

Diffusion theory, in which adhesive force is attributed to intermolecular 

entanglements at the interface, was proposed by Voyuskii (154). It states that the adhesion 

between polymeric adhesive substrates is due to the diffusion of polymer molecules across 

the interface. Therefore, this theory applies only to those polymers whose chain mobility 

and solubility are high enough for interdiffusion to lead to intermolecular entanglements, as 

in the case of solvent wetting of compatible amorphous polymers. 

2.4.2.4. Boundary Layer Theory 

Among several theories of adhesive joint strength, the most notable one is the 

boundary layer theory. The strength of an adhesive joint is interpreted as the rheological 

strength of an interfacial layer that exists between the adhesive and the adherend (155). 

This theory suggests the existence of a finite boundary layer composed of adsorbed 

adhesive polymer molecules, different from those in the bulk phase. Usually, this 

boundary layer theory can explain the mechanism of the loss of adhesion more. 

If the strength of the interfacial boundary becomes greater than the strength of the 

_ adhesive material in bulk phase, the adhesive joint fails in a desirable cohesive mode 

representing the ultimate strength the particular adhesive joint can achieve. The strength of 

the boundary layer depends on the number of effective adsorbing sites in that layer. On the 

other hand, weak joints are caused by weak boundary layers, which, in turn, are caused by 

interfaces containing foreign substances (e.g., impurities). Thus, the removal or 
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prevention of this weak boundary layer is very important for strong and durable adhesive 

bonds (156). This is accomplished by proper surface preparation, such as abrasion, 

solvent cleaning and gas plasma treatment. 

2.4.2.5. Mechanical Interlocking Theory 

Adhesion bond strength mainly results from mechanically interlocking the adhesive 

onto the substrate. This mechanical interlocking theory is not generally applicable unless 

special adhesive joins are prepared to invoke the mechanical interlocking. Although there 

are some examples where main mechanism is mechanical interlocking (157,158), adhesion 

strength cannot be explained solely by this theory. 

2.4.3 Surface and Interfacial Properties 

The function of an adhesive is to join similar or dissimilar materials together. So, it 

must be capable of making intimate contact with each surface and spreading over them, 

i.e., it must be able to wet the surface. Nevertheless, there are adequate opportunities for 

the formation of weak boundary layers caused by adsorbed impurities on the solid surface. 

Also, the thermal expansion coefficients of the adhesives and adherends could be different 

and internal stresses in a joint could occur. 

Applying thermodynamic principles to wetting and adhesion is one way to quantify 

these phenomena (159,160). The contact angle (@) can be expressed as the degree to 

which a liquid droplet wets a solid. Fig. 2.4.1 depicts a liquid droplet on a solid surface. 

When the contact angle is at zero, the liquid spreads over the surface freely and is said to be 

completely wetting. This occurs when the molecular attraction between the liquid and solid 
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is greater than that between similar liquid molecules. Surface tension is related to the 

contact angle by Young's equation (2.4.1). 

    

  

Liquid droplet 

Solid 

Fig. 2.4.1. | Constant angle of a liquid on a planar solid surface. 

Ysv = Y¥s1 + cosO Viv (2.4.1) 

where Ysy = solid-vapor surface tension 

Ys|_ = solid-liquid surface tension 

Viv = liquid-vapor surface tension 

8 = contact angle 

Contact angle measurements can be used to approximate the surface tension of a solid 

(161,162). If a liquid is placed on a solid surface with which it has no interaction (0 

=180°), then the interfacial tension Y,] is the sum of the surface tension of the liquid yj, and 

the solid ysy from equation (2.4.1). However, there must be at least some attraction 

between the molecules of the liquid and those of the solid. Thus, the interfacial tension is 

decreased by the strength of the interfacial attraction, so that Ys] < Yivy + Ysv, The extent of 

the decrease is a direct measure of the strength of the interfacial attraction, and the work of 

adhesion (W,) between two surfaces is as follows: 
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Wa = Ysv + Viv - Ysi (2.4.2) 

= Viv (1+ cos) 

This expression (equation 2.4.2) was first given by Dupre. 

The ability of a liquid to wet and spread on a solid is described by the spreading 

coefficient Sj, which is related to surface tension. The work of cohesion (W,) for a single 

liquid is 

Wo=2% (2.4.3) 

The spread coefficient should be expressed by the terms of the surface tension 

Sst = Wa - We (2.4.4) 

= Ysv - Yiv ~ Ysl=Ysv - (Viv + ¥si) 

A large, positive S,) implies that a liquid will spontaneously wet and spread. A negative 

Ss] indicates a lack of wetting and the existence of a finite of contact angle @ > 0 (151). 

2.4.4 Measurements and Evaluations of Adhesive Bonds 

Many tests for adhesive bonding have been standardized by ASTM (American 

Society for Testing and Materials) in order to evaluate the adhesive joint strength and 

predict the performance and reliability of an adhesive joint. The test methods can be 

classified into either destructive and non-destructive, and short- or long-term tests. 

Destructive mechanical tests are usually employed to determine the strength of adhesive 

bonds. 

A number of non-destructive test methods have been developed to evaluate and 

predict bond strength and performance. However, most of them are used to detect and 

characterize the unbonded zone, rather than measure the bond strength. By using 
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destructive test methods, strength measurements, toughness measurements and bond 

performance can be determined. 

2.4.4.1 Bond Design 

The process of adhesive bonding is defined as attaching a previously molded plastic 

(polymeric adhesive films) to a pretreated substrate material. Both thermosetting and 

thermoplastic adhesives are available in film form, which offers many advantages such as 

uniformity in both composition and thickness, easy handling, and absence of byproducts. 

The term substrate refers to the parts or pieces to be joined. 

Preparing the surface of the substrate (adherends) is necessary before to applying an 

adhesive. This preparation can range from a simple solvent wipe to a multistage cleaning 

and chemical treatment. The purpose is to remove existing surface layers, which will 

lower joint strength and durability, and replace them with sound surface layers (thinner 

and/or stronger oxide layer) suitable for the application. Adjacent substrate surfaces, which 

are joined to form a bond, are distinguished from those surfaces that are directly exposed to 

the environment. These terms are described as an interface or a bondline, and are shown in 

Fig. 2.4.2. 

The interface (phase) between the adherend and adhesive is complex and its 

composition is usually unknown. It should be noted that proper surface treatment and 

primers are as important as the choice of adhesive and adherend. Primers are usually thin, 

organic coatings applied to the surface. The primary reason for primer coating is not to 

improve bond strength, but rather to provide a controlled, reproducible and durable surface 

resulting in a more reliable adhesive bond. There are several well-known bonding 

techniques: mechanical, fusion and adhesive bonding. 

When selecting either mechanical, fusion, or adhesive bonding, objectivity and 
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Fig. 2.4.2. Bonding terminology. 
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flexibility are essential. A mechanical bond between two substrates (with or without a third 

device) is created entirely from the geometric shape of the bondline. Fusion bonding 

involves heating the surfaces of the two substrates, bringing them together while still 

molten, and applying sufficient compression pressure. Fusion bonding is perhaps the most 

common method of bonding. Whereas fusion bonding is a relatively simple process (but 

restrictive on the substrates), adhesive bonding is extremely versatile in the substrate. 

Characterizing an adhesive bonding system can be accomplished by developing a bond 

strength profile set (163). The load failure changes with the parameters of bondline 

thickness, bonding overlap, and time and temperature. An example is given in Fig. 2.4.3. 

The shear stress distribution data provide a measurement of the tolerance of the most 

common shear adhesive bond designs and production changes. Again, joint design plays 

an important role in this load distribution. 
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Fig. 2.4.3. Shear stress in a lap shear sample (163). 
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2.4.4.2 Measurements and Evaluations 

After an adhesive joint has been designed and manufactured, there are a number of 

ways that bond strength can be tested (164,165), some of which are simple and easily 

prepared, and others that combine several methods. Testing load factors can be considered 

either pure shear, tension, or peel. Since adhesives tend to be used in shear and so are 

tested, the simple overlap shear test (ASTM D1002) is the most useful short term, 

destructive, polymeric adhesive bonding test. 

In the shear mode, it is desirable for the shear force to be applied in the plane of the 

bond to maximize the bond area, which minimizes peel and cleavage forces. Among shear 

tests, single lap shear samples are widely utilized because of their simple fabrications, easy 

geometric and service environmental reproduction. The adhesion bond strength of lap 

shear samples are a function of mechanical properties of the adhesive and adherend (166- 

169) and the thickness of bondline. Strength is assessed by loading it until fracture. The 

average fracture stresses (adhesive bond strength) are then determined. (The fracture 

mechanics of adhesive bond were explained in the previous chapter, 2.3.) 

In addition, the adhesive bond strength of lap joints are directly proportional to the 

width of the specimen, but are not related to the overlap length due to the edge effect. The 

major drawback of this test is that the failure mode is not pure shear but a mixture of shear 

and tensile stress. Furthermore, adherends often experience elastic or plastic deformation 

(Fig.2.4.4) (165,170). 

Some test methods are available to analyze and determine the relationship between 

load, the dimension and shape of the components, and the properties of the adherends and 

adhesives. Despite these tests, it is often difficult to determine this information for even 

relatively simple joints. 
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(b) Deformed joint 

Fig. 2.4.4. Deformation of a single lap shear sample (165,170). 
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CHAPTER 3. Experimental 

3.1 Synthesis 

3.1.1 Solvents and Chemicals Used 

3.1.1.1 Solvents 

1-Methyl-2-pyrrolidinone (NMP) 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 99.13 

Density (g/cc) : 1.033 

Boiling point ((C/mmHg) : 205/760, 82/10 

Purification : Allowed to stir over P7205 (phosphorus pentoxide), refluxed for one or two 

hour(s), then fractionally distilled under reduced pressure 

Structure : 

O 
ll 

C~\ 
¢ N-CH, 

Dimethyl acetamide (DMAc) 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 87.14 

Density (g/cc) : 0.937 

Boiling point ((C/mmHg) : 166/760 

Purification : Same as above 

Chapter 3. Experimental 65



Structure : 

CH3~. 
oO 

cn, -NOCHs 

Toluene 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 92.14 

Density (g/cc) : 0.867 

Boiling point : (°C/mmHg) : 111/760, 14.5/14.5 

Purification : Used as received 

Ven 
1,2-Dichlorobenzene (o-DCB) 

Structure : 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 147 

Density (g/cc) : 1.306 

Boiling point (°C/mmHg) : 179/760, 82/31 

Purification : Purified by vacuum distillation after drying over P2O05 

Ch 
Chloroform (CHCIs) 

Structure : 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 119.38 
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Density (g/cc) : 1.47 

Boiling point (°(C/mmHg) : 60-61 

Purification : Used as received 

Tetrahydrofuran (THF) 

Supplier : EM Science 

Molecular weight (g/mol) : 72.11 

Density (g/cc) : 0.87 

Boiling point (°C/mmHg) : 66/760 

Purifications : 

O 

©) 
3.1.1.2 Monomers 

Pyromellitic dianhydride (PMDA) 

Supplier : Allco, Aldrich 

Molecular weight (g/mol) : 218.12 

Melting point (°C) : 285.6 

Purification : Sublimed under full vacuum at around 250 °C 

Structure : 
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3,4,3',4'-Biphenyl tetracarboxylic dianhydride (BPDA) 

Supplier : Chriskev 

Molecular weight (g/mol) : 294 

Melting point (°C) : 300 

Purification : Used as received, vacuum dried prior to use 

oO 

i d 
7 ‘N é net 

Benzophenone tetracarboxylic dianhydride (BTDA) 

Structure : 

Supplier : Allco, Chriskev 

Molecular weight (g/mol) : 322.23 

Melting point (°C) : 225.4 

Purification : Used as received, vacuum dried prior to use 

Structure : 

o 868 
SOmOe. 

Oo 

4,4'-Oxydiphthalic dianhydride (ODPA) 

Supplier : Occidental Chemical Corporation 

Molecular weight (g/mol) : 310.23 

Melting point (°C) : 228 

Purification : Used as received, vacuum dried prior to use 
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Structure : 

§,5'-(2,2,2-Trifluoro-1-(trifluoromethylethyliden]-bis-1,3- 

isobenzofuranedione (6FDA) 

Supplier : Hoechst Celanese Corporation 

Molecular weight (g/mol) : 444 

Melting point (°C) : 247 

Purification : Used as received, vacuum dried prior to use 

Structure : 

Oo CFs Oo 

5 - i “Ny XC CF, o 
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Phthalic anhydride (PA) 

Supplier : Aldrich Chemical 

Molecular weight (g/mol) : 148.12 

Melting point (°C) : 134 

Purification : Sublimed under full vacuum at -130 °C 
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Structure : 

4,4'-Bis(fluorophenyl) phenyl phosphine oxide (BFPPO) 

Supplier : Synthesized in house (171) by the reaction of 4-fluoro phenyl magnesium 

bromide prepared from 1-bromo-4-fluorobenzene (1 mol) and magnesium (0.95 

mol) with phenyl phophonic dichloride (0.45mol) in dried THF 

Molecular weight (g/mol) : 314.24 

Melting point (°C) : 124-126 

Purification : Synthesized in high purity according to the procedure 

rx pbx pr 
Structure : 
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l 
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m-Amino phenol 

Supplier : Aldrich 

Molecular weight (g/mol) : 109.13 

Melting point (°C) : 124-128 

Purification : Sublimed under vacuum at 110-120 °C by using oil bath 

Structure : 

Ho 
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4,4'-Dichloro diphenyl sulfone (DCDPS) 

Supplier : Amoco Chemical 

Molecular weight (g/mol) : 287.16 

Melting point (°C) : 148.9 

Purification : Recrystallized from saturated toluene solution; filtered and vacuum dried 

at 80 °C 

o> 
4,4'-Biphenol 

Structure : 

=
O
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Supplier : Aldrich 

Molecular weight (g/mol) : 186.21 

Melting point (°C) : 282-284 

Purification : Recrystallized from a saturated deoxygenarated acetone solution; filtered and 

dried in vacuum oven at 100 °C 

t-Butyl Phenol 

Structure : 

Supplier : Aldrich 

Molecular weight (g/mol) : 150.22 

Melting point (°C) : 98-101 

Purification : Sublimed before use at 100 °C under reduced pressure 
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Structure : 

OH 

C(CH3)s3 

3.1.1.3 Other Chemicals 

Potassium Carbonate (K2CQO3) 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 138.21 

Melting point (°C) : 891 

Purification : Used as received 

Methanol (CH30H) 

Supplier : Fisher Scientific 

Molecular weight (g/mol) : 32.04 

Boiling point ((C/mmHg) : 64 

Density (g/cc) : 0.79 

Purification : Used as received 

Hexane (C6H12) 

Supplier : EM Science 

Molecular weight (g/mol) : 86.18 

Boiling Point (°C/mmHg) : 68-70 

Density (g/cc) : 0.687 
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Purification : Used as received 

Ethanol (C2HsOH) 

Supplier : APPER Alcohol & Chemical Co. 

Molecular weight (g/mol) : 46.07 

Boiling point ((C/mmHg) : 78 

Density (g/cc) : 0.785 

Purification : Used as received 

3.1.2 Synthesis of Bis(3-amino phenoxy-4'-phenyl) Phenyl Phosphine 

Oxide (m-BAPPO) 

The synthesis of phosphorus containing monomers such as BFPPO (171) and m- 

BAPPO (172) were already reported. The synthesis of m-BAPPO was achieved via the 

nucleophilic aromatic substitution of m-amino phenol on the BFPPO (Fig. 3.1.1). 

The m-BAPPO was synthesized by the reaction of 3-amino phenol (2 mole) with 

BFPPO (1 mole) in the presence of potassium carbonate (5 mol % excess) in a flame dried 

4 necked round bottom flask with a mechanical stirrer, a Dean-Stark trap with a condenser 

and a nitrogen inlet. The monomers were dissolved to a 20 w/v % solids concentration in a 

cosolvent system of DMAc (70 v.%) and toluene (30 v.%). The reaction was carried out at 

165-170 °C. The water formed by the reaction was removed from the solution by the 

toluene/water azeotrope while nitrogen gas purge assisted in the removal of toluene. After 

20 hours, the solution was light brown and the toluene/water in the trap were discarded and 

the reaction was kept going for an additional 4 hours to remove toluene from the system. 

The solution was then cooled to room temperature, filtered to remove inorganic salts, and 
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Fig. 3.1.1. Synthesis of bis (3-amino phenoxy-4'-phenyl) phenyl 

phosphine oxide (171,172). 
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then precipitated into cold distilled water in a blender. The products were collected by 

filtration and dried in a vacuum oven at 150 °C for 24 hours. 

After successive crystallizations in DMAc solution (35 w/v % solids concentration) 

and precipitation of an ethanol solution into cold distilled water to remove DMAc, the pure 

products were collected and dried at 70 °C for 48 hours in a vacuum oven. A white powder 

was obtained in high yield (80 %) which showed a melting point of ~78 °C. 

3.1.3 Synthesis of Phosphorus Containing Polyimides Utilizing Various 

Dianhydrides 

All polyimides using m-BAPPO and various dianhydrides were prepared via 

poly(amic acid) precursor route, followed by a subsequent solution imidization as shown in 

Fig. 3.1.2. The number average molecular weight (<Mn>) was controlled to about 20,000 

g/mol. by addition of phthalic anhydride (PA). 

The poly(amic acid)s were synthesized in a 4 necked round bottom flask equipped 

with a mechanical stirrer, a reverse Dean-Stark trap with a condenser and an argon inlet. 

The setup was flame-dried to eliminate moisture and purged with argon gas. The diamine 

(m-BAPPO) was charged to the flask and dissolved in dry NMP. Then, a calculated 

amount of PA was added into the flask to afford non-reactive end groups. The 

dianhydrides were added in small increments to a stirred solution of NMP. The 

calculations of the amount of monomers were determined by the Carothers equation, which 

has been described in detail in basic polymer texts (56,59). 

The poly(amic acid) reaction was conducted at 20 w/v % solids concentration and 

stirred for 8 hours at RT. to insure a uniform molecular weight distribution. The solution 

imidization of the poly(amic-acid)s were performed in a cosolvent system of 80 % NMP 
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Fig. 3.1.2. Synthesis of m-BAPPO based polyimides. 
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and 20 % o-DCB (both volume percent). The o-DCB was added as an azeotropic agent to 

provide a solids concentration of 15 w/v %. The reaction mixture was heated to 180-190 

°C for 24 hours under Ar gas flow to remove the water formed from imidization. The 

reaction was then cooled to R.T. and precipitated by slowly dripping the solution into 

excess stirred methanol in a blender. The polymers were collected by filtration and dried, 

redissolved in chloroform (20-30 w/v %) and reprecipitated into methanol to remove NMP. 

Finally, the polymers were isolated by filtration and vacuum dried at 150 °C for 24 hours. 

Polymers of number average molecular weight of 20,000 g/mole with tailored phthalimide 

unreactive endgroups were expected to afford good thermoplastic processability as well as 

good mechancial behavior. 

3.1.4 Synthesis of PA Terminated PMDA-mBAPPO Polyimides 

PA terminated PMDA-mBAPPO polyimides were also synthesized by a similar 

procedure as detailed in the previous section. A series of different molecular weight 

PMDA-mBAPPO polyimides were synthesized by varying the calculated amounts of 

monofunctioned PA endcapping monomer and two difunctional monomers. The theoretical 

average molecular weights of PA terminated PMDA-mBAPPO polyimides were designed 

to provide 10, 20, 30, and 40 kg/mol. 

3.1.5 Synthesis of Amine Terminated PMDA-mBAPPO Polyimides 

Amine terminated PMDA-mBAPPO polyimides were also prepared by a similar 

procedure as explained in the Chatper 3.1.3. By using a calculated excess of the diamine, 
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the theoretical molecular weights of polyimides were controled to be 5, 10, 15, and 20 

kg/mol. Reactive amine terminated PMDA-mBAPPO polyimides (oligomers) were used 

for comparison of thermal oxidative stability with PA terminated PMDA-mBAPPO 

polyimides. 

3.1.6 Synthesis of 3-Phenyl Ethynyl Aniline 

The 3-phenyl ethynyl aniline (PEA) was prepared in house via the palladium 

catalyzed coupling reaction of m-amino phenyl acetylene and bromobenzene (3,173) (Fig. 

3.1.3). The purification of the PEA was as follows. The crude PEA was disssloved in 

diethyl ether and the ether solution was washed with water, dried over MgSO, and treated 

with charcoal. After being filtered through Celite and rotovaped to remove ether, the 

solution was vacuumed and crystallized over 12 hours. The crystallized products were 

sublimed at 90 °C to afford a yellowish solid. After purification through the crystallization 

and sublimation, the overall yield was about 80 % and the melting point was 46-48 °C. 

3.1.7 Synthesis of 3-Phenyl Ethynyl Terminated PMDA-mBAPPO 

Polyimides 

The polymers were synthesized via poly(amic acid) precursor route followed by 

solution imidization. The 3-phenyl ethynyl (PE) terminated polyimides (oligomers) with 

calculated number average molecular weights of 5K, 10k and 15K were prepared by the 

procedure which discussed in the Chapter, 3.1.3. Fig. 3.1.4 illustrates the synthesis 

scheme for the 3-phenyl ethynyl terminated PMDA-mBAPPO polyimides. 
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Fig. 3.1.3. Synthesis of 3-phenyl ethyny] aniline (3,173). 
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Fig. 3.1.4. Synthesis of PMDA-mBAPPO-PEA polyimides. 
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3.1.8 Synthesis of 3-Phenyl Ethynyl Terminated Biphenyl Polysulfones 

DCDPS, biphenol, 3-phenyl ethynyl phenol (174), and potassium carbonate were 

charged to a four necked flask equipped with a mechanical stirrer, a thermometer, Ar gas 

inlet and a Dean-Stark trap with a condenser. The 3-pheny! ethynyl phenol was supplied in 

house. The quantities of the reactants were determined by the desired molecular weight 

according to the Carothers equation. The reactants were dissolved in DMAc/Toluene 

(80/20 v/v %) cosolvents to 15 % solids concentrations. The solution was heated to 145 °C 

for 4 hours, then the temperature was raised to 165 °C to remove water by the azeotrope 

with toluene under Ar flow. After 12 hours, all toluene was removed from the solution . 

The reaction solution was cooled to R.T., filtered to remove the inorganic salts and 

neutralized with acetic acid. The solution was coagulated into a large excess of 

methanol/water(80/20), filtered and washed with more methanol. The precipitated 

polysulfones were stirred in hot water for several hours, refiltered, washed with more 

methanol, and then dried under vacuum for 24 hours at 150 °C. For biphenyl 

polysulfones, chlorinated solvents can not be used to remove DMAc because of solvent 

induced crystallization. The synthesis scheme for polysulfones is shown in Fig. 3.1.5. 
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Fig. 3.1.5. Synthesis of BP-DCDPS-PEP polysulfones. 
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3.2 Characterization 

3.2.1 Spectroscopy 

3.2.1.1 Proton NMR Spectroscopy 

NMR (Nuclear Magnetic Resonance) was used to confirm the structure and purity of 

monomers and polymers. Proton NMR spectra were taken on a Varian 400 MHz 

spectrometer. Tetramethyl silane was used as the internal reference and CDCl3 or 

deuterated DMSO were used as solvents. 

3.2.1.2 Infrared Spectroscopy 

FTIR (Fourier Transform IR) was used to determine the presence of imide groups in 

the polymers. Spectra were obtained by using a Nicolet MX-1 FTIR spectrometer. 

3.2.2 Melting Point Measurement 

Monomer purity was confirmed by determining their melting point on a Lab Devices 

Melt-Temp I. 

3.2.3 Molecular Weight Determination 

3.2.3.1 Intrinsic Viscosity Measurement 
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The intrinsic viscosities of the polyimides were measured in NMP at 25 °C using a 

Cannon-Ubbelohde viscometer. Relative molecular weights of polymers and oligomers 

were determined by the intrinsic viscosity measurements. Three or four concentrations 

were analyzed and linear extrapolation to zero concentration produced intrinsic viscosity 

values, [1]. 

3.2.3.2 Titrimetry 

Number average molecular weights of amine group terminated polyimides and 

monomers were determined by titration of the amine groups on an MCI GT-05 automatic 

potentiometric titrator. The samples were weighed into a 150 ml beaker and 60 ml of 

solvent (chloroform/acetic acid = 2/1) were added. This solution was further titrated 

against 0.02N anhydrous HBr in glacial acetic acid. The titration endpoint was determined 

by a potential change. The HBr solution was standardized by titrating potassium hydrogen 

phthalate (KHP) in glacial acid with crystal violet as the indicator. An average of three 

values was used as the reported value. 

3.2.4 Solubility 

The solubility of the polyimides and polysulfones were determined in several 

solvents. The dried polymer powders were dissolved in the appropriate solvent to a 

concentration of 10 w/v %. The solutions were stirred at R.T. for 2-6 hours, then, the 

solubility of the polymers was assessed by visual observation. 

3.2.5 Thermal Analyses 
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3.2.5.1 DSC (Differential Scanning Calorimetry) 

DSC was used to determine glass transition temperature and curing exothermic peak 

(temperature range) with a Perkin-Elmer DSC-7. 

A heating rate of 10 °C/minute was used. The Tg values of the amorphous 

thermoplastic polyimides obtained from the second scan after the 1st heating and rapid 

cooling. In the case of the cured networks, Tg values from the first scan were recorded. 

3.2.5.2 TGA (Thermal Gravimetric Analysis) 

Dynamic TGA was performed on a Perkin-Elmer TGA-7 at 10 °C/ minute in air. 

Long term isothermal runs were conducted at several selected temperatures in air. The char 

yield at designated temperatures and the 5% weight loss temperatures were also recorded. 

3.2.6 Melt Viscosity Analysis 

3.2.6.1 Sample Preparation 

Samples for melt viscosity measurements were prepared by compression molding at 

300 °C in vacuum. The vacuum dried polymers were used to prepare 2.5 cm diameter 

samples with about 0.2 cm thickness. The preparation conditions for the reactive 

thermosetting samples were influenced by the possible pre-stage crosslinking reactions that 

could occur before actual melt viscosity measurements. 

3.2.6.2 Parallel Plate Rheometry 

The melt viscosities of thermoplastic polyimides were determined on a Bohlin 

Rheometer by temperature -frequency sweeps in nitrogen or air. Tests were performed 
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using parallel plates over a range of frequency (0.01-100 Hz) at constant temperature or 

over a dynamic temperature scan at constant frequency (5 Hz) and amplitude (10%) with a 

heating rate of 5 °C/minute. 

The melt viscosities of PEA terminated thermoset polyimides were also conducted in 

nitrogen or air to get to ascertain the atmosphere influence on their chemorheological 

behavior. Dynamic melt viscosity measurements were conducted at 5 °C/min. with a 

constant frequency (1 Hz) and amplitude (10 %). Isothermal melt viscosities were also 

measured at 320 °C and 350 °C with 1 Hz frequency and 10 % amplitude until the gel point 

was obtained. 

3.2.7 Gel Fraction and Swelling Measurements for Cured Samples 

The gel fractions of the cured samples were determined through sol extraction 

experiments. In general, 0.1-0.2 g of the cured film samples was precisely weighed and 

added to a pretreated cellulose thimble, which had been soaked for 6 hours in chloroform 

and then dried for 1 day at 100 °C under vacuum. The thimble was then placed inside a 

soxhlet extractor. The soluble fraction was extracted by refluxing chloroform for 4 days. 

The thimbles containing the samples were then dried at 100 °C under vacuum for 4 days to 

obtain a constant weight. The gel percent was calculated as illustrated in the following 

equation. 

Original Weight — Final Weight 

Gel Percent = x 100 

Original Weight 
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Several samples were fragile and could not be easily weighed. Accordingly, a pretreated 

thimble was weighed with sample. 

Swelling experiments were conducted on the gel portions of the cured samples after 

gel extraction experiments had already been done. A sample was weighed and immersed a 

glass vial containing an excess of the solvent for the polymer and the sample weight was 

checked periodically. The solvent swollen weight was calculated by the equation below. 

Swollen weight — Initial weight 

Swelling Percent = x 100 

Initial weight 

  

The sample was weighed immediately after removing the solvent on the sample surface by 

lightly wiping with a Kimwipe. 

3.3. Mechanical Behavior Investigation 

3.3.1 Film Preparation 

Thermoplastic polyimide films were prepared by compression molding above Tg or 

by solution casting. These films were used for stress-strain, adhesive bond strength and 

other thermomechanical property measurements. 

A Pasadena hydraulic press was used for compression molding. Well dried 

thermoplastic polymers powder was placed between two Teflon films and steel plates 

backings. The plates were placed inside the preheated press and compressed for 10 

minutes with 10 ksi, after initial 10 minutes period under contact pressure to allow the 
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powder to soften and flow. The film must be bubble-free and have a smooth surface and a 

thickness of 5-10 mils. The molding temperatures were optimized at 80-100 °C above Tg 

values of the polymers and could be correlated to the Tg of the respective polymers. 

Thermoplastic films were also obtained by solution casting. In this case, about 3 g of 

the polymer were dissolved in about 15 ml of CHC]3 and filtered through glass filter to 

remove any dust or gels. The solution was then added onto a clean and chloroform washed 

glass plate. The films were dried very slowly at R.T. under the glass cover for 24 hours. 

Next, they were dried at R.T. in a vacuum oven for 24 hours. The films were further dried 

in vacuum oven at 100 °C for 48 hours in an attempt to remove all the solvent. 

Thermoset network films were only prepared by compression molding. The 

fabrication of high quality (smooth and uniform surface) specimens from PE terminated 

oligomers and polymers was not trivial. The compression molding process was 

complicated by the formation of bubbles caused by either residual solvent or other possible 

volatiles. Unlike the thermoplastic materials, the low molecular weight oligomer powders 

flowed easily at their compression molding temperature. However, it appeared that the 

crosslinking reactions occurred very quickly, too. During the early cure stages, the film 

was folded and compression molded again to remove the bubbles, but after the materials 

reached the gel point, this procedure was unsuccessful. After many trial and errors, an 

empirical compression molding condition (or technique) was developed. More detailed 

procedures will be described in Chapter 4, Results and Discussion. 

3.3.2 Stress-Strain Measurements 
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Stress-strain measurements to determine tensile properties were conducted on 

thermoplastics (compression molded and solution cast films) and thermosets (compression 

molded only). Sample preparation and testing are as follows. 

3.3.2.1 Sample Preparation 

All films has a thickness of -5 mil. Dog-bone type samples were prepared using of an 

ASTM D638 type V die. 

dimensions of stress-strain samples are shown in Fig. 3.1.6) 
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Fig. 3.1.6. 
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Tensile test specimen ; W =0.125 in. (3.18 mm), L =0.375 in. 

(9.53 mm), G =0.3 in. (7.62 mm), R =0.5 in. (12.7 mm), LO =2.5 in. (63.5 mm), 

D =1.0 in. (25.4 mm), WO = 
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3.3.2.2 Testing 

The samples were tested using an Instron 1123 at a crosshead speed of 0.13 cm/min. 

(0.05 inch/min.) at R.T. or at elevated temperature. For elevated temperature 

measurements, an environmental chamber with a temperature control (Instron 3116) was 

used. About 10 minutes was allowed to reach equilibrium temperature before the tests. 

Tensile properties were generated by using an Instron strain gauge (extensometer), model 

2630. About 4-6 samples were tested and the average values are reported. 

3.3.3 Adhesive Bond Strength Measurement 

3.3.3.1 Adherend and Adhesive Preparation 

The adhesives were prepared by compression molding at different conditions 

depending on the Tg and properties of the polymers. 

The condition of the preparation of the adhesives films of thermoplastics was 

explained in the Chapter, 3.3.1. For thermoset adhesives films, a special preparation 

technique was designed. For instance, partially cured films were prepared and used to 

allow the resulting adhesive films to flow between the titanium adherends during the 

bonding preparation. Thus, the partially cured films were prepared at a temperature 

(bonding preparation temperature) for 5 minutes. The films were still expected not to have 

reached the gel point and thus were observed to flow well between the adherends during 

adhesion bonding preparations. 

The adherends, Ti-6A1-4V alloys, 5x1", were first sand blasted to provide clean and 

relatively rough surface and were then treated with Pasa Jell 107. The Pasa Jell 107 

consists of 40% nitric acid, 10% combined fluorides, 10% chromic acid, 1% coupler, and 

the balance was water. The adherends were washed with distilled water followed by 
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ultrasonic cleaning. After drying at 100 °C for 10 minutes in a vacuum oven, the samples 

were primer coated with a chloroform solution of the same polymer as the adhesives to 

preserve the surface after the treatment, then further dried at 200 °C for 24 hours and stored 

in a dessicator. 

3.3.3.2. Bonding Preparation for Single Lap Shear Samples 

The single lap shear samples were prepared by sandwiching the compression molded 

film adhesives between the two adherends as shown in Fig. 3.1.7. The bonding 

conditions for thermoplastic polyimides were optimized for each polymers to achieve the 

maximum adhesive bond strength. The samples were heated from 25 °C to 280 °C under 

contact pressure, and then a pressure of 500 psi was applied. The samples were heated to 

340, 350, or 360 °C and were held for 10 or 30 minutes, followed by cooling to R.T. 

under pressure. 

The bonding temperatures for thermoset polyimides corresponded to their curing 

temperatures. The samples were prepared by sandwiching the partially cured (5 minutes at 

380 °C) thermoset films adhesives between the two adherends. The bonding samples were 

prepared at 380 °C for 60 minutes with 2 ksi, then cooled down to R.T. quickly. Thus, the 

single lap shear samples were bonded and cured at 380 °C for about 60 minutes. 

3.3.3.3 Testing of Single Lap Shear Samples 

Single lap shear samples were tested with Instron model 1123 at room temperature or 

at elevated temperature according to ASTM standard D-1002. The adhesive bond data were 

collected at a crosshead speed of 0.13 cm/min. (0.05 inch/min.). For elevated temperature 

measurements, the environmental chamber was used as in stress-strain measurements. 

About 10 minutes was allowed to equilibrate the temperature of the samples. An average 

values of 4 samples is reported. 
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Fig. 3.1.7. Form and dimension of test specimen. 
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3.3.3.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS(ESCA) is an excellent surface analysis technique which can afford the 

information of elemental concentration change on the surface. To investigate the failure 

mode of single lap shear samples, the tested samples were investigated by visual 

observations. However, for more exact investigations, some of Ti alloy test samples were 

analyzed using a Perkin Elmer 5300 XPS, with magnesium K-a, X-ray source at 250 mW 

and a take off angle of 90 and 15 degrees. Chemical changes were deduced from atomic 

concentration change and binding energy shift which were de-convoluted values from C1s 

peaks. Since XPS provides a relative percentage of atomic concentrations, the ratios of 

oxygen and nitrogen to carbon were taken and reported. 

3.3.4 Thermomechanical Properties Measurement 

3.3.4.1 TMA 

Softening points were determined by a Perkin Elmer TMA-7 (Thermal Mechanical 

Analyser). A heating rate of 5 °C/min. and 10, 50, and 100 mN forces were employed. 

Scans were conducted utilizing the penetration mode on compression molded films. 

3.3.4.2 DMA 

Dynamic Mechanical Analyses of the thermoplastic and thermoset systems were 

obtained with a Perkin Elmer DMA-7. Special thicker samples (5 x4.5 x0.5 mm) were 

compression molded and tested to observe the high temperature rubbery state modulus 

behavior. Tests were performed at a frequency of 1 Hz and a heating rate of 5°C/min. 

Storage of modulus (E’) and tan 6 were reported. 
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3.3.5 Creep Experiments 

Creep and recovery tests of the thermosetting polyimides were also performed on a 

Perkin-Elmer DMA-7. Specimen were run at a constant temperature under cycled creep 

and recovery stress protocol. Several test temperatures were used to observe their creep 

behavior. 

The creep stress was 1x10® Pa and the recovery stress was 1x 103 Pa. The stresses 

were applied for 5 minutes each, and then were cycled to observe long term creep as well 

as creep-recovery behavior. 

3.3.6 Heat Distortion Temperature Measurement 

Heat distortion temperature (HDT) were measured using a Perkin -Elmer DMA-7. 

Cured samples were run from R.T. through their Tgs to 400 °C under a constant 1 x105 Pa 

tensile stress with a heating rate of 5 °C/minute. The HDT sample size after being mounted 

on an extension mode clamp was 5 x 4.5 x 0.5 mm. 

3.3.7. Scanning Electron Microscopy (SEM) 

Morphologies of the fracture surface were determined using an International Scientific 

Instruments model SX-40 SEM. The fracture surfaces were sputter coated with gold using 

a Bio Rad Polarion Sputter Coater. 
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3.3.8 Solvent Induced Crazing and Crack Experiment 

Solvent stability for fully cured samples were determined as follows. Dogbone die 

samples were prepared using a die according to ASTM 3368. Then, the samples were 

placed in several selected solvents. The samples showed that certain solvents could induce 

crazing and cracking behavior. After 5 days in the solvents, dog bone samples were tested 

by using a Minimat at a strain rate of 1.25 mm/minute. The stress-strain behavior was 

dependent on the solvents were compared and the values are reported. 
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CHAPTER 4. Results and Discussion 

4.1 Thermoplastic Polyimides 

4.1.1 Characterization of Monomers 

The diamine m-BAPPO was synthesized via the nucleophilic aromatic substitution of 

the potassium m-amino phenolate on the BFPPO, as shown in Fig. 3.1.1. The crude 

BFPPO was yellowish-white in color and was further purified by distillation under reduced 

pressure in a Kugelrohr apparatus at around 160°C. The purity of the resulting white 

crystalline BFPPO was confirmed by NMR and TLC (thin layer chromatography in the 

mixture (1:1) of chloroform and diethyl ether). The melting point of the white crystalline 

material was 125-127°C and the overall yield in monomer grade was about 60-75%. 

The following section describes the procedure for purifying m-BAPPO. The m- 

BAPPO from the reaction was first precipitated into cold distilled water in a blender. The 

products were collected by filtration, which was slow due to the presence of excess and 

unreacted K7CO3. It was then dried in a vacuum oven at 150°C for 24 hours. The diamine 

was dissolved in a saturated DMAc solution with heating and then allowed to crystallize 

over night in a refrigerator. It was then filtered, washed with cold DMAc, dried as above, 

dissolved in ethanol (20 w/v%), and precipitated into excess water in a blender. After two 

crystallizations in DMAc, followed by precipitating the ethanol solution into cold distilled 

water, pure white m-BAPPO was obtained and dried at 70°C for 48 hours in a vacuum 

oven. The purity of m-BAPPO was confirmed by proton NMR, melting point and TLC. 

Proton NMR spectroscopy was also used to confirm the structure of the m-BAPPO. The 

characteristic peak due to amine protons at 3.78 ppm (Fig. 4.1.1) and multiple aromatic 
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Fig. 4.1.1. | Proton NMR spectrum of bis(3-amino phenoxy-4'-pheny!) phenyl] 

phosphine oxide (m-BAPPO). 
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peaks between 6 and 7 ppm confirmed the structure. A sharp melting point was obtained at 

76-78°C, and TLC in he MeOH and diethyl ether mixture (9:1) further confirmed its 

purity. Molecular weight as determined by the amine group titration technique was 493.6 

g/mol., which corresponds to the theoretical molecular weight of 492.5 g/mol.. The 

overall yield based on BFPPO was 65-70%. 

The anhydride monomers for the polyimide synthesis, PMDA and PA, were 

sublimed and dried before use. Their purity was also confirmed by NMR and melting 

point. The other anhydrides such as BTDA, BPDA, 6FDA, ODPA were dried prior to use 

without further purification. 

4.1.2 Characterization of Phosphorus Containing Polyimides 

The molecular weight of m-BAPPO based polyimides with several different 

dianhydrides was controlled to 20,000 g/mol., which is considered to combine good 

processibility and mechanical behavior. The use of a cosolvent system is one of the most 

valuable techniques in this synthesis. Nearly complete quantitative imidization was 

confirmed by observing the appearance of characteristic imide bands in the region of 1770- 

1780 cm! (asymmetrical) and 1710-1735 cm! (symmetric), and by noting the 

disappearance of the amic acid stretch at 1535 cm™!. One of the major advantages in 

synthesizing m-BAPPO based polyimides is that the normally insoluble high molecular 

weight polyimides are soluble, while maintaining good mechanical properties and high 

glass transition temperatures. Summers et. al. was one of the first to demonstrate that 

solution imidized materials are more soluble than analogous bulk imidized polyimides (26). 

The enhanced solubility of m-BAPPO containing systems is thought to result from the 

flexibility of the ether linkages present, as well as the non-coplanar phosphine oxide 
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structure. The chloroform solution of PMDA-mBAPPO polyimides was very dark, 

possibly due to NMP that degraded during the course of polyimidization. However, the 

coagulated polyimide powder obtained from PMDA and m-BAPPO was yellowish brown. 

The BPDA, BTDA, ODPA and m-BAPPO based polyimides, on the other hand, were 

relatively light brown in color and the 6FDA-mBAPPO polyimides were light pink. They 

were all quite soluble in polar aprotic solvents, as well as in chloroform. The 6FDA 

polyimides showed good solubility even in THF. Solubility data for the polyimides are 

provided in Table 4.1.1. 

Table 4.1.1. Solubilities of Phosphorus Containing Polyimides 

  

  

NMP CHCI3. CB THF 

PMDA-mBAPPO S S IS IS 
BPDA-mBAPPO S S IS IS 
6FDA-mBAPPO S S gel S 
BTDA-mBAPPO S S IS IS 
ODPA-mBAPPO Ss S IS IS 

  

NOTE : S=Soluble, IS=Insoluble, PS=Partially soluble 
CB=Chlorobenzene 

The intrinsic viscosity of the NMP at room temperature ranged from 0.36 to 0.43 dl/g, 

which appears to correlate with the desired number average molecular weight of 20 kg/mol. 

Intrinsic viscosity measurements provide information about the relative molecular weights 

of polyimides (175,176). Intrinsic viscosity can be related to the viscosity average 

molecular weight as determined by the Mark-Houwink equation, [Nn] = KM? when K and 

a, also known as the Mark-Houwink constant, are available. Proton NMR was also used 
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to estimate the molecular weight, when appropriate end groups are utilized (e.g. t-butyl 

phenol). 

All m-BAPPO based polyimides demonstrate higher char yields in air than the 

commercial Ultem® polyimide systems, as seen via dynamic TGA experiments (Fig. 

4.1.2). Five percent weight loss for these polyimides was noted for temperatures ranging 

from 506-562°C. Isothermal TGA was investigated at 360°C for 200 min. for PMDA, 

BTDA, 6FDA-mBAPPO polyimides (Fig. 4.1.3). Even though isothermal TGA 

experiments conducted for a short period of time resulted in only 0.5-1% weight loss, the 

long-term thermal stability of these polyimides can be expected to be good. 

Isothermal TGA provides valuable information about the excellent thermal stability of these 

phosphorus containing polyimides at high temperatures. 

Glass transition temperatures for these homopolyimides are provided in Table 4.1.2. 

The Tgs are ranged from 216-255°C, depending on their backbone structure. The observed 

Tg increased as follows: ODPA < BTDA < 6FDA < BPDA < PMDA. 

It should be pointed out that while the incorporation of the m-BAPPO diamine lowers 

the Tg relative to the p-phenylene diamine or 4,4-diamino dipheny] ether, the presence of 

the phosphine oxide group in the backbone structure does provide increased flame retardant 

properties (11,177,178). Both the glass transition temperature and thermal stability data 

are very important in determining optimum processing temperatures. 

4.1.3 Characterization of Phthalic Anhydride (PA) Terminated 

PMDA-mBAPPO Polyimides 

A series of PA terminated polyimides of different molecular weights (10, 20, 30, 

and 40 kg/mol.) were synthesized via solution imidization techniques. The intrinsic 
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Fig. 4.1.2. Dynamic TGA thermograms of m-BAPPO based polyimides. 
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Table 4.1.2. Intrinsic Viscosity and Thermal Behavior of Phthalic Anhydride 

Terminated 20K m-BAPPO Based Polyimides 

  

  

    

(n] Tg(°C) 5%wt.loss 
25°C, NMP 

PMDA-mBAPPO-PA 0.39 255 522 

BPDA-mBAPPO-PA 0.43 239 562 

BTDA-mBAPPO-PA 0.43 223 506 

6FDA-mBAPPO-PA 0.36 228 530 

ODPA-mBAPPO-PA 0.37 216 519   
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viscosity ranged from 0.34-0.60 and increased with higher molecular weights. Tg values 

ranged from 246°C-262°C (Table 4.1.3). The polyimides were thermally stable up to 

500°C over this range of molecular weights and exhibited very similar TGA thermal 

degradation behaviors (Fig. 4.1.4). The temperature where 5% wt. loss occurred was 

approximately 520°C for all of the polymers. 

4.1.4 Characterization of Amine Terminated PMDA-mBAPPO Polyimides 

Amine terminated PMDA-mBAPPO polyimides were synthesized and characterized 

to investigate the effect of end groups on their thermal properties. The molecular weights 

of 5, 10, 15, and 20 kg/mol. polyimides were characterized by IV, DSC, TGA and end 

group titration. 

The intrinsic viscosity ranged from 0.24-0.36 and Tgs ranged from 236-259°C in this 

series. End group titration of these amine terminated polyimides provided reasonable 

valves of <Mn>, in accordance with the target molecular weights (Table 4.1.4). The 

relationship between the molecular weights of the polyimides calculated from titration and 

their intrinsic viscosity provided further evidence for successful molecular weight control in 

the other polyimides series. 

Thermal gravimetric analyses exhibited some interesting features (Fig. 4.1.5). 

While 5% wt. loss occurred around 515-520°C, the char yield of amine terminated PMDA- 

mBAPPO polyimides and thermal degradation behavior did not seem to indicate a 

molecular weight dependency. In fact, the lowest molecular weight polymers (SK) showed 

higher char yields than higher molecular weight systems. It is known that amine groups 

can react with P=O bonds in the polymer backbone structure (171,179), resulting in a 

branched molecular structure or network formation. Another possible explanation is that 
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Table 4.1.3. Influence of Molecular Weight on Characteristics of 

  

  

PMDA-mBAPPO-PA Polyimides 

Mol. wt. [n] Tg 5 % wt.loss 

(theoretical) 25°C, NMP (°C) (°C) 

10k 0.34 246 527 

20 k 0.38 255 522 

30 k 0.41 258 528 

40 k 0.60 262 531         
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Table 4.1.4. Characteristics of Amine Terminated PMDA-mBAPPO Polyimides 

(a) via end group titration 

  

  

    

<Mn> <Mn> [n] Tg 5% wt. loss 

(theoretical) (a) 25°C, NMP (°C) (°C) 

5K 5K 0.24 236 516 

10K 9K 0.34 247 514 

15K 14K 0.34 256 521 

20K 17K 0.36 259 517 

30K 20K 0.53 262 526   
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the amine group itself promotes char formation (52,53). Thus, 5K amine terminated 

polyimides with a higher concentration of end groups, showed better thermal stability and 

higher char yield. IR and NMR were used for investigating the possible reaction of 

terminal amine groups with the polymer backbone. For this investigation, the 5K amine 

terminated polyimides were first heated at 400°C for 10 minutes. The color of the polymers 

changed to dark brown and amine peaks in the IR seemed to disappear. Proton NMR was 

difficult to use as a tool for the investigation because of the very low solubility of the 

polyimides in deuterated chloroform. However, the glass transition temperature increased 

after heat treatment. After 30 minutes at 350°C, Tg increased to 242°C and was further 

increased to 263°C after 30 minutes at 380°C. The increase of Tg and melt viscosity proved 

that there were some inter(or intra)actions in the amine terminated PMDA-mBAPPO 

polyimides system. 

4.1.5 Stress-Strain Measurements 

The stress-strain behavior of the thermoplastic m-BAPPO based polyimides is 

summarized in Table 4.1.5. All m-BAPPO based polyimide specimens were prepared by 

compression molding or solvent casting. Compression molded films exhibited reasonable 

modulus values of about 550 ksi, when compared to the commercial Ultem® system. The 

tensile stress for all the polyimides was approximately 16-17 ksi. Unlike Ultem® systems, 

the m-BAPPO polyimides did not demonstrate noticeable yield behavior, even though there 

are flexible ether linkages in the backbone structure. These polyimides were relatively 

brittle in comparison with the more ductile behavior of siloxane incorporated polyimide 

systems (180). The elongation at break was approximately 4-5%, which is relatively low 

compared to the commercial Ultem® system. 
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Table 4.1.5. Tensile Properties of m-BAPPO Based Polyimides: 

(a) Compression Molding (b) Solution Cast from Chloroform 

modulus tensile stress strain at b. 

(ksi) (ksi) (%) 

ULTEM 522 +45 16.0 +0.8 4.8 +0.2* 

PMDA (20K) 553 +23 16.2 +0.3 4.7 +0.3 

BPDA 524 +8 16.9 +0.4 5.6 +0.3 

BTDA 550 +27 17.0 +1.62 4.8 +0.6 

6FDA 556 +23 15.5 +0.5 3.4 +0.4 

ODPA 527 +50 14.3 +2.0 4.0 +1.3 

* yield strain ; strain at break :14 % 

(a) 

modulus tensile stress strain at b. 

(ksi) (ksi) (%) 

PMDA (20K) 445 +21 14.8 +0.9 4.4 +0.6 

BPDA 570 +31 18.1 +0.4 5.0 +0.3 

BTDA 581 +25 15.0 +1.3 3.1 +0.4 

6FDA 534 +16 11.6 +0.6 2.4 +0.3 

ODPA 540 +13 16.6 +0.7 3.3 +0.3 

(b) 
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Solvent cast polymer films also demonstrated tensile behavior comparable with the 

compression molded films (Table 4.1.5). However, the modulus of PMDA-mBAPPO-PA 

polyimides was lower than expected, which was perhaps caused by the poor uniformity of 

the films. The rapid evaporation of the chloroform casting solvent could also lead to 

undesirable surface morphology for PMDA-mBAPPO polyimides. The tensile behavior of 

the PMDA-mBAPPO-PA system was evaluated as a function of molecular weight. The 

20K, 30K, and uncontrolled high molecular weigh polyimides were selected for the 

experiments (Table 4.1.6). Since 20 kg/mol. is known to be high enough for many 

thermoplastic materials to form chain entanglements (5,61), it was expected that the tensile 

modulus of the polyimides would not increase with increased molecular weight. Modulus 

values of 450-500 ksi were obtained. It is known that higher molecular weight polymers 

do not flow easily and high melt viscosity makes it difficult to make good compression 

molded films. These results show that 20 kg/mol. allows for good processiblity and 

mechanical properties. 

The modulus values obtained using the cross head displacements, i.e., without a 

strain gauge or extensometer, were also compared with more precise values obtained with 

the strain gauge. As expected, tensile modulus measured without the use of the strain 

gauge showed about 50% of the actual values. Thus, the yield strain or strain at break 

might be artificially high due to the measurements of strain by cross head displacement 

(Table 4.1.7). In addition, two PMDA-mBAPPO-PA polyimides (20K, 30K) were 

exposed to higher test temperatures by utilizing an Instron fitted with a chamber that 

permits temperature control. The maximum use temperature of the strain gauge is 400°F 

(204°C) and the test temperatures studied were 200°F (93°C) and 350°F (177°C). 

Normally, thermoplastics show decreasing strength and rigidity with increasing 

temperature, but afford higher elongation values. While the tensile modulus and strength 

(Table 4.1.8 and Fig. 4.1.6) decreased with increasing temperature, as expected, the 
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Table 4.1.6. Influence of Molecular Weight on the Tensile Properties of 

PMDA-mBAPPO Polyimides (* different batch of 20K) 

  

  

M.W. 20,000* 30,000 High MW 

Tensile modulus (ksi) 504+53 432+65 464+11 

yield strength (ksi) 13.1+0.4 12.2+1.3 11.6+40.7 

yield strain (%) 5.6+1.3 5.44+1.3 5.3+0.5 

Tensile strength at break 11.7+2.0 12.04+1.5 10.9+0.6 

Tensile at break 6.2+1.3 6.2+1.8 6.5+2.8 
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Table 4.1.7. Tensile Properties of 20K PMDA-mBAPPO-PA Polyimides* 

(a) with a strain gauge, (b) without a strain gauge 

  

  

(a) (b) 

Tensile modulus (ksi) 504+53 241411 

yield strength (ksi) 13.1+0.4 12.9+0.7 

yield strain (%) 5.641.3 9.0+0.8 

Tensile strength at break 11.7+2.0 11.7+0.9 

Tensile strain at break 6.3+1.3 13.5+0.6 
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Table 4.1.8. Effect of Test Temperature on the Tensile Properties 

(a) 93°C (200°F), (b) 177°C (350°F) 

  

  

  

  

  

  

molecular weight 20,000 30,000 

Tensile Modulus 410+23 408:+37 
(ksi) 

Tensile Strength 11.54+2.7 11.8+2.4 
(ksi) 

Tensile Strain 4.1+0.8 5.441.2 

(%) 

(a) 

molecular weight 20,000 30,000 

Tensile Modulus 359+45 361+41 
(ksi) 

Tensile Stregth 5.142.0 8.1+2.1 
(ksi) 

Tensile Strain 1.541.4 3.5+1.2 

(%) 

(b) 
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Fig. 4.1.6. | Stress-strain behavior of 30K PMDA-mBAPPO-PA polyimides 

at different temperatures. 
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tensile strains also decreased. These unexpected results probably originated from the local 

stresses on the grip between the sample and the strain gauge, which could affect the sample 

elongation, making it break more easily at temperatures higher than room temperature. 

However, the tensile modulus at 177°C was about 350 ksi, which is still comparable to 

many engineering plastic materials. 

4.1.6 Adhesion Property Measurements 

The phosphorus containing polyimides exhibited excellent adhesive bond strength to 

Ti-6AI-4V alloy, as shown in Table 4.1.9 with the PMDA-mBAPPO-PA polyimides 

demonstrating the highest adhesive bond strength among the sample. Increased adhesive 

bond strength was observed when the polyimides were laminated at 360°C for 30 minutes, 

which resulted in an adhesive bond strength of approximately 7000 psi at 25°C. In 

contrast, the 6FDA and BTDA based polyimides displayed excellent bond strength at a 

slightly lower bonding lamination temperature (350°C/30 min.). Molecular weight was 

controlled by using the unreacted monofunctional PA. This offers two distinct advantages 

for thermoplastic processing and adhesive properties. First, controlled molecular weight 

polyimides demonstrate more stable melt behavior without diminishing their good 

mechanical properties, which leads to superior bond consolidation. Second, non-reactive 

endgroups are more desirable during the bond formation because a post-reaction might 

inhibit adequate wetting of the adhesives to the substrate. 

The polyimides based on BTDA-mBAPPO showed higher lap shear strength than the 

more common BTDA-mDDS polyimides, which also have a Tg of 259°C (180,181). 

Furthermore, the phosphorus containing polyimides appear to be more ductile and reveal a 

possible interaction between P=O bond and the Ti adherends. In order to achieve 
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Table 4.1.9. Adhesive Bond Strength of m-BAPPO Based Polyimides 

at Room Temperature 

Adhesive Bond Strength (psi) 
  

Lamination 340 °C 350 °C 350 °C 360 °C 360 °C 

Condition 30 min. 10 min. 30 min. 10min. 30min. 
  

  

PMDA-mBAPPO 46111399 55311183 56921154 6072+216 6982+193 

6FDA-mBAPPO 40331106 4537197 4563189 42181226 41681129 

BTDA-mBAPPO 2689+180 - 3669+221 33114144 2921+492       
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maximum adhesive bond strength, good wetting and an optimum bond line, thickness is 

important. (146-148). These are influenced by the bonding conditions such as 

temperature, pressure, time and pretreatment of adhesives and adherends. The effect of 

bond line thickness was investigated and is shown in Table 4.1.10. The sample thickness 

was controlled to afford 0.02-0.04", but it was not well optimized. Most of the samples 

fell within this range by controlling the initial adhesives films thickness (~10 mil), as well 

as by applied pressure. However, even though other uninvestigated factors (such as spew 

fillets) affect bond performan ce, the bonding holding time, pressure, and temperature 

played critical roles for improving adhesive gond performance. These parameters must be 

carefully determined in order to avoid thermal degradation, as well as to achieve good flow. 

Rigidity and strength decrease when temperature and ductility are increased. In Table 

4.1.11, the adhesive bond strength of polyimides that were tested at 200°C and at room 

temperature (RT) are compared. All bondings were prepared at 350°C for 30 minutes. The 

PMDA-mBAPPO polyimides showed much lower values at 200°C than at room 

temperature. The 6FDA based polyimides, however, did not show any change and the 

BTDA based system demonstrated slightly increased value. The brittle-ductile behavior of 

polymers also results in a difference in adhesive bond strength. Thus, maximum bond 

strength is obtained from an optimum combination of these two variables (Fig. 4.1.7). 

Since polyimides are naturally very rigid due to the aromatic rings in their backbones, they 

can produce low adhesive bond strength at room temperature. However, because ductility 

increase at higher temperatures, this can enhance adhesive bond strength, although the 

adhesion bond strength will diminish when the test temperature approaches Tg. The 6FDA 

and BTDA polyimides showed similar values, even at 200°C, where high strength and low 

ductility lead to good bond strength. The presence of residual solvents also plays an 

important role in bond strength. Even though the residual solvent when bonded at 350°C 

was low, the adhesive bond strength was very different. Residual solvent can also produce 
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Table 4.1.10. Effect of Bondline Thickness on Adhesive Bond Strength 

  

  

  

bond line thickness adhesive bond strength 

(psi) 
0.5~1.5 mil (5 samples) 1872+466 

1.5~2.5 mil (5 samples) 33001397 

2.5~3.0 mil (7 samples) 348914296 

3.0~3.5 mil (8 samples) 4385+590 

3.5~4.0 mil (7 samples) 4812+414 

uncontrolled 2.0~4.0 mil 56921154     

Bonding Condition : 350 °/30 min. for 
PMDA-mBAPPO Polyimides 
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Table 4.1.11. Adhesive Bond Strength of m-BAPPO Based Polyimides at 200°C 

  

Adhesive Bond Strength (psi) 

  

    

R.T. 200 °C 

PMDA-mBAPPO 5692 +154 3214 +122 

6FDA-mBAPPO 4563 +89 4284 +80 

BTDA-mBAPPO 3669 +221 3800 +215   
  

* Bonding Condition :350 °C/30 min. 

  

Bond 

Strength 

  

strength 

      
  

Test Temperature 

Fig. 4.1.7. Effect of brittle-ductile behavior of polymers 

on adhesive bond strength (180,181). 
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a similar effect on adhesive properties, although it could be a transient effect. For example, 

even though the PMDA-mBAPPO contained trace amounts of residual solvents, the 

adhesive bond strength at room temperature was still good However, the remaining 

residual solvents may have reduced the strength of the adhesive at 200°C. 

The investigations of the bonding failure were conducted by both visual observation 

and ESCA (Table 4.1.12). It appears that most of the bond failure occurs between the 

primer coating and the bulk adhesive. In other words, a trace amount of Ti confirmed that 

the bond failure did not occur at the surface of Ti adherend, and the presence of fluoride 

from the Teflon sheet (a releasing agent) confirmed that the fluoride was adsorbed to the 

adhesive films during compression molding. 

4.1.7 Melt Viscosity Measurements 

The rheological behavior of PMDA-mBAPPO polyimides was investigated to 

determine the processibility of the thermoplastic polyimides (20 and 30 kg/mol.) when 

molecular weight was controlled by endcapping with unreactive PA. The rheological 

behavior of an uncontrolled high molecular weight polyimide was used as a control. 

Samples for a parallel plate rheometer were prepared by compression molding at 80°C 

above Tg for 10 minutes in vacuum. Frequency and temperature effects on the complex 

melt viscosity were studied via temperature sweeps, both at a constant frequency and at 

frequency sweeps at several constant temperatures. During temperature sweeps, the 

sample was heated from 260°C to 370°C at a heating rate of 5°C/min. and a frequency of 5 

Hz in nitrogen. The range of frequency sweeps was 0.01-75 Hz and the test temperature 

was held at 300, 320, 340, and 360°C, respectively. In both sweeps, the strain was held 

constant and 10% amplitude was used because the polyimides demonstrated linear 
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viscoelastic responses up to this level, which was determined from separate strain sweep 

experiments. Melt viscosity versus temperature of the PMDA-mBAPPO-PA (20K, 

Tg=255°C) demonstrated typical thermoplastic behavior. Above Tg, the melt viscosity 

decreased with increasing temperature. Melt viscosity showed a minimum of ~1000 Pas at 

around 310°C, which is within the practical range for processing (Fig. 4.1.8). However, it 

did not show any increase up to 375°C, indicating that the polyimides were thermally stable 

at high temperatures without any further reaction or thermal degradation. The frequency 

sweep experiments involved cycling a single sample through various frequency sweeps at 

different temperatures. In doing so, the sample was exposed to elevated temperatures for 

approximately 30-40 minutes. In Fig. 4.1.9, the complex viscosity versus frequency for 

20K PMDA polyimides are plotted. In order for the viscosity to fall within a feasible range 

for processing at lower temperatures, such as 320°C, a relatively high frequency (> 10 Hz) 

was needed. This dependence of viscosity on frequency indicated that the sample was 

shear thinning, as is usually observed for true thermoplastics. 

For higher molecular weight polyimides (uncontrolled, Tg=260°C), the complex 

viscosity did not decrease much, at even higher frequency (or shear rate) at 300°C. The 

viscosity plot for these materials is shown in Fig. 4.1.10. Clearly, the higher molecular 

weight sample exhibited a higher viscosity than a lower molecular weight one at a specific 

low frequency. However, when the temperature is high enough, the complex viscosity at 

high frequency was found to be somewhat independent of temperature. Meanwhile, in 

these experiments, zero shear viscosity could be obtained from the extrapolation of 

frequency to zero by applying the Cox-Merz rule (182), shown in the following equation: 

1(@) | o+0 = n(dy/d t)| aya t 0. 

The 5K amine terminated PMDA-mBAPPO showed unexpectedly higher char yields 

in TGA and insolubility after heating, which also increased the glass transition temperature. 
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Fig. 4.1.8. Melt viscosity versus temperature for 20K PMDA-mBAPPO-PA. 
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With this background, the rheological behavior of 5K amine terminated PMDA- 

mBAPPO polyimides was compared with that of the unreactive PA terminated PMDA- 

mBAPPO polyimides . In Fig. 4.1.11, the complex modulus shows that the storage 

modulus for the reactive system begins to increase from 360°C-430°C, unlike the 

thermoplastic 20K polyimides, which did not show any increase of storage modulus or 

viscosity at high temperatures. The increase in Tg and melt viscosity behavior confirms 

that there are reactions between the amine end groups and the polymer backbone structure 

at high temperatures. 

4.1.8 Thermal Mechanical Properties 

The glass transition temperature of the polyimides A measured by thermal mechanical 

analysis (TMA) and dynamic mechanical analysis (DMA). TMA was used to measure the 

penetration depth (or sometimes expansion mode) with a probe, as a function of time and 

force. As shown in Fig. 4.1.12, limited penetration was detected until a certain 

temperature range (usually below Tg), followed by a rise above Tg. The inflection 

temperature (Tg) of the polyimides was dependent on the molecular weight and penetration 

force, i.e., the inflection temperature increased with increasing molecular weight and 

decreasing penetration force. The molecular weight dependence of the penetration (rate), is 

thought to be related to chain entanglement and flow behavior. 

DMA in the extension mode was also used to study the dynamic mechanical behavior, 

as well as the Tg of the PMDA-mBAPPO polyimides. Except for the 10K material, which 

could not be made into good films, 20K, 30K and high molecular weight PMDA-mBAPPO 

polyimides were used for DMA measurements. The storage modulus decreased sharply 

from 109-1010 Pato 10-107 Pa after Tg as seen in Fig. 4.1.13. The modulus did not 
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level to a rubbery plateau above Tg but rather decreased quickly until the sample was 

broken. Unexpectedly, the Tg values of these polyimides from the tan 6 peak in the DMA 

experiments with 1Hz of frequency and 5°C/min. of heating rate, were lower than Tgs from 

DSC measurements (Table 4.1.13), The increase of Tg with molecular weight is thought 

to be related to increased chain entanglements with molecular weight, which resulted in 

better strength retention at high temperature. 
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Table 4.1.13. Glass Transition Temperatures for PMDA-mBAPPO-PA Polyimides 

  

  

Theoretical MW Tg (°C)? = Tg (°C)2 

10,000 246 - 

20,000 255 244 

30,000 258 247 

High MW 265 253 

  

ta
n 

3 

1. Tg : measured with Perkin Elmer DSC at 10°C/min. 

2. Tg : measured with Perkin Elmer DMA at 5°C/min. 
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4.2 Thermosetting Polyimides 

4.2.1 Characterization of 3-Phenyl Ethynyl Aniline (PEA) 

3-phenyl ethynyl] aniline was synthesized in our laboratory via palladium catalyzed 

coupling reaction of m-aminopheny] acetylene and bromobenzene in the cosolvent system 

of triethylamine and DMAc (3,173). After purifying by successive crystallization and 

sublimation, the overall yield was ~80%. The structure and purity of PEA were confirmed 

by proton NMR (Fig. 4.2.1). The melting point was 46-48°C, and the primary amine peak 

in the FTIR spectrum was seen at 3448, 3375 cm-l, 

4.2.2 Characterization of PEA terminated PMDA-mBAPPO Polyimides 

A series of PEA terminated PMDA-mBAPPO polyimides (5k, 10k, and 15 kg/mol.) 

were synthesized via solution imidization techniques as shown in Fig. 3.1.4. The 

oligomers were confirmed to be completely imidized by FTIR and exhibited the 

characteristic imide absorptions at 1780, 1730, 1370 and 710 cm-!, as well as by the 

absence of the characteristic amic acid absorption peak. The ethynyl bond peak of the end 

groups could not be detected by FTIR spectroscopy. The intrinsic viscosity of these 

uncured PMDA-mBAPPO imide oligomers were in the range of 0.17-0.29, which is 

reasonable for their calculated molecular weights (175,176). 

Dynamic TGA experiments on the polyimides showed excellent thermal stability, 

independent of their molecular weight. The molecular weight of the imide oligomers also 

did not affect their char yields (Fig. 4.2.2). 
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The trend of the Tgs by DSC (first heat), was consistent with the other series, such as 

the PA or amine terminated PMDA-mBAPPO polyimides systems. The second and 

subsequent scans in DSC were conducted by reheating the same sample to 400°C, followed 

by immediate cooling to room temperature. The Tg values of the samples increased by 

more than 10°C from their original Tgs in the first scan (Table 4.2.1). A broad exothermic 

peak was shown in the range of 350-400°C and the heat generated during curing was 

highest for the 5K sample, which has a higher concentration of crosslinkable end groups. 

The exothermic peak almost disappeared in the second scan and this was attributed to 

considerable extent of the reaction of the phenyl ethynyl groups during the first heat (Fig. 

4.2.3). 

The isothermal DSC runs were conducted to investigate the exothermic heat of curing 

at 380°C. The exothermic heat of curing for 5K, 10K, and 15K were 578, 226 and 178 

J/g, respectively, and as expected, the amount of heat decreased with increasing molecular 

weight. The time for completing the crosslinking reaction at 380°C was measured from the 

width of the isothermal exothermic peak by DSC. This was about 60 minutes for 5K 

sample (Fig. 4.2.4), which seemed to occur slowly in DSC, when compared to the results 

from melt viscosity measurements which will be discussed later. 

4.2.3. Network Formation Studies 

4.2.3.1 Effect of Crosslinking on the Glass Transition Temperature 

The onset of crosslinking reactions in the PEA terminated PMDA-mBAPPO 

polyimides was found to occur around 350 -380°C. Hence, the polyimides were cured at 

350 and 380°C for 30, 60, and 90 minutes in the hot press, respectively, and their Tgs, 
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Table 4.2.1. Characteristics of PMDA-mBAPPO-PEA Polyimides 

  

  

    

In] Tg* 5 % wt. loss*** 

25°C, NMP (°C) (°C) 

5k 0.17 234 523 

10k 0.26 247 537 

15k 0.29 252 534   
  

* measured in NMP at 25°C 

** First scan at 10°C/ min. using PE DSC 

*** In air at 10°C/ min. using PE TGA 
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thermal stability, and thermomechanical properties were compared. In Table 4.2.2, the 

glass transition temperatures for the cured polyimides are shown. In order to consider the 

effect of curing temperature and time, 5 different curing conditions were used. The Tg of 

10K polyimides was found to increase from 265°C to 269°C when they were cured at 

350°C for 60 and 90 minutes, respectively. When a higher curing temperature (380°C for 

30 minutes) was used, the Tg increased to 273°C again. However, even though curing 

time was increased to 60 or 90 minutes, the Tg did not increase, and showed almost the 

same value (Table 4.2.2). This trend was also observed with 5K and 15K polyimides. 

Thus, from the DSC results, it was concluded that curing at 380°C was efficient and 

provided the highest possible Tg for the cured networks. 

As expected, the Tgs of the cured polyimides showed an inverse dependency with 

respect to the original molecular weights of the uncured polyimides That is, the lowest 

molecular weight 5K cured sample showed the highest Tg, even though the initial Tg of 

uncured material was the lowest. This was attributed to the higher crosslink density in the 

case of the 5K oligomers. 

4.2.3.2 Effect of Crosslinking on Thermal Stability 

The thermal stability of PMDA-mBAPPO-PEA was investigated before and after 

curing. Fig. 4.2.5 shows that the cured polyimides exhibited exceptional thermal stability. 

The cured sample had a higher char yield than the "uncured" sample, even though the 

uncured polyimides would be at least partially crosslinked during the dynamic TGA 

experiments. The thermal stability for 15K sample was greatlly enhanced after curing at 

380°C for 90 minutes. That is, the char yield at 750°C before curing was 20% but the 

sample cured at 350°C was 27% . When cured at 380°C for 90 minutes, the sample 

showed an increased char yield of 33% at 750°C. However, the difference between 
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Table 4.2.2. Characteristics of Cured PMDA-mBAPPO-PEA Polyimides 

  

  

          
  

no cure 350°C 350°C | 380°C 380°C 380°C 

1st 2nd* 60min. 90min. | 30min. 60min. 90min. 

5k 234 253 265 271 281 282 282 

10k 247 259 265 269 273 275 274 

15k 252 261 266 270 272 271 271 

By using PE DSC with heating rate of 10°C/ min. 
* 2nd scan after 1st heating up to 400°C and cooling down to RT 

140 Chapter 4. Results and Discussion



We
ig
ht
 

(W
t.
 

%)
 

  

  400.0 - 

90.0 - 

80.0 - 

70.0 - 

60.0 - 

50.0 - 

40.0 ~ 

30.0 4 

20.0 -   10.0 -     0.0   
i i i | i I ‘ ot ] 

0.0 200.0 400.0 600.0 800.0 2000.0 

Temperature (°C) 

Fig. 4.2.5. | Dynamic TGA thermograms of 15K PMDA-mBAPPO-PEA PIs. 

Chapter 4. Results and Discussion 141



polyimides of different molecular weights was not clear. The samples cured for a longer 

time (120 or 150 min.) at 380°C did not show any better thermal stability, and, in fact, 

demonstrated decreased thermal stability than the shorter cured samples, indicating partial 

thermal] degradation. 

4.2.4 Melt Viscosity Measurements 

4.2.4.1 Temperature and Time Scan 

Flow behaviors were examined by melt viscosity measurements in a parallel plate 

rheometer. The dynamic melt viscosity and modulus are plotted against temperature or 

time, and were obtained at a constant frequency and amplitude. The dynamic temperature 

scan for 10K in nitrogen is shown in Fig. 4.2.6 (a). The complex viscosity was observed 

to decrease beyond its Tg until approximately 350°C, and then increased rapidly due to the 

formation of bigger molecules by crosslinking. The processing window is defined as an 

interval between Tg and Tye}. The gel point may be determined from the crossover point of 

storage modulus and loss modulus, even though there are still many exceptions. For neat 

resins, the temperature corresponding to a complex viscosity, n* values of 100 Pas after 

initial heating and flowing, has been suggested as the dynamic gel temperature (183). As 

seen in Fig. 4.2.6 (b), where G' and G" have been plotted against temperature, the gel 

point may be established to be around 380°C and the processing window is about 130°C, 

which is much broader than the acetylene endcapped polyimides system. Before the gel 

point, the loss modulus in its molten and viscous state was greater than the storage 

modulus. The increase in storage modulus was greater than that of the loss modulus with 

crosslinking. The two moduli crossed over at approximately the gel point, and the final 
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storage modulus was higher than the loss modulus. 

The melt viscosity behavior in air was very similar (Fig. 4.2.7). The modulus 

change versus temperature in air showed a more scattered response during the crosslinking 

reactions and it reached the gel point earlier than in nitrogen (381°C in nitrogen vs. 370°C in 

air). This suggests that oxygen in air influences radical reactions relative to an inert 

atmosphere (74). 

Isothermal time scans for the polyimides were conducted at 320°C and 350°C (Fig. 

4.2.8). The initial melt viscosity at 320°C was about 100 Pas and this was followed by an 

increase with curing time. The modulus plot versus time showed that the storage modulus 

crossed over the loss modulus after 76 minutes, which corresponded to a gel time at 320°C 

in nitrogen. At 350°C, the initial viscosity was about 50 Pas and the gel time was 29 min. 

The isothermal melt viscosity measurements provided information about actual processing 

times for these polyimides at a certain temperature, even though other factors such as 

pressure and mechanical stress could make the processing window narrower or wider in 

actual compression molding. 

4.2.5. Extraction and Swelling of Polyimide Networks 

Insoluble, gelled thermosets cannot be subjected to conventional chemical and 

physical characterization techniques such as high resolution NMR, FTIR, intrinsic 

viscosity and GPC. However, gel extraction and swelling experiments are two major 

techniques for characterizing network formation in thermosets. Extraction experiments 

investigated the residual network gel fraction after the soluble fraction has been extracted 

with a solvent. 
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Swelling measures the absorption of solvent into the gel network. Since the amount 

of absorbed solvent is dependent upon the network size or its expansion limit, the results 

can be used to calculate a molecular weight between crosslinks (M,). Table 4.2.3 shows 

the results of gel fraction for cured PMDA-mBAPPO-PEA polyimides. The sol fraction 

was extracted for 4 days with chloroform. The extracted samples were dried in a vacuum 

until a constant weight was attained, which usually took 3-4 days at 100°C. The equation 

in Chapter 3.2.7 was used to calculate gel fraction. 

The mild curing conditions (350°C/60 min.) of the samples produced relatively low 

gel fractions, which ranged from 80-87%. At this condition, the low molecular weight 

(SK) polyimides demonstrated low gel fractions, probably because of the low number of 

reactive end groups. However, with increasing curing time and temperature, the gel 

fraction values increased to a constant value. This trend was similar for all molecules. For 

example, 5K sample at 380°C for 30 minutes showed 97% gel fraction in contrast to 95% 

gel fraction for 1OK and 15K samples. Because the crosslinking reactions occurred very 

rapidly at 380°C, 5K oligomers, which have a higher concentration of crosslinkable end 

groups, experienced faster crosslinking. Nearly 100% gel fraction was obtained for all 

samples that were cured at 380°C for 60 minutes or more. From the glass transition 

temperatures obtained, along with the gel fractions results, it can be concluded that 60 

minutes curing at 380°C is sufficient to generate a fully crosslinked polyimide thermoset. 

The response surface analysis was used to observe the overall effects of time and 

temperature on gel fraction. A 3-dimensional surface graph which shows time and 

temperature as two factors, and gel fraction as a response, could be easily obtained using a 

program invoking a simple calculation. To plot the more precise 3-D surface graph, extra 

values of the gel fraction of the samples, which were cured at 350°C/120 min. and 

365°C/45, 75 min., were obtained. In these calculations, curing time varied from 30 

minutes (-1) to 120 minutes (+1) and curing temperature ranged from 350°C (-1) to 
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Table 4.2.3. Gel Fractions (%) of Cured PMDA-mBAPPO-PEA Polyimides 

  

  

    

Curing condition 5K 10K 15K 

350 °C/60 min. 80 82 87 

350 °C/90 min. 92 91 93 

380 °C/30 min. 97 95 95 

380 °C/60 min. 99 99 99 

380 °C/90 min. 99 98 99   
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380°C (+1). Fig. 4.2.9 shows the 2 dimensional version with its 3-D surface graph, with 

the darker parts indicating a smaller gel fraction. The contour curves were coincident with 

the predicted data. For example, very high gel fractions cannot be reached, even for 120 

minutes at 350°C, but higher curing temperatures (e.g., 365-380°C) provides very high gel 

fractions. Temperature of 380°C seemed to be sufficiently high, but with curing times 

greater than 90 minutes, the gel fraction seemed to decrease, due to possible degradation. 

In addition, the time dependent swelling behavior of polyimides was investigated. 

The samples were extracted in chloroform to remove all soluble portion and were then 

immersed in a vial filled with chloroform. The weights were checked regularly after 

removing the solvents from the sample's surface. Network swelling generally occurs in 

two steps. The first involves rapid solvent swelling in several hours or days, while the 

second step involves a relatively small increase of additional swelling within several days to 

months later. 

In the case of the PMDA-mBAPPO-PEA polyimides, the swelling was initially rapid, 

but then did not increase very much for a few months. The minimally cured networks 

(especially samples cured at 350°C) were transformed from a glassy state to a rubbery state 

as the solvent swelled into the network, and after approximately 24 hours, the sample 

began to fall apart, generating several fragments. In Fig. 4.2.10, the short term swelling 

behavior of several polyimide systems are shown. They are compared as a function of the 

curing conditions in the plot of swelling amounts versus time. The less cured networks 

showed the maximum swelling amounts in the first 1-2 hours, after which the swelling 

amounts did not increase significantly. Most of the swelling activity likely occurred very 

quickly, within 1-2 hours for these relatively less cured samples, and the characteristic 

swelling behavior could not be easily detected. No change in swelling was observed for 

the next 60 days. On the other hand, the highly cured networks, which were cured at 

380°C, kept their shape in the solvent regardless of their initial molecular weight. These 
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highly cured networks also showed some signs of swelling for the first 2-4 hours, 

followed by a very low increase in the next several days. The polyimide systems did not 

show the typical two stage swelling behavior, where the onset of the second stage of 

swelling occurs abruptly after several days. This may be associated with the two creep 

stages, such as viscoelastic extension and flow (184). For the relatively lightly crosslinked 

networks, the disentanglements of the unreacted dangling ends permitted the network to 

expand by the swollen solvent easily and quickly. However, since even the lowest gelled 

samples are probably crosslinked enough (80% of gel) and have few dangling ends, the 

swelling leveled off quickly after an initial abrupt increase, after which it did not 

demonsrate much swelling, probably as a result of the presence of highly branched chains 

with entanglement. The highly crosslinked samples also showed a rapid increase of 

swelling and then quickly leveled off. However, when compared to less cured samples, 

the highly cured samples showed very low swelling percent (less than 50%) for first 1 

hour. The magnitude of equilibrium swelling after the curve leveled off was dependent on 

the degree of crosslinking, but not on the molecular weight. That is, with increasing 

curing time or temperature, the swelling was decreased. The decrease in percent swelling 

corresponded to the increase in gel fraction. 

The final swelling amounts after 30 days is shown in Table 4.2.4, where each 

amount corresponds to the gel fraction. With increase in the gel fraction, the final percent 

swelling decreased (Fig. 4.2.11). However, even though the gel fractions were very 

similar (98, 99%), the final swelling amounts were different. 

That is, the samples cured at 380°C for 60 minutes showed more swelling than those 

cured at 380°C for 90 minutes because of imperfections in the network structure, i.e., the 

presence of a few dangling chain ends. The dependence of molecular weight on final 

swelling were not observed. Since the samples were already fully cured, the network’s 

ability to expand and the dependence of swelling on the M, (molecular weight between 

Chapter 4. Results and Discussion 153



Table 4.2.4. Swelling Amounts (%) of Cured PMDA-mBAPPO-PEA Polyimides 

  

  

    

curing condition 5k 10k 15k 

350 °C/ 60 min. 310 310 300 

350 °C/ 90 min. 215 240 220 

380 °C/ 30 min. 200 225 205 

380 °C/ 60 min. 180 185 180 

380 °C/ 90 min. 145 170 150   
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crosslinks) seemed to be independent of the molecular weights of the initial oligomers. 

The crosslink density of these networks (M,) can be calculated from Flory-Huggins 

and rubber elasticity theory, which was explained in Chapter 2.2. The M, was calculated 

using the swelling results. In addition, polymer density and solubility parameters for the 

calculation were obtained experimentally. The solubility parameter of polyimides was 

obtained by conducting swelling experiments for the crosslinked networks for a series of 

solvents with different solubility parameters. The amounts of solvent in the swelled 

networks is directly related to the elongation of its chain between the crosslinks. The 

solvent, which shows the largest amount of swelling, is expected to have a similar 

solubility parameter to the polymers. Swelling studies on PMDA-mBAPPO polyimides 

suggested a solubility parameter value of about 23.5 (J/cc)!/2. The density of the 

polyimides ranged from 1.302-1.370, depending on their crosslinking density, and was 

measured in a column with water and Ca(NO3) solution using standard calibrated beads. 

The calculated M, (molecular weights between crosslinks) and the other references are 

shown in Table 4.2.5. The Mc values for 5K, 10K, and 15K networks that were fully 

cured at 380°C for 60 minutes were close to the theoretical values of the oligomers. 

Irrespective of the theoretical calculation and approximations employed, the results were 

reasonable and demonstrated successful molecular weight control and verified that PEA 

terminated polyimides could be fully crosslinked at 380°C within 60 minutes. 

4.2.6 Thermo-Mechanical Properties 

4.2.6.1 Dynamic Mechanical Behavior 

The dynamic mechanical behaviors for the cured polyimide systems are illustrated in 

Chapter 4. Results and Discussion 156



Table 4.2.5. Crosslinking Density of Cured PMDA-mBAPPO-PEA Polyimides 

  

  

  

    
    
  

  

solubility density relative 

parameter concentration 

(J/cc)40.5 (g/cc) (Volume/Volume) 

Solvent 

chloroform ~18.95 1.492 

PMDA-mBAPPO-PEA Chi parameter 

5K 380 °C/60 min. ~23.5 1.302 0.397 0.644 

10K 380 °C/60 min. 1.326 0.392 

15IK 380 °C/60 min. 1.372 0.367 

Cured samples Density Gelfraction Mc_ Crosslink Density 

(g/cc) (%) (g/mole) (moles/cc) 

SKK 380 °C/60 min. | 1.302 98.5 6,900 189 E-06 

10K 380 °C/60 min. | 1.326 99.5 7,800 170 E-06 

15iK 380 °C/60 min. | 1.372 98.5 14,300 96 E-06       
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Fig. 4.2.12-15. Dynamic storage modulus and tan 6 were investigated with a heating rate 

of 5°C/min. at 1 Hz frequency. The plot of the dynamic storage modulus versus 

temperature for three different cured 5K polyimides is shown in Fig. 4.2.12 (a). The three 

different networks exhibited similar dynamic behaviors. They demonstrate an 

approximately constant 10° Pa of the glassy state modulus until Tg without change. At 

around Tg, the modulus decreased rapidly and leveled off at approximately 106-107 Pa, 

depending on their crosslinking density. The sample that was cured at 350°C for 60 

minutes showed the lowest rubbery modulus of ~10© Pa. The modulus seemed to 

fluctuate a little indicating further crosslinking of the network with heating during the 

experiments. The most highly cured sample (380°C/60 min.) exhibited a rubbery state 

modulus of ~7 x10 Pa. The rubbery state modulus remains relatively constant up to 

400°C. The 10K and 15K networks showed very similar trends. The most highly cured 

sample (380°C/60 min.) showed the highest magnitude of rubbery modulus (Fig. 

4.2.13,14). 

The effect of curing temperature and time on the tan 5 was also investigated with the 

same DMA experiments. Fig. 4.2.12 (b) shows the tan 5 peak for three SK PMDA- 

mBAPPO-PEA samples. The tan 6 peaks corresponds to their Tgs and abrupt falling point 

of storage modulus. Both the glass transition temperatures and rubbery modulus seemed to 

increase with the rise in crosslinking density. Table 4.2.6 summarizes the Tg obtained 

from DMA tan 6 peak for 5K, 10K, and 15K polyimides. When compared to Tgs obtained 

from DSC, all Tgs from DMA at 1Hz were about 5°C higher than Tgs from DSC and the 

trends were very similar. The.tan 6 curves for these networks had different shapes and 

indicated their maximum values between 1.4-1.8. The highly cured networks exhibited 

relatively symmetric tan 6 curves, indicating the presence of a relatively homogeneous 

structure. However, the tan 6 peaks of the less cured networks showed tailing, even after 
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Table 4.2.6. Glass transition temperatures for PMDA-mBAPPO-PEA PIs 

  

  

  

    

MW 350 °C/60 min. 350°C/120 min. 380 °C/60 min. 

DSC* 5K 265 274 282 

10K 265 273 275 

15K 266 269 271 

DMA** 5K 269 279 287 

10K 269 274 278 

15K 268 272 276   
  

* Perkin Elmer DSC in the first run with heating rate of 10°C/min. 
** Perkin Elmer DMA(Tan 54) with heating rate of 5°C/min. and 1 Hz frequency 
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Tg, demonstrating some energy loss with increasing temperature at 1 Hz. Since the sample 

cured at 350°C for 60 minutes showed about 80% gel fraction, the sample may be said to 

be relatively inhomogeneous with possibly different phases. So, tan 6 curve showed some 

magnitude of energy loss up to 400°C. Molecular weight is another factor that significantly 

influences the dynamic mechanical behavior of polymeric materials. The fully cured 

networks with different molecular weights were compared with a thermoplastic sample. In 

Fig. 4.2.15, the modulus values of the thermosetting networks drop at their Tgs and show 

very similar magnitudes of rubbery modulus, regardless of their molecular weights, 

compared to the 20K PMDA-mBAPPO-PA thermoplastics, which do not level off to a 

rubbery plateau. In other words, crosslinking could decrease chain mobility and prevent 

flow or further softening behavior after glass transition. 

4.2.6.2 Creep and Recovery 

The creep behavior of networks prepared from PMDA-mBAPPO-PEA imide 

oligomers were investigated. Tests were performed at 177, 250 and 260°C with repeated 

and cycled creep and recovery stress. The rate and extent of creep was seen to increase 

with a decreasing degree of crosslinking, i.e., with increasing chain length between the 

crosslinks. In Fig. 4.2.16, applied stress and typical creep response are shown. With the 

cycled creep stress and recovery stress, the responded creep-recovery in a cycle had a saw 

tooth like shape and the creep response was typical over a prolonged period. At a low 

temperature (177°C), all samples were quite glassy and did not demonstrate different creep 

behaviors, regardless of their degree of crosslinking. However, when the networks 

approached glass transition temperature, they began to show different viscoelastic creep, 

depending on the degree of crosslinking. At 260°C, which is 10°C below Tg for the 

sample cured at 350°C for 60 minutes, the effect of curing time and temperature was more 
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clearly observed. The polyimides cured at 350°C for 60 minutes showed about 5% of fast 

creep during experiments, while the highly cured polyimides (380°C for 120 minutes) 

demonstrated less than 1% of very flat creep behavior over 4 hours (Fig. 4.2.17). So, 

good dimensional stability could be achieved through crosslinking. These results are 

primarily attributed to the decrease of chain motion as crosslinking increases. 

Another factor that affected this behavior was test temperature. The test temperature, 

260°C, is 20°C below Tg for the highly cured networks, but it is just 10°C below Tg for the 

lowest cured networks. In other words, 260°C might be low enough for the creep behavior 

of the highly cured sample to be unaffected by test temperature, but it might not be low 

enough for that of the less cured sample. However, the creep behavior for these samples 

also demonstrated very similar trends at low enough test temperatures like 250°C. 

On the other hand, the creep-recovery behavios of these networks could also be 

obtained in these experiments by repeatedly applying 5 minutes of creep force and 5 

minutes of recovery force. The creep force did not decrease to zero after 5 minutes, but did 

decrease to the low recovery force, probably as a result of experimental difficulties. Fig. 

4.2.18 shows the creep-recovery behavior of two different cured samples. When creep 

stress was applied to these two samples, the less cured sample (350°C/60 min.) showed a 

high rate of creep, while the more highly cured sample (380°C/60 min.) showed very little 

creep and reached essentially a limiting value. When the creep force was reduced to the 

low recovery force after 5 minutes, the highly cured sample demonstrated increased 

elasticity and recovered very quickly to its original length. This suggests that the polyimide 

networks cured at 380°C for 60 minutes show elastic behavior like a glass, even at higher 

test temperature (260°C), unlike lightly crosslinked rubbers. 
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4.2.6.3 Heat Distortion Temperature Measurements 

Tensile heat distortion temperatures were measured by dynamic heating scan at a 

constant force. The samples did not show any strain until glass transition temperature was 

reached, when they began to demonstrate a large strain depending on its curing state. Fig. 

4.2.19 shows the three different crosslinked networks of 5K polyimides and a 

thermoplastic control sample (20K). The thermoplastic sample exhibited a very rapid strain 

increase at around its Tg. The total strain was more than 100% and exceeded the limits of 

the instrument. On the other hand, the thermoset system showed much lower strain. The 

highly crosslinked networks showed only about 10% of strain up to 380°C, even after 

passing its Tg under the tensile force. The curves showed the enhanced dimensional 

stability of the highly crosslinked thermosets compared to the linear thermoplastics and the 

less cured sample (350°C/60 min.). The fully cured 5K, 10K, and 15K networks showed 

very good dimensional stability and very low strain at temperatures as high as 400°C. 

Based on these dynamic creep experiments, tensile distortion temperature (HDT) and 

the linear thermal expansion coefficient can be determined. The tensile heat distortion 

temperature is usually the temperature at which the strain is 2%, following the ASTM 

methods. Fig. 4.2.20 indicates the temperature at which 2, 3, and 4% strain occurs at Tg. 

Among the three different molecular weight polyimides, the HDTs for the thermosets that 

were cured at 350°C for 60 minutes were different, even though they had similar Tgs. Low 

molecular weight networks seemed to demonstrate low HDT. 

When the highly cured samples that were cured at 380°C for 60 minutes were 

compared, this trend was even more evident. That is, even though the low molecular 

weight 5K had a higher Tg than the high molecular weight 10K and 15K materials, the 

HDTs for 2, 3, and 4% showed the reverse trend. Since the networks were fully cured and 

had few dangling chain ends with minimal imperfections, the HDT results indicate that the 
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strength and tensile heat distortion resistance of materials might be related to crosslink 

density (Mc). 

The linear thermal expansion coefficient can be obtained from the slope of the first 

Straight section of the strain curve. Prior to Tg, the materials are rather glassy. Thus, if the 

applied force is weak, the linear increase in the strain curve is likely caused by the thermal 

expansion of the sample itself. As seen in Fig. 4.2.19, the calculated linear thermal 

expansion coefficient of the crosslinked polyimides were 0.008-0.012%/°C. 

4.2.7 Stress-Strain Measurements 

The tensile properties of cured PMDA-mBAPPO-PEA were investigated through 

stress-strain measurements. Smooth, bubble-free films of cured polyimides were prepared 

through stepwise compression molding. The time-temperature-pressure requirements for 

compression molding in the preparation of the cured polyimide films are as follows. These 

requirements also depend on molecular weight, since the concentration of crosslinkable end 

group and melt flow behavior are also tied to molecular weight. Through the stepwise 

at 350 °C for 90 minutes cure 

5K : 16 min. —? 14 min. 60 min. 
(contact pressure) | 3 ksi) (0.5 ksi) 

fold films bubble free 

10K : 15 min. 15 min. 60 min. 

15K: 14 min. 16 min. 60 min. 
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at 380 °C for 60 minutes cure 

5K : >5 min. 2 min. 53 min. 

(contact pressure) (3 ksi) (0.5 ksi) 

fold films bubble free 

10K : 4 min. 2 min. 54 min. 

15K: 3 min. 2 min. 55 min. 

molding procedures outlined above, the bubbles on the films could be eliminated, resulting 

  

  

in transparent films. For high temperature molding (above 350°C), a special mold release 

agent was used. The stress-strain measurements were conducted by following ASTM 

D638. Fig. 4.2.21 shows the stress-strain curves for 10K PMDA-mBAPPO-PEA 

polyimides which were cured at 380°C for 60 minutes. The 10K and 15 samples 

demonstrated yield behavior unlike the thermoplastic PMDA-mBAPPO-PA polyimides. 

However, the 5K sample that was cured at 350°C did not demonstrate any yield behavior. 

The tensile properties were measured and are summarized in Table 4.2.7. 

The tensile modulus for the cured samples showed values of 400-450 ksi. More highly 

cured sample showed higher modulus value and yield stress and strain. The yield stress 

values for 10K and 15K polymers were about 13-15 ksi, and yield strain was about 7% 

and dependent on curing conditions. The 10K polyimides demonstrated about 15% 

elongation at break. When the two curing temperatures were compared, the tensile 

modulus was dependent on the curing temperature, and the sample that was more 

extensively cured exhibited higher tensile values. Even though tensile modulus values for 

cured thermosets are lower than those of the 20K control thermoplastic samples, their yield 
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Fig. 4.2.21. Stress-strain curves for 1OK PMDA-mBAPPO-PEA 

polyimides cured at 380°C for 60 minutes. 
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Table 4.2.7. Tensile Properties of PMDA-mBAPPO-PEA Polyimides 

  

  

      

curing modulus yield yleld stress at strain at 

condition (ksl) stress (ksl) strain(%) break(ksi) break (%) 

5K 350°C/ 60min 413 +67 - - 14.1 +0.9 5.0 +0.9 

380°C/ 60min 452 +33 14.0 +0.3 6.4+15 13.8 +0.5 7.0 +1.8 

10K 350°C/ 60min 418 +44 13.5 +0.6 7.1 +0.6 12.3 +1.1 14.7 +6.8 

380°C/ 60min 453 +49 13.8 +0.8 5.7 +0.9 13.8 +0.8 5.7 +0.9 

15k 350°C/ 60min 406 +14 8.5 +0.3 3.4 +0.4 8.5 +0.3 3.4 +0.4 

380°C/ 60min 435 +48 14.6 +0.7 7.2 +0.8 13.7 +0.8 8.9 +1.3 

Control 20k 553 +23 - - 16.2 +0.3 4.7 +0.3 

* ASTM D638V 
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stress and strain were comparable with the thermoplastic samples. Quite often, increasing 

level of crosslinking result in stiffer thermosets that show higher modulus values. 

The effect of solvents on the tensile properties of cured polyimides was also 

investigated. To study solvent induced crazing and cracking of cured PMDA-mBAPPO- 

PEA polyimides, dog-bone samples of 10K polyimides cured at 380°C for 60 minutes were 

exposed to several solvents for 4-5 days, until they demonstrated equilibrium and full 

swelling. Since a Minimat could not be immersed in the solvent, the samples were 

removed from the solvent and immediately tested. However, since solvents like 

Chloroform evaporate easily and the sample surfaces dry quickly, the solvent was dropped 

onto the surface of the sample to prevent it from drying out during the test. Usually, the 

tensile properties obtained using a Minimat are only qualitative. The control sample 

without solvent immersion showed a parabolic stress-strain curve and some yield behavior. 

Several samples exposed to effective solvents such as chloroform and NMP, readily 

demonstrated solvent-induced crazing and cracking. So, in NMP and chloroform, even the 

fully cured samples seemed to swell considerably after a few days and lose their strength. 

These samples showed very little elongation, or could not even be exposed to stress-strain 

measurements due to their low strength. However, the samples exposed to poor solvents 

such as ethanol, acetone, THF and toluene, showed comparable tensile behavior to the 

control sample. In Fig. 4.2.22, the tensile behavior of the polyimide samples swollen in 

acetone and ethanol show yield points at lower stress or strain than the control sample. 

Toluene did not seem to affect the tensile properties of the samples. The solvents swollen 

in the polymer networks acted as plasticizers, resulting in yield behavior. However, the 

strain at break showed very similar values with the control sample, even though the values 

of stress at break were reduced. Thus, acetone and ethanol were not good solvents for the 

polyimides, however, their relatively small size enabled them to penetrate the network 

easily and resulted in yield behavior. On the other hand, the thermoplastic polyimides 
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Fig. 4.2.22. Stress-strain curves for PMDA-mBAPPO-PEA polyimides 
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swollen by exposure to acetone, ethanol, chloroform and NMP, changed in shape and size 

and could not be easily measured for tensile properties because of solvent stressed crazing 

and cracking. So, when compared to the thermoplastics, the crosslinked PMDA- 

mBAPPO-PEA polyimides showed better solvent resistance. 

4.2.8 Adhesion Tests 

Adhesion properties for the cured PMDA-mBAPPO-PEA via single lap shear tests 

were investigated. The adhesion films were prepared by compression molding of the 

oligomer powder. Because the compression molded film was tough enough to be easily 

handled for the lamination preparation of the adhesion bonding, the polyimide oligomers 

had to be precured at 380°C for 5 minutes. These precured films could still be dissolved in 

solvents and melt processed. The prepared films were applied to the pretreated adherends 

by placing the adhesive films between two adherends. They were heated at 200°C with a 

pressure of 0.3 ksi and laminated at 380°C for 60 minutes with 0.3 ksi. 

Some of the samples were kept at room temperature for control tests and the other 

samples were immersed in water for 4 days at RT or 100°C. Using single lap shear tests, 

the results are summarized in Table 4.2.8. The results were disappointing when compared 

to the adhesive bond strength of the thermoplastic materials or the other reported values. 

Even though the precured adhesive films could be made to flow easily, the laminated 

adhesive single lap shear sample did not show good wetting with the Ti adherends, and did 

not demonstrate adequate adhesion. However, the samples immersed in water at RT for 4 

days did not show any difference in their strength. This might be due to the effect of 

humidity at room temperature, which was not as significant as expected. When the sample 

was immersed in boiling water, decreased results were experienced (Table 4.2.8). This is 
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Table 4.2.8. Single Lap Shear Tests for 1OK PMDA-mBAPPO-PEA Polyimides 

  

curing condition bonding strength (psi) 

no exposure water (25°C) water (100 °C) 

10K 380 °C/60 min. | 1915 +320 1985 +400 
  

5K 380 °C/60 min. 1880 +330 1130 +120 

control 20K 4500~7000 

NASA* 5010 3620       
  

* using a solution coated adhesive tape (112 glass) 

: 8 °C/min. heating from R.T. to 350 °C, 

hold for 60 min., cool to 150 °C under 50 psi 
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probably due to the weakness of the interaction of the oxygen of P=O bond and the Ti of 

the adherend surface by water molecules. This adhesion bonding test should be further 

investigated by using different lamination processes. 

4.2.9 Solvent Etching Effect on Fracture Surface 

The fracture surface of the cured PMDA-mBAPPO-PEA was investigated via SEM. 

Different cured samples were used to observe the effect of the solvent etching. The 

samples were extracted in chloroform for 4 days to remove the sol part and dried in 

vacuum. The surface was investigated by scanning electronic microscope and compared. 

Fig. 4.2.23 shows the SEM pictures for the 6 different samples. Three pictures in the first 

row show the effect of curing conditions on the cured polyimide samples. The least cured 

sample (350°C/60 min.) showed more texture than the one fully cured at 380°C/60 minutes. 

This is due to the fact that the less cured samples become less soluble during the solvent 

etching, and revealed a more distinctive surface as a result of the collapse of the network 

structure. In addition, the effect of molecular weight on the extracted fracture surface was 

observed. The fully cured samples for each molecular weight (5, 10, and 15K) were very 

similar in texture and were not significantly etched by the solvent. The sample extracted 

with chloroform showed a somewhat different texture from the sample that was not 

subjected to extraction as expected (right column). Solvent extraction appears to make a 

difference in the fracture surface for samples that had a soluble component and were not 

fully cured. 
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Fig. 4.2.23. SEM pictures for 6 different PMDA-mBAPPO-PEA samples. 
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4.3. Thermosetting Polysulfones 

4.3.1 Characterization of 3-Phenyl Ethynyl Terminated Polysulfones 

The crosslinkable, 10K 3-phenyl ethynyl endcapped biphenyl polysulfone was 

synthesized via nucleophilic substitution reactions in the presence of potassium carbonate. 

Biphenol (BP) and dichloro diphenyl] sulfone (DCDPS) were dissolved in a DMAc/toluene 

cosolvent system. 3-phenyl ethynyl phenol (PEP), the endcapping material, was 

incorporated to provide the reactive sites for crosslinking, as well as molecular weight 

control. PEP was prepared in-house through the reaction of 3-bromo (or iodo) phenyl 

acetate and phenyl acetylene using a palladium catalyzed coupling reaction (174). The 

acetate protecting group was subsequently cleaved to obtain the desired phenol products. 

In order to remove all solvents from the polysulfones, the polymers had to be dried at 

temperatures as high as 200°C, close to Tg. A conventional method to remove solvents like 

DMAc and NMP, which are high boiling, is to dissolve the polymers in a low-boiling 

solvent like chloroform, and precipitate them in a non-solvents. However, since the 

biphenyl polysulfones could be easily crystallized in chlorinated solvents, this method 

could not be used. NMR spectroscopy was used to confirm the structure of the PEP 

terminated biphenyl polysulfone, the absence of DMAc, and to calculate the number 

average molecular weight of the polymers. 

The intrinsic viscosity of the uncured 10K BP-DCDPS-PEP in NMP was 0.37, 

which was expected. The dynamic TGA in air showed good thermal stability and high char 

yield, the latter being significantly less than those obtained for the m-BAPPO based 

polyimides. The Tg for the uncured polysulfones was around 209°C from the first scan in 

the DSC, and increased to 211°C in the second. In the first scan, the sample was heated to 
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400°C and quenched to room temperature. Unlike the polyimide systems, the increase in 

Tg in the second heating by crosslinking was not conclusive and seemed to indicate that the 

crosslinking reaction occurred relatively slowly. In addition, the exothermic peak, which 

was broad in the first scan, did not disappear significantly in the second scan, indicating 

that the reactive end groups were not consumed quickly during the first heat (Fig. 4.3.1). 

4.3.2 Curing Study 

In independent melt viscosity measurements, the phenyl ethynyl terminated biphenyl] 

polysulfones appeared to crosslink between 350-400°C, which was similar to the phenyl 

ethynyl terminated PMDA-mBAPPO polyimides. Thus, the cured polysulfone was 

prepared at 350°C and 380°C for different cure times in a hot press and exposed to several 

cure experiments. The results of Tg values are summarized in Table 4.3.1. The Tg 

increased relatively slowly compared to the polyimides system. When the polysulfone was 

cured for 120 minutes at 350°C, the Tg of the cured polymer increased only about 10°C 

from that of the uncured polymer. Even at 380°C, a short curing time did not increase the 

Tg of the polymer. When it was cured for longer than 90 minutes, the Tg value increased 

to 230°C. However, the Tg was increased very little with further curing at 380°C. 

The thermal stability of the BP-DCDPS-PEP was compared before and after curing. 

Fig. 4.3.2 show the dynamic TGA curves of the polysulfones The TGA analyses of these 

polymers showed that 5% wt. loss in air occurred between 530-540°C, depending on the 

extent of cure. The char yields at 700°C were 15-20%. Unlike the polyimides, the 

polysulfone systems did not improve in thermal stability with curing. Isothermal TGA 

experiments at 380°C for the polysulfones showed a weight loss of less than 1% for 400 

minutes, indicating good long-term thermal stability (Fig. 4.3.3). 
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Fig. 4.3.1. | Dynamic DSC thermograms for BP-DCDPS-PEP polysulfones. 
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Table 4.3.1. Glass Transition Temperatures for Cured BP Polysulfones 

  

  

      

DSC DMA 

1st 2nd 

uncured 209 211 

350°C/60min. 213 216 221 

350°C/120min. 218 220 225 

380°C/60min. 221 223 229 

380°C/90min. 229 230 232 

380°C/150min. 230 232 236 

380°C/180min. 232 231 235   
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4.3.3 Extraction and Swelling of Polysulfone Networks 

Cured polysulfone thermosets were subjected to gel extraction experiments and 

swelling measurements. The extraction experiments evaluated the residual gel fraction of 

the polysulfones that were cured under different conditions by extracting the soluble 

fraction with chloroform. Even though the uncured biphenyl] polysulfones could be easily 

crystallized in chloroform, very slight crosslinking could increase solubility in chloroform 

by hindering the tendency to orient. Table 4.3.2 shows the gel fraction of the cured BP- 

DCDPS-PEP. As shown, the polysulfones was not highly cured at 350°C. Even at higher 

temperatures (e.g., 380°C), the gel fraction did not significantly increase. Only when the 

polysulfones were cured for more than 180 minutes at 380°C, did the gel fraction reach 

about 95%. When glass transition temperatures were measured against gel fraction results, 

it could be concluded that the polysulfone system was cured more slowly than the 

polyimide system. Even though only one polysulfone (10K) was investigated, this is 

possibly due to the various reactive end groups structures, as well as to the imperfect 

incorporation of these structures into the polysulfone network chains. In addition, the 

polysulfone systems using the other bisphenols were also observed to show a relatively 

slow crosslinking reaction at 380°C. 

The time dependent swelling behavior of the polysulfones are shown in Fig. 4.3.4. 

The solvent uptake for the four different cured samples were investigated by immersing the 

samples in chloroform, and checking the weight every 30 or 60 minutes. The sample that 

had 80% of gel fraction increased approximately 500% by weight within an hour, with the 

uptake leveling off over the next several days. The highly cured samples in chloroform 

maintained their shape and showed less than 300% swelling, even though it occurred 

quickly. The samples with greater than 90% gel fraction showed very similar amounts of 

swelling, regardless of their different gel fractions. 
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Table 4.3.2. Gel Fractions for BP-DCDPS-PEP Polysulfones 

  

  

    

Curing Condition Gel Fraction (%) 

350°C/60min. ~0 

350°C/120min. 15 

380°C/30min. 1 

380°C/60min. 49 

380°C/90min. 79 

380°C/120min. 90 

380°C/150min. 93 

380°C/180min. 95   
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Fig. 4.3.4. Time dependent swelling behaviors for the cured polysulfones. 
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Unlike the polyimide systems, the polysulfones did not demonstrate a significant 

increase in swelling after the first 60 minutes. Furthermore, even when the gel fraction of 

the polysulfones increased from 90 to 95%, the difference in swelling was less than 25%. 

The final swelling amounts of these highly cured samples were 275, 295, and 300% for 

90, 92, and 95% gel fractions, respectively. | 

The crosslink density of the polysulfone networks (M,) was obtained from the final 

swelling values, as in the polyimides systems. The density of the network and the 

solubility parameter for calculations were provided experimentally. In Table 4.3.3, several 

characteristic values of the cured polysulfones for the calculation of M, have been 

summarized. The BP-DCDPS-PEP polysulfone had a solubility parameter of 23.1 

(J/cc)\/2 and the density of the crosslinked polysulfones was in the range of 1.286-1.287 

g/cc, which is very close to the reported value (1.29) of the commercial BP polysulfone, 

Radel®. The calculated M, (molecular weight between crosslinks) for the different cured 

polysulfones are also shown in Table 4.3.3. When the polysulfone was cured for 180 

minutes at 380°C with a gel fraction of 95%, the expected value for the M, was observed. 

The sample that had a gel fraction of only 80% upon curing for 90 minutes at 380°C 

possessed very large Mc, which indicates relatively light crosslinking. Even though the 

calculations were simplified and many approximations were employed, the results appeared 

to be reasonable and the average molecular weight between the crosslinks (or the degree of 

crosslinking) provided useful information about the polysulfone networks. 

4.3.4. Dynamic Mechanical Behavior 

Dynamic mechanical analyses for cured polysulfone systems were conducted to 

investigate their dynamic storage moduli and tan 6 at a heating rate of 5°C/min., and a 

frequency of 1 Hz. From tan 6 peaks, the effects of curing temperature and time, as well 
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Table 4.3.3. Crosslinking Density of BP-DCDPS-PEP Polysulfones 

  

  

  

      
  

  

  

solubility density __ relative 

parameter concentration 

(J/cc)*0.5 (g/cc) (Volume/Volume) 

Solvent 

chloroform ~18.95 1.492 VR=79.7 (cc/mol) 

BP-PS-PE 10k Chi parameter 

380 °C/180 min. | ~23.1 1.287 0.281 0.554 

380 °C/120 min. 1.287 0.273 

380 °C/ 90 min. 1.286 0.172 

Radel R 5000 1.290 

Cured samples Density Gelfraction Mc Crosslink Density 

(g/cc) (%) (g/mole) (moles/cc) 

BP-PS-PE 10k 

380 °C/180 min. 1.287 95.0 10,200 126 E-06 

380 °C/120 min. 1.287 90.5 13,000 99 E-06 

380 °C/90 min. 1.286 79.5 133,900 10 E-06       
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as Tg, could be studied. The Tgs obtained from the DSC were compared to those obtained 

from DMA (Table 4.3.1). The samples cured for more than 150 minutes showed the same 

Tg values, even though the gel fractions were different. The tan 5 curves from these 

networks (shown in Fig. 4.3.5), had different shapes and a maximum around 1.5. The 

more highly cured networks exhibited relatively symmetric tan 6 curves, indicating the 

presence of a relatively homogeneous structure. The samples cured at 380°C for 60 

minutes demonstrated the long-tailed tan 5 curve after Tg, indicating that there was some 

energy loss with increasing temperature at 1 Hz. 

The dynamic storage modulus curves for the cured samples are shown in Fig. 4.3.6. 

Even though all five samples demonstrated about 109 Pa of the glassy state modulus until 

their Tg, the five different samples exhibited different dynamic behavior after Tg, 

depending on curing conditions. The two samples that were cured at 350°C and the sample 

cured at 380°C for 60 minutes failed to show the rubbery state modulus. On the other 

hand, the samples that were cured for longer than 90 minutes demonstrated the rubbery 

modulus, which leveled off up to 400°C. The most highly cured sample (380°C/180 min.) 

showed the highest magnitude of the rubbery modulus. 

4.2.5 Stress-Strain Measurements 

The tensile properties of the cured BP-DCDPS-PEP polysulfones were investigated 

through stress-strain measurements. Smooth, bubble-free films of the cured polysulfones 

could be prepared through stepwise compression molding. The time-temperature-pressure 

requirements for compression molding in the preparation of the cured polysulfone films are 

as follows. Since the crosslinking reactions in the polysulfone systems were showed not 

to occur vigorously even at 380°C when compared to the polyimide systems, the bubbles 
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on the films could be relatively easily eliminated and the transparent films could be obtained 

through the below stepwise molding procedures. 

at 380°C cure 

  

10K : 15min. C—>) 15 min. 30 min. (>> further 
(contact pressure) 43 ksi) (3 ksi) | curing 

fold films fold films bubble free 
  

The stress-strain measurements were conducted according to ASTM D638. Two 

films, cured for 60 and 90 minutes, respectively, were tested in order to compare their 

tensile properties with those of commercial Radel® and Udel® polysulfones. These 

properties were measured and are summarized in Table 4.3.4. The tensile modulus for the 

cured samples showed values of 370-400 ksi. More highly cured samples at 380°C 

showed higher modulus value and yield stress and strain. The yield stress value for the 

films cured for 120 minutes at 380°C was about 13 ksi; yield strain was approximately 8%; 

but the strain at break was up to 28%. When the two curing times were compared, the 

tensile modulus was dependent on the curing time, with the more highly cured sample 

exhibiting the higher tensile values. Even though the tensile modulus values for the fully 

cured thermosets (i.e., cured more than 120 minutes at 380°C) was not investigated, the 

tensile values for the thermosets were comparable with the commercial thermoplastic 

samples. 

The effect of solvents on the tensile properties of cured polysulfones were also 

investigated. For the study of solvent induced crazing and cracking of the cured BP- 

DCDPS-PEP polysulfones, dog-bone samples of the 10K polysulfones cured at 380°C for 
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Table 4.3.4. Tensile Properties of Polysulfone Systems 

  

  

  

    

modulus tensile tensile stress strain 

(ksi) stress (ksi) strain(%) atbrteak at break 

BP-PS-PE OK 

380 °C/60 min. (49%) 372 10.7 6.6 9.8 20.4 

380 °C/120 min. (90%) | 399 13.1 7.7 11.7 28.0 

Radel R 5000 (report) | 310 10.4 60.0 

Udel (report) 360 10.4 60.0 

Udel (experiment) 372 12.3 43 10 >35.0   
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180 minutes were put in several solvents for 4-5 days, when they exhibited equilibrium and 

full swelling. The test methods were the same as those for the polyimide systems. The 

control sample without solvent immersion showed a parabolic stress-strain curve and a 

yield behavior. Several samples in effective solvents, such as chloroform and NMP, 

readily demonstrated solvent induced crazing and cracking. Thus, in NMP and 

chloroform, even the fully cured samples seemed to swell considerably in a few days and 

lose their strength. These samples showed very little elongation or could not be exposed to 

the stress-strain measurements due to the low strength of the samples. However, the 

samples exposed to weak solvent,s such as ethanol, acetone, THF and toluene, 

demonstrated comparable tensile behavior to that of the controle. In Fig. 4.3.7, the tensile 

behavior of the polysulfone samples swollen in acetone reveal lower stress and strain yield 

points than the control sample. It should be pointed out that toluene did not seem to affect 

the tensile properties of the samples. The solvents swollen in the polymer networks acted 

as plasticizersm resulting in yield behavior, even though a solvent like acetone was 

effective for the polysulfones. However, the strain at break showed very similar values 

with the control sample, even though the values of stress at break decreased. 

Chapter 4. Results and Discussion 198



       

      

50 

{ 
control 

40> 

o 30 * 
= 

tC] 
a 

© 20 7 
o 

10 + 
acetone 

0 “ t T ™ T “ 

0.00 0.05 0.10 0.15 0.20 

Strain 

Fig. 4.3.7. Stress-strain curves for BP-DCDPS-PEP polysulfones 

cured at 380°C for 180 minutes (swollen samples vs. control). 

Chapter 4. Results and Discussion 199



CHAPTER 5. Conclusions 

Soluble, amorphous, thermally and hydrolytically stable phosphorus containing 

polyimides were successfully synthesized via the poly(amic acid) precursor route in polar 

aprotic solvents, followed by solution imidization. Fully cyclized, soluble m-BAPPO 

based polyimides were formed within 24 hours, and were molecular weight controlled by 

endcapping with a monofunctional phthalic anhydride. They were then characterized by 

several techniques, including intrinsic viscosity and thermal analysis. It was concluded that 

molecular weight control was successful and that materials were thermally stable up to 

500°C (TGA) and showed 10~20% char yield in air at 750°C. The glass transition 

temperatures ranged from 216 to 255°C, depending on their backbone structure. 

The thermoplastic polyimides showed good tensile modulus of 500~550 ksi and had 

excellent adhesion to Ti-6Al-4V substrate, as evidenced by single lap shear tests. In 

particular, certain single lap shear samples of PMDA-mBAPPO-PA polyimides 

demonstrated about 7000 psi of adhesive bond strength at room temperature. 

The effects of molecular weight control and end group on thermal and mechanical 

properties were also investigated with reactive amine terminated polyimides. Their thermal 

properties were similar to those of the unreactive PA terminated PMDA-mBAPPO 

polyimides. In fact, the lowest molecular weight (5K) amine terminated polyimides with a 

higher concentration of end groups showed better thermal stability and higher char yields 

via TGA, which was attributed to the fact that the terminal amine group can react with the 

P=O bond in the polymer backbone structure. From rheological behavior investigations, it 

was determined that tailoring the polyimides with a non-reactive end group (PA) inhibited 

crosslinking and chain extension, and hence, was essential for controlled processability. 
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Phenyl ethynyl endcapped polyimides were synthesized and studied in a broad-based 

investigation of their mechanical and rheological properties. To meet thermal and 

flammability requirements, polyimides containing phosphorus as a backbone structure were 

again investigated. These uncured polyimides were exposed to several characterization 

studies to ensure that successful molecular weight control and excellent thermal properties 

had been achieved. These imide oligomers crosslinked upon heating without producing 

volatile by-products. The phenyl ethyny! endcapped polymers exhibited a wider 

processing window (up to 380°C) relative to the unsubstituted acetylene endcapped 

polymers, as shown from the chemorheological behavior of these polyimides as a function 

of varying temperature and time. They reached the gelation point after 29 minutes at 

350°C, and after 76 minutes at 320°C, which demonstrates their commercially desirable 

processing properties. One important result of this research was the development of high 

Tg, thermally stable, and solvent resistant networks, which was verified by several studies 

on these novel networks. For example, 99% gel fraction and low swelling was obtained 

after curing at 380°C for 60 minutes. Thermo-mechanical properties such as tensile 

strength, adhesion to titanium, creep behavior, and heat distortion temperatures were 

measured, which demonstrated that excellent properties could be obtained, depending on 

crosslink density. Highly crosslinked polyimides exhibited excellent dimensional stability 

and thermomechanical properties. 

Biphenol-based poly (arylene ether sulfones) (BP-DCDPS) also demonstrated a 

desirable combination of excellent thermal stability and mechanical properties. The 

oligomers were synthesized with endcaps based on 3-phenyl ethynyl (PEP) functional 

groups. In particular, 10,000 g/mole (10K) 10K BP-DCDPS-PEP polysulfones were 

developed, which displayed high Tg, thermally stability, and solvent resistance after 
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crosslinking. Thermo-mechanical properties, including tensile properties, dynamic 

mechanical analyses were also determined and are reported in this dissertation. 
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