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(ABSTRACT) 

The interaction between poly(ether ether ketone) (PEEK) and three solvents (.e., 

methylene chloride, tetrahydrofuran, and acetone) was studied by means of several 

complementary techniques. A series of eleven 0.3 mm thick PEEK films was produced. 

Each film had a certain crystallinity index and crystal morphology, as revealed by optical 

microscopy, differential scanning calorimetry (DSC), and wide angle X-ray scattering 

(WAXS). Dynamic solvent uptake measurements were performed on each film with the 

three solvents. Methylene chloride swelled both amorphous and semi-crystalline PEEK to 

high degrees, while tetrahydrofuran and acetone swelled amorphous PEEK only. After 

desorption, the samples were carefully analyzed to characterize solvent-induced 

crystallization (SINC), which occurred in amorphous PEEK exposed to all three solvents. 

Diffusion of methylene chloride and tetrahydrofuran in amorphous PEEK was observed in 

fractured specimens by scanning electron microscopy, while SINC was followed by DSC. 

The SINC process was found to be diffusion controlled. Diffusion of both solvents 

through the polymeric film took place in the first third of the equilibrium time, while 

swelling occurred in the remaining time. 

The mechanical properties of all solvent-exposed PEEK films were tested by three 

types of experiment (i.e., glass cone technique, microtensile tests, and tensile test in the 

environmental scanning electron microscope (ESEM)), which were first verified with 

another semi-crystalline thermoplastic polymer, isotactic polypropylene. PEEK specimens



were stressed in the inside of glass cones and immersed in a series of solvents. Differences 

among solvent uptakes of stressed and unstressed specimens were explained in terms of 

crazing and SINC. Microtensile tests were performed on completely swollen PEEK 

specimens. Plasticization and delocalized crazing were found in the case of amorphous 

PEEK exposed to the three solvents and semi-crystalline PEEK exposed to methylene 

chloride, while classical crazing occurred in the other specimens. Finally, an amorphous 

PEEK specimen was swollen in acetone and stretched in the ESEM in acetone vapor. A 

very ductile deformation was observed, which occurred at the necked region between two 

notches. The results are discussed in terms of Tg, depression and plasticization.
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I. INTRODUCTION AND MOTIVATION 

Semi-crystalline thermoplastic polymers have been extensively produced and 

utilized for the past five decades. Their advantages over amorphous thermoplastics are 

their improved mechanical properties, such as higher Young's moduli and higher yield 

strengths, and their better resistance to solvents. They also have the advantage of being 

recyclable, which is not possible with thermosetting polymers. 

Even if semi-crystalline thermoplastics have been found to be more resistant to 

solvents than amorphous polymers, their chemical resistance is not absolute!. Depending 

on its interaction with the polymer, a solvent can have strong effects on the polymer (i.e., 

plasticization, solvent-induced crystallization, and/or environmental cracking/crazing). The 

objective of this project was to investigate the effect of the interaction between poly(ether 

ether ketone) (PEEK) and solvents on the three following characteristics or processes: (1) 

polymer morphology, (2) plasticization/solvent-induced crystallization, and (3) solvent- 

Stress cracking/crazing. This objective is illustrated in Figure 1.1. Another semi- 

crystalline thermoplastic polymer, isotactic polypropylene (i-PP), was also used in this 

project as it allowed the methods for solvent-stress cracking/crazing to be verified. 

— 

I-PP, whose repeat unit is | , was first chosen because of its wide 
H H-G— H 

H 

use as a packaging material, its well-known characteristics, and its easy processability2~>. 

n 

Furthermore, environmental stress-cracking in i-PP has been relatively well 

characterized®-9 so that our crazing methods were tested. 

On the other hand, PEEK is a relatively new semi-crystalline polymer, which is 

used in aerospace and composite applications!9,11, PEEK has the following repeat unit:
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Figure 1.1. Objective of this project: interrelate the three factors shown through the study 

of polymer/solvent interaction
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Therefore, PEEK molecules are relatively stiff. It has a high glass transition temperature of 

143°C when totally amorphous and a high melting temperature in the range of 330 to 

350°C. It is thus called a "high performance" polymer and is used for high temperature 

applications, such as structural components in aerospace. Depending on the processing 

history, PEEK can exist in either an amorphous or a semi-crystalline state, with a 

maximum degree of crystallinity of 45-50%. PEEK also has the lowest flammability of 

any easily moldable thermoplastic!!. From solubility parameter values and hydrogen 

bonding indices of certain solvents, Stober and Seferis!2 estimated the solubility parameter 

and the hydrogen bonding index of PEEK to be 9.5 (cal.cc-!)1/2 and 3.1, respectively. 

These values should, however, be used with caution, as one cannot predict polymer- 

solvent interactions solely on the solubility parameter values (i.e., there may be some 

specific interactions). 

The chemical resistance of PEEK was first said to be very good, but recent studies 

have shown that PEEK can be swollen by either benzene derivatives or small chlorinated 

hydrocarbons, which can cause plasticization and further crystallization!2-29, In particular, 

1,1,2,2-tetrachloroethane (TCE) was found to induce a 165% increase of the initial mass of 

the amorphous polymer, a level three times higher than for any other reported solvents2®. 

TCE also induces crystallinity and its enhanced solubility in PEEK was suggested by Stuart 

and Williams to be due to Lewis acid-base interactions between the polymer and the 

solvent. The resistance of PEEK to environmental crazing has been poorly studied and, in 

particular, the effect of crystallinity on crack resistance is not fully understood to this date. 

In Dr. Dillard's group from the Engineering Science of Mechanics (ESM) 

department at Virginia Tech, composite materials with a PEEK matrix were found to crack 

and fail when cleaned with acetone. This reaction is due to both the presence of residual 

stress from processing and the presence of the solvent. However, in order to understand 

the mechanisms of environmental cracking in composite materials, we should first 

understand these mechanisms in the individual components. This study thus acts as a



precursor to the study of environmental cracking in composite materials having a semi- 

crystalline thermoplastic polymer matrix. 

The Ingersol-Dresser Pumps (IDP)2! uses PEEK as a material to make the inner 

containment shell in the IDP Magnoseal™ magnetic drive sealless process pump, which is 

shown in Figure 1.2. The Magnoseal™ pump is used in industry for pumping fluids and 

the inner containment shell plays an insulator role between the internal parts and the 

external metal parts. This application is one of the many examples of the use of PEEK 

where prolonged contact with certain solvents may occur. It is important to understand the 

effect of these solvents on the morphology of the polymer as the properties of the polymer 

may change in long-term use of the part due to the contact with the solvents and the stress it 

may endure during use. 

For both polymers, a series of films with different crystallinities was produced by 

different thermal treatments. Three common solvents were chosen for each polymer (i.e., 

butyl acetate, acetone, and n-propanol for i-PP, and methylene chloride, tetrahydrofuran 

(THF), and acetone for PEEK). These solvents were not only chosen on the basis of their 

interactions with the polymer (i.e., appropriate solubility parameter range for each solvent 

series), but also on the chance of encounter during the polymer life (e.g., acetone is used as 

a cleaning agent, methylene chloride is used as a degreasing and cleaning agent, and THF 

is used in paint). The effects of the solvents on the polymer's morphology and mechanical 

properties are investigated through various complementary techniques, such as absorption 

experiments, molecular modeling, characterization methods, and mechanical tests. These 

techniques are described in the third chapter of this dissertation. 

The Literature Review presented in the following chapter begins with the diffusion 

of solvents into polymers, which is the first step of any solvent-bulk polymer interaction. 

It continues with the thermodynamic relationships involved in the study of polymer-solvent 

interactions. The solvent-induced crystallization process is then described through the 

glass transition temperature depression argument as well as through crystallization kinetics. 

The final section summarizes the different models and criteria for intrinsic and 

environmental crazing in both amorphous and semi-crystalline polymers.
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Following the Literature Review, the experiments involved in this project are 

introduced. In the fourth chapter, the characteriztion methods for environmental cracking 

are evaluated with the model semi-crystalline polymer, i-PP. The fifth chapter presents the 

study on the absorption of solvents in PEEK. Chapter VI explores environmental cracking 

in PEEK by using the characterization methods used for i-PP in Chapter IV. Finally, a 

discussion of all the results concerning the effect of solvents on PEEK are presented in 

Chapter VIL.



Il. BACKGROUND AND LITERATURE REVIEW 

It is important to understand the response of polymers to environments they may be 

exposed to in use or in storage. If these environments are chemically interactive, they may 

induce structural changes in the polymers, which may change the mechanical properties of 

the polymers!.20,22-24. These structural changes as well as their consequences on the 

mechanical properties of the material are investigated in this chapter through a review of 

papers dealing with polymer-solvent interactions. 

The first section of this chapter deals with the diffusion of solvents into polymers. 

This topic is the precursor of any structural changes induced in the bulk of the polymer, as 

a solvent needs to diffuse into the polymer in order to interact with the polymeric chains. 

The term diffusion is defined and the "hole" concept is introduced. Fickian diffusion and 

Case II diffusion are then presented. The effects of the polymer structure on the diffusion 

process is reviewed and, finally, the concept of large-scale structural rearrangement and its 

effect on desorption are presented. 

The thermodynamic relationships involved in the study of polymer-solvent 

interactions are presented in the second section. The crystallization process due to the 

presence of solvents is then described and kinetic relationships are given. The final section 

reviews a series of papers dealing with crazing, intrinsic or occurring in the presence of 

environments. 

Diffusion 

For the diffusion of a solvent to take place in a given polymer, a concentration 

gradient of the penetrant in the polymer should exist. This concentration gradient induces a 

flux of the penetrant that occurs from regions of high concentrations to regions of low 

concentrations!,29, The diffusion of solvent molecules into solid polymers can be



described by the “hole” or free volume concept2>-27. Here, the term “hole” indicates the 

probability of creating sorption sites or diffusion channels for the solvent molecules to pass 

through the polymer. If the solvent molecules are smaller than the average hole size in the 

polymer, they diffuse into the polymer by local activated jumps from one unoccupied hole 

to another. On the other hand, if the solvent molecules are larger than the average hole size 

in the polymer, the polymer segments must rearrange by micro-Brownian motion to allow 

the penetrant to pass through. 

The transport of species in a mixture is described by the species-continuity 

equation, which expresses the conservation of mass for a particular component in a mixture 

and takes the following form 

+ H(c.0)+ V5 =0 (1) 

where c is the concentration of the penetrant, v is the average velocity of the species, and J 

is the mass-diffusion flux relative to ¥25. Solution of the mass-transfer problem is thus 

possible if an explicit equation can be formulated that relates J to the important variables of 

the problem (i.e., concentration, temperature, and pressure). 

Fick developed two well-known relations!.25 for the diffusion process. Fick's first 

law, which is simply the mass-transfer constitutive equation that provides the basis for the 

classical theory of diffusion, is written for a one-dimensional case as 

J = “Db (2) 

where x is the space coordinate measured normal to the section and D is the diffusion 

coefficient. 

Fick's second law is the result of combining the species-continuity Equation (1) 

with the constitutive Equation (2) for the diffusion flux when the average velocity is zero 

oc. 
> = div[D(c)grad(c)] (3) 

The diffusion coefficient D and its dependence on concentration and the 

environmental conditions completely characterize the Fickian diffusion for polymer-solvent 

systems28. Diffusion is considered to be Fickian if a linear relationship exists between the 

amount of solvent absorbed by the polymer and the square root of time in the early stage of 

diffusion. 

Polymer-solvent systems that present some specific interaction are examples of 

systems which exhibit concentration-dependent diffusion coefficients. For most cases, the



absorption vs. square root of time curve does not differ significantly between systems with 

concentration-dependent and concentration-independent diffusion coefficients. If D is 

independent of concentration, the minimum void size needed by a penetrant molecule is 

smaller than the average hole size in the polymer!. If D is dependent on concentration, 

minimum void size is larger than the hole size in the polymer. 

Furthermore, D is dependent on temperature, generally increasing with increasing 

temperature, which is consistent with the "hole" theory of diffusion2®,27. The diffusion 

coefficient shows an Arrhenius type of temperature dependence: 

D= D,exe{- =] (4) 

where D, is a pre-exponential constant, Ep is the apparent activation energy, R is the gas 

constant, and T is the absolute temperature. Ep is mostly dependent on the size of the 

solvent molecules, as these determine the size of the required hole for diffusion. 

The structure of the polymer itself affects the diffusion process. In general, factors 

that decrease the segmental mobility (i.e., cross-links, chain stiffness, and crystallinity) 

decrease the diffusion coefficient D. Moreover, since the fractional free volume in 

crystalline regions is much smaller than that in amorphous regions and sorption is 

proportional to the fractional free volume of the polymer, the solvent does not penetrate the 

crystals. The crystals act as obstacles to the diffusion of the solvent molecules from one 

sorption site to the other2?. The solubility in the semi-crystalline polymer (S,) is expected 

to be equal to the solubility in the amorphous polymer (S,) times the volume fraction of the 

amorphous phase (04),20 

Sc = Saba (5) 

However, the solubility of the solvent is normally lower than that predicted by Equation 

(5), because of the partial immobilization of the molecular chains by the crystals. 

Introducing a chain immobilization factor B' in Equation (5) gives a more generalized 

equation 

Sc = Saal B' (6) 

where B' is a factor which depends upon both size and shape of the penetrant as well as the 

interaction between the penetrant and the polymer. 

Not all diffusion behavior in polymers can be described in terms of Fickian 

characteristics (i.e., time-independent behavior). Anomalies to this behavior exist below



the glass transition temperature (Tg) in many polymers and also above Tg in some cross- 

linked and semi-crystalline polymers. Clark and Park3! proposed three effects involving 

time-dependent polymer behavior to explain anomalous behaviors: (1) the effect of variable 

surface concentration of the penetrant in the polymer, (2) the history dependence of the 

diffusion process, and (3) the effect of strain. The Deborah diffusion number (DEB) 

provides a means of characterizing the various types of diffusion behavior?>.28. The DEB 

is the ratio of a characteristic time Am of the polymer-penetrant system to the characteristic 

time 8p of the diffusion process. It gives the ability to anticipate when anomalous 

diffusion effects can be expected even when it is not possible to describe such effects 

quantitatively. 

Alfrey et al.32 defined an extreme case of non-Fickian behavior called "Case II" 

diffusion, whose characteristics are: (1) the solvent penetrates the polymer in a sharp 

advancing front which separates the inner glassy core from the swollen rubbery outer shell 

(this is a necessary but not sufficient condition), (2) the solvent boundary advances at a 

constant velocity into the polymer, and (3) the initial weight gain is linear with time. Case- 

II diffusion is observed when the polymer is below its glass transition temperature, while 

Fickian diffusion (also called Case I diffusion) occurs well above Ty. In the vicinity of the 

glass transition temperature, the diffusion behavior varies sigmoidally from one case to the 

other32, 

A phenomenon that may also influence the weight uptake of the penetrant is the 

process of solvent-induced crystallization (SINC) upon diffusion of the solvent into the 

polymer. During SINC, the penetrant induces some large-scale structural rearrangement in 

the polymer as the solvent gives enough mobility to the polymeric chains for them to 

rearrange into their thermodynamically favored crystalline state. Crystallization of the 

polymer during the absorption process may decrease the weight uptake of the solvent as the 

solvent is expelled from the forming crystals. The solvent-induced crystallization process 

is fully described in a subsequent section. In the case of SINC, it is difficult if not 

impossible to remove all traces of solvent upon desorption, even at long times and 

moderate temperatures under vacuum!. This is either due to strong bonding to the polymer 

or to the entrapment of solvent within or between the newly formed crystals. Typical 

values of residual solvent content are on the order of 1 to 5% in solvent crystallized 

poly(ethylene terephthalate) (PET) and polycarbonate (PC)!. 

10



In summary, two extreme diffusion cases (i.e., Fickian diffusion and Case II 

diffusion) were presented. They are the best described models for diffusion between 

which other anomalous cases can fit. The structure of the polymer is important in studying 

the diffusion of small molecules into the polymer. For example, the existence of 

crystallinity hinders this diffusion. Finally, the presence of the penetrant can induce 

crystallization of the polymer, which hinders the complete desorption of the solvent. The 

next section presents the thermodynamic relationships that permit polymer-solvent 

interactions to be characterized. This is done in terms of the solubility parameter theory as 

well as in terms of the Flory-Huggins theory. 

Thermodynamic relationships 

As the solvent molecules move into the holes in the polymer, the attractive forces 

between the polymer segments are disrupted and replaced by attractive forces between 

polymer segments and solvent molecules. The nature of the forces between the polymer 

segments and the solvent molecules as well as the nature of the forces the solvent molecules 

exert on the polymer determine the degree of swelling or solubility of the solvent in a given 

polymer!. The following relationships help quantify the extent of these forces involved in 

polymer-solvent interactions. 

For any thermodynamic process, the sign of the free energy change of the system 

indicates whether or not the process is spontaneous. For the process to be spontaneous, 

the free energy should be negative and its derivative with respect to the concentration 

should be positive. The change in the free energy of mixing is given by: 

AG ix = AH ni, — TAS ix (7) 

where AG AH represent the free energy, enthalpy, and entropy of mix ? mix ? and AS ni 

mixing, respectively. In the case of polymer-solvent interaction, AS_,, is always positive. 

Therefore, if AH, 

possible to obtain a more negative AG 

xX 

is positive (e.g., unfavorable interactions), it should be as small as 
x 

mx? Whereas if AH,,, is negative (e.g., favorable or 

Specific interactions), it should be as negatively large as possible to obtain a AG,,, as 

negatively large as possible. 

The equation for AH,,, as derived from the solubility parameter theory is given 

by33; 

11



AM nix = $:O2V (5, — 0, )’ (8) 

where @, and @, are the volume fractions of the materials involved, Vp is the lattice 

elementary volume, and 6, and 6, are the solubility parameters of the materials. Equation 

(8) only describes systems with positive AH_,,.; however, AH,,, can also take negative mix ) 

values, which correspond to the existence of specific interactions between the two materials 

considered. 

The solubility parameter, defined by Hildebrand33, is given by 
2 

5= (<=) (9) 

where AE is the energy of vaporization of the component and the ratio = is called 
m 

cohesive energy density. All of the forces that hold the material together, regardless of 

their origin (i.e., dispersion force, polarity, induced polarity, hydrogen bonding), are taken 

into account in its energy of vaporization, which is the basis for the solubility parameter. 

Because a polymer cannot be vaporized, its solubility parameter must be evaluated 

by using other experimental techniques. One can determine the solubility parameter of a 

polymer by observing the solubility of solvents (whose solubility parameters are known) in 

the polymer. If a solvent swells the polymer, its solubility parameter is close to that of the 

polymer, according to the solubility parameter theory described above. If the polymer is 

soluble in the solvents, the solubility parameter of a polymer can be determined by 

measuring the intrinsic viscosity of the polymer in the solvents. The intrinsic viscosity is 

highest for the best match in solubility parameters. Finally, the solubility parameter of the 

polymer can be theoretically estimated from the knowledge of its chemical structure. In this 

case, the solubiltiy parameter is evaluated from the following equation 

5 Pd (10) 

M 

where p is the density of the polymer, G is the group molar attraction constant for each 

chemical group, and M is the mer molecular weight. Values for G have been calculated by 

Small34 and Hoy? and are tabulated in reference books. Despite its empirical nature, 5 can 

be related to physical properties such as surface tension, refractive index, and dipole 

moment, but its dependence on temperature is very slight. 

The solubility parameter theory predicts that the best solvent for a given polymer is 

one whose solubility parameter is equal or close to that of the polymer. A smaller molar 

volume of the solvent also leads to the possibility of enhanced solubility. However, 

12



experimental data shows that solvents with 6 around the solubility parameter of the polymer 

do not always show strong interactions with it3©. This may be due to the fact that the 

cohesive energy density is the result of different modes of interaction between molecules 

(i.e., dispersion forces, polar interactions, and hydrogen bonding). 

Several attempts to quantify the particular interaction between polymers and 

solvents have been made. Hansen developed an excellent three-dimensional solubility 

analysis!, where the solubility parameter is divided into its dispersion (d), polar (p), and 

hydrogen-bonding (h) contributions, and is written as 

5 =4|(5; + 6, + &) (10) 

In this empirical analysis, three-dimensional plots can be drawn where a given polymer is 

represented by a point (6g p, 5p.p, Shp) around which a sphere can be constructed such that 

any solvent (also represented by a point (84's, 5p,s, Sh,s)) lying within the sphere is a true 

solvent for the polymer, and a solvent lying outside the sphere is a non-solvent. The radius 

of the sphere is found by experiment. 

Another useful approach for characterizing the thermodynamics of polymer-solvent 

solubility is the Flory-Huggins theory!. In this theory, the enthalpy of mixing is given by: 

AH mix = RTn1O2X (11) 

where nj is the number of moles of solvent and y is called Flory-Huggins polymer-solvent 

interaction parameter. As mentioned above, for polymer-solvent compatibility to occur, 

AHmix must be negative or equal to a very small positive number. Therefore, y must either 

be negative or a small positive number. 

The interaction parameter, y, is defined by 

_ (2-2)Aw), 
OKT 

where z is the lattice coordination number, Aw 2 is the free energy change for the formation 

(12) 

of a single-segment contact (i.e., Aw). = Wy ->(w +W,), Where w12, W11, and w22 are 

the free energy of interaction for solvent-polymer segment, solvent-solvent, and polymer 

segment-polymer segment contacts, respectively), and k is Boltzman constant. yx is a 

temperature-dependent dimensionless quantity which characterizes polymer-solvent 

interactions and can be expressed more simply in the form 
b 

Kaate (13) 

13



where a and b are temperature-independent parameters. More generally, x is given as the 

sum of enthalpy, yy, and entropy, ¥s, components 

X=Xut Xs (14) 

for which it is simple to show that =2 and Ys =a. 

In the context of the Hildebrand approach, the entropy term, Ys, is equal to the 

inverse of the number of nearest neighbors of a molecule or segment in solution (/.e., 

Xs = ty) while the enthalpy term can be expressed by 
Zz 

Vs at = E(B: - 82)" (15) 
where V, is the molar volume of the solvent. 

A given solvent will dissolve a polymer only if its x value is less than a critical 

value, Yc, given by 

ne t(iege] (16) 
For a very high molecular weight polymer (i.e., m— ~), X¥¢ is 0.5. 

Although Flory-Huggins theory could predict polymer-solvent interactions (i.e., by 

the value of x), this theory is more complex than the solubility parameter theory!. The 

solubility parameter theory permits the y parameter to be evaluated through Equation (15); 

however, for some systems, Equation (15) is not valid and x must be evaluated for these 

polymer-solvent systems by osmotic pressure, vapor pressure, or swelling measurements. 

X% is not a constant and its calculated value is often only valid in concentration ranges 

inadequate for practical applications. Both theory should be applied with caution as they do 

not always correctly predict the interaction between solvents and polymers. In this 

dissertation, the solubility parameter of the solvents and polymers will be referred to in 

order to give an idea of the interaction between a solvent and a polymer. 

Since these two theories were developed, several researchers have attempted to 

develop more complete relations that would describe the interactions between solvents and 

polymers. One of the most popular theories is the lattice fluid theory developed by Sanchez 

and Lacombe>?-39. This lattice fluid theory is based on a well-defined statistical mechanical 

model and is very similar to the Flory-Huggins lattice theory, except for the fact that the 

Sanchez-Lacombe theory allows the presence of empty lattice sites or free volume. 

Characterization of a binary mixture requires the knowledge of three molecular parameters 

that are known for many fluids and an interaction energy. The Sanchez-Lacombe theory is 

14



used to calculate heats and volumes of mixing, lower critical solution temperature, and the 

enthalpic and entropic components of the chemical potential. 

In summary, an expression for Gibbs free energy was used to describe polymer- 

solvent interactions. The enthalpy of mixing term was defined in terms of the solubility 

parameter theory. Failures in the solubility parameter theory were explained by the fact that 

three modes of interaction between molecules contribute to the definition of the solubility 

parameters. The solubility parameter theory cannot predict the effect of specific interactions 

between the polymer and the solvent molecules. Flory-Huggins theory is another 

alternative to characterize polymer-solvent interactions, but this model is more difficult to 

apply than the solubility parameter model. Finally, the Sanchez-Lacombe lattice fluid 

theory was introduced. The next section reviews the solvent-induced crystallization 

process. Equations for both the melting point depression and the glass transition 

temperature depression are given, and the factors influencing SINC are listed. The Avrami 

expression for thermal crystallization kinetics as well as its modified form for SINC are 

expressed. Finally, a series of papers related to the SINC process in several polymers is 

reviewed. 

Solvent-induced_crystallization 

The process of SINC can be considered as involving the following steps!.36.40, 

(1) The solvent penetrates the polymer by diffusion, (2) the presence of the solvent 

depresses both the melting temperature Tp and the glass transition temperature Tg, and (3) 

if the polymer solid is exposed to the solvent at a temperature between Ty and Tm, where 

crystallization normally occurs, and if the polymer is crystallizable, then crystallization 

ensues. For step (2), the stronger the interaction between the solvent and the polymer, the 

bigger this depression of both Ty, and Tm. 

The melting point depression is a thermodynamic effect and can be estimated by the 

familiar Flory equation*! 

11 _ RY a 17 T, T°? AH,V, (v1 -x4) a7) 
where Typ is the melting point at liquid volume fraction v;, T{, is the equilibrium melting 

  

point of the pure polymer, and V, and V, are the molar volumes of liquid and polymer, 
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respectively. Hence, the melting point depression is mainly a function of the interaction 

between the polymer and the solvent (i.e., the ¥ interaction parameter). 

On the other hand, the glass transition temperature of the system can be estimated 

either from the Kelley-Bueche equation or from the Fox equation4?. The Kelley-Bueche 

0 Of |ps _ po T; “4 (% Jr 7 
f 

= 7 — (18) 

where T; and T; are the glass transition temperatures of the pure polymer and liquid, 

equation*2 is given as: 

  

  

respectively, a; is the thermal expansion coefficient of the liquid, and o; is the difference 

between the polymer's thermal expansion coefficients above and below Ty. The Fox 

equation‘? takes the following form: 

1 Ww, w 
—=—+—5 (19) 
T, T, T, 

where wp and wg are the weight fractions of the polymer and solvent, respectively. Several 

parameters in the Kelley-Bueche equation are unknowns for the systems used in this study. 

For example, the coefficient of thermal expansion of a solvent is not readily available and a 

common value of 1.2 x 10-3 deg-! is usually used for it49. On the other hand, Fox 

equation is very simple and empirical, and has been shown to give good results for 

previous studies*4 parallel to this study. Therefore, Fox equation will be preferred here 

and used in the discussion of the results in Chapter VII. For small solvent concentrations, 

the depression of Ty is far smaller than the depression in Tg, as shown in Figure 2.1. This 

resultant widening of the crystallization temperature regime has significant implications in 

the crystal growth kinetics, as will be shown subsequently. 

The presence of the solvent in the polymer thus causes enhanced mobility of 

polymeric segments (i.e., plasticization of the polymer) as the intersegmental forces are 

disrupted. From experimental observations, the degree of enhanced mobility and the 

degree of the Ty depression were found to depend on the uptake of solvent and on its 

degree of interaction with the polymer (7.e., the y interaction parameter), which is not 

present in Equations (18) and (19) as they are based on free volume effects. The basic 

mechanism of SINC is very similar to that of thermal induced crystallization from the 

glassy state since both involve the inducement of segmental mobility. The former achieves 
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the goal by use of "chemical energy", while the latter does so by use of thermal energy. 

However, SINC differs from thermal induced crystallization in that the process takes place 

(1) in the presence of another molecular species and (2) at lower temperatures due to the 

depression of Ty. 

For any crystallizable polymer, it is therefore possible to choose solvents which 

will broaden the conventional crystallization growth curve to some extent and thus control 

the crystallization process (see Figure 2.1). The important parameters involved in the 

solvent-induced crystallization process are the nature of the solvent (described by its 

solubility parameter, its molecular size and shape, its hydrogen bonding index, and its 

polarity), the nature of the polymer (described by its backbone and side group structure, its 

initial degree of crystallinity, its solubility parameter, and its free volume), the temperature 

of crystallization with respect to Tg of the system, the kinetics of solvent diffusion into the 

polymer, and the kinetics of crystallization. The overall crystallization process is strongly 

diffusion controlled, as it is a combination of diffusion of the solvent in the polymer with 

concomitant crystallization. As expected from Fick's laws, the higher the temperature at 

which crystallization is performed, the earlier the diffusion process is completed, and thus 

the earlier the crystallization process is over. 

In order to develop crystal perfection during SINC, the solvent molecule must be 

expelled from the crystalline lattice. If a solvent molecule binds to the macromolecule and 

if its size and shape are such that it cannot be expelled from the crystallizing polymer, the 

final level of crystallinity as well as the morphology of the crystals may be affected. In the 

case of SINC in a relatively thick film, no significant desorption is measured from the film 

as a whole because the diffusion has enough time to be completed while the crystallization 

occurs behind the advancing penetrant. 

Theoretical models have been developed to predict the development of crystallinity 

with time. The overall crystallization kinetics of polymers is most commonly described by 

the familiar Avrami expression*0.45 

1 — X(t) = exp(—Kt") (20) 

where X is the fraction of the total volume of the starting material that has undergone 

crystallization and K is the crystallization rate constant containing the crystallite growth rate 

and either the nucleation density for heterogeneous nucleation or the nucleation rate for 

homogeneous nucleation. The Avrami equation is a simple model for one mode of 

crystallization. The time constant n (also called the Avrami exponent), which theoretically 
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takes on integer values from 1 to 4, serves to indicate the geometry of the growing 

crystalline entities (rod, disk, or spherulite growth from simultaneous or sporadic 

nucleation) and the time dependence of the nucleation process involved in the 

crystallization. Half-integer values for n are also possible for crystallizing systems with 

severe diffusional limitations. 

Another commonly used model for the kinetics of crystallization is the Hoffman's 

nucleation theory47. According to Lauritzen and Hoffman‘’, the radial growth rate of a 

spherulite, G, is described by the equation: 
G= Ge SER Tg APIRT (21) 

where Go is a pre-exponential constant, AF* is the free energy of formation of a surface 

nucleus of critical size and AE is the free energy of activation of a chain crossing the barrier 

to the crystal. In Equation (21), two competing processes are taken into account: the rate of 

molecular transport in the melt and the rate of nucleation. Diffusion is the controlling factor 

at low temperatures, while the rate of nucleation dominates at high temperatures. Between 

these two extremes, the growth rate passes through a maximum where the two factors are 

almost equal in magnitude. According to Hoffman‘’, the melting temperature of the crystal 

is given by 

  T, =T°| 1-22 (22) 
Ah, 

where T) is the equilibrium melting point (for a crystal of infinite dimensions), 6¢ is the 

fold surface interfacial free energy, Ahr is is the heat of fusion, and 1 is the thickness of the 

crystal. 

The Avrami analysis has been used for the case of solvent-induced crystallization, 

but it must be modified. For SINC, the polymer is not entirely in the same state relative to 

the crystallization temperature at the same time (e.g., some volume elements have their Ty 

above T, and some other volume elements have their Tg below T,), as a given polymer 

volume element crystallizes after being penetrated by the distinct front of solvent advancing 

inward from the outer polymer surface. Therefore, the varying crystallization time scale for 

each volume element must be considered in the calculation of the overall fractional volume 

of crystallized polymer at any given time. 

Zachmann and Konrad48 applied a modified Avrami-type analysis to the case of 

solvent-induced crystallization. The solvent which is capable of inducing crystallization in 

a polymer film (thickness = 2a) is assumed to penetrate the polymer as a distinct advancing 
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front. This penetration, linear with the square root of time (i.e., Fickian diffusion), can be 

characterized by a rate constant b which is proportional to the diffusivity. Thus, the 

distance of penetration of the front from the film surface is given by 

z=bvt (23) 
The polymer volume elements are also assumed to crystallize according to the classic 

Avrami kinetics, with crystallization rate constant K.. associated with the saturation 

; ; ; 2, 
concentration of the penetrant in the polymer, C... Letting z=—, t'=3/K Ut, and 

a 

b’= b* 

~ a?alK_’ 

[x(t')] can be given by the dimensionless Avrami-type relation 

x(t’) = } - on 2) Jee (24) 

This expression holds for all b'Vt' <1. When the diffusion front has reached the center of 

the film (i.e., b' vt’ =1), the entire sample contains the penetrant at concentration C.., and 

Equation (24) must be replaced by 

x(t’) = () - on =) |= (25) 

Zachmann and Konrad then defined t.. as the crystallization half-time for the 

conditions C = C... and rate constant K.. 

In2 
t = 3/——— 26 

and tg as the ttme for complete penetration of the film by the newly sorbed penetrant 

be 
The parameter t,/t,, measures the characteristic time scale for diffusion compared to the 

the overall volume fraction of material crystallized in the entire sample 

ty (27) 

characteristic time for crystallization, and it is equal to 

aD 

This parameter determines the crystallization time scale by taking into account the moving 

front of solvent which induces crystallization. When t,/t,, is very small, the diffusion 

takes place extremely rapidly in comparison to the crystallization. The entire sample 

crystallizes as a whole with rate constant K.. and each volume element experiences the same 

time scale for crystallization (i.e., there are no diffusional limitations). On the other hand, 
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when t,/T,, is very large, each volume element crystallizes fully as soon as the diffusion 

front passes through it, it is a completely diffusion-limited overall crystallization kinetics, 

and the measured crystallinity should proceed with a vt dependence. Zachmann and 

Konrad have numerically integrated Equations (24) and (25) for various values of t, /T., to 

demonstrate the effect of the variation of this parameter on the observed time dependence of 

the overall crystallization process. For the diffusion of any solvent in PET, the value 

t;/t,, 2 100 seems to be the critical value beyond which diffusional limitation is in 

evidence. 

In order to develop this analysis, Zachmann and Konrad made several assumptions, 

such as a constant density upon crystallization, no effect of the penetrant on the overall 

sample dimensions, a Fickian diffusion of the penetrant into the polymer, and no gradient 

in liquid concentration at the advancing front-dry polymer interface. If these assumptions 

were relaxed to improve the generality of this approach, the analysis would become far 

more complicated49, One should be aware of these limitations when using this analysis. 

Numerous experimental investigations of SINC have been performed. Some of the 

most studied polymers during or after SINC include PC49.59, poly(ethylene-2,6- 

naphthalate) (PEN)?! and PET!.23,36,40,48,52-55, as they can easily be quenched from the 

melt to a glassy material. The interpretation of SINC is thus not complicated by the 

presence of crystallinity induced prior to solvent exposure. The following is a review of 

several papers that studied the morphology of different solvent crystallized polymers and 

their resulting mechanical properties. 

Desai and Wilkes*9 performed a study on the morphology of solvent induced 

crystallized PET and found from small-angle light scattering (SALS) that, during SINC, an 

anisotropic spherulitic structure quickly develops from rod-like precursors, the number of 

scattering objects increasing with time (i.e., the number of spherulites increases with time). 

The size of the induced spherulites (i.e., 1-3 um) does not vary strongly with the SINC 

temperature. Moreover, the long spacing due to the lamellar crystals formed in liquid- 

induced crystallization was found to be consistently smaller than that observed in the 

thermal crystallization of PET!“9 and isotactic polystyrene (i-PS)°®. This dependency was 

accounted for by the kinetic nucleation model of polymer crystallization. Makarewicz and 

Wilkes*9 found little dependence of the long spacing on the liquid type in solvent 

crystallized PET, which was suspected as the undercoolings involved in the process were 

generally of the order of 200°C for all solvents under study. 
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Solvent-induced crystallization was also studied on quenched isotactic 

polypropylene (i-PP), which presents a mesomorphic or smectic crystal structure prior to 

solvent exposure>’,58, The smectic form of i-PP appeared permeable to the penetrants 

studied. Due to the mobilizing presence of the solvent molecules, the smectic phase 

undergoes a complex rearrangement of the structure leading to a process of crystallization. 

Makarewicz and Wilkes23 also reported the effects of SINC on the mechanical 

properties of PET. Despite the increase in crystallinity, both Young's modulus E and the 

yield strength oy decreased with increasing immersion times in the presence of both 

dioxane and acetone until reaching a constant value after complete penetration. Thus, the 

solvent is in sufficient quantity to induce sufficient segmental mobility (.e., plasticization). 

However, depending on the morphology induced by the solvent and the plasticizing ability 

of the solvent, these effects on the mechanical properties can vary from one solvent to the 

other. The study of the effects of crystallinity prior to solvent exposure on SINC process 

shows that crystallites act as effective barriers in preventing the diffusive interaction 

between the solvent and polymer. 

More recent studies were also performed on solvent-induced crystallized poly(ether 

ether ketone) (PEEK)!2,13,15-20,29,59-62, The wholly aromatic molecular structure of 

PEEK coupled with its crystalline nature make it highly resistant to chemicals!!. However, 

certain solvents, such as 1,1,2,2-tetrachloroethane (TCE), methylene chloride, chloroform, 

toluene, and chlorophenol, are absorbed by PEEK, causing plasticization and 

crystallization of the polymer3®. These solvents are either benzene derivative or small 

chlorinated hydrocarbons. The morphology of the solvent-induced crystallites in PEEK 

has not been investigated to date. 

As in other semi-crystalline polymers, the properties of PEEK depend upon the 

degree of crystallinity as well as the different ways the crystalline and noncrystalline 

regions can arrange!l3, This internal structure, in turn, is the result of the thermal, 

mechanical, and environmental history of the polymer. In the case of PEEK, the kinetics 

of penetrant sorption have been observed to be Case II, with the specimen crystallinity 

having a strong influence on the sorption behavior!3. Higher crystallinities were found to 

reduce the sorption of solvent by PEEK and to slow the sorption kinetics, while higher 

temperatures result in faster sorptions (reflecting higher diffusivity) but also in lower 

equilibrium weight gain, due to additional solvent-induced crystallization at higher 

temperatures!3, 
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SINC is thus a consequence of enhanced interactions between the solvent and the 

polymer as the glass transition temperature of the system is highly depressed and mobility 

of the polymeric chains is induced. A modified Avrami analysis developed by Zachmann 

and Konrad permits the kinetics of the solvent-induced crystallization process to be 

characterized. The morphology of certain solvent crystallized polymers, such as PET, 

were clearly characterized, while the SINC process in other polymers (i.e., PEEK) is still 

under study. The final section of this chapter deals with crazing, intrinsic or occurring in 

the presence of an environment. The crazing phenomenon is presented; the effects of an 

environment and of the initial polymer structure are reviewed. The three phases in the life 

of a craze (i.e., nucleation, propagation, and breakdown) are then discussed. Finally, a 

review of recent papers dealing with crazing in PEEK is given. 

Intrinsic _and_solvent-stress crazing 

The fracture behavior of polymers is governed by two characteristics: viscoelasticity 

and crazing. All polymers are viscoelastic to some degree and many of them form crazes. 

The systematic study of crazes began with the work of Sauer et al.®3 in 1949 and since then 

"intrinsic" crazing (i.e., crazing occurring in air) as well as solvent stress cracking and 

crazing have been under extensive investigation!.22,64, 

Phenomenology 

There are two main differences between a crack and acraze. The first difference 

lies in their morphology, that is, a craze is a thin region of porous, "spongy", plastically 

deformed polymer made up of parallel, highly oriented, load-bearing fibrils (200-400 A in 

diameter) joined by cross-tie fibrils (about 100 A in diameter) (see schematic representation 

of craze microstructure in Figure 2.2), while a crack does not contain any polymeric 

materiall.22,65, This difference in morphology leads to a second difference: the difference 

in load bearing capacities. A crazed sample can still bear load due to the fibrils that stretch 

from one wall of the craze to the other, whereas a cracked sample fractures soon after a 

crack appears. 

Crazing is observed when a thermoplastic polymer is stretched at or near its yield 

point, as it loses its transparency and become opalescent. Crazes appear like fine crack-like 

Striations having their axis normal to the direction of the largest tensile stress. The crazing 

phenomenon is essentially due to the plasticization of the bulk polymer, as the polymer 
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chains align themselves and are drawn under the applied stress2*. Organic environments 

(liquids or gases) and surface treatments have been found to play a major role in the 

development of crazes. Specifically, crazes grow earlier and quicker in polymers exposed 

to organic environments than they do in polymers exposed to air. 

Solvent stress-cracking and crazing is indicated by a lowering of the yield stress 

and by changes in the high stress draw region that follows. The role of solvents in the 

craze initiation process was explained by its plasticization effect on the polymer, as, even 

though it may be rather small, it reduces the stress needed for craze formation!. The 

plasticization role of the solvents was proven by the following arguments. The critical 

stress needed for craze initiation is reduced with increasing temperature. The critical stress 

also decreases linearly with the glass transition temperature of the polymer-solvent system 

until the temperature of the measurements (room temperature generally) is reached. 

Beyond this, an extremely low and constant value of the critical stress is maintained. This 

phenomenon is analogous to testing a "dry" polymer at progressively higher temperatures. 

Once the solvent lowers the Ty of the polymer-solvent system to room temperature and 

below, crazes no longer appear, but rather the polymer cracks. 

According to Volynskii et al.©®, two types of crazing occur when polymers are 

strained. The first process is called classical crazing and the second process is called 

delocalized crazing. The classical crazes are characterized by the following properties: 

1. they generally form on surface defects; 

2. they sometimes extend completely across the specimen as they are load-bearing; 

3. they exhibit total internal reflection, as the reflective index within them is lower 

than that of the surrounding bulk medium; 

4. their long axis is normal to the direction of the largest tensile stress; 

5. the boundary to the relatively undeformed surrounding is rather sharp. 

On the other hand, the delocalized crazes are characterized by the delocalization of inelastic 

Strain and by the development of porosity over the entire volume of the sample, giving rise 

to stress whitening of the material. 

Classical crazing occurs in deformed glassy polymers in both air and in the 

presence of adsorption-active media and in semi-crystalline polymers exposed to non- 

swelling liquids, while delocalized crazing appears in semi-crystalline polymers exposed to 

swelling liquids and in semi-crystalline polymers annealed at raised temperature and 
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exposed to non-swelling liquids. The supermolecular organization of the starting polymers 

is thus a major factor determining the type of crazing. 

These two types of crazing have different properties, which permit one to 

differentiate them from one another. This differentiation can be done by small-angle X-ray 

scattering (SAXS) and by observing the kind of liquid transport mechanism. In SAXS 

studies, classical crazing presents two mutually perpendicular reflections, while delocalized 

crazing presents sphere-like diffuse scatter extended along the median with or without a line 

on the equator. As far as the kind of liquid transport is concerned, classical crazing 

involves phase transfer, while delocalized crazing involves diffusion. 

Finally, the number of crazes depends on the conditions of deformation of the 

polymer and on the quality of its surface for classical crazing and on the structural 

heterogeneity of the polymer at microlevel for delocalized crazing. 

Solvent crazing can also be induced in glassy polymers in the absence of externally 

applied stress!.22, The internal swelling stresses due to the diffusion process is the cause 

of such a phenomenon. Solvent crazing can be viewed as an extreme limit of Case II 

diffusion for which the swelling stresses can cause local polymer failure. The swelling 

Stresses lead not only to the production of crazes but ultimately to fracture of a polymer 

specimen during a sorption experiment. 

Previous investigations on solvent crazing were primarily based on amorphous 

systems such as PS©7-69, noly(methy! methacrylate) (PMMA)®3,69-71, or PC99, and few of 

them addressed semi-crystalline polymers. This is due to the fact that, in semi-crystalline 

polymers, liquid media promote crazing accompanied by restructuration so that the 

mechanism of deformation is more complex than for amorphous polymers’:/2. The degree 

of severity of these solvent-induced structural changes is dependent upon the extent of 

polymer-solvent interaction and on the prior thermal and mechanical history of the polymer. 

The crystals are not imperturbable, but may deform, melt, recrystallize and undergo phase 

transitions when subjected to stress!. At low strains, the amorphous phase dominates the 

overall deformation. At higher strains and if spherulitic material is drawn (as in the fibrils), 

the crystal lamellae deforms by chain slip and tilt leading to lamellar fracture. The lamellae 

are eventually transformed into bundles of microfibrils reflective of fibrous structure. 

The deformation behavior of a semi-crystalline polymer in the presence of a 

swelling agent is similar to its deformation at a corresponding higher temperature in the 
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absence of the swelling agent. However, a major difference exists between the two effects: 

the higher temperature increases the segmental mobility in the amorphous domains very 

much in the same manner as a solvent would, but the higher temperature also affects the 

deformation behavior of the crystal lattice which is not substantially affected by the solvent. 

Crystallinity was also found to raise the level of stress corresponding to the onset of 

inelastic deformation in polymers deformed both in air and in a solvent. The study of 

solvent-stress crazing in semi-crystalline polymers addressed mainly polyethylene 

(PE)/3,74, i-PP6-8,75 | and PET72,76,77. 

There are three distinct phases in the life of a craze: its initiation or nucleation, its 

propagation or growth, and its breakdown. All three phases are discussed in the following 

sub-sections. 

Craze nucleation 

Craze nucleation is still not well understood, but several criteria exist which allow 

one to predict when crazes initiate. As crazing requires void formation, it was suggested 

that a dilatational component of stress is involved. In a study of crazing of PMMA under 

biaxial stress conditions, Sternstein and Ongchin?8 developed a model involving both the 

dilatational stress and a Stress bias, op: 

6, =|o, -90,|= A(T) + a (29) 
1 

where 6; and 69 are the principal stresses, A(T) and B(T) are temperature-dependent 

B(T) 

1 

  constants and I; is the first stress invariant defined as 6,+6,+6,. The term is 

associated with a dilatation of the material that results in an increase in flow mobility and 

thus allows flow under the action of the stress bias, Gp. In the case of PMMA under 

uniaxial tension, Sternstein and Ongchin found that the term L is twice as large as A at 50 
1 

°C, illustrating the primary role of dilatation in the crazing process. While shear yielding 

can occur under hydrostatic compression conditions, crazing cannot occur unless a finite 

hydrostatic tensile component of stress exists. In a study of crazing in PS, Bowden and 

Oxborough?? found that the craze initiation stress data were well fitted by an equation of 

the form: 

06, -—Vvo -_A ip (30) 
* 6,+06, 
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where v is the Poisson's ratio of the material, A is a temperature-dependent constant, and B 

is a time- and temperature-dependent constant. Since 6, —- vo, = Ee,, where E is Young's 

modulus and €; is the strain in the tensile direction, the previous equation can be interpreted 

as a Strain criterion €, for crazing 

A’ 
E.= Pp +B (3 1) 

c 

where P is the hydrostatic tension. The stress criterion and the strain criterion work equally 

well. However, since hundreds of voids must develop before a given craze is large enough 

to be observed, craze nucleation is, strictly speaking, never observed. 

According to Kambour et al.89, the critical strain for solvent induced craze 

initiation, &c, is related to the solubility parameters. A correlation between &€¢ and the 

solubility parameter 6; of the solvent has been demonstrated: €, exhibits a minimum value 

when 61 is equal to the solubility parameter of the polymer 8). 

Shmatok et al.© also found that the type of solvent is important in the crazing 

phenomenon. Whether the solvent is of swelling or of surface active type will change the 

way it penetrates the polymer, which is, in turn, connected to mass transfer. In the case of 

annealed i-PP, a volume-swelling solvent penetrates the polymer by way of its amorphous 

phase by a diffusion mechanism, whereas an adsorption-active solvent penetrates the 

polymer through microscopic pores by viscous flow. Annealing i-PP leads to a transition 

from classical to delocalized crazing during the deformation of the polymer in an 

adsorption-active solvent, while it gives. rise to an intensification of delocalized crazing 

during the deformation of the polymer in a plasticizing solvent. 

Craze propagation 

Longitudinal craze growth occurs by the formation of a discrete cavity beyond the 

edge of a mature craze (typically about 100 A away) and the mature craze and the new 

cavity then grow to coalesce!. On the other hand, the craze grows in width by drawing 

new polymeric material from a thin, strain softening layer at the craze-bulk interface, also 

called the "active zone", into the fibrils8!. The width of this active zone is on the order of 

the fibril diameter. Several theories were developed to explain the concept of fibrillation: 

1. the presence of "high-energetic" defects®9; 

2. chain scission during the transition from the pre-craze to the craze fibrils©, 

3. correlations between the entanglement density82,83, 

4. the "meniscus instability” model82,84. 
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The meniscus instability model is one of the most well-known crazing models. 

This model involves a fluid (polymer) which is driven forward in a channel by the pressure 

of another immiscible fluid of lower viscosity (air or organic environment), the interface 

between the two fluids being unstable. The second, less viscous, driving fluid extends into 

the first fluid as protuberances, or fingers, so that the interface becomes wavy, or 

corrugated. If the driving pressure is provided by the wedging apart of two surfaces or by 

the peeling of adhesive tape from a surface, the fingers of the viscous fluid (polymer) form 

into droplets, or viscous fibers, interspersed with the less viscous fluid (air or organic 

environment). It is this process of interface instability and convolution that was proposed 

by Argon and Salama®5 as the mechanism of craze tip advance and is shown in Figure 2.3, 

where x is the direction of propagation of the craze, y defines the width direction of craze, 

and z is the direction parallel to the fibrils. 

Brown®6 discussed this meniscus instability model along with the Thomas-Windel 

(TW) model of diffusion in glassy polymers in the case of craze growth in an environment. 

Using the meniscus instability model, Brown predicted a variation of the craze growth rate 

with the cubic power of the channel width (h). This channel width is the thickness of strain 

softened material that can flow. On the other hand, the TW model couples the diffusion 

and mechanical resistances of the polymer in the case of Case II diffusion to predict the 

_ Wea)| 38 v= o at .. (32) 

where @ is the solvent volume fraction, Q, is its value at the position of maximum osmotic 

velocity of the solvent front v as: 

pressure, and D is the diffusion coefficient. Brown looked at the effect of an external 

stress on the front velocity. In Case II diffusion, the external stress accelerates the front 

growth in a manner directly coming from the flow law by adding the external stress to the 

osmotic stress. Also, a change in solubility parameter difference (1 - 5) (i.e., a change in 

the activity of the solvent) was shown to be equivalent to a change in stress. However, if 

the difference in the solubility parameters approaches zero (i.e., for a good solvent), 

environmental crazing and cracking is not significant compared to bulk swelling and 

dissolution effects. 

Brown also developed a model for environmental crazing based on these two 

effects. Two situations with different regimes of propagation and characteristics were 

discussed. The first regime considers a uniformly swollen layer between the diffusion 

front and the meniscus instability front, in which case the kinetics of stress enhanced Case 
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II diffusion controls the craze growth rate. The second regime addresses the situation 

where the two fronts are together, in which case the meniscus instability kinetics are most 

critical. The nature of the solvent controls the velocity of the diffusion front both through 

its thermodynamic interaction with the polymer, which controls the osmotic pressure, and 

through its diffusion in the relatively unswollen polymer. 

Donth & Michler69 decomposed the total craze into a separate "pre-craze", 

characterized by a domain-like structure, and the proper craze, characterized by the 

fibrillation of the material. The pre-craze velocity is much higher than that of the proper 

craze. The increase in the local stress transforms the low-density domains into microvoids, 

which act as stress concentrators yielding a plastic deformation of the neighboring 

polymeric material and the appearance of fibrils. The pre-craze/craze transition takes place 

in the pre-craze material after the possibilities in the confined flow zone are exhausted. 

For glassy polymers, the fibril diameter inside the craze is dependent upon the 

craze-inducing stress and on the specific surface free energy at the craze-bulk polymer 

boundary’7. However, during the steady-state development of crazes, the fibril diameter 

was observed to remain constant. A fibril is thus assumed to have the following geometry: 

a meniscus region at its tip, a thermodynamically stable region in the middle, and a region 

between these two. Two models were developed to explain this phenomenon and were 

discussed by Leonov and Brown8’. The first model is based on static fibril deformation, 

while the second model is based on a drawing model. According to Leonov and Brown, 

the static case is found more often in polymers showing considerable stress concentration 

(i.e., in monodisperse polymers), while fibril drawing is found in polydisperse polymers 

which display small effect of stress concentration. They also developed a quasi-one- 

dimensional approach theoretically describing the steady-state deformation of fibrils in 

crazes. However, this model has two limitations: (1) the lower bound of stress was not 

quantitatively known, and (2) the ultimate lengths of fibrils were also unknown. For each 

glassy polymer, the product of the fibrillar diameter and the craze-inducing stress is a 

constant proportional to the magnitude of the interfacial surface energy’’. This fact was 

explained by the meniscus instability model describing the mechanism of craze 

propagation. 
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Craze breakdown 

The breakdown of a craze (i.e., the transition from a craze to a crack) occurs 

through the failure of the fibrils, which can happen through chain scission, chain slippage, 

and/or chain disentanglement88. The longer and wider the craze, the higher the energy 

dissipated in the opening up of the craze. The occurrence of chain rupture in craze 

breakdown has been shown by thermal, mechanical, and acoustical evidences. The 

electron spin resonance (ESR) technique shows only very weak signals during the 

breakdown of crazes as the number of simultaneous chain breakage is very limited, thus 

this technique is quite limited in the study of craze breakdown. 

Craze breakdown was mostly studied in the case of crazes at crack tips (these crazes 

raise the toughness of the material). Brown interpreted the toughness of glassy polymers, 

Gc, by developing a model for the craze fibril breakdown at a crack tip in terms of the force 

required to break a polymer chain®°. Brown found the following relationship for G, 
2 

G, = 22nd (2) (1 -x) (33) 
S E, r 

where 2% is the areal density of entangled chains in the fibrils, fy is the force to break a 

polymer chain, D is the fibril diameter, S is the stress at the craze-bulk interface, Ey and E2 

are the elastic tensile moduli of the craze normal and parallel to the fibril direction, and A is 

the draw ratio of the craze matter. The detailed elastic properties of crazes are not known, 

but, as crazes are anisotropic structures, crazes are undoubtedly much stiffer in the fibril 

direction than they are normal to the fibrils, thus Ej > Ez. Brown's model assumes that the 

force to break a craze fibril is the product of the force to break a polymer chain and the 

number of effectively entangled chains in the fibril, thus all the effectively entangled chains 

in the material are assumed to be drawn into the fibrils. No direct experimental evidence is 

available to show whether the craze fibrils fail by chain slippage and disentanglement or by 

direct breakage of the entangled chains. However, chain breakage was proved to 

accompany the failure of polymers and disentanglement is only likely to take place at 

temperatures very close to Ty or when the molecular weight of the bulk is very close to the 

entanglement molecular weight. Therefore, disentanglement in high molecular weight 

glassy polymers should only occur at high temperature or when the fibrillation process 

causes considerable breakdown in the molecular weight. The importance of this model by 

Brown is that the existence of cross-fibrils in crazes was shown to cause Stress 

concentrations in the craze that can cause the craze failure. 
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Sample molecular weight is an important factor in craze propagation and 

breakdown®8, At low molecular weights, craze width increases with chain lengths, while 

at molecular weight comparable to the molecular weight between entanglement points, Me, 

the interpenetration and entanglement of the macromolecules hardly allows the formation of 

fibrils. At higher molecular weights, the coiled chains are larger in size and the absolute 

number of entanglements per chain increases so that the fibrils become stronger and more 

resistant to failure by slippage or disentanglement. At even higher molecular weights and 

under constant load, the fibril strength seems to be more determined by the strength than by 

the flow behavior of the molecules. 

Crazing in PEEK 

Deformation of PEEK can also result in crazing. Plummer and Kausch®? studied 

intrinsic crazing in amorphous and both non-spherulitic and spherulitic semi-crystalline 

PEEK thin films using the “copper grid" technique for transmission electron microscopy 

(TEM). Neither fibrillation nor visible strain-induced crystallization were observed in the 

amorphous PEEK samples strained up to 5% between room temperature and the glass 

transition temperature of PEEK (i.e., 143°C); crazing was, however, observed in ‘bulk’ 

PEEK. In the case of deformation of non-spherulitic semi-crystalline PEEK, some 

deformation zones (DZ) as well as a numerous number of crazes appeared at room 

temperature. The DZs have a faint banded texture perpendicular to the tensile axis, also 

called ‘string of pearl’ structure, which consists of crystalline lamellae broken-up into 

blocks, separated by more highly drawn material. While increasing the temperature did not 

affect the appearance of the DZs, it affected the crazing behavior. The density of crazing 

increased and the individual crazes appeared longer with increasing temperature until 

approximately 100°C was reached, at which temperature crazing was entirely replaced by 

Shear deformation. Also, no crazing was observed above Tg. For the spherulitic semi- 

crystalline PEEK films strained below Tg, small crazes nucleated predominantly in 

intraspherulitic regions and grew along the spherulitic diameters perpendicular to the tensile 

axis. However, these crazes were far more rare than in the non-spherulitic films and 

restricted to individual spherulites as the boundary between spherulites disrupts the path of 

craze propagation. 

Exposure of PEEK to solvents facilitates the occurence of the crazing phenomenon. 

Several crazing agents have been identified by Hay and Kemmish!4, who performed 

microtensile tests on solvent-exposed amorphous and semi-crystalline PEEK specimens. 
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These solvents are, by order of decreasing effectiveness, chloroform, acetone, toluene, 

ethanol, petroleum ether, and carbon tetrachloride. This ranking order applies to both 

amorphous and semi-crystalline polymers, but the size of the effect does not, as the crazes 

in the semi-crystalline polymer were substantially smaller in number and in size than in 

amorphous PEEK, with higher crazing stresses. Crystallinity thus improves the resistance 

of the polymer to solvent stress crazing, but it does not eliminate it completely. Hay and 

Kemmish observed a general trend in the crazing ability of a solvent and its solubility 

parameter 5;, as a minimum appears at about 10 (cal.cm-3)!/2 in the crazing stress vs. 

solubility parameter plot. This trend is consistent with the fact that solvent stress crazing is 

associated with the plasticization of the polymer and attributable to the amorphous phase. 

However, the effectiveness of a solvent as a crazing agent is not fully explained by its 

solubility parameter, as some solvents do not fit into the pattern of behavior described by 

Hay and Kemmish. 

Summary and objective of this project 

In the present chapter, a review of papers related to the subject of polymer-solvent 

interactions was presented. Four topics related to this subject were investigated. First, the 

diffusion of solvents into polymers was characterized in terms of Fickian and Case II 

models. Anomalous diffusion cases may also be observed, but they are less well 

characterized than Fickian and Case II diffusions. The effects of the polymer structure on 

diffusion were given (i.e., crystallinity hinders the diffusion of solvents). Second, the 

thermodynamics involved in polymer-solvent interactions were reviewed. The solubility 

parameter theory as well as Flory-Huggins theory were described and their limitations were 

given. Third, the solvent-induced crystallization process was investigated. SINC arises 

from strong interactions between a polymer and a solvent, which cause the glass transition 

temperature of the polymer to be depressed to a temperature below the experimental 

temperature. The Avrami expression for thermal crystallization kinetics as well as its 

modified form for SINC were expressed and a review of papers related to the SINC 

process in several polymers was presented. Finally, intrinsic and environmental crazing 

were investigated. The presence of an environment was found to decrease the polymer 

resistance towards crazing. Several models and criteria describe craze nucleation, 

propagation, and breakdown. However, the criteria for nucleation and breakdown are 

subjective, as these phases cannot be observed (i.e., void formation and fibril breakdown). 
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Amorphous and semi-crystalline PEEK was also observed to craze both in air and in the 

presence of an environment. 

The objective of this project is to investigate the effect of the interaction between 

poly(ether ether ketone) (PEEK) and solvents on the three following characteristics or 

processes: (1) polymer morphology, (2) plasticization/solvent-induced crystallization, and 

(3) solvent-stress cracking/crazing. Another semi-crystalline thermoplastic polymer, 

isotactic polypropylene (i-PP), is used as a model polymer for verifying the techniques 

used in the study of environmental cracking. PEEK and i-PP are first compression-molded 

into 0.8 and 0.3 mm thick films, respectively. Then, both polymers are brought into 

contact with three solvents and their interactions with the different solvents are studied by 

means of several complementary techniques, which are described in the following chapter. 

The diffusion of the solvents into the polymeric films is characterized by two distinct 

techniques: dynamic solvent uptake and the so-called diffusion experiment. Solvent- 

induced crystallization in PEEK is characterized by differential scanning calorimetry 

(DSC), wide-angle X-ray scattering (WAXS), small-angle X-ray scattering (SAXS), and 

infrared spectroscopy (IR). The mechanical properties of the polymers in the presence of 

the solvents are investigated by means of a static crazing experiment with glass cones as 

well as tensile tests. The results of these experiments for i-PP are presented in Chapter IV, 

while Chapters V and VI present the results for PEEK of the absorption study and of the 

environmental cracking/crazing techniques, respectively. In Chapter VII, a discussion of 

the results obtained in both Chapters V and VI is given. 
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Ht. EXPERIMENTAL 

Materials 

Isotactic polypropylene systems 

The i-PP powder was purchased from Himont (Profax 6323). It has a reported 

intrinsic viscosity of 1.92, with weight and number average molecular weights of 786,000 

and 200,000, respectively. This i-PP powder is a commercial grade, which generally 

contains additives, such as nucleating agents and stabilizers for processing (oxidation) and 

for use (UV stabilizers). 

The three solvents chosen for the crazing experiments with 1-PP were butyl acetate 

(technical grade), acetone (HPLC grade), and n-propanol (certified grade), which were 

purchased from Fisher. Their properties are listed in Table 3.1. 

Poly(ether ether ketone) systems 

The PEEK powder was purchased from ICI (Victrex®, grade I50PF). It has a 

reported intrinsic viscosity of 0.15, with weight and number average molecular weights of 

33,500 and 11,700, respectively. This PEEK powder is a commercial grade, which may 

contain additives, such as stabilizers for processing (oxidation) and for use (UV 

Stabilizers). 

The three solvents chosen for the crazing experiments with PEEK were methylene 

chloride (HPLC grade), tetrahydrofuran (THF) (HPLC grade), and acetone (HPLC grade), 

which were purchased from Fisher. Their properties are listed in Table 3.2. 

Film preparation 

Isotactic polypropylene films 

The isotactic polypropylene (i-PP) powder was compression molded between metal 

plates at 190°C for 10 minutes to suppress the effect of any prior thermal treatment. Upon 

removal from the press, four of the seven 0.8 mm thick films were then cooled to room 

36



Table 3.1. Characteristics of the three solvents used for the crazing experiments with the i- 

PP films 
  

  

  

              

Solvent Solubility parameter | Density Molecular Boiling 

5 (cal/cc)l2 (g/cc) | weight (g/mol) | temperature (°C) 

Butyl acetate 8.3 0.8825 116.16 125.9 

Acetone 9.9 0.7899 58.08 56.5 

n-Propanol 10.5 0.8035 60.11 82 
  

Table 3.2. Characteristics of the three solvents used for the crazing experiments with the 

PEEK films 
  

  

  

              

Solvent Solubility parameter | Density Molecular Boiling 

5 (cal/cc)!2 (g/cc) | weight (g/mol) | temperature CC) 

Methylene Chloride 9.7 1.3266 84.93 40 

Tetrahydrofuran 9.1 0.8892 72.10 65.5 

Acetone 99. 0.7899 58.08 56.5 
  

temperature using different cooling rates; the last three films were crystallized at different 

fixed crystallization temperatures. 

For the films immediately cooled to room temperature, different rates of cooling 

were obtained by using various quench baths. In order of decreasing cooling rates, the 

baths were: 

1. dry ice and acetone (at -71°C), with a cooling rate of approximately 1255°C/min, 

2. ice-water (at 0°C), with a cooling rate of approximately 555°C/min, 

3. tap water (at 18°C), with a cooling rate of approximately 507°C/min, 

4. air (at 22°C), with a cooling rate of approximately 340°C/min. 

The cooling rates reported above were estimated by recording the film temperature by 

thermocouple every 5 seconds during quenching. The samples obtained are named i-PP(- 

71), i-PP(QO), i-PP(18), and i-PP(22), respectively, throughout this dissertation. Note that 

the quenching process may induce transcrystalline layers, that may affect the diffusion of 

solvents into the polymer. 

The other three films were crystallized by quenching to temperatures, Tg, of 70°C, 

100°C, and 130°C, and are thus named i-PP(70), 1-PP(100), and i-PP(130), respectively. 
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After the melt, these films were cooled until T, was reached with cooling rates of 

5.5°C/min above 120°C and 13°C/min below 120°C. They were then held at T¢ for 20 

minutes and cooled to room temperature. Considering the large thickness of the i-PP films, 

one would expect the samples quenched to 70°C and 100°C to have crystallized under non 

isothermal conditions. 

Although no major changes were measured in the crystal structure due to physical 

aging and/or secondary crystallization?!, a period of at least ten days passed before using 

the i-PP films to insure stable microstructures throughout testing?!.92, However, some 

studies?3 have shown that the mechanical properties of i-PP keep changing at room 

temperature for periods of months after processing. 

Poly(ether ether ketone) films 

The PEEK powder was compression-molded between metal plates using a Carver 

laboratory hot press at 385°C for 5 min. A mold release agent (Frekote 800-NC from 

Dexter Corporation) was used to hinder the PEEK melt from sticking to the metal plates 

and the Kapton sheets. The PEEK melt was quenched in ice water to obtain approximately 

0.3 mm thick amorphous films. These amorphous films were physically aged in a 135°C 

oven (8°C below the glass transition temperature of PEEK) for 66 hours. Absence of 

orientation in the amorphous film was verified by wide-angle X-ray scattering (WAXS) 

with a CuK, radiation source (A = 1.54 A) and a Warhus camera. Two broad amorphous 

halos were obtained in both directions (perpendicular and parallel to the surface of the film) 

suggesting that no orientation was present in the amorphous PEEK film. Figure 3.1 shows 

the differential scanning calorimetry (DSC) curve of the physically aged amorphous PEEK 

samples (DSC technique is explained below). From Figure 3.1, it can be noted that the 

exothermal crystallization peak is situated between 155°C and 180°C. Various crystal 

morphologies and levels of crystallinity were induced in the films by annealing the 

amorphous films at three different temperatures (160, 175, and 190°C) for three different 

times (4, 15, and 60 min) with the hot press. The annealed films were quenched 

immediately following the annealing process to prevent further crystallization. 

Another PEEK film was prepared with the hot press by cooling the melt (at 385°C) 

to the crystallization temperature T, = 300°C at a cooling rate of 6°C/min and letting the film 

crystallize for 60 min. 
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All samples were dried in the oven at 70°C for 15 hours and stored at room 

temperature before use. The effect of the mold release agent on the solvent diffusion in the 

specimens was minimized by a mild polishing using a silicon carbide sandpaper 600 grit, 

which also minimized any damage to the surface of the films. All samples were tested 

between two days and three months after thermal treatment. 

The nomenclature for the PEEK films used throughout this dissertation to 

differentiate the samples consists of representing the film that was crystallized at a 

temperature T, for a time te by PEEK(T¢/tc). For example, PEEK(160/15) refers to the 

PEEK film crystallized at 160°C for 15 min. The amorphous sample is represented by 

PEEK(0/0). 

Optical_ microscopy 

The crystallization process was observed using a LINKAM THMS 600 hot stage 

mounted on an Olympus BH2-UMA optical microscope equipped with a 35 mm camera, 

with heating and cooling controlled by a LINKAM TP91 control unit. A small amount of i- 

PP or PEEK powder was placed between two glass microscope slides and the temperature 

was raised above the melting point of the polymer (i.e., to 190°C for i-PP or to 400°C for 

PEEK). The system was then pressed to obtain a thin film sample, which was placed in 

the hot stage. The crystallization conditions were the same as those utilized for the 

compression-molded samples. 

Dynamic solvent uptake 

The dynamic solvent uptake measurements consisted of placing a piece of each (i- 

PP or PEEK) film in a solvent and periodically removing the specimen from the solvent 

and weighing it using a Mettler AE30 millibalance. The samples were placed in individual 

scintillation vials (total volume of 20 ml) with the selected solvent and were stored at room 

temperature during the entire period of experimentation. Before each weight measurement, 

the surface of the sample was carefully wiped to eliminate any residual solvent. When the 

measurements were completed, the sample was promptly put back in its scintillation vial, 

the entire weighing process taking place in 20 to 30 seconds. 
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All dynamic solvent uptake results are shown in conventional Fickian plots. The 

weight percent uptake is plotted against the square root of time for the 1-PP samples, and 

against the square root of time over the thickness of the specimen for the PEEK samples. 

The thickness of the specimen was taken into account for the PEEK samples and not for the 

i-PP samples, because a thickness variation of 0.03 mm was observed among the samples 

which is 10% of the total thickness (i.e., 0.3 mm) of the PEEK samples and only 3.75% of 

the total thickness (i.e., 0.8 mm) of the i-PP samples. The experimental error for the 

weight uptake is 0.5 weight %. 

Diffusion coefficients were evaluated for the PEEK systems by taking the slopes of 

the straight line going through the data points as shown in Figure 3.2. In Figure 3.2, the 

absorption curve presents a characteristic sigmoidal shape‘, with an initially slow weight 

uptake (proportional to time) followed by a region linear with the square root of time 

(where the diffusion coefficients were evaluated) until equilibrium in the weight uptake is 

finally reached. The diffusion coefficients as evaluated here will allow relative 

comparisons in diffusion kinetics to be made among the different PEEK samples. 

Diffusion experiments 

The diffusion of solvents in the amorphous PEEK films was studied further by 

immersing a piece of PEEK(0/0) having a certain size (1 cm x 1 cm x 0.33 mm) in the 

chosen solvent (i.e., methylene chloride and tetrahydrofuran) for a certain amount of time, 

at room temperature. The diffusion of the solvent in the specimen was stopped by 

immersing the partly swollen specimen in liquid nitrogen. The specimen was then dried 

under vacuum using the desorption method described below. Finally, the sample was 

fractured in liquid nitrogen to produce two pieces, one for examination in the scanning 

electron microscope (SEM) and the other for differential scanning calorimetry (DSC) 

measurements. 

Desorption method 

The technique used to desorb the completely or partly swollen PEEK samples 

consisted of first putting the samples in a desiccator under vacuum at room temperature 

until equilibrium in the weight loss was recorded and then placing the partly desorbed 
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Figure 3.2. Evaluation of the diffusion coefficient (D) from the Fickian plots. D 

corresponds to the slope of the straight line as presented in this figure. 
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samples in a vacuum oven at 70°C, which is above the boiling point of the three solvents 

(see Table 3.2) but far below Ty of PEEK (143°C). Therefore, this technique permits 

drying of the samples without inducing further crystallization or other structural changes. 

This desorption technique does not, however, permit complete drying of the sample 

as some residual solvent remains in the structure even after 13 days (7.e., 3 to 6% by 

weight, depending on the solvent and the initial thermal history of the sample). Drying the 

PEEK samples at higher temperature (T ~ Tg) did not give a higher weight loss than at 

lower temperature (T < Ty) as shown in Figure 3.3, even if the desorption kinetics was 

faster at higher temperature. From Figure 3.3, the weight loss appears similar (7.e., within 

the experimental error) when the sample exposed to methylene chloride was dried at 70°C 

and 145°C. Higher temperatures than 145°C (i.e., 160°C) would permit a better desorption 

of the solvent (see Figure 3.3), but a change in morphology (e.g., higher crystallinity) 

would also result, so that the lowest possible desorption temperature was chosen (i.e., 

70°C). 

These results are in contrast to desorption experiments reported by Kalika and 

coworkers?4 wherein 0.1 mm thick saturated samples were desorbed at elevated 

temperatures (60, 80, and 100°C) in a dynamically evacuated vacuum oven. For their 

desorptions, complete removal of methylene chloride was accomplished at both 80 and 

100°C aver 200 hours, while complete removal of acetone was accomplished at 100°C. 

Etching technique 

The i-PP films were etched using a solution of phosphoric acid and potassium 

permanganate, according to the method presented by Olley et. al.3,95.9©. The optimum 

time for etching was found to be approximately 30 minutes. 

Scanning electron microscopy 

An International Scientific Inc. (SX 40) SEM with a voltage of 20 kV was used to 

observe the etched 1-PP samples and the solvent-exposed PEEK samples. The samples 

were first dried and then sputtered with gold to create a uniform coating and to allow the 

sample to not charge during the SEM observation. 
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Wide-angle X-ray scattering 

WAXS measurements on the compression-molded films were performed with a 

PW 1720 X-ray generator from Philips Co. at room temperature in the reflection mode for 

scattering angles of 5 to 70 degrees. The crystallinity index for each sample was estimated 

by first correcting the obtained patterns for absorption incoherent scattering and then 

integrating the area under the Gaussian peaks obtained by curve fitting. As shown in 

Figure 3.4, the amorphous phase generates an amorphous halo in the WAXS patterns, 

whereas the crystals generate narrow peaks. The crystallinity index is calculated as 

follows: 

  

Lo. A, 
crystallinity index = At, (34) 

where Ac is the area under the crystalline peaks and Ag is the area under the amorphous 

halo. For clarity in presenting WAXS data, the WAXS patterns were shifted on the y-axis 

(i.é., intensity axis) and no values on the y-coordinates are given. 

Small-angle X-ray scattering 

SAXS profiles were obtained using a Kratky camera equipped with a position 

sensitive detector from Innovative Technology. A PW-1729 X-ray generator from Philips 

Co. operating at 40 kV and 20 mA was used to produce CuKg, radiation of wavelength 

1.54 A. The scattering intensity was obtained by subtracting the parasitic scattering from 

the sample scattering. Scattering intensities for all samples were normalized by the 

thickness sample and the intensity of the X-ray beam. The intensities reported in this 

dissertation are absolute intensities based on the standard Lupollen. 

Differential scanning calorimetry 

Differential scanning calorimetry (DSC) runs were performed with a METTLER 

TA3000 DSC30 using 5 to 20 mg samples placed into a DSC pan. For the i-PP samples, 

the DSC pan was heated from room temperature to 200°C at a rate of 10°C/min. The 

crystallinity indices were estimated by integrating the area under the melting peak and 

comparing them to the theoretical value of 209 J.g-! for the 100% crystalline polypropylene 
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heat of fusion?7. For the PEEK samples, the DSC pan was heated from 100°C to 400°C 

at a rate of 10°C/min. The crystallinity indices were estimated by integrating the area under 

the melting peak and dividing this area by the theoretical value of 130 J. gil for the 100% 

crystalline PEEK heat of fusion?8. For clarity in presenting DSC data, the DSC curves 

were shifted on the y-axis (i.e., heat flow axis) and no values on the y-coordinates are 

given. 

Thermogravimetric analysis (TGA) 

A Du Pont 951 thermogravimetric analyzer was used on initial and solvent-exposed 

PEEK samples to determine the temperature range at which the solvents leave the system. 

A 20 mg specimen of the considered film was placed into a copper pan in an air 

environment and a temperature scan from 50 to 600°C at 10°C/min was performed. The 

total weight loss was recorded and plotted against temperature. 

Infrared analysis of PEEK films 

The compression molded PEEK films were too thick to perform infrared (IR) 

analysis as the aromatic structure of PEEK is strongly absorbing in the mid IR?9. 

Therefore, the PEEK film used for the infrared analysis was a Stabar K200 film, which is 

an extruded non-crystallized film from ICI, made from Victrex®, and has a thickness of 1 

mil. The infrared technique is used to study the effect of solvent exposure on the 

morphology of the amorphous PEEK film. Therefore, the PEEK film was used as 

received, thermally crystallized at 190°C for 60 minutes from the glassy state (to mimic the 

PEEK(190/60) film), or exposed to the three solvents until equilibrium in the weight uptake 

was recorded and then dried using the desorption technique described above. It should be 

noted that the thin PEEK film used for this infrared analysis was found to present some 

orientation that may affect the crystallinity, crystal orientation, and diffusion of the solvents 

in the polymeric film. Therefore, a direct comparison between the other characterization 

techniques for SINC (i.e., DSC, WAXS, and SAXS) is not possible and will not be 

performed here. 

The infrared spectrometer was a Nicolet 510 equipped with a triglycine sulfate 

(TGS) detector. Attenuated total reflectance (ATR) measurements were taken with a 
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Seagull® variable angle accessory from Harrick Scientific Corporation. The ATR crystal 

was zinc selenide and the incident angle was 45°. The spectrometer bench was purged with 

dry nitrogen, 400 scans were collected and averaged at a resolution of 4 cm7!. 

Static crazing technique 

A new Static crazing technique was also developed. This technique involves 

wrapping strips of polymer films in the inside of glass cones which are then put into a 

series of solvents. The glass cones and the polymeric films are left in the solvent at room 

temperature for a period of time corresponding to the time needed for equilibrium to be 

reached when no stress is applied (as determined by the dynamic solvent uptake). 

A schematic and a picture of a glass cone are shown in Figure 3.5. Two series of 

glass cones were used, one series has diameters from 0.2 cm to 2 cm and the other series 

has diameters from 0.2 cm to 4cm. The continuous change in diameter along the length of 

the cone results in a continuous change of strain applied to the films. Therefore, the critical 

Strain €, can be evaluated from the critical diameter, which is defined as the diameter where 

crazes no longer appear (see Figure 3.5). 

The critical strains were evaluated from the critical diameters by using the following 

formula, obtained for the normal bending stresses in beams: 

Ec = fa * y/Pc (35) 

where €¢ is the critical strain for solvent induced craze initiation, fs, is a factor taking into 

account the effect of the spiral angle on the critical radius of curvature (see the Appendix), y 

is equal to half of the thickness of the beam (normal to the bended beam surface), and p¢ is 

the critical radius of curvature, i.e., Pc = d./2, where de, is the critical diameter as found in 

the present technique!00, 

Goniometry 

A Rame-Hart contact angle goniometer was used to obtain the contact angle that 

forms between a droplet of the solvent and the surface of the polymer film (see Figure 3.6). 

The experimental set-up shown in Figure 3.7 consists of a light source that generates a 

beam going straight to the droplet placed on the sample. A camera, placed at the opposite 

side of the sample holder from the light source, records the image of the droplet, which is 
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Figure 3.5. Schematic representation (a) and photograph (b) of the glass cone used for 

Static crazing experiments 
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Figure 3.7. Schematic of the Rame-Hart contact angle goniometer 
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shown on a television monitor equipped with a protractor permitting the contact angle to be 

measured. 

Having the value of the contact angle for a particular solvent, one can evaluate the 

surface free energy of the sample by using Young's equation : 

Yoa = Yop + Ypa cos 8 (36) 

where ‘pq 1S the interfacial free energy between the droplet and air 

Ypp is the interfacial free energy between the polymer and the droplets 

Ypa is the interfacial free energy between the polymer and air 

© is the contact angle formed between the droplet and the polymer surface, as 

shown in Figure 3.6. 

If the polymer has a higher surface free energy than the liquid, the liquid will 

completely wet the polymer surface, and, if the polymer has a lower surface free energy 

than the liquid, the liquid will coalesce into a well-formed drop. However this experiment 

must be carried out carefully with the same amount of solvent for each droplet (i.e., 5 11) 

since the size of the droplet plays an important role in its stiffness. 

For each i-PP sample, two solvents were chosen: water and propanol. The choice 

of these two solvents to perform the goniometry experiments was based from the fact that 

water is a poor wetting agent of polypropylene (i.e., producing a high contact angle) and n- 

propanol is a very good wetting agent (i.e., producing a low contact angle). 

Microtensile_tests 

Microtensile tests were performed on dog-bone shaped solvent-exposed specimens 

with a Polymer Laboratory miniature materials tester (Minimat) at ambient conditions. The 

test specimens were cut from the initial i-PP or PEEK films using a dog-bone shaped 

microtensile die having a gage length of 10 mm (ASTM D 638, metric reduced) and then 

exposed to one of the solvents. A control group consisting of the dry initial films was 

tested for comparison to the solvent-exposed films. During the microtensile tests on the 

solvent-exposed specimens, drops of the solvent were placed on the specimens with a 

pipette to maintain the solvent environment. In the case of the 1-PP films, the tests were 

carried out at a rate of 0.5 mm.min-!. In the case of the PEEK systems, the tests were 

conducted on three specimens for each system at a rate of 10 mm.min-!. The results of 

these tests are translated from load vs. displacement plots to give engineering stress vs. 
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strain plots. As tensile tests show statistical deviations, a series of three runs were 

performed for each system and the middle curve is taken as representative. 

Tensile tests in environmental scanning electron microscope 

The environmental scanning electron microscope (ESEM) is a relatively new device 

which has many advantages in imaging polymer samples over a conventional scanning 

electron microscope (SEM). In the ESEM, a variety of vapors can be used to create 

different environments in the specimen chamber (i.e., water, acetone, etc.). This vapor 

environment will dissipate charge from non-conducting samples, allowing polymers to be 

viewed in their "natural" state in an ESEM (i.e., without sputter coating of a conducting 

layer)!01,102. In addition, the response of a polymer sample in the presence of a swelling 

solvent can be directly observed. The major desadvantage of such a technique is the 

possible degradation of the polymeric film by local heating due to the very intense electron 

beam. This degradation effect should be taken into account when studying a relatively 

sensitive polymer such as i-PP, while PEEK is expected to be more resistant to such an 

effect. 

In the present investigation, a microtensile stage is used in conjunction with an 

ElectroScan ESEM (see Figure 3.8) to perform in-situ tensile tests on i-PP(22) and 

amorphous PEEK samples in the presence of an acetone solvent environment. The films 

were previously soaked in the solvent for a period of time corresponding to the time needed 

for equilibrium in the solvent uptake to be reached. The solvent environment was 

maintained in the ESEM in the form of vapor during mechanical testing. Stretching the 

material may occur at different rates - from 1 to 100 pm.min“!, the rate of deformation is 

chosen beforehand and can be changed during the tensile experiments. 

For the i-PP films, the deformation rate was controlled at 12 um.min“! until a total 

deformation of 205 lum was applied to the i-PP film. At this point, the growth of an 

isolated crack was observed and videotaped for about an hour. No additional deformation 

was applied to the film during this observation period. The initiation, growth, and 

breakdown of crazes were observed real-time in the ESEM. 

For the PEEK films, the deformation rate was also controlled at 12 um.min-!. 

Previous attempts in observing crack propagation in similar samples proved cracking hard 

to initiate on its own. Therefore, the PEEK sample was first cut into a dog-bone shape 
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Figure 3.8. The ElectroScan environmental scanning electron microscope (ESEM) 
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specimen and then notched before deformation in the middle on both sides to initiate 

cracking. The PEEK sample was deformed to relatively high deformations (1500 um) 

before propagation of the notches was observed, at which time, the deformation was 

recorded. The deformation was then applied intermittently, as the propagation of the 

notches was observed. No cracks were observed. Breakdown of the sample occurred at a 

total deformation of about 6500 um. 

Both the crazing process with i-PP and the notch propagation with PEEK were 

recorded with a VCR, and the experimental photographs presented in the sections 

concerning the ESEM technique were transferred from the videotape via computer using 

digital image analysis software. 
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IV. VERIFICATION OF THE 
CHARACTERIZATION METHODS FOR 

STUDYING ENVIRONMENTAL CRACKING 

In the present chapter, three characterization methods for studying environmental 

cracking (i.e., glass cone technique, microtensile tests, and tensile tests in the 

environmental scanning electron microscope) are evaluated by applying them to isotactic 

polypropylene. First, characterization of the i-PP films is performed by optical 

microscopy, etching and scanning electron microscopy, wide-angle X-ray scattering, and 

differential scanning calorimetry. The results of the dynamic solvent uptake measurements 

are then analyzed. The results of the three techniques for studying environmental cracking 

are finally presented and analyzed. 

Film_characterization 

The crystallization process was observed for the three i-PP samples crystallized 

from the melt using the optical microscopy technique described in the previous chapter. 

The crystallization conditions were the same as those described for the preparation of the 

samples 1-PP(70), i-PP(100), and i-PP(130). Although differences in sample thickness 

(i.e., compression-molded samples vs. hot-stage samples) will change some morphology 

features, trends of how the morphology changes with temperature are given by the hot- 

stage technique. Pictures taken under polarized light of the fully-grown spherulites for 

each crystallization temperature are shown in Figure 4.1. As expected, a difference in the 

size of the spherulites can be noted among the three samples. At higher T¢, the spherulites 

are larger than at lower Tc, as there is a lower number of stable nuclei from which the 

spherulites grow. Also, a difference in the thickness of the lamellae can be expected, even 

if this is not visible in these photographs. For example, as crystallization occurs at higher 

temperatures, the lamellae are thicker. In fact, the lamellar thickness is predicted to be 

proportional to 1/(T°m - T,), where T°; is the equilibrium melting temperature !03, 
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Figure 4.1. Photographs of fully-grown spherulites taken under polarized light for the 

isotactic polypropylene samples crystallized at (a) 70°C, (b) 100°C, and (c) 130°C 
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The spherulites of the compression molded films crystallized from the melt were 

observed using SEM. The films were first etched according to the technique mentioned in 

the previous chapter. The micrographs obtained for i-PP(130) are shown in Figure 4.2. 

The i-PP(130) specimen was the only sample whose spherulitic morphology could be 

observed after etching due to its very well-developed structure. This sample will, 

therefore, be used later to study the effect of cracking on the crystal morphology by etching 

the cracked samples and comparing the resultant structure with Figure 4.2. 

A study of the crystal morphology was also performed by WAXS. The WAXS 

diffractograms given in Figure 4.3 show that the @ crystal form is the only one obtained for 

the different thermal processes applied2. Previous studies!04-106 have shown that several 

crystal forms (i.e., smectic, &, and §) may be induced by rapid quenching of i-PP. These 

different crystal forms cannot be seen here because of (1) possible orientation, (2) possible 

transcrystalline layers, and/or (3) similar types of reflection by these three crystal forms. 

The crystallinity index for each sample was evaluated by integrating the area under the 

Gaussian peaks obtained by curve fitting. The results are given in Table 4.1 along with the 

crystallinity indices and the melting temperatures obtained through differential scanning 

calorimetry. 

The crystallinity indices differ for the two measurement techniques. The difference 

encountered among the data within the same sample can be the results of two causes: (1) 

heterogeneities in the crystallinity G.e., the skin/core effect due to different thermal 

gradients during processing) or (2) inhomogeneities in the macromolecular structure. The 

former cause could be distinguished from the later by skin microtoming the films and 

performing separate DSC runs with the skin and with the core of the films. 

As far as the melting temperatures are concerned, little or no increase is observed 

with increasing crystallization temperature. This observation is in contrast with the 

literature!93 and may be due to the fact that the DSC used here was not sensitive enough. 

Dynamic solvent uptake measurements 

Dynamic solvent uptake measurements were performed with butyl acetate, n- 

propanol and acetone. In the case of n-propanol, the solvent uptake could not be 

distinguished from the experimental error as the weight uptake of n-propanol by i-PP is 

very low; therefore, the dynamic study for this particular solvent is not reported. The 
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Figure 4.2. Scanning electron micrograph of the etched i-PP sample crystallized from the 

melt at 130 °C (7.e., i-PP(130)) 
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Figure 4.3. Wide angle X-ray scattering patterns of the i-PP films. The figures in 

parentheses represent the temperatures at which the melt was quenched to obtain the films 

59



Table 4.1. Crystallinity indices (X¢ in percent) obtained by WAXS and DSC and melting 

temperatures (Ty) obtained by DSC 

  

  

  

  

  

  

  

  

          

Samples WAXS DSC 

X¢ Xo Tm 

i-PP(-71) 38.1 % 39.3412 % 162.7 + 0.4 % 

i-PP(O) 39.6 % 39.9+0.9 % 163.9+0.5 % 

i-PP(18) 40.8 % 40.8 +0.8 % 164.74 0.8 % 

1-PP(22) 45.2 % 419+2.5 % 164.0 £ 0.3 % 

i-PP(70) 55.0 % 46.0+2.1 % 162.5 + 0.6 % 

i-PP(100) 57.2 % 50.7 + 0.1 % 165.0+0.8 % 

i-PP(130) 64.2 % 48.0416 % 163.5+0.9 % 
  

Table 4.2. Maximum solvent uptake for butyl acetate (BA) and acetone in each sample 

  

  

  

    

i-PP(-71) | i-PP(O) | i-PP(18) | i-PP(22) | i-PP(70) | i-PP(100) | i-PP(130) 

BA 8.5 % 7.2 % 7.4 % 6.0 % 5.7 % 5.8 % 5.4 % 

Acetone} 1.5 % 1.7 % 1.8 % 2.0 % 1.9 % 1.9 % 1.8 % 

  

              
  

results for butyl acetate and acetone are shown in Figures 4.4 and 4.5, respectively, and the 

maximum weight percent uptakes for each system are given in Table 4.2. As expected 

from looking at the solubility parameters (i.e., the differences in solubility parameters are 

0.1 and 1.5 (cal.cc-!)1/2 for the i-PP/butyl acetate and i-PP/acetone systems, respectively), 

the i-PP films were far more swollen by butyl acetate than by acetone. In the case of buty] 

acetate, the most swollen specimen is i-PP(-71) and the least swollen is 1-PP(130); thus, 

the highest maximum solvent uptake is obtained with the least crystalline of all samples and 

the lowest maximum solvent uptake is obtained with the most crystalline sample. It can 

also be noted that the less crystalline the polymer is, the higher the solvent uptake. These 

results suggest that, as expected, the solvent goes into the amorphous phase, while the 

crystalline regions are impermeable. In the case of acetone, the sample order of increasing 

weight uptake is reversed. Note, however, that all weight uptakes fall in a range 

corresponding to the experimental error of 0.5 weight percent, so that the effect of 

crystallinity on the solvent uptake cannot be distinguished in this case. 
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Figure 4.4. Dynamic solvent uptakes of butyl acetate in all 1-PP films. The figures in 

parentheses represent the temperatures at which the melt was quenched to obtain the films 
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Figure 4.5. Dynamic solvent uptakes of acetone in all i-PP films. The figures in 

parentheses represent the temperatures at which the melt was quenched to obtain the films 
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Another important parameter for the crazing experiments was the time at which 

equilibrium was reached. For the samples soaked in buty] acetate, this equilibrium time 

ranged from approximately 4.5 days for i-PP(70) to 7 days for i-PP(-71), whereas for the 

samples soaked in acetone, the equilibrium time ranged from 10 days for i-PP(130) to 13.5 

days for i-PP(100). 

Glass cone technique 

Static crazing experiments were then performed with the compression molded films 

using the glass cone technique. Strips of polymer films were wrapped in the inside of 

glass cones which were put into one of the solvents for at least the maximum amount of 

time the system needed to reach equilibrium in the absence of applied stress (i.e., at least 

13.5 days) as determined by the dynamic solvent uptake measurements. In most of the 

systems, crazing, recognizable by the whitening of the films due to the presence of small 

voids, was observed to occur perpendicularly to the stress direction (i.e., along the 

symmetry axis of the cone). The results for each system (the seven i-PP samples in each of 

the three solvents) are presented in Tables 4.3 and 4.4. Table 4.3 gives the critical diameter 

for each system (the critical diameter is defined as the diameter at which the crazes no 

longer appear), while Table 4.4 gives the solvent uptake for unstressed and stressed 

samples. The results for the critical strains are given in Table 4.5. As explained in the 

Appendix, an error of 7% comes from the spiral angle for the critical strain obtained from 

the smaller glass cone (i.e., the critical diameter is smaller than 2 cm), while this error 

becomes 18% when the critical strain is obtained from the bigger glass cone (i.e., the 

critical diameter is bigger than 2 cm). 

In order to study the craze pathway into the structure of the semi-crystalline 

polymer, etching of the i-PP(130) sample was performed after it was stressed in the 

presence of n-propanol. The etched sample was then observed with the SEM. Figure 4.6 

presents a micrograph taken from the stressed and etched i-PP(130) sample; this 

micrograph is an example of the structure encountered along the entire crazed surface. This 

micrograph shows that the cracks do not cross the spherulites but actually pass through the 

amorphous interspherulitic regions. 

The first observation that can be made from the glass cone results for the i-PP 
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Figure 4.6. Micrograph of the stressed and etched i-PP sample crystallized from the melt at 

130 °C (i.e., i-PP(130))



  

  

Table 4.3. Critical diameter for each i-PP sample (the experimental error is + 0.2 cm) 

  

  

  

  

  

  

  

          

Samples/Solvents Acetone n-Propanol Butyl Acetate 

i-PP(-71) fi fi fi 

i-PP(0) fi 1.9 cm fi 

i-PP(18) /! 1.8 cm / 

i-PP(22) 3.5 cm 3.1 cm 2.3 cm 

i-PP(70) 2.9 cm 2.9 cm 2 cm2 

i-PP(100) 2.7 cm 3.2 cm 1.8 cm2 

i-PP(130) 3.1 cm 3.3 cm 3.5 cm 
  

1 The samples were not stressed enough to craze 

2 Presence of very few crazes 

Table 4.4. Solvent uptake of stressed and unstressed i-PP samples 

  

  

  

  

  

  

  

  

        

Samples/Solvents Acetone n-Propanol Butyl Acetate 

unstressed | stressed | unstressed | stressed | unstressed | _ stressed 

i-PP(-71) 2.1 % 2.1 %! 0.1% | 0.4%! 8.5 % 5.9 %3 

i-PP(0) 2.1 % 2.1 %! 0.2 % 0.5 %2 | 7.2 % 5.7 %3 

i-PP(18) 2.1 % 2.1 %! 0.2 % 0.7 %! 7.4 % 4.7 %3 

i-PP(22) 2.1 % 1.5 % 0.3 % 0.3 % 6.2 % 4.9 %3 

i-PP(70) 2.0 % 1.7 % 0.2 % 0.4 % 5.7 % 4.0 %3 

i-PP(100) 19% | 17% | 03% | 06% | 58% | 34% 

i-PP(130) 1.9 % 1.5 % 0.2 % 0.5 % 5.4 % 3.2 %3       
  

1 The samples were not stressed enough to craze 

2 Presence of very few crazes 

3 Value of stressed sample, not crazed 

concerns the difference in critical diameters or strains between the samples quenched into a 

bath after the melt (i-PP(-71), i-PP(O) and i-PP(18)) and the other four samples. The first 

three samples had a relatively large critical strain or did not craze at all, whereas the other 

samples crazed very well, more or less depending on the solvent used and the sample 
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Table 4.5. Critical strain for each i-PP sample (in percent) as calculated by the formula 

given in Chapter HI. The error from the spiral angle is 7% for €¢ obtained with the smaller 

glass cone (i.e., dg <2 cm), while it is 18% for €, obtained with the bigger glass cone (.e., 

des=2 cm). The values of €¢ are for along the y axis. 

  

  

  

  

  

  

  

        

Samples/Solvents Acetone n-Propanol Butyl Acetate 

i-PP(-71) /1 /l / 

i-PP(0) fi 4.20 fi 

i-PP(18) fi 4.45 fi 

i-PP(22) 2.29 2.58 3.48 

i-PP(70) 2.76 2.76 4.002 

i-PP(100) 2.97 2.50 4.452 

i-PP(130) 2.58 2.43 2.29       
1 The samples were not stressed enough to craze 

2 Presence of very few crazes 

studied. This feature had already been observed with poly(ethylene terephthalate) (PET), 

where the number of crazes formed in deformed semi-crystalline PET was larger than in the 

amorphous material’? However, none of the i-PP films used here were totally amorphous 

(as is always the case with i-PP), but the crystallinity seems to be an important factor in the 

crazing process; in fact, the crystallinity was shown to raise the level of the local stress in 

the polymer, as the crystals produce stress concentration and have a different elastic 

modulus from that of the amorphous phase?’. 

To further explore this point, the surface free energy of each sample was evaluated 

by goniometry. The contact angles were measured on both sides of each drop and the data, 

given in Table 4.6, are the results of a set of six measurements for each system. The data 

show that, in the limit of experimental error, no major differences could be noted among 

the seven samples. Therefore, the surface free energy is not a factor in the difference 

between the samples quenched in a bath and the other samples. The compression-molded 

samples were also put into a vacuum oven which was heated at 70°C for three days; if any 

change in the shape of the samples would have appeared, this would have revealed the 

existence of some residual stress in the samples. No change in shape appeared in any of 

the samples, thus residual stress is not responsible for the different crazing behaviors. 
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Table 4.6. Results from the goniometry measurements. The reported values are those of 

the averaged contact angles (in degrees) from the two sides of the drops of solvent 

  

  

  

  

  

  

                  

i-PP(-71) | Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6 Average 

Water 77 82 81 89.5 83 89 83.6 + 4.8 

Propanol 11 9.5 7 17 7.5 14.5 11.1+£4.0 

i-PP(0) Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6 Average 

Water 91.25 95 97.25 103 94.5 87.5 94.8 45.3 

Propanol 17 14 12.5 16.5 13 16.5 14.9 + 2.0 

i-PP(18) | Set 1 | Set 2 | Set 3 | Set 4] Set 5 | Set 6 Average 

Water 93.5 87.5 94.5 93 87 95 91.75 + 3.6 

Propanol 15 17 14 17.5 15 16.75 15.9+1.4 

i-PP(22) | Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6 Average 

Water 80 90 82 90 89 91 87+ 4.3 

Propanol | 16.75 16 18.5 21 19 16.5 18£1.9 

i-PP(70) | Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6 Average 

Water 93.5 91 99.5 98.5 98 101.5 97 + 4.0 

Propanol 12 11.75 | 12.25 13.5 13.5 12.6+0.9 

i-PP(100) | Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6 Average 

Water 91.75 | 97.75 | 94.25 94 94.5 92 9442.2 

Propanol 18 9 12.5 li 9.75 11.5 12+3.2 

i-PP(130) | Set 1 | Set 2 | Set 3 | Set 4 | Set 5 | Set 6 Average 

Water 67 78.25 81.5 80.5 82.5 90 80.0 + 7.5 

Propanol 12 9.5 11 15 12 13.25 12.1+1.9 
  

  
However, this difference in crazing behavior can be explained by the fact that the 

samples quenched in a liquid bath were somewhat plasticized by the liquid and their 

mechanical behavior was thus changed by that plasticization. This plasticization is also 

observed in the microtensile tests presented in the next section. 

The second observation addresses the difference in solubility parameters between 

the solvent and 1-PP and its effect on the degree of crazing. It can be noted that n-propanol 

as well as acetone, which are both ‘intermediate’ solvents for 1-PP, are ‘good’ crazing 
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agents, at least for the samples i-PP(22), i-PP(70), i-PP(100) and i-PP(130), as these 

samples display small critical strains and uniformly spaced crazes along their surface. 

Conversely, butyl acetate, which is a ‘good’ solvent for polypropylene did not induce 

crazing at all or induced very little crazing in the majority of the samples. 

'Good' solvents of i-PP thus tend to be ‘poor’ crazing agents and ‘intermediate’ 

solvents tend to be 'good' crazing agents. This has been observed in the literature and is 

attributed to two mechanisms: a volumetric mechanism and a surface mechanism 

(adsorption)®9. In the volumetric mechanism, the solvent penetrates and plasticizes the 

polymer; this plasticization induces mobility of the polymer chains which can thus move 

more easily under the applied stress. The surface mechanism takes place with adsorption- 

active solvents (i.e., non-swelling solvents). These solvents do not have specific 

interactions with the polymer which would loosen the intermolecular forces between the 

polymeric chains and increase the free volume. Therefore, they cannot diffuse into the bulk 

of the polymer, but stay at and interact mostly with the surface of the polymer. Based on 

the dynamic solvent uptake results, butyl acetate was found to act on 1-PP by the volumetric 

mechanism, while acetone and n-propanol can be characterized as adsorption-active 

solvents. 

The third observation deals with the fact that no particular order of increasing or 

decreasing critical diameter with increasing crystallization temperature was observed for 

any of the systems. Considering the experimental error of +0.2 cm, all the systems had 

similar critical diameters for the same solvent. However, for the special case of butyl 

acetate which has already been found to be a ‘poor’ crazing solvent for the majority of the 

samples, i-PP(130) displays a particularly high critical diameter. That is, it crazes with a 

very small applied strain. 

The final observation concerns the solvent uptakes in the unstressed and the crazed 

samples - each solvent has a different behavior : 

Y acetone displays a slight decrease in its uptake with crazing, 

Y n-propanol shows an increase in its uptake with crazing, and 

Y butyl acetate displays a relatively large decrease in its uptake with crazing. 

This observation can be explained by the fact that two opposite phenomena occur 

simultaneously: the apparition of the crazes and solvent-induced crystallization?2. 
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The first phenomenon deals with the formation of voids, into which the solvent can 

go so that the value of the solvent uptake increases as more and more crazes appear!07, 

The second phenomenon has a reverse effect on the solvent uptake: the more crystalline the 

sample, the lower the solvent uptake, as the crystals are impermeable to solvents. 

According to Vittoria and Riva??, solvent-induced crystallization is more important as the 

polymer is more swollen by the solvent (i.e., as the experiment is performed with a better 

solvent). The fact that the crazed samples displayed a lower butyl acetate uptake than the 

unstressed samples can be considered the consequence of solvent-induced crystallization, 

which takes place more rapidly in the presence of both a good solvent and some stress. As 

seen in the micrograph taken from a stressed then etched sample (Figure 4.6), the cracks go 

between the spherulites or across the amorphous regions, and thus cross a minimum 

amount of crystalline phase, which takes more energy to break than the amorphous phase. 

This implies that as solvent-induced crystallization occurs in the sample, more crystals 

appear, leaving less and less space for the crazes/cracks to grow. This feature is consistent 

with the results given in Table 4.5, as the critical strains obtained with the samples stressed 

in butyl acetate are relatively large. 

The increase in solvent uptake for the samples crazed in n-propanol can be 

explained by the same arguments. As n-propanol is a very poor solvent of 1-PP, it swells 

the polymer to a very small degree, so there is almost no solvent-induced crystallization. 

However, solvents such as n-propanol have significant surface interaction with i-PP, and, 

as Crazing is mostly a surface-initiated phenomenon, the presence of such a solvent gives 

rise to the initiation and growth of crazes when the polymer is stressed. The solvent can 

thus penetrate the void of the crazes, which implies a higher solvent uptake, as well as a 

greater degree of crazing (i.e., large critical diameters). 

In the samples stressed in acetone, the two factors discussed above seem to balance 

each other as only a slight decrease in the solvent uptake occurs, which can be explained by 

the predominance of the solvent-induced crystallization. 

In summary, the glass cone technique is a simple method used to stress films of 

polymer in different environments and to obtain crazing results, since the continuous 

change in diameter of the glass cone results in a continuous change in the strain applied on 

the sample. Performed on a series of i-PP films, the static crazing experiments showed that 

the sample preparation, and thus crystallinity, play an important role in the crazing process. 

The differences in the solvent uptake among the unstressed and stressed samples were 
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explained by the fact that two opposite phenomena occurred simultaneously: (1) the 

apparition of voids and (2) the solvent-induced crystallization. These results are consistent 

with the literature. The following section gives the results of a more conventional method 

to study environmental cracking: tensile tests performed in the presence of environments. 

Microtensile tests 

The engineering stress-strain curves obtained for the i-PP(-71), i-PP(22), and i- 

PP(70) samples are displayed in Figures 4.7 to 4.9, respectively. These figures show the 

stress-strain curves for the control samples (i.e., stressed in air) as well as for the samples 

swollen with the three solvents. The stress-strain curves for i-PP(-71) are representative of 

those for i-PP(O) and i-PP(18), while the stress-strain curves for i-PP(70) are 

representative of those for i-PP(100) and i-PP(130). The same trend was therefore noted 

among the seven i-PP films for the microtensile tests as for the glass cone experiments: the 

samples quenched into a bath after the melt have a different behavior than the sample cooled 

in air or those crystallized after the melt. It must be noted that the maximum percent 

elongation that can be applied with the Minimat is 800% so that the end of some stress- 

strain curves do not reflect the breakage of the concerned samples, but rather a continuation 

of the sample stretching. Also, note the change in coordinate scales among the three 

figures. Young's moduli, yield strengths, and straining energies (i.e., areas under the 

curves) were evaluated from the engineering stress-strain curves and are given in Figures 

4.10-4.12, respectively. 

The general shape of the stress-strain curves is analyzed in Figure 4.13. After the 

elastic region where the stress is a linear function of the strain, the material reaches the yield 

strength, around which crazing may occur. The stress decreases until a neck forms, which 

then propagates along the specimen. When the neck has finally reached the entire sample, 

strain hardening occurs until the sample breaks. Based on this analysis, the engineering 

Stress-strain curves of i-PP(-71), which are representative of those of i-PP(Q) and i- 

PP(18), present several characteristics. The control samples (Z.e., samples drawn in air) 

had a high yield strength and a high straining energy. They also presented strain- 

hardening, but no crazing was observed. 

In the case of the samples exposed to acetone and n-propanol, crazing appeared just 

after the yield point, suggesting that the crazes initiated at the yield point. The presence of 
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Figure 4.7. Engineering stress-strain curves of the i-PP sample quenched in dry ice and 

acetone (i.e., i-PP(-71)) when exposed to air, butyl acetate, n-propanol, and acetone 
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Figure 4.8. Engineering stress-strain curves of the i-PP sample cooled in air (i.e., 1- 

PP(22)) when exposed to air, butyl acetate, n-propanol, and acetone 
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Figure 4.9. Engineering stress-strain curves of the i-PP sample crystallized at 70°C (i.e., 1- 

PP(70)) when exposed to air, butyl acetate, n-propanol, and acetone 
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Figure 4.12. Straining energy of the i-PP samples (in MPa) as evaluated from the 

engineering stress-strain curves obtained with the microtensile experiments 
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these crazes induced the premature breakdown of the samples, as suggested by the fact that 

the i-PP(-71) samples exposed to n-propanol and to acetone broke at a strain of 83% and 

420%, respectively, while the i-PP(-71) control sample and the one exposed to butyl 

acetate did not break even after an 800% elongation. 

As the solvent environment was maintained by wetting the samples with a pipette, 

each time a drop of solvent fell onto the specimen, the measured load decreased, resulting 

in a "wavy" type of stress-strain curve. According to Hay and Kemmish!4, the extent of 

this load drop corresponds to the crazing power of the solvent. The deeper the load drop, 

the higher the crazing power of the solvent. Therefore, acetone and n-propanol seem to be 

very good crazing agents for i-PP, as already found with the glass cone experiments. 

The i-PP(-71), 1-PP(O), and i-PP(18) samples exposed to butyl] acetate presented 

very low yield strengths and very high elongations, which are due to the plasticization of 

the polymer by the solvent. This plasticization is due to the disruption of intermolecular 

forces between the macromolecules by the solvent molecules, as explained in Chapter II. 

No classical crazing was observed for the samples exposed to butyl acetate, but stress 

whitening appeared after the yield point. This stress whitening corresponds to the presence 

of delocalized crazing (i.e., development of porosity) upon elongation. 

As far as the sample quenched in air and those crystallized at 70, 100, and 130°C 

are concerned, the control samples broke just after the yield point. These samples were 

very brittle, whereas the samples quenched in a bath presented very high elongations when 

stressed in air. A comparison between the control samples quenched in a bath and the four 

other samples indicates that plasticization of the film resulted from the bath treatment after 

the melt. Crazing was observed right after the yield point for the sample quenched in air 

and those crystallized at 70, 100, and 130°C. These last samples presented a very high 

yield strength compared to those quenched in a bath, indicating again the lack of 

plasticization of these samples compared to the samples quenched in a bath. 

I-PP(22), i-PP(70), i-PP(100), and i-PP(130) also broke just after the yield point 

when exposed to n-propanol. These samples presented a little plasticization when exposed 

to acetone and a lot of plasticization when exposed to butyl acetate, as yield strength 

decreased, necking occurred and propagation of the neck throughout the samples was 

observed until breakdown at high elongations. The presence of the solvents induced both 

classical and delocalized crazing after the yield point of the samples. Classical crazing (i.e., 

development of localized zones of inelastic strain with a fibrillar-porous structure (crazes)) 
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occurred in the samples exposed to acetone and n-propanol, while delocalized crazing (.e., 

development of porosity or stress whitening) occurred in the samples exposed to butyl 

acetate. Therefore delocalized crazing took place when plasticization by the solvent (7.e., 

butyl acetate) was present and classical crazing occurred in the samples exposed to 

adsorption-active solvents (i.e., acetone and n-propanol), as found in the literature. 

The results from the microtensile tests support the results obtained by the glass cone 

technique. N-propanol and acetone induced crazing in all the i-PP samples, while butyl 

acetate plasticized i-PP. The microtensile tests permitted also the deformation of non- 

exposed samples to be obtained, which was not done with the glass cone experiments. The 

deformation behavior of these control samples were compared to the deformation behavior 

of the solvent exposed samples to obtain a more thourough study of the effects of the 

solvents on the polymer. This also allowed the plasticization effect of the bath used after 

the melt to be found. The microtensile test technique is thus a complementary technique to 

the glass cone technique for studying crazing, as additional information can be obtained. In 

the next section, the tensile technique is explored one step further by performing a tensile 

test in the environmental scanning electron microscope (ESEM) with one of the systems 

studied above. The system studied in the ESEM is acetone/i-PP(22), as acetone was 

observed to be a good crazing agent for this particular sample. 

Tensile tests in the environmental scanning electron microscope 

As described in the previous chapter, a strip of the i-PP(22) film was first swollen 

in acetone to equilibrium (for at least 12 days) and then stretched with a microtensile stage 

in the presence of acetone vapor in the ESEM. The deformation rate was set up at 12 

m.min-! until a total deformation of 205 m was applied to the i-PP film. At this point, 

the initiation and growth of cracks were observed real-time and recorded with a VCR, 

while no additional deformation was applied to the film. After careful analysis of the 

videotape, three primary observations were made: 

1. Only one crack appeared in the entire strip of polymer. 

2. Crack growth occurred by the initiation of 3-4 small cracks in front of the crack tip, 

followed by the coalescence of some of the cracks with the crack tip. 
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3. Some smaller cracks disappeared immediately after initiation, apparently not 

reaching a "critical size" necessary for growth and subsequent coalescence with the 

crack tip. 

Observation I can be explained by the fact that cracks generally initiate at a defect in 

a polymer film22. Apparently, an initial crack formed at a random defect and promoted the 

appearance of a unique crack in this i-PP film. Furthermore, since a relatively small 

displacement was induced in the film and no additional strain was applied after the crack 

initiated, no additional cracks formed after the initial crack. Also, since the deformation 

rate was sufficiently slow, the crack growth rate was maintained at a low enough value to 

allow macromolecular rearrangements to occur on the same time scale as the crack tip 

advance. Therefore, the polymer chains had the time to disentangle in the region around 

the crack and allow cracks to coalesce with the crack tip, as noted in Observation 2. 

Observation 2 compares with the >micro-slip-stick model for the in-situ peel tests 

performed by Kinloch and Yuen on polyimide-copper laminates using the SEM108, A 

proposed model (illustrated in Figure 4.14) can be used to explain Observation 2 in more 

detail. Figure 4.14(a) is a schematic representation of the proposed behavior and Figure 

4.14(b) is an experimental video image. Two major factors are considered in this model: 

the local stress in the polymer film (co) and the local strength of the polymer film. 

According to traditional linear elastic fracture mechanics arguments, o is very high at the tip 

of the crack and decreases exponentially with increasing distance from the crack tip. This 

would cause a normal crack in a linear elastic material to grow outward from the tip, as the 

walls near the tip open under the applied stress. However, in this case, the local strength 

of the highly plasticized polymer near the crack tip must also be considered. The local 

strength of the polymer at the tip of the crack is very high due to its microstructure, which 

consists of highly drawn macromolecules in that area. In fact, the local strength is 

apparently higher than the local stress near the crack tip since the crack is not observed to 

advance from its tip. On the contrary, the highly drawn macromolecules are load-bearing 

in this region and keep the crack tip from advancing. An example of the highly plasticized 

region found in this region can be seen in Figure 4.15. However, since the degree of 

drawing and molecular alignment also decreases with increasing distance from the crack 

tip, the local strength decreases in a manner similar to the local stress (Shown schematically 

in Figure 4.14). Finally, local fluctuations in the strength (presumably due to microscopic 
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flaws and defects) must be present to account for the periodic initiation of cracks some 

distance from the crack tip. If, at a certain point away from the crack tip, the local strength 

is lower than the local stress, a crack initiates (again, shown schematically in Figure 4.14). 

The specific details of these strength variations are not yet known, and will be the subject 

of further investigation. 

Observation 3 is related to the fact that, unlike the simplified model described 

above, dynamic stress relaxation is occurring in the material near initiating cracks. The 

disappearance of some newly initiating cracks suggests that other cracks growing in the 

vicinity release local stresses, preventing the newly initiating crack from reaching critical 

size for continued growth. 

Conclusions 

In summary, seven i-PP films were produced by applying different thermal 

treatments after the melt. Three i-PP films were quenched in three different baths (i.e., dry 

ice and acetone, ice-water, and water), one i-PP film was cooled in air, and the last three i- 

PP films were crystallized by quenching to three different crystallization temperatures (i.e., 

70, 100, and 130°C). All i-PP films were characterized by using several complementary 

techniques, such as optical microscopy, wide-angle X-ray scattering, and differential 

scanning calorimetry. 

Dynamic solvent uptake measurements were performed with the three chosen 

solvents in order to characterize the swelling behavior of the seven i-PP films. Butyl 

acetate was observed to swell i-PP more than acetone, which, in turn, swelled i-PP more 

than n-propanol. The thermal treatments also played an important role in the swelling 

behavior of these solvents. The faster the i-PP film was cooled or the lower the 

crystallization temperature, the lower the crystalline content and thus the higher the swelling 

of the specimen, as the crystals are impermeable to solvents. 

Two crazing techniques were then applied to each i1-PP film to study the crazing 

effect of the three solvents. The first crazing technique consisted of stressing strips of the 

polymeric films in the inside of glass cones, which were put in one of the three solvents. 

The continuous change in diameter of the glass cones allowed the critical strains for craze 

initiation to be evaluated. In turn, these critical strains correspond to the crazing power of 

the solvent on the polymer. Acetone and n-propanol, which are ‘intermediate’ solvents for 
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i-PP, were found to be good crazing agents, whereas butyl acetate, which is a ‘good’ 

solvent for i-PP, was found to be a bad crazing agent. The second crazing technique 

consisted of performing microtensile tests on already swollen i-PP specimens. The solvent 

environment was maintained by wetting the samples with a pipette. The engineering stress- 

strain curves obtained with the microtensile tests gave additional information on the effect 

of each solvent on i-PP, as non-exposed specimens were also tested. Butyl acetate was 

found to greatly plasticize i-PP and to induce delocalized crazing as the macromolecules had 

more mobility to rearrange upon deformation in the presence of the solvent and voids 

appeared between the mobile polymeric chains. Classical crazing is replaced by delocalized 

crazing, as the solvent goes from an adsorption-active mechanism to a swelling 

mechanism, as found in the literature®. The microtensile tests confirmed the results 

obtained with the glass cone technique, in that acetone and n-propanol were again found to 

be better at promoting craze formation than butyl acetate, which is a better solvent for i-PP. 

Finally, the combination of an ESEM with an in-situ microtensile stage and a video 

recording system permitted solvent-stress cracking in i-PP to be better understood. A 

video-tape recording of a tensile test performed on an i-PP film which had been placed in 

an acetone vapor environment was analyzed to study solvent induced crack formation. 

Several interesting observations were made. The appearance and slow growth of a single 

unique crack in the sample was explained by both the small applied strain and the small rate 

of deformation used. The model illustrated in Figure 4.14 was used to explain the growth 

of the crack, which occurred by the initiation of several cracks preceding the crack tip, 

followed by the subsequent coalescence of the newly initiated cracks with the crack tip. 

This model balances the exponentially decaying local stress near the crack tip with the 

exponentially decaying local strength near the crack tip (due to highly drawn 

macromolecules). Observation of dynamic stress relaxation due to crack formation was 

also described. 

In the next chapter, environmental stress cracking is studied in poly(ether ether 

ketone) films by utilizing the three crazing techniques that were verified in this chapter. 

The PEEK films are first characterized by using optical microscopy, differential scanning 

calorimetry (DSC), and wide-angle X-ray scattering (WAXS). The absorption behavior of 

methylene chloride, tetrahydrofuran, and acetone is studied by dynamic solvent uptake 

measurements and the so-called diffusion experiment. Solvent-induced crystallinity is 
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determined by several complementary techniques, such as DSC, WAXS, small-angle X- 

ray scattering (SAXS), and infrared spectroscopy. 
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V. ABSORPTION OF SOLVENTS 
IN POLY(ETHER ETHER KETONE) 

This chapter presents the characterization of the PEEK films (through optical 

microscopy, DSC, and WAXS) and the study of the absorption of methylene chloride, 

tetrahydrofuran, and acetone in amorphous and semi-crystalline PEEK. This absorption 

study is conducted using two experiments: dynamic solvent uptake measurements (as 

applied to the i-PP films) and the so-called diffusion experiment (as described in Chapter 

Ii). This absorption study is a precursor to the study of environmental stress cracking in 

PEEK, which is presented in the next chapter. 

Film_ characterization 

The crystallization process was observed for the PEEK samples crystallized from 

the glassy state and for the PEEK sample crystallized from the melt using the hot stage and 

the optical microscope. The crystallization conditions were the same as those described for 

the preparation of the samples PEEK(160/60), PEEK(175/60), PEEK(190/60), and 

PEEK(300/60). Although differences in sample thickness (i.e., compression-molded 

samples vs. hot-stage samples) will change some morphology features, trends of how the 

morphology changes with temperature are given by the hot-stage technique. Pictures taken 

under polarized light of the crystalline structure for two crystallization conditions (Ze., 

PEEK(190/60) and PEEK(300/60)) are shown in Figure 5.1. Previous studies!99 have 

shown that crystallization from the glassy state results in small spherulites with a lamellar 

texture not easy to resolve. A big difference in the size of the spherulites can be noted 

between the two samples shown in Figure 5.1. During crystallization from the glassy 

State, a very fine morphology (i.e., the spherulitic diameters are smaller than 1 tm) 

appeared due to the very high number of nuclei and to the relatively low chain diffusion at 

low temperature. The size of the crystalline entity was also observed to diminish as the 

temperature of crystallization from the glassy state was lowered. On the other hand, when 
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20 um 

(a) foveal (b) 

Figure 5.1. Photographs of fully-grown spherulites taken under polarized light as obtained 
. for the PEEK samples crystallized (a) from the glassy state (i.e., PEEK( 190/60)) and (b) 

from the melt state (i.e., PEEK(300/60)) 
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PEEK was crystallized from the melt at a relatively high temperature, the nuclei were less 

numerous and the macromolecules could diffuse more easily so that larger spherulites grew 

(i.e., the spherulites were about 25 to 30 [zm in diameter). 

The differential scanning calorimetry (DSC) data of the eleven initial PEEK samples 

are given in Figure 5.2. The DSC run of the amorphous sample is characterized by the 

presence of the glass transition temperature, an exothermic crystallization peak followed by 

an endothermic melting peak. The glass transition temperature is situated at about 143°C as 

found in the literature!!. Physical aging (as induced by putting the amorphous samples in 

the oven at 135°C for 66 hours) is noted as an endothermic peak appearing around the glass 

transition temperature. The crystallization peak is situated between 157°C and 180°C with 

the peak crystallization temperature at 165°C. The peak melting temperature is 344°C, 

which falls in the 334-350°C range reported in the literature. 

The DSC curves of the samples crystallized from the glassy state do not present 

Tg's (which have been seen with more sensitive DSC'’s) or distinct crystallization peaks, 

but they present melting peaks and the crystallinity indices as obtained by integrating the 

areas under the melting peaks are very similar to one another (i.e., crystallinity index = 

32.3 to 34.0%). These estimated crystallinity indices correspond to the maximum 

crystallinity indices after heating the samples to 400°C and they do not correspond to the 

crystallinity indices of the initial samples, as some undetected crystallization may be 

occurring upon heating. To further explore this point, the crystallinity index of all the 

samples will be estimated from WAXS (see next subsection) and also from the dynamic 

solvent uptake measurements (see next section). 

In the case of the sample crystallized from the melt (i.e., PEEK(300/60)), no 

crystallization peak was observed, but the beginning of a "double melting" peak appeared. 

Several theories have been developed to account for this double melting behavior of PEEK 

and other polymers. According to Basset et al.110, this behavior is due to two different 

components of the morphology. The melting of primary lamellae formed at the 

crystallization temperature corresponds to the broad higher melting peak, while the melting 

of secondary lamellae grown in between the primary lamellae causes the lower endothermic 

peak. Several other authors have proposed that a recrystallization phenomenon causes the 

double melting peaks!1!1-114. The lower melting peak would thus correspond to the 

melting of crystalline regions formed during the isothermal crystallization and the upper 

peak would be the result of the melting of the reorganized crystals plus that of residual 
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Figure 5.2. Differential scanning calorimetry curves of the initial PEEK samples 
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crystalline regions. Cebe and Hong!!5 and Cheng et al.!!1© suggested that the double 

melting peak behavior of PEEK is due to different morphologies. More recently, Marand 

and Prasad!!7 proposed the presence of a new type of structure, which was observed 

during crystallization above 300°C, to be the cause of such a behavior. By integrating the 

area under the double melting peak, the crystallinity index was estimated for the 

PEEK (300/60) sample to be about 38.0%. 

Figure 5.3 gives the WAXS patterns of the eleven compression-molded PEEK 

films. PEEK(0/0) displays a very broad amorphous halo with no sharp peaks, 

characteristic of a totally amorphous sample. The samples crystallized from the glassy state 

show very distinct crystalline peaks which appear at lower diffraction angles (i.e., larger 

spacings) than those of PEEK(300/60) and other thermally crystallized PEEK samples 

found in the literature!1!-113,118 The crystalline peaks of PEEK crystallized from the melt 

have been found to correspond to an orthorhombic unit cell, with the following crystal 

parameters: a = 7.781 A, b = 5.922 A, and c = 10.056 A, the c-axis being in the chain 

direction?0. The unit cell of PEEK and a representation of an isolated repeat unit are shown 

in Figure 5.4. This unit cell gives a crystal density!19 of 1.4 g.cc-!. By integrating the 

area under the Gaussian peak, the crystallinity indices for each sample were evaluated and 

are given in Table 5.1. As expected, increasing the crystallization temperature and/or time 

allowed an increasing amount of crystallinity to be induced in the films. 

Dynamic solvent uptake measurements 

Dynamic solvent uptake measurements were performed with methylene chloride, 

tetrahydrofuran, and acetone on the eleven compression molded PEEK samples. Figure 

5.5 gives the plots of solvent uptake versus the square root of time over the thickness of the 

sample for the methylene chloride/PEEK systems. It can be noted that the higher the 

crystallization temperature and the higher the crystallization time, the slower the diffusion 

of methylene chloride in the sample (see Table 5.2 for the diffusion coefficients of 

methylene chloride in the eleven PEEK films) and the lower the maximum solvent uptake. 

It was previously found that crystallinity in polymers slows the diffusion of solvents and 

decreases the amount of solvent present in the system at equilibrium!. Therefore, the 

cryStallization conditions applied to the PEEK films gave a progressively higher 
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Figure 5.3. WAXS patterns of the initial eleven PEEK samples 
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Figure 5.4. Representations of the unit cell of PEEK and of an isolated repeat unit (from 

reference 88) 
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Table 5.1 Crystallinity indices of the eleven compression-molded PEEK samples as 

evaluated by wide-angle X-ray scattering. 

  

  

  

  

  

  

  

  

  

  

  

        

Sample Crystallinity index 

PEEK(0/0) 0% 

PEEK(160/4) 15.2 % 

PEEK(160/15) 16.2 % 

PEEK(160/60) 15.6 % 

PEEK(175/4) 16.7 % 

PEEK(175/15) 17.5 % 

PEEK(175/60) 17.7 % 

PEEK(190/4) 18.1 % 

PEEK(190/15) 19.9 % 

PEEK(190/60) 20.9 % 

PEEK(300/60) 29.5 % 
  

crystallinity with increasing crystallization time and increasing crystallization temperature, 

as already shown with the WAXS data. The different crystallization temperatures also 

permitted different crystal morphologies to be developed, as shown with the optical 

microscopy technique. 

According to Arzak et al.19, the maximum amount of methylene chloride in PEEK 

iS proportional to the amount of the amorphous phase in the sample before exposure to the 

solvent. The crystallinity index of each PEEK sample can thus be estimated from the 

maximum amount of methylene chloride in the saturated samples. PEEK(0/0), which has a 

crystallinity index of 0%, had a maximum methylene chloride uptake of about 39.0%, and 

PEEK(300/60), whose crystallinity index was estimated from WAXS to be 29.5%, had a 

maximum methylene chloride uptake of about 16.9%. Assuming that a linear correlation 

can be drawn between these two points, the crystallinity indices of the nine PEEK samples 

crystallized from the glassy state could be estimated. Table 5.3 gives the maximum 

methylene chloride uptakes as well as the crystallinity indices estimated from the linear 

correlation for all PEEK samples. 

Comparing the crystallinity indices of each sample as obtained by WAXS (cf. Table 

5.1) to those obtained by the correlation method (cf. Table 5.3) shows that the latter gives 
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Table 5.2. Diffusion coefficients (D in cm2.s~!) of methylene chloride in the eleven PEEK 

films. (D was evaluated in the region proportional to the square root of time in the curves 

presented in Figure 5.5) 

  

  

  

  

  

  

  

  

  

  

  

    

Sample Diffusion coefficient 

(D in cm2.s-!) 

PEEK(0/0) 1.37 x 103 

PEEK(160/4) 6.26 x 10> 

PEEK(160/15) 3.24 x 10° 

PEEK(160/60) 2.83 x 10°5 

PEEK(175/4) 2.77 x 10-6 

PEEK(175/15) 3.20 x 10-6 

PEEK(175/60) 1.65 x 106 

PEEK(190/4) 4.49 x 106 

PEEK(190/15) 4.70 x 10°6 

PEEK(190/60) 1.70 x 10-6 

PEEK(300/60) 9.73 x 10-7     
  

relatively reasonable results, even if the values obtained by the correlation method cover a 

wider range of values than those obtained by WAXS. It should, however, be noted that 

two important assumptions were made for using the maximum methylene chloride uptake 

as a measure of the crystallinity indices in the initial samples. First, solvent-induced 

crystallization occurs in amorphous PEEK when exposed to methylene chloride (as will be 

seen below), therefore, the maximum methylene chloride uptake in the amorphous sample 

was assumed to be independent of the level of crystallinity as induced by the solvent. 

Second, the morphology of the initially crystalline PEEK samples was also assumed to 

remain unchanged upon exposure to methylene chloride. 

A summary of all the maximum solvent uptakes for the different solvents and 

PEEK films is given in Figure 5.6. In the case of amorphous PEEK, all three solvents 

swelled the polymer to relatively high levels. However, methylene chloride was observed 

to swell PEEK(0/0) more than tetrahydrofuran, which in turn penetrated PEEK(0/0) more 

than acetone. The diffusion coefficients for methylene chloride, tetrahydrofuran, and 
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Table 5.3. Maximum methylene chloride uptakes and crystallinity indices of the PEEK 

samples as estimated from linear correlation (see text). 

  

  

  

  

  

  

  

  

  

  

  

          

Sample Maximum percent uptake Crystallinity indices 

PEEK(0/0) 39.0 % 0 % 

PEEK(160/4) 31.5 % 10.0 % 

PEEK(160/15) 30.0 % 12.0 % 

PEEK(160/60) 28.0 % 14.7 % 

PEEK(175/4) 25.2 % 18.4 % 

PEEK(175/15) 24.1 % 19.9 % 

PEEK(175/60) 23.0 % 21.4 % 

PEEK(190/4) 23.7 % 20.4 % 

PEEK(190/15) 21.4 % 23.5 % 

PEEK(190/60) 21.4 % 23.5 % 

PEEK(300/60) 16.9 % 29.5 % 
  

acetone in PEEK(0/0) are 1.37 x 10-3, 1.27 x 10%, and 3.00 x 10-7 cm2.s-!, respectively. 

Therefore, the diffusion of methylene chloride in PEEK(0/0) is quicker than the diffusion 

of tetrahydrofuran in PEEK(0/0), which is far quicker than the diffusion of acetone in 

PEEK(0/0). The diffusion coefficients for the diffusion of tetrahydrofuran and acetone in 

the semi-crystalline PEEK films were not possible to evaluate as the absorption of these 

solvents by these films was much too slow and practically null. The decrease in maximum 

solvent uptake of methylene chloride with increasing crystallization temperature and time as 

seen in Figure 5.5 can also be noted in Figure 5.6. In the cases of tetrahydrofuran and 

acetone, the presence of crystallinity hindered considerably the diffusion of the solvent into 

the polymer as the equilibrium uptakes were very small for all semi-crystalline PEEK 

samples. Thus, it was not possible to distinguish the proportionality between the percent 

solvent uptake of these two solvents and the amount of amorphous phase present in the 

polymer. 

The facts that the three solvents have different degree of swelling in PEEK(0/0) and 

that crystallinity has different effects on the diffusion of solvents can be explained by the 

different polymer/solvent interactions and the molar volume of the solvent. The differences 

between the solubility parameter of the solvents (6s) and that of the polymer (dp) cannot 
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explain the very different interactions (i.e., lSp - 5s! = 0.2, 0.4, and 0.4 (cal.ce-!)1/2 for 

methylene chloride, tetrahydrofuran, and acetone, respectively). Therefore, a molecular 

modeling software, Polygraf, was used to investigate the interactions between PEEK and 

the three solvents. This study is presented in the next section. As far as the molar volume 

of the solvent molecules are concerned, methylene chloride has a smaller molar volume 

than tetrahydrofuran and acetone, therefore it can easily fit into small holes (.e., in the free 

volume of the polymer). In fact, Arzak et al.17.19 have found that the molar volume of the 

solvents is very important when they studied the absorption of two chlorinated solvents in 

both amorphous and semi-crystalline PEEK films. As found here, methylene chloride was 

observed to swell both amorphous and semi-crystalline PEEK!%, while ortho- 

dichlorobenzene (0-DCB) was found to swell amorphous PEEK, but not semi-crystalline 

PEEK!7. The molar volume of o-DCB is almost twice as big as that of methylene chloride 

(i.e., 112 cm3.mol"! vs. 64 cm3.mol-!). Therefore, even if methylene chloride and o-DCB 

are both chlorinated solvents, their molar volume plays an important role in their ability to 

swell semi-crystalline PEEK, as the molar volume should be under a certain critical value 

equal to the average size of the free volume of the polymer. 

Molecular modeling software 

The interaction between the solvents and PEEK was studied using a molecular 

modeling software, Polygraf. The modeling process involved the building and energy 

minimization of a certain number of repeat units of PEEK in a vacuum environment. Then 

a certain numbers of solvent molecules was put into the system and their interaction 

behavior was observed visually and by calculating the solvation energy of the system. All 

three solvents whose swelling behavior was studied in the previous section were studied. 

Following are the different steps described in more details. 

A repeat unit of PEEK was first built up and its energy was minimized to obtain the 

most favorable conformation. A "chain" containing three repeat units of PEEK was then 

constructed and its energy was also minimized. Figure 5.7 shows the helix conformation 

of the PEEK "chain" in vacuum at room temperature. 

The exact number of solvent molecules corresponding to the maximum solvent 

uptake in amorphous PEEK was calculated through the following formula: 
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Figure 5.7. Helix conformation of three repeat units of PEEK in vacuum at room 

temperature, as given by molecular modeling 
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W, x 864.9 

 M,(-W,) “ 
where X is the number of solvent molecules for three repeat units of PEEK, Ws 1s the 

weight fraction of solvent in the amorphous system (i.e., maximum solvent uptake 

obtained from dynamic solvent uptake measurements), Msg is the molecular weight of the 

solvent (cf. Table 3.2), and the value 864.9 corresponds to the molecular weight of three 

repeat units of PEEK (i.e., 3 x 288.3 g.mol-!). The weight fraction of methylene chloride, 

tetrahydrofuran, and acetone are 0.39, 0.28, and 0.14, respectively. Plugging in the 

different values for the three solvents in the previous formula gives the following values for 

X: 6.51 for methylene chloride, 4.66 for tetrahydrofuran, and 2.42 for acetone. The 

numbers of molecules to introduce in the system for the three repeat units of PEEK are 

therefore: 7 molecules of methylene chloride, 5 molecules of tetrahydrofuran, and 2 

molecules of acetone. 

Once the right number of molecules for the chosen solvent was introduced, the 

energy of the entire system was minimized to obtain the minimum energy conformation 

between the solvent molecules and the PEEK "chain". Figures 5.8 to 5.10 show the 

conformation of the PEEK "chain" exposed to methylene chloride, tetrahydrofuran, and 

acetone, respectively. No specific interactions between the solvents and the polymer were 

observed as no solvent molecules went towards a specific site on the PEEK "chain". These 

observations are in contrast with the fact that the solvent molecules of methylene chloride 

should form hydrogen bonding with PEEK, which is, however, reflected in the lower 

solvation energy value for this system, as found below. Another molecular modeling 

software, Cerius2, should be used to investigate further the existence of specific 

interactions between the polymer and the solvents. 

After the energy minimization was completed, the solvation energy (Esojy) of the 

system was evaluated using the following formula: 

Eysiy = Enger ~ Egoiymer — E (38) solv polymer solvent 

where Ejota] is the energy of the entire system (polymer + solvent), Epolymer 1s the energy 

of the polymer alone and Egojvent is the energy of the solvent molecules. Table 5.4 

presents the different energies and the evaluated solvation energy for each system. The 

more negative the solvation energy, the higher the attraction between the polymer and the 

solvent. From Table 5.4, the methylene chloride/PEEK system has a more negative 

solvation energy than the tetrahydrofuran/PEEK system, which in turn has a more negative 
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Figure 5.8. Conformation of three repeat units of PEEK when exposed to methylene 

chloride, as given by molecular modeling 
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Figure 5.9. Conformation of three repeat units of PEEK when exposed to tetrahydrofuran, 

as given by molecular modeling 
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Figure 5.10. Conformation of three repeat units of PEEK when exposed to acetone, as 

given by molecular modeling 
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Table 5.4. Total, polymer, solvent, solvation energies, and solvation energy per solvent 

molecule (in kcal/mol) of the different PEEK/solvent systems as obtained with molecular 

  

  

  

    

modeling 

Solvent Etotal Enolymer Esolvent Esolv Egojy/solvent 

molecule 

(kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) (kcal/mol) 

Methylene chloride 84.60 116.81 -1.88 -30.33 -4.33 

Tetrahydrofuran 109.51 116.51 16.74 -23.75 -4.75 

Acetone 110.98 117.04 5.52 -11.58 -5.79               
solvation energy than the acetone/PEEK system. These results confirm the experimental 

data. 

However, if the total solvation energy of the system is divided by the number of 

solvent molecules introduced in the system (see the last column of Table 5.4), the solvation 

energy for one molecule of methylene chloride is higher than that for one molecule of 

tetrahydrofuran, which in turn is higher than that for one molecule of acetone. Therefore, 

the solvation energy per solvent molecule is the highest for the "best" solvent (i.e., 

methylene chloride), but the number of solvent molecules makes the solvation energy of the 

total system the lowest, and the opposite is true for the "worse" solvent (i.e., acetone). 

Desorption experiments 

As mentioned in Chapter III, desorption of the completely swollen PEEK samples 

was performed by first putting the samples in a vacuum desiccator at room temperature and 

then placing them in a vacuum oven at 70°C until equilibrium in the weight loss was 

recorded. Several remarks can be made concerning the desorption behavior of the different 

systems. 

First, the desorption kinetics is far slower than the absorption kinetics. For 

example, methylene chloride needs only 30 minutes to swell amorphous PEEK, while it 

takes several days to diffuse out of the specimen under the above-mentioned conditions 

(see Figure 5.11). This is also the case for the tetrahydrofuran/PEEK(0/0) system. This 
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Figure 5.11. Absorption/desorption plot for methylene chloride in amorphous PEEK 
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slower diffusion process has been explained by the fact that, as the solvent diffuses out of 

the polymer, the glass transition temperature of the system increases44. Also, the solvent 

molecules leave the film from the surface of the sample, which makes it harder for solvent 

molecules in the inner core to leave the system as a barrier forms near the surface of the 

sample, where a more glassy material appears. 

Second, for certain samples (i.e., for all samples exposed to methylene chloride and 

for amorphous PEEK exposed to tetrahydrofuran and acetone), some residual solvent was 

left in the structure even after 13 days of treatment. As mentionned previously, this is in 

contrast with the results reported by Kalika et al. who were able to dry completely their 

solvent-exposed specimens at high temperatures (80 and 100°C) in a dynamically evacuated 

vacuum oven. Figures 5.12 to 5.14 show the difference between the weight gain after 

complete absorption and the weight loss after desorption for all PEEK samples when 

exposed to methylene chloride, tetrahydrofuran, and acetone, respectively. This 

incomplete desorption behavior has already been found in the literature! and two different 

mechanisms were proposed to justify it!: (1) the solvents may be trapped in the crystal 

structure induced by the plasticizing effect of the solvent and (2) some specific interactions 

may exist between the macromolecules and the solvent molecules in the amorphous phase. 

Thermogravimetric analysis (TGA) was performed on the amorphous PEEK 

samples exposed to the three solvents in order to find out the temperature at which the 

solvent leaves the structure. Completely swollen samples were allowed to evaporate under 

ambient conditions for at least two hours before putting them in the TGA cell. The 

amounts of solvent in the structure before the TGA experiment correspond to 11.88%, 

13.15% and 8.11% of the initial weight of the sample for methylene chloride, 

tetrahydrofuran, and acetone, respectively. Figure 5.15 gives the TGA experimental 

curves for the initial PEEK(0/0) sample, PEEK(0/0) exposed to the three solvents, and 

PEEK(190/60). For the non-exposed samples, a major weight loss occurs at 560°C, 

which corresponds to the degradation of the polymer far above its melting point. In the 

case of the solvent-exposed samples, a weight loss corresponding to the amount of solvent 

in the structure before the TGA run occurs from 50 to 250°C. Therefore, all three solvents 

leave the structure below the melting temperature of the polymer. The residual solvent is 

thus not trapped in the crystal structure as this situation would lead to the solvent molecules 

being hindered from leaving the system below Ty. Furthermore, if the solvent molecules 

were trapped in the crystals, the unit cell parameters of the SINC samples would be 

different from those of the thermally crystallized samples, which is not the case as is shown 
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methylene chloride in the eleven PEEK samples 
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Figure 5.13. Weight gain after complete absorption and weight loss after desorption for 

tetrahydrofuran in the eleven PEEK samples 
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exposed to methylene chloride, tetrahydrofuran, and acetone, and PEEK crystallized at 

190°C for 60 min. (PEEK(190/60)) 
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in the next subsection (see the WAXS data). The remaining solvent could be trapped in the 

interlamellar (rigid) amorphous phase, in which case the long spacing as found in the 

small-angle X-ray scattering (SAXS) profile of the undried PEEK sample would be larger 

than that of thermally crystallized PEEK. 

Finally, for the semi-crystalline samples exposed to tetrahydrofuran and acetone, 

there is a higher weight loss than there is a weight gain after desorption, as seen in Figures 

5.13 and 5.14. The desorption technique was performed with the non-exposed samples to 

see if any material was leaving the polymeric films even if they were not exposed to the 

solvents prior to the drying method. Figure 5.16 gives the weight loss of the initial 

samples when exposed to the desorption method. It can be seen that some material (i.e., 

release agent, low molecular weight chains!29, and/or impurities) leaves the polymeric 

films (0.35 to 0.6 % of the total weight of the specimen). In the case of desorption of 

tetrahydrofuran and acetone in semi-crystalline samples, the weight loss is relatively bigger 

than in the non-exposed specimens. The presence of the solvent (i.e., tetrahydrofuran and 

acetone) may thus help the low molecular weight material to leave the system because of the 

induced plasticization by the solvent, in which case, the weight loss recorded with 

methylene chloride should also take into account the fact that low molecular weight material 

is leaving the systems along with methylene chloride molecules. Therefore, the amount of 

residual solvent in each methylene chloride/PEEK system after the desorption technique is 

completed may be higher than previously thought. 

Solvent-induced_ crystallinity 

Solvent-induced crystallization (SINC) was visually observed in the case of 

PEEK(0/0) exposed to methylene chloride and tetrahydrofuran as these samples went from 

a translucent state to an opaque state. SINC was not observed visually for the acetone- 

exposed PEEK(0/0) sample. As the semi-crystalline PEEK samples were initially opaque, 

no visual observation of SINC was possible. 

After desorption of the solvents from the different PEEK samples (the desorption 

method is described in Chapter III), DSC runs were performed on the dried samples. 

Figure 5.17 shows the DSC curves of solvent exposed PEEK(0/0), while Figure 5.18 

gives the DSC curves of solvent exposed PEEK(160/60). 
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exposed to the desorption technique 
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Figure 5.17. DSC curves of the initial and solvent-exposed amorphous PEEK films. The 

solvent-exposed films were dried after complete swelling. 
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Figure 5.18. DSC curves of the initial and solvent-exposed PEEK films crystallized at 

160°C for 60 min. (PEEK(160/60)). The solvent-exposed films were dried after complete 

swelling. 
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In Figure 5.17, the disappearance of the crystallization exothermic peak after 

exposure to methylene chloride and THF confirms the SINC process as visually observed 

during the dynamic solvent uptake experiments. Moreover, the DSC curve of the acetone- 

exposed amorphous PEEK does not show the crystallization peak, while the melting peak 

is still present. This suggests that crystallinity is also induced by this solvent. 

In Figure 5.18, the DSC curve of the acetone exposed PEEK(160/60) sample 

shows an "S" shape curve (i.e., there is a broad endothermic peak around 200°C, then a 

broad exothermic peak occurs between 275°C and 300°C, and finally a sharp melting peak 

appears). The low temperature endothermic peak may either be due to the vaporization of 

remaining solvent in the structure or an early melting of highly imperfect and small crystals 

that developed in the presence of acetone. As shown in Figure 5.14, the weight loss after 

desorption is higher than the weight gain so that the former hypothesis seems improbable. 

Moreover, the heat of vaporization of acetone is equal to 30 kJ.mol-! and the area under the 

first endothermic peak is equal to about 182 J giving a weight of acetone of 0.352 g, which 

is about 20 times more than the initial weight of sample put in the DSC. Therefore, the first 

hypothesis (i.e., vaporization of residual solvent upon heating) is completely ruled out and 

the "S" shape of the DSC curve is due to the melting of highly imperfect and small crystals. 

These small imperfect crystals first melted at very low temperature (about 200°C), then 

recrystallized at higher temperatures to form more perfect crystals, which finally melted 

with the already existing crystals (from the isothermal crystallization from the glassy state) 

above the usual melting temperature (i.e., at about 350°C). This "S" shape curve was also 

observed with the two other samples crystallized at 160°C and exposed to acetone, but not 

with the other semi-crystalline samples. The samples thermally crystallized at 160°C may 

thus have had a crystal morphology and/or degrees of crystallinity that permitted further 

crystallization by acetone, which was not possible for the other semi-crystalline samples. 

WAXS patterns of the initial PEEK(0/0) sample, PEEK(0/0) exposed to the three 

solvents (then dried), and the initial PEEK(190/60) sample are given in Figure 5.19. The 

initial PEEK(0/0) displays a very broad amorphous halo with no sharp peaks characteristic 

of a totally amorphous sample. PEEK(190/60), shown here for comparison with the 

solvent exposed PEEK(0/0) samples, shows very distinct crystalline peaks which compare 

with the crystalline peaks of other thermally crystallized PEEK samples in the literature! 11- 

113,118. The crystallinity index obtained for PEEK(190/60) by integrating the area under 

the Gaussian peaks is equal to 21%, which is far lower than the crystallinity index obtained 
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Figure 5.19. WAXS patterns of the initial and solvent-exposed amorphous PEEK films 

(PEEK(0/0)) and of the PEEK film crystallized at 190°C for 60 min. (PEEK(190/60)). 

The solvent-exposed films were dried after complete swelling. 
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by DSC (i.e., 32.3%). As mentioned in the previous chapter, the difference encountered 

among the data within the same sample can be the results of two causes: (1) heterogeneities 

in the crystallinity (i.e., the skin/core effect due to different thermal gradients during 

processing) or (2) inhomogeneities in the macromolecular structure. However, the WAXS 

technique seems more sensitive to a change in crystallinity than DSC. Therefore, WAXS 

will be used here for crystallinity index determination. 

The presence of crystalline peaks in the WAXS pattern of the amorphous PEEK 

samples exposed to any of the three solvents confirms the existence of SINC by the three 

solvents in the specimens. These crystalline peaks are less intense than those of the 

thermally crystallized specimen, but the scattering angles at which they occur correspond to 

the scattering angles at which the crystalline peaks of the thermally crystallized sample 

occur. The crystal structure of the solvent-induced PEEK crystals should therefore 

correspond to the crystal structure of the thermally-induced PEEK crystals. Moreover, the 

crystallinity indices as evaluated by integrating the area under the Gaussian peaks from the 

WAXS patterns for these three samples are about 14.2, 8.2, and 5.9% for methylene 

chloride, tetrahydrofuran, and acetone, respectively. These crystallinity indices are of 

course only approximations. 

In comparison, Stober et al.13 found by density measurements that methylene 

chloride induces about 20% crystallinity in amorphous PEEK. Arzak et al.19 found by 

density measurements that 15 or 28% crystallinity (depending on the chosen density of 

methylene chloride) was induced by methylene chloride in amorphous PEEK and by 

WAXS that 7.8% crystallinity was induced in the same system. Wolf et al.!© evaluated the 

crystallinity index as induced by methylene chloride in amorphous PEEK to be 26% by 

density measurements and 39% by WAXS. 

Several factors may account for the differences among these crystallinity values. 

First, Arzak and coworkers!7.19 have suggested that the compressive forces of the swollen 

PEEK on the solvent are large enough to increase the density of the sorbed solvent. 

Therefore, the crystallinity index as obtained by density measurements were overestimated 

as they were obtained using the uncompressed density value of methylene chloride. 

Second, the grade of the polymer is different among the different studies (150PF in this 

study, 450G in the studies by Arzak et al., and no grades were given for the two other 

studies). Third, the thicknesses of the PEEK film are not the same (about 0.3 mm thick 

film were used in this study, Stober et al. used 0.06 mm thick films, Arzak et al. used 0.1 

mm thick films, and Wolf et al. used 0.25 mm thick films). Fourth, Wolf et al. used 
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commercially extruded PEEK films, which may have orientation. Finally, the desorption 

conditions after complete absorption are very different from one study to the other. Stober 

et al. used a vacuum desiccator at room temperature, Arzak et al. performed the desorption 

at ambient conditions (room temperature and atmospheric pressure), and Wolf et al. 

desorbed their films by putting them in a desorption chamber at 95°C, which may have 

induced further crystallinity in the drying film. 

No values for the crystallinity induced by the presence of tetrahydrofuran or acetone 

in amorphous PEEK were found in the literature, even if tetrahydrofuran has already been 

found to induced crystallinity in amorphous PEEK. In the case of amorphous PEEK 

samples exposed to acetone, this is the first time that crystallization has been observed and 

thus that the crystallinity index was evaluated for this system. 

SAXS patterns of the initial PEEK(0/0) sample, PEEK(0/0) exposed to the three 

solvents (then dried), and the initial PEEK(190/60) sample are given in Figure 5.20. The 

initial PEEK(0/0) sample does not display any peak, which is consistent with the absence 

of crystallinity. In the case of the sample crystallized from the glassy state at 190°C for 60 

minutes (PEEK(190/60)), a relatively sharp peak appears at a scattering vector of 0.0067 

A-! which corresponds to a long spacing of 150 A. Finally, all three amorphous PEEK 

samples exposed to the solvents display a relatively broad peak with a maximum at a 

scattering vector of 0.01 A-! which corresponds to a long spacing of 100 A. Therefore, the 

long spacing of the solvent-induced crystallized PEEK samples is smaller than that of the 

thermally crystallized sample. Moreover, as the crystalline peaks of the solvent-induced 

crystallized samples are broader than that of the thermally crystallized sample, the crystal 

morphology must be less perfect for the former than for the latter. 

Infrared spectroscopy was also used for determining solvent-induced crystallization 

in the amorphous PEEK sample. Figure 5.21 shows the IR spectra of the initial 

PEEK(0/0) sample, the solvent-exposed and dried PEEK(0/0) samples, and the initial 

PEEK(190/60) sample. According to Chalmers et al.?9, some bands in the mid-IR 

spectrum become both sharper and more intense with increasing crystallinity as a result of 

molecular units in the correct conformation crystallizing, while other bands decrease in 

intensity. Two band ratios are used in the study of crystallinity in PEEK by IR 

spectroscopy: 1305 cm-1/1280 cm-! and 970 cm-!/952 cm-!. Band ratios have been used 
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Figure 5.20. SAXS patterns of the initial and solvent-exposed amorphous PEEK films 

(PEEK(0/0)) and of the PEEK film crystallized at 190°C for 60 min. (PEEK(190/60)). 

The solvent-exposed films were dried after complete swelling. 
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Figure 5.21. Mid-IR spectra of the initial and solvent-exposed amorphous PEEK films 

(PEEK(0/0)) and of the PEEK film crystallized at 190°C for 60 min. (PEEK(190/60)). 

The solvent-exposed films were dried after complete swelling. 
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since the intensity of mid-IR spectra are dependent on the area of contact between the 

sample and the reflection element. 

Chalmers and co-workers?? developed correlation graphs between each absorbance 

ratio and crystallinity indices obtained by WAXS. Following their analysis, it is possible 

to evaluate the crystallinity indices of the three solvent-exposed samples, whose IR spectra 

are shown in Figure 5.21. Taking the values of each band ratio and crystallinity index (as 

determined by WAXS) of the PEEK(0/0) and PEEK(190/60) and assuming that there 

exists a direct linear correlation between the crystallinity index and the band ratios, 

correlation graphs can be plotted. In order to calculate the band ratios, a straight baseline 

was drawn horizontally at the base of the lowest peak in the pair and the height of the peak 

was evaluate from the baseline. Band ratios are thus height ratios. The two correlation 

graphs corresponding to both band ratios are shown in Figure 5.22 and Table 5.5 gives the 

crystallinity indices as obtained by the IR analysis for both band ratios. From Table 5.5, it 

should be noted that the crystallinity indices as evaluated from the IR analysis are much 

higher than those evaluated from WAXS data (7.e., 14.2, 8.2, and 5.9% for methylene 

chloride, tetrahydrofuran, and acetone, respectively). However, these crystallinity indices 

correspond to a depth of penetration of the IR radiation of about 1 um, therefore they may 

not correspond to the crystallinity indices encountered in the bulk of the polymer. The 

crystal morphologies may also be different in the surface layer than in the bulk of the 

polymer. The diffusion of the solvent in a thin film (as used for the IR spectroscopy study) 

may be different than in a thicker film as the stresses induced by the solvent may be of 

different natures (i.e., plane stress vs. plane strain). However, the infrared analysis of the 

solvent-exposed amorphous PEEK specimens confirmed the DSC, WAXS, and SAXS 

results in that solvent-induced crystallization was induced by the three solvents in 

amorphous PEEK. In the case of the acetone-exposed amorphous PEEK film, further 

Table 5.5. Crystallinity indices of PEEK(0/0) exposed to methylene chloride, 

tetrahydrofuran, and acetone as evaluated from the mid-IR spectra. The solvent-exposed 

samples were dried after complete swelling. 

  

  

  

          

Samples 1305/1280 band ratio 970/952 band ratio 

PEEK(0/0) in methylene chloride 37.8 % 30.9 % 

PEEK(0/0) in tetrahydrofuran 26.8 % 21.3 % 

PEEK(0/0) in acetone 24.2 % 17.5 % 
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Figure 5.22. Correlation graphs between the (a) 1305/1280, (b) 970/952 band ratios and 

the crystallinity indices of the solvent exposed PEEK(0/0) samples. The values of the 

crystallinity index for PEEK(0/0) and PEEK(190/60) are taken from WAXS data. 
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characterization needs to be carried out in order to determine the origin of SINC in a 

translucent specimen. This translucent state occurs when both the solvent is or is not 

present in the sample; therefore, the effect of the solvent refractive index matching with the 

crystal refractive index must be ruled out. 

Diffusion experiments 

Diffusion of methylene chloride and tetrahydrofuran was observed in PEEK(0/0) 

using the method described in Chapter III. The methylene chloride/PEEK(0/0) system was 

analyzed by allowing the solvent to diffuse into the polymer for periods of time between 1 

and 18 minutes with a time increment of 1 minute between each time period. The 

tetrahydrofuran/PEEK (0/0) system was analyzed by allowing the solvent to diffuse into the 

polymer for periods of time between 5 and 50 minutes with a time increment of 5 minutes 

between each time period. These time periods correspond to the most appropriate times for 

experimental observations of solvent diffusion (by SEM) and solvent-induced 

crystallization (by DSC). 

The diffusion of methylene chloride in PEEK(0/0) occurred in the first 10 minutes 

and the diffusion of tetrahydrofuran in PEEK(0/0) occurred in the first 30 minutes as no 

distinct solvent fronts could be distinguished after these periods of time for both systems. 

The micrographs obtained with the SEM for the methylene chloride/PEEK(0/0) and 

tetrahydrofuran/PEEK(0/0) systems are given in Figures 5.23 and 5.24, respectively. 

These micrographs show fracture surfaces of the partly swollen samples (the thickness of 

the sample is on the horizontal axis). The diffusion of the solvent occurred from the outer 

edges of the specimens to the inner core. The diffusion front can be noted as the 

"plasticized" part on the outer sides of the fracture surfaces ("plasticized" during diffusion 

of the solvent, but not during the fracture process as it occurred at liquid nitrogen 

temperature). 

From micrographs similar to those shown in Figures 5.23 and 5.24, the thickness 

of the diffusion fronts for the methylene chloride/PEEK(0/0) and tetrahydrofuran 

/PEEK(0/0) systems can be plotted against time (i.e., Case II diffusion) or the square root 

of time (i.e., Fickian diffusion). This can be done up to the merging of the two solvent 

diffusion fronts (i.e., 10 minutes for methylene chloride and 30 minutes for 

tetrahydrofuran). These plots are shown in Figures 5.25 and 5.26 along with the straight 
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(b) 

Figure 5.23. Micrographs presenting fracture surfaces of amorphous PEEK samples where 

methylene chloride was allowed to diffuse for (a) 1, (b) 3, (c) 8 and (d) 10 minutes. 
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(d) 

Figure 5.23. (continued) 
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Figure 5.24. Micrographs presenting fracture surfaces of amorphous PEEK samples where 

tetrahydrofuran was allowed to diffuse for (a) 5, (b) 15, (c) 25 and (d) 30 minutes. 
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Figure 5.24. (continued) 

127



250   

  

      
  

  

      

200-4 

150-4 

Front 

thickness 1005 

(um) 

50. 

O am u 

6 i100 200 #2300 49400 #500 ~~ 600 

Time (seconds) 

(a) 

250 

° 

200. 

150. 

Front 400. 

thickness 

(um) 
50 4 

0. 

-50 Tv _# a v 

6 5 fo 15 20 25 

Sqrt(time) (sqrt(seconds)) 

(b) 

Figure 5.25. Variation of front thickness of methylene chloride in amorphous PEEK as 

observed on the fracture surfaces. (a) Front thickness vs. time (i.e., Case II diffusion), (b) 

front thickness vs. square root of time (i.e., Fickian diffusion). 
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Figure 5.26. Variation of front thickness of tetrahydrofuran in amorphous PEEK as 

observed on the fracture surfaces. (a) Front thickness vs. time (i.e., Case II diffusion), (b) 

front thickness vs. square root of time (i.e., Fickian diffusion). 
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line obtained by linear regression. In the case of the methylene chloride/PEEK(0/0) 

system, the correlation coefficients are 0.965 and 0.961 for the Case II diffusion and 

Fickian diffusion plots, respectively, whereas, in the case of the 

tetrahydrofuran/PEEK(0/0) system, the correlation coefficients are 0.910 and 0.986, 

respectively. As suggested by the correlation coefficients, the level of fitting of the 

experimental points with the linear regression is similar for the Case II diffusion and 

Fickian diffusion, in the case of the diffusion of methylene chloride in PEEK(0/0). 

Therefore, no distinction between these two diffusion cases could be done for this system. 

This impossibility to distinguish between one case or the other is reflected in the 

literature!2,18,121 as both cases have been used to describe the absorption of methylene 

chloride in amorphous PEEK. In the case of the tetrahydrofuran/PEEK(0/0) system, a 

higher correlation coefficient is obtained for Fickian diffusion than for Case II diffusion so 

that it could be assumed that tetrahydrofuran diffuses in amorphous PEEK according to a 

Fickian law. In the time scale of interest in this study (i.e., long-term properties of PEEK 

exposed to one of the solvents), the mode of diffusion of the solvents in PEEK is not 

essential. Therefore, in the discussion chapter (i.e., in Chapter VII), the Fickian diffusion 

model will be used to describe the absorption of the methylene chloride and tetrahydrofuran 

in amorphous PEEK. However, this Fickian diffusion model cannot be used to describe 

the absorption of the three solvents in all the semi-crystalline samples (cf. Figure 5.5). 

The DSC runs obtained for the methylene chloride/PEEK(0/0) and 

tetrahydrofuran/PEEK(0/0) systems are given in Figures 5.27 and 5.28, respectively. 

Note the decrease in the area of the exothermic crystallization peak, which is related to the 

SINC process occurring during the diffusion of the solvents into the polymeric film. This 

decrease in area can be plotted against time and square root of time, which is done in 

Figures 5.29 and 5.30 for the methylene chloride/PEEK(0/0) and tetrahydrofuran/ 

PEEK(0/0) systems, respectively. Linear regression was also applied to the two sets of 

data for each system. In the case of the methylene chloride/PEEK(0/0) system, the 

correlation coefficients are 0.970 and 0.983 for the plots against time and square root of 

time, respectively, while, for the tetrahydrofuran/PEEK(0/0) system, the correlation 

coefficients are 0.969 and 0.973, respectively. For both systems, the correlation 

coefficients for the plots against square root of time are slightly higher than those for the 

plots against time. However, if the experimental error is taken into account, no major 

differences between the two kinds of plot can be made. 
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Figure 5.27. DSC curves of amorphous PEEK films into which methylene chloride was 

allowed to diffuse for the indicated periods of time (in minutes) 
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Figure 5.28. DSC curves of amorphous PEEK films into which tetrahydrofuran was 

allowed to diffuse for the indicated periods of time (in minutes) 
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Figure 5.29. Decrease in area of the crystallization peaks from the DSC curves of 

amorphous PEEK exposed to methylene chloride for different periods of time vs. (a) time 

and (b) square root of time. 
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Figure 5.30. Decrease in area of the crystallization peaks from the DSC curves of 

amorphous PEEK exposed to tetrahydrofuran for different periods of time vs. (a) time and 

(b) square root of time. 
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If the two plots in Figure 5.25 are superimposed with the two plots in Figure 5.29 

and if the two plots in Figure 5.26 are superimposed with the two plots in Figure 5.30, the 

Straight lines from the linear regression almost correspond to one another. Furthermore, 

the decrease in the area of the crystallization peak from the DSC curves corresponds to the 

solvent-induced crystallization process and the variation of the front thickness corresponds 

to the diffusion process. The time it took methylene chloride and tetrahydrofuran to reach 

the middle of the sample as observed by SEM also corresponds to the time the SINC 

process took for both solvents as observed by DSC. Therefore, the superposition of each 

pair of plots suggests that, in both systems, the solvent-induced crystallization process is 

controlled by the diffusion process. 

A comparison between the results from the diffusion experiment and the dynamic 

solvent uptake results also reveals that two processes are involved during the absorption of 

the solvents in the polymeric films. From the diffusion experiment, methylene chloride 

was observed to reach the middle of a 0.33 mm thick PEEK(0/0) sample in less than 11 

minutes and tetrahydrofuran needed less than 35 minutes to reach the middle of a 0.3 mm 

thick PEEK(0/0) samples. On the other hand, the dynamic solvent uptake measurements 

showed that equilibrium in the weight uptake of the amorphous PEEK sample was reached 

in about 30 minutes when it was exposed to methylene chloride and in about 90 minutes 

when it was exposed to tetrahydrofuran (these times are for PEEK(0/0) samples with same 

thicknesses than those used in the diffusion experiments). Therefore, in the first third of 

the equilibrium time, the solvents diffuse through the polymeric film more than they swell 

it. This diffusion controlled process is then followed by a swelling controlled process as 

the solvent molecules disrupted the intermolecular forces between the macromolecules 

during the diffusion controlled process resulting in a loosened structure where more and 

more solvent molecules can fit. Equilibrium in the weight uptake occurs when the structure 

is saturated with solvent molecules and balance between solvent-induced crystallinity and 

swollen amorphous phase is reached. Figure 5.31 gives a schematic representation of the 

diffusion of methylene chloride in the amorphous PEEK film. In Figure 5.31, the level of 

methylene chloride molecules present in the structure is presented by the curved lines for 

different times (given in minutes). The amount of solvent is higher near the surfaces of the 

film than in the inner core until equilibrium in the weight uptake is reached, at which time 

the solvent molecules are present in equal amount in the entire film. 
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Figure 5.31. Schematic representation of the diffusion of methylene chloride in an 

amorphous PEEK film. The numbers on each curve represent time in minutes 
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Conclusion 
From the film characterization methods (i.e., optical microscopy, DSC, and 

WAXS), each PEEK film was found to have a certain crystal morphology and crystallinity 

index. In particular, WAXS allowed the crystallinity index of each sample to be evaluated 

and the unit cell parameters to be compared to those found in the literature. 

Dynamic solvent uptake measurements were performed on the eleven PEEK 

samples to characterize the swelling behavior of three solvents (i.e., methylene chloride, 

tetrahydrofuran, and acetone). Methylene chloride was found to swell the amorphous 

PEEK film more than tetrahydrofuran, which in turn swelled the amorphous PEEK sample 

more than acetone. The absorption of methylene chloride in the PEEK films was slowed 

down with increasing crystallization temperature and/or time. Simultaneously, the 

maximum methylene chloride uptake decreased with increasing crystallization temperature 

and/or time, permitting the crystallinity index of the initial samples to be evaluated. In the 

case of the semi-crystalline PEEK samples exposed to tetrahydrofuran or acetone, almost 

no solvent uptake occurred. 

Molecular modeling was used to study the interaction between the polymer and the 

solvents. A "chain" consisting of three repeat units of PEEK was built and its energy was 

minimized. Then a number of solvent molecules corresponding to the experimental solvent 

uptake was introduced and the energy of the system was again minimized. No specific 

interactions were observed for any of the solvents. The solvation energy was estimated for 

each system and was found to be lower for the methylene chloride/PEEK system than for 

the tetrahydrofuran/PEEK system, whose solvation energy was found to be lower than for 

the acetone/PEEK system. Therefore, the experimental data were confirmed by molecular 

modeling. 

After complete absorption, the films were dried in order to perform further 

characterization. The desorption process was found to take place more slowly than the 

absorption process. This was explained by the fact that the glass transition temperature of 

the system increases as the solvent diffuses out of the polymer, creating a glassy barrier 

near the surface of the film, where the solvent leaves the system. In the case of all samples 

exposed to methylene chloride and of the amorphous sample exposed to tetrahydrofuran 

and acetone, some residual solvent was trapped in the amorphous phase after the 

desorption process. This residual solvent leaves the system at temperatures above the Ty of 
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the initial PEEK sample. In the case of the semi-crystalline samples exposed to 

tetrahydrofuran and acetone, the weight loss is higher than the weight gain, as some low 

molecular weight material (i.e., release agent, low molecular weight PEEK chains, and/or 

impurities) leaves the system during desorption. 

Solvent-induced crystallinity was visually observed in the case of amorphous 

PEEK exposed to methylene chloride and tetrahydrofuran, but not in the case of 

amorphous PEEK exposed to acetone. However, DSC, WAXS, SAXS, and infrared 

spectroscopy allowed solvent-induced crystallinity to be characterized in all three systems. 

Finally, diffusion experiments were performed with methylene chloride and 

tetrahydrofuran on the amorphous PEEK film. The diffusion front of the solvent was 

observed for different times in the SEM and the SINC process was observed through DSC. 

In the case of the methylene chloride/PEEK system, no distinction between Fickian and 

Case II diffusions was possible, while, in the case of the tetrahydrofuran/PEEK system, 

Fickian diffusion was considered more plausible than Case II. In both cases, the SINC 

process was found to be controlled by the diffusion process. Comparison between the 

results from the dynamic solvent uptake measurements and those from the diffusion 

experiments revealed that during the first third of the equilibrium time, the diffusion of the 

solvent through the polymeric film overpowers swelling by the solvent, while during the 

rest of the time, swelling overpowers diffusion. 
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VI. ENVIRONMENTAL STRESS CRACKING IN 
POLY(ETHER ETHER KETONE) 

Environmental stress cracking is studied in the PEEK films by applying the same 

three crazing techniques that were applied to the i-PP films in Chapter IV. The results of 

these three crazing technique on PEEK are shown and discussed in the present chapter. 

Glass cone technique 

Static crazing experiments were performed with the compression molded PEEK 

films using the glass cone technique. Strips of polymer films were wrapped in the inside 

of glass cones which were put into one of the solvents for at least the amount of time the 

system needed to reach equilibrium in the absence of applied stress as determined by the 

dynamic solvent uptake measurements. Unlike the i-PP films which are translucent when 

they are semi-crystalline, the semi-crystalline PEEK films are opaque, an exemption being 

amorphous PEEK when it is exposed to acetone (as seen in Chapter V). Therefore crazing 

was not as obvious to the eyes in the case of the PEEK films as it was in the case of the i- 

PP films. However, in a few PEEK systems, crazing was observed to occur perpendicular 

to the stress direction (i.e., along the symmetry axis of the cone) as in the i-PP film cases. 

It is also believed that the sizes of the glass cones as given in Chapter III were not 

appropriate for the PEEK samples so that further experimental work should be done with 

another series of glass cones (0.2 cm to 3 cm in diameters for example) in order to find the 

critical crazing diameter of each system. 

The current results for each system (the eleven PEEK samples and the three 

solvents) are presented in Tables 6.1 and 6.2. Table 6.1 gives the critical diameter for each 

system (the critical diameter is defined as the diameter at which the crazes no longer 

appear), while Table 6.2 gives the solvent uptake for unstressed and stressed samples. In 

most of the cases, no crazes were observed due to the inappropriate size of the glass cones, 

as suggested earlier. Therefore, the critical strains were not calculated for the PEEK films. 
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Table 6.1. Critical diameter for each sample (the experimental error is + 0.2 cm) 
  

  

  

  

  

  

  

  

  

  

  

        

Samples Methylene chloride | Tetrahydrofuran Acetone 

PEEK(0/0) >2cm >2 cm >2cm 

PEEK(160/4) > 2 cm? [1 [i 

PEEK(160/15) 2.5 cm fi [i 

PEEK(160/60) fi fi fi 

PEEK(175/4) fi fi fi 

PEEK(175/15) fi fi fl 

PEEK(175/60) fi fi fl 

PEEK(190/4) ji fi fi 

PEEK(190/15) fi fi fi 

PEEK(190/60) ji fi ji 

PEEK(300/60) fi fi [i   
  

| The samples were not stressed enough to craze 
2 Presence of very few crazes 

Table 6.2. Solvent uptake of unstressed and stressed PEEK samples 

  

Samples Methylene chloride | Tetrahydrofuran Acetone 
  

unstressed stressed unstressed stressed unstressed stressed 
  

PEEK(0/0) 39.1 % 34.5 % 28.0 % | 27.1% | 140% 8.8 % 
  

PEEK(160/4) 31.5 % 31.1 % 1.0 % 3.0 %!1 1.1 % 2.2 %! 
  

PEEK(160/15)| 29.7 % 27.5 % 0.8 % 24% | 09% 1.8 %! 
  

PEEK(160/60){ 28.0 % 27.1 %! 1.2 % 1.3 %! 1.0 % 1.9 %! 
  

PEEK(175/4) 25.2 % 25.3 %! 0.6 % 16%! | 08% 1.8 %1 
  

PEEK(175/15)| 24.4% 23.8 %1 0.8 % 1.7 %!} 1.0 % 1.6 %1 
  

PEEK(175/60) {| 23.0% 22.5 %1 0.7 % 1.34%! } 0.9 % 1.6 %1 
  

PEEK(190/4) 23.9 % 22.9 %! 0.7 % 1.6 %! 1.0 % 1.3 %1 
  

PEEK(190/15)| 21.4 % 20.5 %! 1.0 % 1.4 %! 1.2 % 1.6 %! 
  

PEEK(190/60)| 20.9 % 20.0 %1 0.7 % 0.8 %! 1.1 % 1.3 %! 
              PEEK(300/60)| 16.7 % 15.7 %! 0.9 % 1.4 %! 1.0 % 1.5 %!   
  

1 The samples were not stressed enough to craze 
2 Presence of very few crazes 
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From Table 6.2, it can be noted that the amorphous samples stressed in all three 

solvents have a lower solvent uptake than when they were swollen in the solvents without 

stress. The PEEK(0/0) samples displayed a large amount of crazes when stressed in the 

three solvents; therefore, the solvent uptake for the stressed samples should have been 

larger than that of the unstressed samples, as discussed in Chapter IV. (The crazes as 

induced by both the stress and the presence of the solvents are void into which the solvents 

can go.) On the other hand, solvent-induced crystallization has a reverse effect on the 

solvent uptake: the more crystalline the sample, the lower the solvent uptake, as the crystals 

are mostly impermeable to solvents. Therefore, the lower solvent uptake for the 

amorphous PEEK sample stressed in the three solvents can be explained by the fact that 

more crystallinity is induced in the stressed samples than in the unstressed samples. Stress 

is promoting further crystallization in the amorphous PEEK samples put in one of the three 

solvents. Further analysis of these samples by WAXS could verify this explanation. 

As far as the semi-crystalline samples are concerned, the methylene chloride 

uptakes are slightly lower for the stressed samples than for the unstressed samples, 

suggesting again that stress is promoting further crystallization. On the other hand, the 

tetrahydrofuran and acetone uptakes are larger for the stressed semi-crystalline samples 

than for the unstressed samples. Therefore, these two solvents seem to induce further 

voiding in the semi-crystalline films when stress is present, but the voids were not visible 

with the naked eye. 

Drying the samples was done by following the desorption technique indicated in 

Chapter III. Crazed portions of the amorphous PEEK sample stressed in all three solvents 

using the glass cone technique were observed under SEM. Figures 6.1 to 6.3 give the 

micrographs showing the crazes induced in the presence of methylene chloride, 

tetrahydrofuran, and acetone, respectively. Note that the magnification is different from 

picture (a) to picture (b) in both Figures 6.1 and 6.2, while it is the same for picture (a) and 

picture (b) in Figure 6.3. For the same diameter (i.e., about 2 cm, which corresponds to a 

strain of about 1.7 %), acetone induced less regular crazes than methylene chloride and 

tetrahydrofuran. For example, acetone induced both small crazes (i.e., about 1 um in 

width as found from Figure 6.3(a)) and large crazes (i.e., about 3 Um in width as found 

from Figure 6.3(b)), while only one craze size was observed in the case of the methylene 

chloride and tetrahydrofuran exposed samples (i.e., about 2 and | [sm in width as found 

from Figures 6.1(a) and 6.2(a), respectively). Also, the walls of the crazes induced by 
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(b) 

Figure 6.1. SEM micrograph showing crazes induced by the presence of stress and 

methylene chloride 
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(b) 

Figure 6.2. SEM micrograph showing crazes induced by the presence of stress and 

tetrahydrofuran 
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(b) 

Figure 6.3. SEM micrograph showing crazes induced by the presence of stress and acetone 
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methylene chloride and tetradydrofuran appear smoother than those induced by acetone 

(compare Figures 6.1(b) and 6.2(b) to Figure 6.3(b)). Finally, cavitation at the film 

surface can be noted in all three cases (see voids in Figures 6.1 to 6.3). 

In summary, the glass cone technique was applied to the eleven PEEK films to 

evaluate the critical strains for craze initiation in the presence of methylene chloride, 

tetrahydrofuran, and acetone. The size of the glass cones was not appropriate for the 

PEEK films and only five systems displayed crazing. Comparing the solvent uptake of the 

stressed films to that of the unstressed films indicated that stress promoted further 

crystallization in the case of the eleven PEEK films exposed to methylene chloride and of 

the amorphous PEEK film exposed to tetrahydrofuran and acetone. On the other hand, 

tetrahydrofuran and acetone induced voiding in the semi-crystalline PEEK films, which 

was not visible with the naked eye. Finally, acetone was found to induce more irregular 

and less smooth crazes than methylene chloride and tetrahydrofuran in the amorphous 

PEEK films. In the next section, microtensile tests are performed on the as-pressed and 

solvent-exposed PEEK samples. 

Microtensile tests 

Dog-bone shaped samples were either stressed as pressed or swollen in a solvent 

until equilibrium in the weight uptake was reached and stressed in the presence of the 

solvent using a microtensile tester. Typical engineering stress-strain curves obtained for 

PEEK(0/0), PEEK(175/60), and PEEK(300/60) are given in Figures 6.4 to 6.6, 

respectively. Table 6.3 gives the values of yield strength, strain at break, stress at break, 

and straining energy for PEEK(0/0), PEEK(175/60) and PEEK(300/60), while Table 6.4 

gives the values of these same parameters for the nine PEEK samples crystallized from the 

glassy state. The stress-strain curves of PEEK(175/60) are representative of the stress- 

strain curves of the nine PEEK samples crystallized from the glassy state as indicated by 

the values of the different parameters in Table 6.4. Each series of sample consisted of a 

control specimen (i.e., stressed in air) and four samples exposed to water, methylene 

chloride, tetrahydrofuran, or acetone. The weight uptake of water in PEEK is very low 

(i.e., about 0.1%)!3 that is why it was not mentioned in the previous chapter. However, it 

is of interest to see how water can influence the mechanical properties of PEEK as this 

solvent is present everywhere and PEEK may be in contact with water during shelf-life or 
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Figure 6.4. Stress-strain curves of amorphous PEEK films exposed to solvents. 
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Figure 6.5. Stress-strain curves of PEEK films crystallized from the glassy state at 175°C 

for 60 min. (i.e., PEEK(175/60)) exposed to solvents. 
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Figure 6.6. Stress-strain curves of the PEEK film crystallized from the melt at 300°C for 

60 min. (i.e., PEEK(300/60)) exposed to solvents. 
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Table 6.3. Yield strength (oy), strain at break (€p), stress at break (Op), and straining 

energy (E,) of PEEK(0/0), PEEK(175/60) and PEEK(300/60), initial (exposed to air) and 

exposed to water, methylene chloride (CH2Cl), tetrahydrofuran (THF), and acetone. 

  

  

  

  

  

  

  

  

  

  

  

  

          

Sample Environment Oy Eb Ob Es 

(in MPa) (%) (in MPa) (in MPa) 

Air 82.8 +37 310.7415.4 [101.7458 | 23141 +469 

Water | 74.643.2 30544424 |85.9+21 20716 + 2876 

PEEK(0/0) CH2Cl2 | 26.3+3.4 350.2+21.6 |35.2+58 8173 + 521 

THF 374428 284.7415.3 [36.3447 9181 + 485 

Acetone | 44.7421 164.9£71.1 | 27.7£3.7 4368 + 2006 

Air 90.6 +2.4 69.5+30.3 | 75.3+2.0 4879 + 2254 

Water 97.2 £45 9434513  |85.143.1 7382 + 4267 

PEEK(175/60) | CH2Cl2 {54.7443 290.94165 | 52.5411.9 13338 + 8782 

THF 81.4402 30+ 6.1 56.5 +£7.6 1592 + 338 

Acetone | 79.8493 108.0+59.2 | 53.1 +8.7 5701 + 3130 

Air 83.9 2.5 21.6+6.3 76.4 2.9 1209 + 481 

Water 98.0 £3.7 274£11.5  |92.7£48 1870 + 1056 

PEEK(300/60) } CH2Cl2 } 61.1 +8.0 24.2 £3.8 44.6 +43 981 +151 

THF 97.6+5.1 31.7+14.1 56.2 1.3 1837 £ 933 

Acetone | 73.9 £9.0 99.3+60.9  |53.8+0.6 4765 + 3062             
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Table 6.4. Yield strength (oy), strain at break (€p), stress at break (Op), and straining 

energy (Es) of the nine PEEK samples crystallized from the glassy state, initial (exposed to 

air) and exposed to water, methylene chloride (CH2Cl2), tetrahydrofuran (THF), and 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      

acetone 

Sample Environment Oy Eb Ob Eg 

(in MPa) (%) (in MPa) (in MPa) 

Air 90.8 +4.4 152.6+148 |79.0+3.9 11286 + 1330 

Water 90.1 + 1.0 8944754 85.5+1.8 6372 + 5890 

PEEK(160/4) CH2Cl2 | 43.1 412.2 44844381 |630+82 18610 + 3823 

THF 72.3423 5484109 | 48.9432 3253 + 698 

Acetone | 69.5£1.5 68.1 + 16.3 41.0£0,5 2953 + 624 

Air 90.7 + 1.9 85.6 + 32.2 75.8 + 2.0 6099 + 2326 

Water 87.8 £5.4 72.3 + 41.0 84.0 + 1.9 5445 + 3530 

PEEK(160/15) | CH2Cl2 | 48.3451 47254943 |679+413.4 22363 £ 7762 

THF 71.9 £0.5 38.3 £ 12.1 51.6 +5.1 1308 + 116 

Acetone | 71.1 46.0 122.74 64.6 |41.5+028 4910 + 2165 

Air 89.0+2.9 98.2 + 45.2 78.4412 7193 + 3483 

Water 90.9 + 3.2 15744915 | 85.5+7.6 9667 + 7962 

PEEK(160/60) | CH2Cl2 | 561+6.9 194 + 184 496+8.5 7925 + 7087 

THF 69.9+4.9 6574164 |406+1.9 2786 + 703 

Acetone | 80.7444 4964278 |440+27 2360 + 1282 

Air 88.6 + 5.5 167.5+43.6 |81.3+3.6 12576 + 3241 

Water 88.7 + 2.6 80.6 + 45.4 79.9 $2.9 5745 + 3579 

PEEK(175/4) CH2Cl2 | 54.4+ 13.2 112.3497.7 | 28.9404 3378 £ 2027 

THF 82.0 + 6.0 87.5 + 53.5 46.1£2.0 4088 + 2350 

Acetone | 66.3 £9.5 39.6+4.0 52.1486 1989 + 144 

Air 91.5462 182.1429.6 | 82.3+6.0 14032 + 3033 

Water 89.9 +5.6 17154798 |87.3+13 13345 + 6106 

PEEK(175/15) | CH2Cl2 | 44.1+7.5 59.5 + 12.8 38.8443 2101 +785 

THF 624+24 20.7 +3.4 53.4 42.6 772 + 200 

Acetone | 71.8+41.9 69.5 + 22.6 46.3 £2.7 3163 + 861 
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Table 6.4. (continued) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                      

Air 90.6424 69.5+30.3 | 75.3 42.0 4879 +2254 

Water | 97.2445 94.3451.3 | 85.143.1 7382 + 4267 

PEEK(175/60) | CH2Cl2 [54.7443 290.94165 |52.5+11.9 13338 + 8782 

THF 81.4402 30+6.1 56.5+7.6 1592 + 338 

Acetone | 79.8 49.3 108.04 59.2 | 53.1 +8.7 5701 + 3130 

Air 91.3435 156.34374 |77.9+3.5 11092 + 2557 

Water | 91.5422 406+26.1  |866+24 2854 + 2256 

PEEK(190/4) CH2Cl2 | 62.7428 43.8£13.0  |52.643.5 2096 + 572 

THF 65.6403 §2.54264 | 43.1433 2256 + 1102 

Acetone | 78.2 £7.2 3344155 |44.6+34 1621 + 829 

Air 92.6448 195.34547 |849+79 15458 + 5320 

Water | 91.9445 112.3425.9 |816+3.1 8480 + 1642 

PEEK(190/15) | CH2Cl2 | 5064123 33141472 |491+£111 13746 + 6682 

THF 84.6 +3.7 76.5420.2  |50.1422 4137 £913 

Acetone |79.42£5.1 139.2439.3 | 66.3 47.5 8004 + 2586 

Air 92.7446 106.94 36.4 |820+2.8 8235 + 3069 

Water | 91.2+2.9 104.5422.2 |80.9+09 7904 + 1674 

PEEK(190/60) | CH2Cl2 | 52.0+0.5 209.6+13.9 |404+0.3 7379 £249 

THF 79.7401 23.6£0.7 62.3 +52 1234 + 45 

Acetone | 74.1453 6754394 |469+408 3520 + 2201 
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use. From Figures 6.4 to 6.6 and Tables 6.3 and 6.4, several observations and 

conclusions can be made. 

First, the control PEEK samples (i.e., the samples tested in air) display different 

mechanical properties as the crystallinity changes. The amorphous PEEK sample is less 

stiff and far more ductile than its semi-crystalline counterparts. This difference in 

mechanical behavior has already been noted in the literature88. No significant differences 

in mechanical properties were encountered among the nine PEEK samples crystallized from 

the glassy state, except for a slight drop in ductility with increasing crystallization 

temperature. The sample crystallized from the melt state (i.e., PEEK(300/60)) was very 

brittle. The higher brittleness of the PEEK(300/60) sample compared to the nine samples 

crystallized from the glassy state could be due to its higher crystallinity as the amorphous 

phase is more ductile than the crystalline phase. This higher brittleness could also be due to 

the different morphologies between the PEEK(300/60) sample and the other semi- 

crystalline PEEK samples (i.e., PEEK(300/60) has larger spherulites). As a matter of fact, 

systems with large spherulites exhibit cracks at spherulite boundaries, while systems with 

smaller spherulites draw smoothly!22. These cracks are the consequence of foreign 

noncrystallized matter that is located at the spherulite boundaries as the noncrystallizable 

matter is pushed ahead of the crystallization front!18, Systems with large spherulites have 

thick interspherulitic boundaries where cracks grow, which is the case for the 

PEEK(300/60) sample (see spherulitic morphology from optical microscopy), while 

systems with very small spherulites display thin interspherulitic boundaries so that they 

draw smoothly, which is the case for the nine samples crystallized from the glassy state. 

Second, there were no major changes in the mechanical behavior of the PEEK films 

when they were exposed to water. However, the effects of the three other solvents on the 

mechanical properties of PEEK are clearly visible in each case. As mentioned in the case of 

the microtensile tests with i-PP, the irregularities in some of the stress-strain curves 

resulted from periodically placing drops of solvent onto the sample to maintain the solvent 

environment during the microtensile tests. Each time a drop of solvent fell onto the 

specimen, the measured load decreased, resulting in a "wavy" stress-strain curve. This 

load depression has been seen in the literature!4 and may also be a measure of the crazing 

effect of the solvent on the polymer. The higher the load depression, the higher the crazing 

effect of the solvent on the polymer!4. This waviness is encountered in the case of 
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PEEK(0/0) exposed to the three solvents and in the case of the semi-crystalline PEEK 

samples exposed to methylene chloride. Therefore, methylene chloride seems to change 

the mechanical properties of all PEEK samples, while THF and acetone seem to have 

crazing effect on the amorphous PEEK sample only. Next, the specific effects of each 

solvent are examined in more details. 

Both methylene chloride and tetrahydrofuran induced a lot of plasticization in 

amorphous PEEK as the yield point is almost erased in both cases and Young's modulus is 

greatly reduced. Acetone also induced plasticization in amorphous PEEK, but the effect of 

this solvent is lower than the effects of methylene chloride and tetrahydrofuran. In the case 

of acetone, the yield point and the elastic modulus are lower than those for the control 

sample, but they are higher than for the methylene chloride and tetrahydrofuran exposed 

amorphous PEEK. 

The same plasticization effect is observed in the case of the semi-crystalline 

polymers stressed in the presence of methylene chloride. For this case, the strain at break 

is greatly increased, the yield stress is reduced by half, and Young's modulus is also 

decreased. Methylene chloride has therefore an important effect on the mechanical 

properties of both amorphous and semi-crystalline PEEK as it acts as a plasticizer in both 

cases. This plasticization effect was not found in the case of semi-crystalline PEEK 

exposed to tetrahydrofuran or acetone. In effect, tetrahydrofuran and acetone acted as 

cracking agents for semi-crystalline PEEK, as fracture occurred, for most of the semi- 

crystalline samples, right after the yield point, where crazing was found to initiate, as 

discussed below. Both tetrahydrofuran and acetone reduced the yield point by 5 to 30 MPa 

in all semi-crystalline samples compared to the non-exposed specimens. Tetrahydrofuran 

and acetone have, therefore, equivalent effects on the mechanical properties of semi- 

crystalline PEEK, even if they have different effects on the mechanical properties of 

amorphous PEEK. 

Finally, as far as crazing is concerned, the stressed specimens were visually 

observed in order to determine if and when crazing occurred. None of the PEEK 

specimens tested in air showed crazing. These specimens formed a neck at the yield point 

and the neck propagated along the specimen during further extension. However, most of 

the amorphous and semi-crystalline PEEK samples stressed in the presence of one of the 

three solvents showed crazing, which was visible right after the yield stress. Crazes are 
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thus thought to initiate at the yield point and they become visible as they reach a critical size 

soon after the yield point. 

Two types of crazing were observed. In the case of amorphous PEEK stressed in 

the presence of methylene chloride and tetrahydrofuran, crazing occurred mostly by small 

void formation (i.e., delocalized crazing) as whitening took place. It is thought that 

delocalized crazing also occurred in the semi-crystalline PEEK films exposed to methylene 

chloride as their stress-strain curves were similar to that of amorphous PEEK exposed to 

methylene chloride; however, stress whitening could not be observed as these samples 

were opaque. On the other hand, when the PEEK samples were stressed in the presence of 

acetone and tetrahydrofuran, few large crazes appeared. These different types of crazing 

correspond well to the mechanical behaviors displayed by each system. The presence of a 

few large crazes is more dangerous than the formation of small voids, as the specimens 

failed earlier in the former case than in the latter case. 

In conclusion, the mechanical properties of the eleven PEEK samples in the 

presence of four solvents (i.e., methylene chloride, tetrahydrofuran, acetone, and water) 

were evaluated by performing microtensile tests. The mechanical behavior of solvent- 

exposed films was compared to that of non-exposed films (i.e., tested in air). In the case 

of the non-exposed samples, the amorphous film was found to be more ductile and less 

stiff than its semi-crystalline counterparts, which were observed to be slightly less ductile 

with increasing crystallization temperature and/or time. Water was found to have little or 

no effect on the specimens. Methylene chloride had a high plasticizing effect on all the 

samples, while tetrahydrofuran and acetone plasticized amorphous PEEK only and acted as 

good crazing agents on semi-crystalline PEEK. The next section presents and discusses 

the results regarding the observation of an amorphous PEEK specimen being stretched in 

the environmental scanning electron microscope in the presence of acetone vapor. 

Tensile tests in the environmental scanning electron microscope 

As explained in Chapter III, a strip of the amorphous PEEK film was first swollen 

in acetone until equilibrium in the weight uptake was recorded, then it was cut in a dog- 

bone shape specimen and notched on both sides in the middle with a razor blade. The 

sample was then stretched in the ESEM in the presence of acetone vapor. 
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First of all, a deformation of 1.5 mm was required before any change in the 

conformation of the notches, suggesting that elastic deformation occurred until that amount 

of deformation was reached. These 1.5 mm correspond to a strain of about 5%, as the 

initial gage length of the sample was about 3 cm. This value for the yield strain (i.e., 5%) 

is about a third of the value obtained with the microtensile tests (i.e., about 14%). Stress 

concentration at the notch must have occurred in the sample tested in the ESEM. Also, the 

deformation rates were different and, in the ESEM experiment, the deformation was 

stopped several times before reaching the yield strain in order to observe changes in the 

sample conformation. 

After this elastic deformation, the propagation of the two notches was observed 

real-time and recorded with a VCR. After careful analysis of the videotape, six 

observations can be made: 

1. No cracks or crazes appeared at the tip of the notches during the entire 

deformation of the sample 

2. Several surface cracks appeared at the vicinity of the notches, but never grew 

bigger (see Figures 6.7 and 6.8) 

3. The notches had tips at 105° angles and propagated through plastic deformation 

(see Figure 6.8) 

4. The notch surfaces presented different layers (see Figure 6.9) 

5. Sample thinning occurred in the region around the tip of the notches (see Figure 

6.8) 

6. When the notches encountered a surface crack parallel to drawing direction, they 

went undermeath the surface of the sample after passing the crack. The surface 

layer broke after a certain amount of deformation at the tip of the notch (see 

Figure 6.10), the hole formed in the surface layer propagating until complete 

breakdown of the surface layer. 

All these observations are somewhat connected to the fact that the deformation of 

the specimen was very ductile as the sample was very tough. After breakdown of the 

sample, the fracture surfaces were found to be formed of a highly deformed necked region, 

which was thinner than the bulk of the sample and presented opacity, either due to the 
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Figure 6.7. Surface cracks at the vicinity of a notch 
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Figure 6.8. Sample thinning at the notch 
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Figure 6.9. Different layers at the notch tip 
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Figure 6.10. Cracking of the surface layer of a surface crack 
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presence of voids or crystallization. Furthermore, the ductile deformation was local as the 

neck did not propagate along the entire length of the sample. 

This ductile deformation occurred by the propagation of the two notches without 

formation of sharp cracks at their tips (Observation 1), which are typical of a brittle 

deformation. In the present ductile deformation, the initially sharp notches blunted as the 

two walls of the notches went apart until they made an angle of 105°. This 105” angle 

remained fixed during the entire deformation process (Observation 3). This notch tip angle 

can be explained by the fact that the region between the two notches consisted of a highly 

drawn neck!19, as the cross-sectional area between the two notches was smaller than in the 

rest of the sample. This highly drawn necked region is analogous to a plastic zone at the tip 

of the notches. The walls of the notch were thus stretched apart as far as possible, giving 

rise to this 105° angle. 

Observation 2 can also be explained by the fact that the two notches formed a 

necked region in the sample into which the stress was concentrated. All the stress involved 

in the deformation process was concentrated at the tip of the notches and not at the tip of the 

surface cracks. These surface cracks had very small depths into the thickness of the 

specimen so that their influence on the stress concentration was very small. They deformed 

as the necked region was pulled (i.e., their width increased), but they never grew in length. 

Observation 4 deals with the presence of different tearing zones at the notch tip. 

These tearing zones are a direct consequence of the ductile deformation as the tip of the 

notch propagates by tearing the bulk of the material apart. The tip of the notch appears as a 

‘crazed’ region, where fibrils are pulled out of the material according to the "meniscus 

instability" model82.84, which was presented in the Literature Review. As discussed in 

Chapter II, crazing is a consequence of plasticization, which is induced by the presence of 

acetone (see the next chapter). Charging from the ESEM seemed to enhance the visibility 

of these tearing zones, which may not have been visible with other observation equipment, 

such as naked eye or optical microscope. 

Observation 5 may be the consequence of either Poisson's effect or drawing. As 

the fracture surfaces were found to be formed of a highly deformed necked region, drawing 

is obviously the cause of sample thinning and not Poisson's effect. Again, the neck 
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formed at the region between the two notches!23 as the cross-sectional area between the 

two notches was smaller than in the rest of the sample. Therefore, sample thinning in the 

region around the tip of the notches is a direct consequence of necking. Observation of the 

necked region under optical microscope with cross-polarizers allowed orientation in the 

drawing direction to be observed, as seen in Figure 6.11(b). Figure 6.11(a) shows the 

optical micrograph of the rest of the sample, where random orientation was observed. The 

Orientation observed in the necked region reinforces the hypothesis of drawing being the 

cause of sample thinning: upon deformation, the macromolecules can only orient 

themselves in a very drawn region (i.e., region with reduced cross-sectional area). 

Moreover, a multitude of crazes was observed in the necked region under optical 

microscope (see Figure 6.12). These crazes were perpendicular to the tensile direction. 

These crazes as well as some stress-induced crystallization were certainly the cause for the 

opacity in the necked region. 

The stress concentration around the notches must have been more important in the 

middle thickness of the specimen for Observation 6 to occur. This can be explained by 

using Observation 4. Several tearing zones were observed at the tip of the notches, with 

the edge of these tearing zones making an angle of about 45° with the surface of the 

specimen. Therefore, the tip of the notches must have been of an elliptical nature in the 

thickness direction, creating the highest stress concentration at the tip of the ellipse (i.e., in 

the middle of the specimen). After passing a surface crack, the notches dwelled under the 

surface layer of the specimen and propagated underneath it until the stress concentration at 

the tip of the notch near the surface layer was big enough for the tearing of the surface layer 

to occur. A hole then formed and propagated in the surface layer until it failed under the 

Stress. 

Conclusion 

In the present chapter, the three techniques used in the case of isotactic 

polypropylene to characterize the environmental stress cracking effect of solvents were 

applied to the eleven PEEK films. The glass cone technique did not permit the critical 

Strains for craze initiation to be obtained, because the size of the glass cones was not 

appropriate for the PEEK films and only five systems displayed crazing. However, stress 
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Figure 6.11. Optical micrographs (taken with cross-polarizers) of (a) non-oriented bulk 
region and (b) oriented necked region of the amorphous PEEK specimen stretched in the 

ESEM in the presence of acetone vapor 
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Figure 6.12. Optical micrograph of necked region, where small crazes could be observed 
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was found to promote further crystallization in the case of the eleven PEEK films exposed 

to methylene chloride and of the amorphous PEEK film exposed to tetrahydrofuran and 

acetone. Acetone was found to induce more irregular and less smooth crazes than 

methylene chloride in the amorphous PEEK films. 

The microtensile tests performed on the eleven PEEK samples in the presence of 

four solvents (i.e., methylene chloride, tetrahydrofuran, acetone, and water) revealed that 

(1) water had little effect on the mechanical behavior of all specimens, (2) methylene 

chloride had a high plasticizing effect on all the samples, and (3) tetrahydrofuran and 

acetone plasticized amorphous PEEK only and acted as good crazing agents on semi- 

crystalline PEEK. 

Finally, a tensile test performed on a notched amorphous PEEK specimen in the 

ESEM in the presence of acetone vapor allowed a very ductile deformation to be observed 

and videotaped. Six observations were made which were all related to the fact that a 

localized necked region appeared in the region between the two notches. After the tensile 

test, the fractured specimen presented a localized necked region with preferred orientation 

of the macromolecules in the drawing direction and crazes perpendicular to the drawing 

direction. 
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VII. DISCUSSION 

In the present chapter, the results on the absorption of solvents in poly(ether ether 

Ketone) as well as the results on the environmental stress cracking in the same polymer are 

discussed in greater detail. First, the SINC process in amorphous PEEK is described by 

the Zachmann and Konrad theory. Second, Ty depression is evaluated for all solvents in 

amorphous PEEK using the Fox equation. Third, the Ty values and absorption results are 

used to interpret the mechanical properties of PEEK when exposed to one of the solvents. 

Finally, the mechanical properties of PEEK are predicted during its exposure to certain 

categories of solvents. 

SINC _ process 

From Chapter V, the SINC process by methylene chloride and tetrahydrofuran in 

amorphous PEEK was shown to occur as diffusion of the solvents proceeded in the 

polymeric film, that 1s the SINC process is diffusion controlled. Assuming that the 

diffusion of methylene chloride and tetrahydrofuran in the amorphous PEEK films can be 

described by Fickian law, the SINC kinetics can be described as a function of diffusion 

mechanism by applying the Zachmann and Konrad48 theory, which was presented in 

Chapter II. 

Using the Fickian plots showing the variation of front thickness as well as the plots 

showing the decrease in area of the crystallization peaks as a function of the square root of 

time, one can evaluate the parameter t,, /T,,., which determines the crystallization time scale. 

First, the crystallization rate constant K.. can be evaluated through the construction 

of an Avrami plot. Considering the plots showing the DSC curves of amorphous PEEK 

films into which a solvent was allowed to diffuse for certain amounts of time (i.e., Figure 

5.30 for methylene chloride and Figure 5.31 for tetrahydrofuran), one can build Avrami 

plots. The area under the crystallization peaks of the initial sample corresponds to the 

fraction of crystallizable material in the sample. Let this fraction of crystallizable material 

165



be equal to 1. On the other hand, the area under the crystallization peaks for the solvent- 

exposed samples corresponds to the total fraction of crystallizable material minus the 

amount of solvent-induced crystallized material (i.e., area = 1 - X, where X is the amount 

of crystallized material). Plotting In(-in(1 - X)) against In(t), where t is the time (in 

seconds) the solvents have been allowed to diffuse into the amorphous film, gives the 

Avrami plots for both systems, which are given in Figures 7.1 and 7.2 for methylene 

chloride and tetrahydrofuran, respectively. From these Avrami plots, the value of both the 

Avrami exponent n and the crystallization rate constant K can be evaluated and are given in 

Table 7.1. Note that the values of the Avrami coefficient n suggest that the crystallinity is 

one-dimensional in both systems. This linear crystallization was observed by experiment. 

A thin amorphous PEEK film was produced between two glass microscope slides by 

melting a small amount of PEEK powder above its melting temperature in the hot stage and 

quenching the melt in ice-water. Drops of methylene chloride were then put around the 

sample and the diffusion of the solvent into the amorphous film was observed under optical 

microscope. Figure 7.3 shows the diffusion front of methylene chloride as it induced 

linear crystallization in the amorphous PEEK film. This linear crystallization is, however, 

in contrast with the spherulitic morphology of other SINC polymers observed in the 

literature36,49,54. Therefore, the crystallization may be linear at first and spherulites may, 

then, grow from these linear crystals which act as nucleation sites. Assuming that the 

crystallization kinetics described by the DSC curves correspond to the crystallization 

kinetics at saturation concentration, the value of K.. is equal to the value of K. 

Second, the rate constant b, which is proportional to diffusivity, can be evaluated 

by considering the plots showing the variation of front thickness with the square root of 

time (i.e., Figure 5.28(b) for methylene chloride and Figure 5.29(b) for tetrahydrofuran). 

The parameter b is equal to the slope of the straight lines obtained by linear regression and 

is given in Table 7.1 for both systems. 

Finally, the two parameters T.. and tg can be evaluated from Equations (26) and 

(27) in Chapter II, knowing that the thickness of the amorphous PEEK film used in the 

diffusion experiment is 0.33 mm, therefore the parameter a is equal to 165 um. the values 

Of tE, Too, and t,/T,, are given in Table 7.1 for both the methylene chloride/amorphous 

PEEK and tetrahydrofuran/amorphous PEEK systems. 

According to Zachmann and Konrad48, when t,/t,, is very large (i.e., t,/t. 2 

100), the crystallization kinetics is a completely diffusion-limited process. From Table 7.1, 

it can be noted that, for both systems, t,/t., is higher than 100, so that the SINC process 
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Figure 7.1. Avrami plot for the methylene chloride/amorphous PEEK system 
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Figure 7.2. Avrami plot for the tetrahydrofuran/amorphous PEEK system 
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Figure 7.3. Optical micrograph of the diffusion front of methylene chloride inducing linear 

crystallization in a thin amorphous PEEK film 
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Table 7.1. Evaluated n, K, b, tg, To, and t,/t., for the methylene chloride/amorphous 

PEEK (i.e., MC) and tetrahydrofuran/amorphous PEEK (i.e., THF) systems 

  

n K (sec-3) | b (um/Vsec) | _ tg (sec) Too (SEC) t,/T.. 
  

MC 0.63. | 2.97x10-2 8.65 363.86 2.86 127.22 
  

                THF 1.08 5.3x104 2.86 3328.40 10.94 304.24 
  

of amorphous PEEK when exposed to methylene chloride and tetrahydrofuran is a 

diffusion-controlled process, as suggested in Chapter V. 

Tg_depression 

As mentioned in Chapter II, the SINC process is due to the plasticization of the 

polymeric chains by the presence of the solvent molecules, which disrupt the intermolecular 

forces between the macromolecules. Such an effect causes the glass transition temperature 

to be depressed so that the experimental temperature becomes situated between Ty, and Tm 

and if the polymer is crystallizable, crystallization ensues. In this section, the T, 

depression is estimated for amorphous PEEK when exposed to the three solvents used in 

this study. By considering the Fox equation (Equation (19) in Chapter II), one can 

estimate the glass transition temperature of the system. Fox equation is given as follows: 

Be » 
g 8 & 

where wp and wg are the weight fractions of the polymer and solvent, respectively and T, 

  

and T;, are the glass transition temperatures of the pure polymer and solvent, respectively. 

The glass transition of PEEK is 416K. The glass transition temperature of a solvent is not 

readily available; however, it can be estimated from its melting point. For low molecular 

The melting points of methylene chloride, m° weight polar molecules, T, =oT 

tetrahydrofuran, and acetone are 178K, 165K, and 178.4K, respectively, giving glass 

transition temperatures of 89K, 82.5K, and 89.2K, respectively. Using the weight 

fractions obtained from the dynamic solvent uptake measurements (i.e., ws = 0.39, 0.28, 

and 0.14 for methylene chloride, tetrahydrofuran, and acetone, respectively) and the glass 
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transition temperatures just obtained gives the following values for the glass transition 

temperature of the three systems: 

methylene chloride/PEEK(0/0) Ty = -102.01°C 

tetrahydrofuran/PEEK(0/0) Ty = -77.87°C 

acetone/PEEK(0/0) Ty = 1.97°C 

The values for the Ty of the three systems as evaluated by this equation are only 

approximate values, as no specific interactions, if they exist, are considered by the Fox 

equation. Also, it should be noted that the value for the glass transition temperature 

obtained for the methylene chloride/amorphous PEEK system is lower than the melting 

point of the solvent (i.e., Tm = -95°C for methylene chloride); this is physically 

impossible. 

Note that these Ty values are relatively consistent with the plasticization and 

solvent-induced crystallization processes found in Chapter V. The low Ty value for the 

methylene chloride/PEEK(0/0) system is consistent with the fact that absorption of 

methylene chloride in amorphous PEEK is very quick and solvent-induced crystallization 

takes place simultaneously. The Ty value for the tetrahydrofuran/PEEK(0/0) system 

reflects the fact that diffusion of THF and the SINC process are slower than those with 

methylene chloride, but these processes are relatively quicker than with acetone. The Ty 

value of the acetone/PEEK system, which is about 20°C lower than room temperature, 

suggests that SINC is indeed induced at room temperature. However, this process takes 

place in a system that is poorly plasticized and thus should give very low crystallinity, as 

found with WAXS data. 

Mechanical _ properties 

The Tg values as found above can also be used to interpret the mechanical 

properties of PEEK when it is exposed to one of the three solvents. As all three systems 

display Ty lower than room temperature (the temperature at which the microtensile tests 

were performed), some plasticization of the material is occurring when amorphous PEEK 

is exposed to one of the three solvents. The Tg depression is thus inducing both 

plasticization and crystallization (i.e., SINC), which have two opposite effects on the 

properties of a polymer. As mentioned in Chapter II, the Tg of the system is depressed 

because of an increased mobility of the polymer molecules due to interactions with the 
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solvent molecules. The solvent molecules disrupt the intermolecular forces between the 

macromolecules and increase the mobility of the chains (i.e., they plasticize the polymer). 

Therefore, the plasticization effect of the solvent on the polymer should cause an increase in 

the ductility of the sample, as the macromolecules have more mobility to rearrange 

themselves during tensile testing. On the other hand, crystallinity decreases the ductility of 

polymer and increases its brittleness (compare Figure 6.3 to Figure 6.4 for the samples 

drawn in air). 

The plasticization effect can be observed in the stress-strain curves of amorphous 

PEEK when exposed to methylene chloride and tetrahydrofuran (see Figure 6.3) as the 

yield point is almost erased in both cases and Young's modulus is greatly reduced (7.e., the 

sample displays a rubber-like behavior). The fact that methylene chloride has a slightly 

bigger plasticizing effect on amorphous PEEK (i.e., lower yield strength and higher strain 

at break) than tetrahydrofuran can be explained by the slight difference in Ty of the two 

systems, with the Ty, of the methylene chloride/PEEK(0/0) system being lower than that of 

the tetrahydrofuran/PEEK(0/0) system. The importance of the amorphous phase in the 

mechanical properties of such a material can also be noted, as, even if crystallinity was 

present due to the SINC process, the material behaved as a plasticized amorphous polymer 

above its Ty. 

In the case of amorphous PEEK exposed to acetone, the yield point is also 

decreased, but not as much as for the two previous solvents, which is consistent with the 

Ty values obtained for the three systems. Acetone depresses the Ty of PEEK to about 20°C 

lower than room temperature, while methylene chloride and tetrahydrofuran depress the Tg 

of PEEK to about 70 and 55°C lower than room temperature, respectively. Therefore, the 

Tg depression induced by acetone is not large enough to induce as big a plasticization as 

observed for the amorphous film exposed to methylene chloride and tetrahydrofuran. 

The Ty depression induced by acetone in amorphous PEEK also explains the very 

ductile deformation of the acetone exposed sample in the ESEM, as this specimen is again 

deformed above its Ty. This deformation was more ductile than the deformation of the 

acetone exposed sample in the microtensile tests, because of the slower rate of deformation. 

The slower the deformation speed, the more time the macromolecules have to rearrange 

themselves during deformation, leading to a more ductile deformation. 
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In the case of the PEEK samples crystallized from the glassy state, methylene 

chloride has a high plasticizing effect, while the two other solvents have a relatively small 

plasticizing effect and a large crazing effect. These results are consistent with the dynamic 

solvent uptake results from Chapter V. Methylene chloride was observed to swell the 

semi-cryStalline samples to relatively large extents, which were proportional to the 

crystallinity index of the sample before exposure to the solvents. Note once again the 

importance of the amorphous phase on the mechanical properties of the material exposed to 

methylene chloride as this system acts as a plasticized material deformed above Ty and not 

as a semi-crystalline polymer. On the other hand, tetrahydrofuran and acetone were found 

to swell semi-crystalline PEEK very little (i.e., about 1% weight uptake in each case), as 

the initial crystallinity acted as a barrier against the penetration of these two solvents. These 

two solvents had an adsorption-active effect on semi-crystalline PEEK as they promoted 

classical crazing and ultimately cracking, while methylene chloride had a volumetric effect 

as it seemed to promote delocalized crazing (the opacity of the semi-crystalline samples 

hindered the visual observation of such a phenomenon; however, the shape of the stress- 

Strain curves of the methylene chloride exposed semi-crystalline PEEK samples suggested 

its existence, as explained in Chapter VI). Both terms (i.e., adsorption-active effect and 

volumetric effect) were explained in Chapter IV. 

Comparing the behavior of the amorphous PEEK samples to that of the samples 

crystallized from the glassy state, it can be noted that even a small amount of crystallinity 

(as induced by thermal treatment at 160°C for 4 min) is sufficient to hinder the penetration 

and thus the plasticizing effect of tetrahydrofuran and acetone. Higher crystallization 

temperature or longer crystallization time adds little difference in the mechanical properties 

of the tetrahydrofuran or acetone exposed PEEK samples. 

Finally, methylene chloride had a far lower plasticizing effect on the sample 

crystallized from the melt than on the samples crystallized from the glassy state. From 

Chapter V, the maximum methylene chloride uptake in PEEK(300/60) is relatively high 

(i.e., 16.7%). As the maximum methylene chloride uptake is inversely proportional to the 

amount of crystallinity!9, the solvent is mainly going into the amorphous phase, 

plasticizing it. However, almost no plasticization was observed in the case of the 

methylene chloride exposed PEEK(300/60) sample. Therefore, the different spherulitic 

morphology between the samples crystallized from the glassy state and that crystallized 
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from the melt must play an important role. Crystallization from the melt gives rise to larger 

spherulites (see Figure 5.1) and to a larger number of defects at the spherulitic 

boundaries!18, as discussed in the previous chapter. It also leads to different properties of 

the amorphous phase!18. Therefore, a good solvent like methylene chloride which swells 

and plasticizes both amorphous and semi-crystalline PEEK does not plasticize the 

amorphous phase in the PEEK film crystallized from the melt enough to hinder the effect of 

defects and other structural characteristics on its mechanical properties. 

Effect _of other solvents on PEEK 

In this section, the results obtained for the three solvents studied in this dissertation 

as well as the results obtained with other solvents in the literature are used to investigate the 

mechanical properties of PEEK when exposed to certain categories of solvents. The effect 

of three different categories of solvents will be explored: (1) good solvents, (2) 

intermediate solvents, and (3) poor solvents. Here, good solvents are defined as the 

solvents that swell amorphous PEEK to weight gains of 20% and more, while intermediate 

solvents are the solvents which have weight gains in amorphous PEEK between 1% and 

20%, and poor solvents are solvents that have weight gains lower than 1%. 

The weight gain of different solvents in both amorphous and semi-crystalline PEEK 

as well as whether they induced crystallization in amorphous PEEK or not are given in 

Table 7.2. In Table 7.2, the differences among certain values for the weight gains are due 

to the different sample thicknesses, sample grades, sample preparations, and/or absorption 

temperatures. The semi-crystalline samples used in the absorption studies referenced in 

Table 7.2 were prepared as follows. Stober et al.13 annealed a very low-crystallinity (.e., 

about 7.6% crystallinity) PEEK film at 248°C for 10 min to obtain a film with 25.8% 

crystallinity. Hay and Kemmish!4 prepared a 25% crystalline PEEK film by crystallizing 

an amorphous PEEK film at 155°C and annealing it at 200°C for 18 h. Finally, Arzak et 

al.17,19 obtained a 34% crystalline PEEK film by slowly cooling the melt in the 

compression press. 

Good solvents, such as found in the first part of Table 7.2, swell amorphous PEEK 

to very high degrees and depress its Ty to low temperatures inducing crystallinity in the 

sample. Due to its small molar volume, methylene chloride is even able to swell semi- 
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Table 7.2. Weight gains in amorphous and semi-crystalline PEEK of different solvents and 

observation of solvent-induced crystallization (SINC) process in amorphous PEEK as 

found in the literature (references are given in parentheses) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

        

Solvent Weight gain in Weight gain in semi- SINC 

amorphous PEEK crystalline PEEK 

1,1,2,2,tetracholorethane (20) 165% Yes 

bromoform (14) 130% 0.9% (after 2 days) Yes 

dichloroethane (14) 60% 1.0% (after 2 days) Yes 

chlroroform (12) 58.5% Yes 

(14) 55% 1.0% (after 2 days) Yes 

(16) 51.2% Yes 

methylene chloride (12) 42.5% Yes 

(13) 15.4% - 20.8% Yes 

(16) 36% Yes 

(19) 20% 13% Yes 

nitrobenzene (12) 40.5% Yes 

tetrahydrofuran (14) 40% 0.3% (after 2 days) Yes 

ortho-dichlorobenzene (17) 39% 0% Yes 

n,n-dimethylformamide (17) 27% 0% Yes 

carbon disulfide (12) 26.8% Yes 

(16) 21.2% Yes 

benzene (12) 21.3% Yes 

(16) 23.4% Yes 

toluene (12) 22.9% Yes 

8 ES 

acetone (12) 71% No 

nitromethane (12) 5.1% No 

methylethylketone (12) 4.7% No 

dimethylsulfoxide (12) 1.7% No 

skydrol (12) 0.5% No 

(13) 0.6% 0.8% No     
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Table 7.2. (continued) 

  

  

  

  

            

Solvent Weight gain in Weight gain in semi- SINC 

amorphous PEEK crystalline PEEK 

carbon tetrachloride (12) 0.4% No 

(14) 0% 0% No 

water (12) 0.2% No 

(13) 0.0% 0.1% No 

(17) 0.1% 0.1% No 

n-heptane (115) 0.14% No 

diethylene glycol (12) 0% No 
  

crystalline PEEK to relatively high degrees (see Chapter V), which is not the case for the 

other good solvents!3,14,17, 

As mentioned in the previous section, the plasticization induced by these solvents is 

overshadowing the effect of solvent-induced crystallinity on the mechanical properties of 

amorphous PEEK. Therefore, an amorphous PEEK film exposed to any of these solvents 

would behave as a plasticized material above its Ty and present a rubber-like stress-strain 

curve. As far as crazing is concerned, good solvents tend to induce delocalized crazing and 

not classical crazing, as they have a volumetric effect on the amorphous polymer. In the 

case of semi-crystalline PEEK, solvents that swell the polymer (as methylene chloride 

does) would also induce plasticization and further crystallization. Therefore, although its 

initial crystallinity index is very high, the polymer would behave as a plasticized material 

above its Ty as the amorphous phase has a very important role in the mechanical properties 

of the material. 

On the other hand, good solvents that do not penetrate semi-crystalline PEEK (as is 

the case with most of them!3,14,17) do not plasticize the polymer. Therefore, the solvent- 

exposed material would not behave like a rubber, but instead the shape of its stress-strain 

curve would be close to that of the non-exposed material. Good solvents which do not 

swell semi-crystalline PEEK, such as tetrahydrofuran, also seem to promote classical 

crazing, which, in turn, promote premature cracking of the specimen. 

Intermediate solvents, such as found in the second part of Table 7.2, swell 

amorphous PEEK to relatively low extents. Acetone, which was at first considered inert 
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with PEEK as the amorphous sample stays translucent when exposed to it!2, was found to 

induce plasticization and crystallization in the amorphous PEEK sample (see Chapter V and 

the second section of this chapter). Therefore, although some solvents swell amorphous 

PEEK to relatively low extents and let the polymeric film remain translucent, there may be 

enough interaction between the solvent and the polymer for plasticization to occur and 

crystallization to be induced if the new Tg of the system is lower than the experimental 

temperature. This low plasticization would change the mechanical behavior of the polymer 

by lowering Young's modulus and decreasing the yield strength, as found in the case of the 

acetone exposed amorphous PEEK sample. This change in mechanical properties of the 

amorphous PEEK exposed to intermediate solvents is not as big as when the polymeric 

film is exposed to good solvents. Intermediate solvents should also promote classical 

crazing as they should have an adsorption-active effect on the polymer. 

Poor solvents, such as found in the third part of Table 7.2, swell amorphous PEEK 

very little (i.e., maximum weight gain of 1% in amorphous PEEK). These solvents are not 

inducing plasticization or crystallization in the amorphous and semi-crystalline PEEK films. 

Therefore, the mechanical properties of these materials should not change much (within 

experimental error) upon exposure to these poor solvents. 

Conclusion 

In the present chapter, the Zachman and Konrad theory was used to analyze the 

solvent-induced crystallization process in the amorphous PEEK film exposed to methylene 

chloride and tetrahydrofuran. The SINC process was found to be diffusion-controlled in 

both cases, as suggested in Chapter V. The glass transition temperatures of the amorphous 

PEEK samples exposed to methylene chloride, tetrahydrofuran, and acetone were estimated 

through the Fox equation to be -102°C, -78°C, and 2°C, respectively. These Ty values 

indicate that plasticization of amorphous PEEK occurs when it is exposed to any of the 

three solvents. The mechanical properties of the solvent-exposed specimens were then 

explained by using the estimated Ty values and the solvent uptake results. The amorphous 

phase was found to play a very important role in the mechanical properties of the specimens 

exposed to plasticizing solvents. Finally, the effect of several other solvents on the 

mechanical properties of both amorphous and semi-crystalline PEEK was analyzed by 

using both solvent uptake measurements found in the literature and the results on 
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morphology changes and mechanical properties of solvent-exposed specimen found in 

Chapters V and VI. 
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VIII. SUMMARY AND CONCLUSIONS 

Summary 

The interaction between poly(ether ether ketone) and three solvents (i.e., methylene 

chloride, tetrahydrofuran, and acetone) was studied by means of several complementary 

techniques. 

A series of ten 0.3 mm thick PEEK films was produced by compression-molding 

some PEEK powder at 385°C for 5 min, quenching the melt in ice water to obtain 

amorphous PEEK films, and crystallizing the PEEK films at three different temperatures 

for three different times. An eleventh PEEK film was produced by compression-molding 

some PEEK powder at 385°C for 5 min and crystallizing the PEEK film after the melt at 

300°C for 60 min. The morphology of the eleven PEEK films was carefully analyzed by 

optical microscopy, differential scanning calorimetry, and wide angle X-ray scattering. 

Dynamic solvent uptake measurements were performed on the eleven PEEK films 

with three solvents (i.e., methylene chloride, tetrahydrofuran, and acetone). It was found 

that the higher the crystallization temperature and/or crystallization time, the slower the 

diffusion of methylene chloride in the PEEK film and the lower the maximum solvent 

uptake. Tetrahydrofuran and acetone were found to swell the amorphous PEEK film to 

relatively high degrees (i.e., weight percent uptakes were equal to 28 and 14 %, 

respectively), but not the semi-crystalline PEEK films (i.e., weight percent uptakes were 

between 0.6 and 1.2%). Molecular modeling was used to further study the interaction 

between PEEK and the three solvents. 

Desorption of the completely swollen PEEK films was performed by first putting 

the samples in a vacuum desiccator at room temperature and then placing them in a vacuum 

oven at 70°C until equilibrium in the weight loss was recorded. In the case of amorphous 

PEEK exposed to methylene chloride and tetrahydrofuran, the desorption kinetics were 
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found to be far slower than the absorption kinetics. Also, some residual solvent was left in 

the structure in the case of all samples exposed to methylene chloride and of amorphous 

PEEK exposed to tetrahydrofuran and acetone. Thermogravimetric analysis was used to 

find out the temperature at which these solvents leave the structure, which appeared to be 

lower than the melting point. On the other hand, all semi-crystalline PEEK films exposed 

to tetrahydrofuran and acetone displayed a higher weight loss than a weight gain. 

The dried samples where carefully analyzed to characterize solvent-induced 

crystallization, that was visually observed in the case of amorphous PEEK exposed to 

methylene chloride and tetrahydrofuran, but not in the case of acetone exposed amorphous 

PEEK. Differential scanning calorimetry, wide-angle X-ray scattering, small-angle X-ray 

scattering, and infrared spectroscopy did indicate that crystallinity was induced in 

amorphous PEEK upon exposure to methylene chloride, tetrahydrofuran, and acetone. 

Diffusion of methylene chloride and tetrahydrofuran was observed in amorphous 

PEEK by (1) letting these solvents diffuse in 0.33 mm thick samples for certain periods of 

time, (2) stopping the diffusion by immersion in liquid nitrogen, (3) drying the partly 

swollen samples in a vacuum desiccator at room temperature and then in a vacuum oven at 

70°C, and (4) fracturing the samples in liquid nitrogen to obtain two pieces, one for 

examination in the scanning electron microscope and the other for differential scanning 

calorimetry measurements. A series of micrographs was obtained, where clear diffusion 

fronts could be observed, going from the edges of the specimen to its inner core as more 

time was allowed for diffusion. A series of DSC curves was also obtained, where a 

decrease in the area of the exothermic crystallization peak was observed and related to the 

solvent-induced crystallization process. The diffusion front thickness as well as the 

decrease in the crystallization peak were plotted against time and square root of time to 

determine whether the diffusion was Fickian or Case II. 

Strips of the PEEK films were stressed in the inside of glass cones and immersed in 

one of the three solvents to determine the critical strain for craze initiation. Crazes were 

observed in a few systems only, as the size of the glass cones was not appropriate for the 

PEEK films. The solvent uptakes of the stressed samples were recorded and compared to 

the solvent uptakes of the unstressed samples. It was found that amorphous PEEK 

stressed in the presence of the three solvents and the semi-crystalline PEEK samples 
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stressed in the presence of methylene chloride displayed lower solvent uptakes than the 

corresponding unstressed samples, while the semi-crystalline PEEK samples stressed in 

tetrahydrofuran and acetone displayed higher solvent uptakes than the corresponding 

unstressed samples. Portions of the crazed amorphous PEEK films were observed under 

scanning electron microscope and revealed that acetone induced more irregular and rougher 

crazes than methylene chloride and tetrahydrofuran. 

Completely swollen dog-bone shaped PEEK specimens were stressed in the 

presence of the solvent using a miniature material tester and their mechanical properties 

were compared to those of the unswollen specimen stressed in air. In the case of the 

Specimens stressed in air, the amorphous film was found to be more ductile and less stiff 

than its semi-crystalline counterparts, which were observed to be slightly less ductile with 

increasing crystallization temperature and/or time. Water was found to have little or no 

effect on the specimens. Methylene chloride had a high plasticizing effect on all the 

samples, while tetrahydrofuran and acetone plasticized amorphous PEEK only and acted as 

good crazing agents on semi-crystalline PEEK. 

Finally, a dog-bone shaped amorphous PEEK specimen was first swollen in 

acetone until equilibrium in the weight uptake was recorded, notched on both sides in the 

middle with a razor blade, and stretched in the environmental scanning electron microscope 

in the presence of acetone vapor. A very ductile deformation was observed and 

videotaped. After careful analysis of the videotape, six observations were made which 

were all related to the fact that a localized necked region appeared in the region between the 

two notches. After the tensile test, the fractured specimen presented a localized necked 

region with preferred orientation of the macromolecules in the drawing direction and crazes 

perpendicular to the drawing direction. 

Conclusions 

From this study, it is possible to draw the following conclusions: 

* For the first time, differential scanning calorimetry, wide angle X-ray scattering, small 

angle X-ray scattering, and infrared spectrometry revealed that acetone induced crystallinity 

in amorphous PEEK, even though the sample stayed translucent when exposed to acetone. 
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* The degrees of crystallinity induced by methylene chloride, tetrahydrofuran, and acetone 

in amorphous PEEK were evaluated by WAXS to be 14.2, 8.2, and 5.9 %, respectively. 

* Comparison between the dyanmic solvent uptake data and the diffusion results revealed 

that diffusion of the solvent overpowers swelling in the first third of the time needed for 

equilibrium in the weight uptake to be reached, while swelling controls the process in the 

rest of the time. 

* In the case of the methylene chloride/amorphous PEEK system, no distinction between 

Fickian and Case II diffusion was possible. On the other hand, in the case of the 

tetrahydrofuran/amorphous PEEK system, Fickian diffusion was considered more 

plausible than Case IT. 

* The solvent-induced crystallization process was found to be controlled by the diffusion 

process, which was confirmed by the Zachmann and Konrad theory as the t,/T,, ratio was 

found to be very large. 

* From the glass cone experiments, the differences in the weight uptakes between the 

unstressed and stressed films were explained in terms of crazing and solvent-induced 

crystallization, which have two opposite effects on the solvent uptake. Crazing are voids 

into which the solvent molecules can go, while crystals are mostly impermeable to solvents 

so that the SINC process would lower the total solvent uptake in the film. 

* Stress was found to promote further crystallization in the case of the amorphous PEEK 

samples stressed in one of the three solvents and of all semi-crystalline PEEK samples 

stressed in methylene chloride. On the other hand, stress was found to promote voiding in 

the semi-crystalline PEEK samples stressed in tetrahydrofuran and acetone; however, this 

voiding was not visible with the naked eyes. 

* The mechanical properties of the solvent exposed PEEK samples (as found from the 

microtensile tests) were explained in terms of Ty depression and maximum solvent uptake. 

The Tg depression was evaluated theoretically for each system through the Fox equation. 

All Ty values were consistent with the plasticization and solvent-induced crystallization 
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processes found earlier as all Ty values were found to be below room temperature (7.e., 

below the experimental temperature), with the Ty of the methylene chloride/PEEK system 

being lower than that of the tetrahydrofuran/PEEK system, which, in turn, was found to be 

lower than that of the acetone/PEEK system. 

* The very low To's of the methylene chloride/amorphous PEEK and tetrahydrofuran/ 

amorphous PEEK systems explained the rubber-like behavior of these systems, the 

plasticized amorphous phase overshadowing the stiffening effect of crystallinity induced by 

the presence of the solvents. This high plasticization also induced delocalized crazing (i.e., 

Stress whitening) as these two solvents had a volumetric effect on the amorphous PEEK 

specimen. 

* Acetone depressed the Ty of amorphous PEEK to about 20°C below room temperature; 

therefore, the induced plasticization was not very large, but it was enough to reduce the 

yield point of the polymer and promote classical crazing. 

* In the case of the PEEK samples crystallized from the glassy state and exposed to 

methylene chloride, plasticization was also present which was explained by the relatively 

high solvent uptakes and the induced Ty depression in these systems. This high 

plasticization was thought to induce delocalized crazing, which was not visible with the 

naked eye. 

* Acetone and tetrahydrofuran did not penetrate semi-crystalline PEEK so that no 

plasticization was induced; however, they promoted classical crazing and ultimately 

premature failure of the specimens, as they had an adsorption-active effect on the semi- 

crystalline PEEK films. 

* The effect of other solvents on the mechanical properties of PEEK was considered by 

combining data from the literature and the results presented in this dissertation. Three 

categories of solvents were considered: 

* Good solvents (which induce weight gains of 20% or more in amorphous PEEK) 

were shown to induce high plasticization and thus rubber-like behavior in amorphous 

PEEK as the plasticizing effect of the amorphous phase overshadows the stiffening effect 

of solvent-induced crystals. 
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* Intermediate solvents (which induce weight gains of 1 to 20% in amorphous 

PEEK) are usually thought to not induce crystallization in amorphous PEEK as the sample 

stays translucent upon exposure to these solvents. However, some intermediate solvents 

may induce some plasticization and thus some undetected crystallization (as acetone does), 

giving rise to possible changes in the mechanical properties of the polymer. 

* Poor solvents (which induce weight gains of less than 1%) have no plasticization 

effect on PEEK and thus do not change its mechanical properties. 

* The results from the tensile test performed on a notched amorphous PEEK sample in the 

ESEM were explained by the fact that the sample was very ductile and the deformation was 

local (i.e., at the region between the two notches). This high ductility is due to the 

preliminary soaking of the sample in acetone and to the presence of the acetone vapor 

during the test. As mentioned previously, acetone induced a Tg depression in PEEK which 

gives rise to plasticization and toughness. 

In conclusion, the effects of three solvents (methylene chloride, tetrahydrofuran, 

and acetone) on the morphology and mechanical properties of PEEK were investigated 

through several different techniques. The morphology of the polymer was found to change 

upon exposure to the three solvents as solvent-induced crystallization was found to occur. 

This SINC process was explained by the plasticization effect of the solvent on the 

macromolecules, which in turn explains the changes in the mechanical properties of the 

polymer exposed to the solvents. The presence of these three solvents thus affects greatly 

both the morphology and the mechanical properties of PEEK, this effect being more 

important as the solvent interacts more with the polymer. 
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IX. FUTURE WORK 

In general, the major research objectives of this project were accomplished 

satisfactorily and some additional information was obtained about the effect of different 

solvents on a high performance semi-crystalline thermoplastic polymer, PEEK. However, 

in the course of analyzing the data, questions arised and remain still unanswered due to 

limitations in characterization techniques or limitations in time. Therefore, the following is 

suggested to extend the current work. 

More glass cone experiments should be performed on the PEEK samples to 

determine the critical strains for craze initiation; this should be done by using appropriate 

glass cone sizes. 

The possible solvent-induced crystallization process should be verified in the case 

of other intermediate solvents. As mentioned in Chapter VII, intermediate solvents leave 

the amorphous PEEK films translucent, but may induce very small and imperfect crystals, 

like acetone does. This change in morphology was shown to induce changes in mechanical 

properties and crazing resistance of the polymeric films; therefore, it is important to 

characterize the possible SINC process with all intermediate solvents. 

Further investigation on the morphology of the solvent-induced crystallized PEEK 

films is also recommended. In particular, the acetone-exposed amorphous PEEK film was 

proven to present some crystallinity, while remaining translucent even after desorption of 

the solvent. This absence of opacity with crystallinity is abnormal and should the object of 

further analysis. 

The interaction between PEEK and solvents should be characterized further using 

dynamic molecular modeling. Dynamic molecular simulations have the advantage of 

keeping the density of the system constant so that the experimental conditions can be 
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mimicked. An amorphous PEEK "chain" made of three or five repeat units should be built 

with the appropriate density (i.e., pg = 1.263 g.cc’!), then the exact number of solvent 

molecules (as calculated from the experimental solvent uptake measurements) should be 

introduced. If needed, the density of system can be change as swelling occurs upon 

exposure to the solvent. Molecular dynamic can then be run. Dynamic molecular 

simulations consist of periodic temperature perturbations that disturb the system, which 

tries to reach equilibrium after each temperature perturbation. As more and more 

temperature perturbations are introduced, the system needs less and less time to stabilize 

and once the system stabilizes, its energy can be recorded. Dynamic molecular simulations 

should be run on the total system, on the polymeric chain only, and on the solvent 

molecules only so that the solvation energy can be evaluated by subtracting the energy of 

the polymeric chain and that of the solvent molecules from the energy of the total system. 

It is suggested to use different grades of the polymer in order to determine the effect 

of molecular weight on the diffusion of solvents into the PEEK samples and on the 

mechanical properties of the systems. For example, Victrex® grades 380 and 450 could be 

used to have higher molecular weights than the one used in this project. 

The effect of temperature is also of importance in the study of high performance 

polymers, as they are used in relatively high temperature applications. At higher 

temperatures, the diffusion of the solvent should be quicker than at lower temperatures and 

higher crystallinity indices should arise. At higher temperatures, the mechanical properties 

of the polymer will also change as the amorphous phase goes from the glassy state to a 

more rubbery state. Moreover, above a certain temperature, the solvent will boil out of the 

specimen with the polymer being below or above its Ty. At temperatures above Tg of the 

system, further crystallization may also be induced thermally, with these thermally induced 

crystals have a different ‘morphology’ than the crystals that were previously induced by the 

solvent. At higher temperatures, there is, therefore, a combination of different phenomena 

that would play different roles on the diffusion of solvents (in and out of the specimen) and 

on the mechanical properties of the specimen. 

As mentioned previously, if a completely swollen and solvent-crystallized system is 

brought to a high temperature, further crystallization may by induced thermally. The 

resulting morphology may be different from that of the solvent-induced crystals and that of 
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the thermally induced crystals, as it will be the combination of both. The study of this new 

morphology is of interest for a high performance polymer such as PEEK, as its aerospace 

applications may involve exposure to solvents at room temperature (in paints or as cleaning 

agents) and then use of the polymeric part at high temperatures. The mechanical properties 

of such a material may also differ from those of the thermally crystallized material or those 

of the solvent-induced crystallized material. 

The mechanical properties of PEEK were found to change when exposed to 

solvents, but what kind of mechanical properties does a solvent-exposed PEEK sample 

have after desorption? Let us assume that the solvent plasticizes PEEK and induces further 

crystallinity. As the solvent leaves the polymer, the Ty of the system increases and the 

system gets less plasticized. After complete desorption, the system is totally unplasticized, 

but it is not a its originally state, as the solvent-induced crystallinity is still present after 

desorption and must stiffen the entire system. 

Finally, as mentioned in the introduction, this project acts as a precursor to the 

study of environmental stress cracking/crazing in PEEK composites and other PEEK 

applications. Therefore, the phenomena observed in this study could be used to understand 

further the change in morphology and thus in crack resistance of composite materials 

(having semi-crystalline thermoplastic polymer matrices) when they are exposed to 

different solvents. Also, the present analysis could contribute to the understanding of how 

PEEK parts fail in use due to a prolonged contact with certain solvents. 
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APPENDIX 

Effect of spiral angle on the calculation of critical strain from glass cone technique: 

As shown in Figure 3.5, when the strips of polymer are wrapped in the inside of 

the glass cones, they form a spiral angle of about 10° at the large end of the cones (i.e., 

where most of the critical diameters were observed). The effect of this spiral angle on the 

calculation of the critical strain is reported here throughout a series of geometrical 

calculations. This is done for both glass cone sizes used in this project. The first series of 

glass cone had diameters going from 0.2 cm to 2 cm with a total length of 8 cm, while the 

second series of glass cone had diameters going from 0.2 cm to 4 cm with a total length of 

5 cm. 

The first glass cone series can be represented schematically as follows: 

4 

20 mm 

+> 

80 mm 

  
v 

2mm 

The cone angle, 8, is equal to 

6 =90° + tan" = 96.42° 
80 

Following is a schematic representation of the strip of polymer (in bold line) inside the 

glass cone: 
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Considering the triangle formed by the three sides Peg, lc, and x and the sine law 

P. — l, —_ x 

sin73.58° sin96.42°  sin10° 

it is possible to evaluate the major of the ellipse: 

1, =p, 20% — 1.036xp, 
sin 73.58 

The vertex radii of an ellipse are given by the following relations: 
2 2 

Ty = Po sty = qe 

l, P. 

Therefore, the new critical radius, D.» lies between the two vertex radii, i.e. 

ty Sp, Sty 

or 
2 12 

7 Sp. $= 
I, p. 

AS l, = 1.036 Pec, 

2 

l= 1073xp, 

Therefore, 

0.932 xp, Sp, $ 1.073 xp, 

The critical strain is given by 

Thus 

0.932x<e, <1.073x> 
p. p. 

For this glass cone series, the critical] strain has a value within about 7% of the value 

obtained from the observed critical radius. 

The second glass cone series can be represented schematically as follows: 
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40 mm 

50 mm 

2mm 

The cone angle, 9, is equal to 

8 =90° + tan" =] =110.81° 
50 

Following is a schematic representation of the strip of polymer (in bold line) inside the 

glass cone: 

  

Considering the triangle formed by the three sides Pc, Ic, and x and the sine law 

pC 
sin59.19° — sin110.81° — sin10° 

it is possible to evaluate the major of the ellipse: 
sin110.81° 

0 Pein 59.19" 
The vertex radii of an ellipse are given by the following relations: 

= 1.088 xp, 

2 2 

T = Pe ‘ rT = dy 

H l oN 

c Pp. 

Therefore, the new critical radius, D.> lies between the two vertex radii, 1.e. 

ty Sp. Sty 

or 
2 1? 

rc < p. < — 

l, P. 
As lc = 1.088 pe, 
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1° 

—+=1.184xp, 
P. 

2 

Pe = 0.845, | 

c 

Therefore, 

0.845 xp, <p, $1184xp, 

The critical strain is given by 

Thus 

0.845x<e, <1184x~ 
P. P. 

For this glass cone series, the critical strain has a value within about 18% of the value 

obtained from the observed critical radius. 

In conclusion, the factor fas introduced in Equation (35) in Chapter III to take into 

account the effect of the spiral angle on the critical strain will be noted here as a percentage 

error. For the smaller diameter glass cone, this error is about 7%, while it is about 18% for 

the bigger diameter glass cone. 
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