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(ABSTRACT)

Long time annealing of semicrystalline PEEK above the glass transition results in the
observation of several time dependent phenomena - "physical aging”, "secondary
crystallization”, "multiple melting” of lamellae with different thermal stability etc. Their
interrelation - common origin and kinetics of development, is characterized extensively for
thefirst timein this study.

The evolution of the crystalinity during the secondary crystallization process was
monitored by DSC and density measurements. Crystallinity was characterized according to
the standard two-phase model of semicrystalline polymers and analyzed with respect to the
failure of the model to adequately describe the physical state of the polymer. A discrepancy
was observed between DSC and density crystallinity values and their respective rates of

development during the secondary crystallization stage.

WAXS revedls that the crystal density is not a physical constant, but depends on the
crystallization and/or annealing temperature. Furthermore, the crystaline lamellae densify
with time during crystallization and/or annealing. This observation leads to the conclusion
that there is no one-to-one correspondence between density and crystallinity and necessitates
the application of arevised equation for density crystallinity which accounts for the dynamics

of crystal densification.

The characteristics of the low temperature endothermic peak in the DSC scan of
PEEK (peak maximum, transition enthalpy etc.) were found to evolve with annealing time
and temperature during the secondary crystallization process in away similar to the kinetics

of development of the enthal py relaxation process in amorphous polymeric glasses.



This study reports for the first time in the literature the observation of "physical
aging" above the glass transition in the case of PEEK (according to the definition of thisterm
given by Struik). An extensive investigation of the "double melting"/"multiple melting"
phenomenon, which is observed as a result of isothermal treatment of the polymer above Ty,

was performed and several new observations reported.

After the end of the primary crystallization process, the semicrystalline polymer is a
nonequilibrium system due to the fact that crystallinity is less than unity. The system's
continuing approach to equilibrium and its response to mechanical perturbations follow

kinetics similar to that of segmental relaxation below the glass transition.
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CHAPTER 1. INTRODUCTION

PEEK - INTRODUCTION

Poly(arylene ether ether ketone) (PEEK) is among few semicrystalline polymers,
which in the last decade have been the subject of extensive applied as well as fundamental
research due to their potential application as high performance thermoplastic matrix resinsin
advanced composite materials. PEEK exhibits a high glass transition temperature (T ~
145°C-155°C), high melting temperature (T,, ~ 335-345°C), and wide crystallization range
(T,,-T43 200 K). Thisalows for fast melt processing of a semicrystalline matrix, which due

to its intermediate crystallinity (~ 30-45 %) has excellent properties. Table 1.1 summarizes

some of the main physical properties and characteristics of PEEK, relevant to this study.

The properties of the polymer depend strongly on the morphology, which develops as
a result of specific processing conditions. Therefore a better control of the processing
condition variables and their effect on the morphology would allow for better control of the
final properties of the neat PEEK material and its composites. An extensive review of the
effect of processing and more specifically of thermal history on the properties of
semicrystalline thermoplastic composites (with PEEK as an example) has appeared recently

in the literature®,

Crystallinity is one of the most important characteristics, which control the desired
properties of the polymer. The effect of thermal history on the development of crystallinity in
PEEK isacentral part of thiswork and will be analyzed in detail |ater.

Goals:

There are three main objectives of this work:

1. Theoriginal goa was to investigate the effect of chain mobility, molecular weight
(MW), and molecular weight distribution (MWD) on the formation of a "second structure’
(type Il structure in the spherulites) in PEEK. According to polarized optical microscopy
(POM) observations reported by Marand and Prasad,? this structure developed at long times



Table 1.1 Physical properties and structural characteristics of PEEK.

Poly(arylene ether ether ketone) (PEEK)

fo Oy OOV

IUPAC Nomenclature:
Poly(oxy-1,4-phenylene-oxy-1,4-phenylene-carbonyl-1,4-phenylene)

MW of repeat unit [g/mol] 288.3
Glass transition temperature, Ty (at 10 K/min)

amorphous 145°C
semicrystaline ~155°C
Melting temperature, Tr, (at 10 K/min) ~335-345°C
Crystal unit cell orthorhombic
Space group Pbcn

Room temperature unit cell dimensions®®

a ~ 78 A

b ~ 59 A

c ~ 100 A
Density [g/cm’]

bulk melt crystallized (variable with conditions) 1.300-1.310
bulk amorphous 1.263 - 1.265
crystal density &P 1.365 - 1.415
Heat of fusion, DH®, [ cal/g] ° 31.1

& Vaues reported from independent sources differ significantly beyond experimental
uncertainties of theindividual evaluations

b See section 3.2.3 for discussion on other literature values



and paralleled the formation and evolution of the low temperature melting endotherm of
melt-crystallized PEEK. This original objective evolved into a thorough characterization of
the conditions for development of the low-temperature annealing endotherm of PEEK and its
evolution with time and temperature of thermal treatment. At a later stage of the research

two more goals emerged:

2. Quantitative characterization of the development of secondary crystallinity in

PEEK by various routine methods of crystallinity evaluation.

This characterization was done specifically in connection with the development of
additional crystallinity during the long-time evolution of the low temperature annealing
endotherm of PEEK. Furthermore, this long-term time dependence of the crystallinity of the
polymer was correlated with the time dependence of several other structural characteristics of
the polymer above Tg: @) the density of the unit cell of the crystalline lamellae and its time
and temperature evolution; b) the crystalinity induced change in mobility of the amorphous
regions in the semicrystalline polymer, as manifested by the change in the glass transition
temperature with crystallization/annealing and the possible presence of a Rigid Amorphous
Fraction (RAF) above Ty and c) the phenomenon of "physical aging" above Ty for
semicrystalline PEEK. The ultimate goal was to test the compatibility of the standard two-
phase model for the physical state of semicrystalline polymers with the development of
secondary crystallization. Based on the results obtained during the realization of the
objectives in item 2) and the study of a large volume of literature data on the subject of
"multiple melting” and "annealing endotherm(s)" in other polymers, the third and most

complex and challenging goal emerged:

3. To study and present evidence for the universality of some of the conclusions of
this work for the entire spectrum of semicrystalline polymeric materials.  linear
homopolymers, crystallizable blends and copolymers, liquid crystaline polymers, natural

polymers etc.
Overview of this study:

Chapter 2 presents areview of several subjects which are important for this study:
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- avery brief review of structure and morphology of semicrystalline polymers,

- the two-phase model of the physical state of semicrystalline polymers and its

deficiencies from the point of view of current knowledge of the subject,
- abrief introduction into the subject of secondary crystallization,

- review of the phenomenon known as "double melting” (or "multiple annealing

endothermic peaks") in the case of PEEK and for other polymers as well,

- review of the structural relaxation in semicrystalline and amorphous polymers,
known as "physical aging”, with particular attention to the effect of "physical aging" above

the nominal glass transition of semicrystalline polymers.

Chapter 3 describes the materials used, their preparation conditions and the methods
of characterization employed. The fractionation procedure and the MW characterization of
the PEEK fractions are described there too.

At the beginning of chapter 4 the results from the melting studies of the PEEK
fractions are presented so as to emphasize the development of the goals of this study. The
next sections of chapter 4 present the results from the four main areas of investigation:
characterization of the low temperature annealing endotherm in the heating scan of PEEK
and examples for few other polymers - isotactic polystyrene (i-PS) and poly(butylene
terephthalate) (PBT); crystallinity evaluation by density and DSC (Differential Scanning
Calorimetry) on three different sets of semicrystalline PEEK samples and supporting results
from wide angle X-ray scattering (WAXS) measurements; the results from the small strain
creep studies of the "physical aging" of semicrystalline PEEK below and above its nomina

Ty, and calorimetric investigation of the glass transition of semicrystalline PEEK.

Chapter 5 is devoted to summary and discussions of the results presented in chapter 4.
The development with time and temperature of crystallization of the DSC and density
crystalinities for the three sets of crystallized samples and observed discrepancies are
discussed. The fina results are analyzed and compared with similar studies of
poly(phenylene sulfide) (PPS). Based on this discussion, conclusions about the density of the
amorphous phase in semicrystalline PEEK are drawn and the connection of these results with
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amodel of the development of secondary crystallinity, currently developed, is presented. The
conclusions from the "physical aging" study about the effect of isothermal annealing on the
slowing down of the retardation are presented and their connection with the results from the
crystallinity study is established.

At the end of chapter 5, the results of several experiments, deemed "controversial”
from the point of view of the current model for the low temperature melting endotherm and
secondary crystallinity, are presented. These results and their analysis naturally point out
some ideas for future work, which should be undertaken in order to resolve the controversial

conclusions stemming from these experiments.

Considering the goals presented above, the reader might certainly judge, that some of
the objectives are not fully realized at the end, and that more studies are necessary in order to
completely cover several of the objectives and justify some of the conclusions. This is
especially true in regard to the third goal above - the universality of some of the phenomena
and conclusions and their validity for other polymers with quite different chemistry and
architecture. The purpose of this work is not to give a definitive proof. Certainly, after more
than 30 years of research on the subject of annealing effects on semicrystalline polymers and
especialy multiple melting endotherms, resulting from isothermal annealing conditions, such
atask will be enormous even if taken alone. This work merely attempts to bring together a
few examples for the mgjor commercia linear polymers and a few examples from several
different groups of polymeric materials. It exposes the similarities between the results from
these studies, as opposed to the original treatment in each of the investigations, which
predominantly had chosen to focus only on a single polymer or asingle class of polymers. In

support of this part of the study only afew original results are reported.

Regarding the study of crystallinity, one might argue that it is limited in scope,
providing extensive analysis of the results from only two methods - DSC and density
crystallinities. In defense of this choice it can be said that the two methods chosen are two of
the most routine methods for determination of crystallinity. It was considered important to
limit this study to only those methods, for which their application and interpretation of results

seems straightforward from the point of view of the two-phase model of crystallinity and is
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not a subject of fundamental controversy. The starting assumption was that the results
uncovered will then lead straight to conclusions about the physical state of the polymer, and

not about the inherent limitations and controversial points of the method itself.

The study of the effects of molecular weight on the development of the low
temperature melting endotherm of PEEK was abandoned after the initial qualitative results
were obtained. This was deemed necessary for two reasons: the practical one - to be able to
investigate the problems stated in goals 1) and 2) above with large quantities of commercially
available material; and for the reason of clear and "clean” methodology - to be able to discard
the possibility, that any unusua (from the point of view of previous knowledge) behavior
uncovered might be due to flaws in the synthesis, fractionation and conversion of the material
studied. If the results and conclusions of this work are accepted, certainly there is a lot of
work which can be done with the fractionated material, namely - quantitative investigation of
the effect of MW and MWD on the development of the low temperature annealing endotherm

and the structural relaxation phenomena above Ty



CHAPTER 2

REVIEW

Most macromolecules can exist in either tofo states -crystalline oramorphous,
which are characterized by the degree of conformatimnakarwithin the chain andhe degree

of order of the chains relative to one another.

In the unorientechmorphousstate thechainsare randomlyarranged and theverall
conformationalstate of theindividual chain isthe random coilstate. The properties of
polymers inthe high temperaturdimit of this state are the properties obmmon viscous
liquids. Animportant characteristic of the amorphatiste relevant to this study, theglass
transition temperature,qTof a polymer. This is a kinetic characterisiged to characterize
the dramatiancrease upon cooling dfie relaxatiortime of a polymer (by severarders of
magnitude within anarrow temperature interval). Thmolecular mechanisrfor the glass
transition phenomenon the loss of theability for thermally activated cooperative motion in
the liquid state uporcooling. In practical terms,4Tis defined ashe temperature where the
relaxation times are of therder of 10-18s. Alternatively, T is defined ashe temperature at
which the viscosity of the liquid reaches thevalue of 16° Poise, or as the point of
discontinuity inthe plots of thefirst derivatives ofthe volume and enthalpy against
temperaturerespectively -a+(T) and G(T). Below this temperaturéne kinetic restraints

lead to the realization of a nonequilibrium amorphous state - the glassy state.

Thecrystallinestate of macromolecules is the subject of the rest of this review.

2.1 Semicrystalline Polymers

The crystallinestate of plymers is characterized blgreedimensional intermolecular
order. Due to théact that, bytheir nature, polymrsare composeffom repeating sequences
of covalently bonded atoms, any thermally stable polymer with reasaledyiee ofegularity
within the sequences of repaatits will be able to exist in amrdered state - therystalline
state thermodynamicallymore stable than the amorphaiatebelow theequilibrium melting

temperature. Because the morphologgulting fromthe crystallizationprocess is controlled



by kinetics, rather than bythermodynamics, polymers never crystallize completely. The
morphology resulting from crystallization is a partially crystalline #mefefore metastable

state in which ordered crystalline regions coexist with regions of disordered chains.

In thefollowing, some ofthe features of thphysicalstate ofsemicrystalline polymers
will be presented: the two-phaseodel ofthe physicalstate ofsemicrystalline polymers, a
general review othekinetics of crystallization with emphasis time two-stage break upto
primary and secondary crystallizatigorocesses, the concepts ofystallinity, crystal-
amorphous interphase, rigid amorphous fraction (RAF) and certain time dependent

phenomena, developing beyond the completion of the primary crystallization process.

Under quiescent conditions most pobms crystallize forming spherulites on the
macroscopic level.The spherulitegrow radially until the bulk of the polymer is filled. On
the microscopidevel the spherulites consist damellar crystals, formed by chaifolding
(figure 2.1). Thelamellacare separated by regions of amorphousterial, which could
consist of free, uncrystallized polymer chains, free endshains partially included in the
crystalline lamellae, tight (short) or loose (long) chain folds and tie molesthieh constitute

bridges between lamellar crystals (figure 2.2).

For evaluation ofthe extent towhich a polymer has been able to crystallize, the
parametewcrystallinity - x . ("crystallinity index","percentcrystallinity") is introduced. It is
usually expressed as the fractigar alternatively aghe percentage) of the totablume or
mass ofthe material, which exhibits crystallinerder. Exceptvhere denoted, for reasons of
consistency and clarity in thisork only the weight fractiorcrystallinity will be considered

(further mentioned simply as "crystallinity"), expressed as a fractional number:

Xe = — (2.)
m, +m
wherem is the nass ofthe crystalline phase anmu, - the nass ofthe amorphous phase. The
definition makesuse of theidea® that any intensiv@ropertyP' of a semicrystalline polymer

could be represented by an average of the "partial properties” afrysilline and the

amorphous componentsR' and P, :



Figure 2.1 Semicrystalline morphology - spherulite with chain folded lamellae (from

reference 4).



TIE MOLECULE LOOSE LOOP

YN Y

REJECTED
MOLECULE

YT YN

TIGHT LOOPS

Figure 2.2 Loca structure within the sperulites: crystaline lamellae and intercrystalline

amorphous regions (from reference 7).
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P'=x.P +(1-x.)P . Therefore

Xe = =—— (2.2)

Dens
c

For example, density crystallinity is derived fromthe relationship between the
density ofthe polymer p and thedensities ofthe amorphous and therystalline phases,

respectivelyp, and p_, if we use as an intensive property the specific volyme

XDens - \_/a -V — (1/pa) _(1/p )
i Vo~V A/p)-/p,)
xEens - JEEL F) _-F)a (22:3)
P Pc~Pa

where p, and p, are taken as the standard referemaleesfor the ideal amorphous and

crystalline phases respectively.

If the propertyP' is related(linearly) to the crystalline phas@nly (e.g. in equation
(2.2) P! = 0), as in thease of theenthalpy of fusion, thethe crystallinity becomes aimple

ratio between the measured property andatsefor the purecrystallinephase. Thus DSC

crystallinity x 2> is expressed as:

AH
DSC —_ m
Xe AH°

m

(2.4)

where AH? is the melting enthalpy for a 100% crystalline polymer.

Crystallinities definedhrough other propertiesensitive tahe difference between the
crystalline andamorphous phase, can be used too: WAXSstallinity, IR (infrared
spectroscopy)rystallinity, NMR (nuclear magnetic resonanca)stallinity, SAXS (small

angle X-ray scattering) crystallinity etc.

In routine evaluations afrystallinity the importance of the fattat, inaddition to the

value ofthe propertyP obtained fronthe experiment, thealues ofthe partial properties;
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and P, are required, iseldom rigorously examined. fact, their determination for sample

with a given crystallinitylevel is rarely possible.Thus, usuallyone has to determingem
from extrapolations tahe limiting cases of theperfectly amorphous anthe perfectly
crystalline polymer® One exception is the caséienP' is thespecific volume. The partial

specific volume of the crystalline phagg can be evaluated directly from X-ray measurements

of the volume ofthe unitcell. Yet, despite the facthat, for many polymers,there are

significant differencedetween literature valuder v_, the determination o¥, is rarely done

Dens N

in situ. Forevaluations ofx ™, an "acceptedValuefor v, is usuallytaken from literature

sources.

This studyconcentrates on tHeindamental investigation d@he two mostcommonly
used routine methods for evaluation arystallinity - DSC anddensity. A more detailed

review of crystallinity from an experimental point of view is given in chapter 3.1.3.

2.2 The Two-Phase Model of the Physical State of Semicrystalline

Polymers

From a theoretical point of view, it is importantriote that theabove definitions of
crystallinity assuméhe semicrystalline polymer is adeal two-phasesystem. The interface
between thecrystalline andamorphous phases is assumed sharpeffiedtively substituted
with aninfinitesimally thin dividingsurface, and thewvo phases are homogeneous and stable.
Thatis, the partial properties of the amorphous anddtystalline phaseare those of the

ideal crystallinephase and thideal amorphoughase.

These are, in fact, thremises othe simpletwo-phase modedf the physicalstate of
semicrystalline polymers. It is somewhat peculiar to realize, ththe two-phasenodel's
assumptions, a "standard" for thpplication ofthe definition for crystallinity > ® - equation
(2.1) and any particular form of equatiorf2.2), are in factreminiscent ofthe old fringed
micelle modelfor the physicalstate ofsemicrystalline polymers.The fringedmicelle model
was among thérst models of semicrystalline polymers to illustrttte ideas, thatrystalline
polymersareonly partially crystallineand thesize ofthe individual crystals is smallethan the
chains' length (figur€.3). It emerged as an elegant operative idbaut howmolecular
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Figure 2.3 The "fringed micelle" model of semicrystalline polymers (from reference 8).
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order isformed and dissipated at microscopevel so as to justifithe observedsizes of

crystalline regions in polymers. It i®ot difficult to envision whythe question about the
nature of the interfacial regions doesn't even have to be asked in the case of thericaliged
model - all chain segments emerging from the crystal surfacdiffuging intothe amorphous
regions are in gimilar state. Order isontinuously diffuseaut from the crystalline surface

and not too far away from the crystalline surface the amorphous regions are homogeneous.

However, the nature oholecular organization in polymer crystals is misrepresented
by this model. Afteithe discovery ofthe fact that hear flexibleand semiflexible polymers
crystallize bythe mechanism of chain foldinghe simplistic two-phasefringed micelle model
was abandoned, except in fepecialareas,mostly - the polyners to which itwas applied

initially: rubber, cellulose, and polymers with very low crystallirity.

The idea ofthe simple two-phasmodel waskept, however, for the purpose of its
great operativealue inthe analysis of crystallinity. Itvould be then reasonable state that
the shortcomings of the simple two-phasedelrepresent th@roblems and shortcomings of

the concept of crystallinity itself too.

2.3 Deficiencies and Problems of the Two-Phase Model

In this section several theoretical problemghs two-phasenodel fromthe point of
view of current knowledge aboutolymer crystallinearchitecture vll be presented. In
addition, a critical examination dhe literature orsemicrystalline polymers reveals a large
number of interrelated experimental studigsconsistently pointingowardslimitations and
inconsistencies ahe two-phase model. Taearly relaythese to the readseveral concepts
and results need to be introducedmely: the concept ofigid amorphous fraction(RAF),
secondary crystallizatignmultiple meltingendotherms, and structural relaxatiophysical

aging') above the nominal glass transition temperature of semicrystalline polymers.

2.3.1 General problems

Out of thevariety of shortcomings dhe two-phasenodel and its associatedncept

of crystallinity (p. 110 inreference 5) severake of importance for the subjecttbfs work.
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Those are thénherent problems in describirtge crystalline phase, the amorphous regions

and lack of description of the interphase between them:

- nature of thanterfacial transition layebetween the orderedtystalline regions

and the disordered amorphous zones,

- constraints on thatercrystalline amorphous regions; transient and permanent

entanglements, which perturb them from the "ideal" truly amorphous polymer,
- crystallite perfection.

From the coexistence of tlobain folded crystalline lamellsend amorphous regions
arisesthe question about the nature of thierfacial region between thenihe nature of the
interfacialzone is illustratecschematically in figur€.2 and with more detail - in figurg.4.
Its unique feature, lacking ithe fringed micelle model, is thespecialstate of disorder in the
basal planes whetée chain foldingoccurs. The mlecules, whichprotrudeand occupy the
interfacialzone can belong to a variety of diverse populatishert (tight)folds, long (loose)

folds, taut and loose tie molecules, connecting adjacent crystals, free ends (cilia).

Quite obviously, at leashe presence atlatively shortfolds attheinterface and their
absence fronthe bulk of the amorphous phaseings us tahe conclusion thathe disordered
regions cannot be considered homogeneous. Therefore a caution must be exercised when an
unique property isassigned tdhe amorphous phase as a whole. That property should be
considered as an apparent property of the amorphous phase instead. The second conclusion is
that due tahis inhomogeneity ofhe disordered regions and the fact thatitierfacial zone

could possess unique properties, it cannot be considered infinitesimal anymore.

Allowance must be made aldor the different mobility which chainswith various
degree of attachment to the&id crystalline lamellae mighhave. The constraints the
crystalline phase imposes tre mobility of shortfolds are stronger than those on lodslkels.

Shorter tie molecules would have less conformational freedom than longer ones. The effect of
the crystalline lamellae orthe cilia and free unattachedhains is only interms of a
macroscopic spatial constraintratatively low levels of crystallinity. At higher crystallinities

the interconnectedness of thaystalline lamellaethrough rather taut tiemolecules
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Figure 2.4 Various models for the nature of the interfacial chain-fold surface layer: (i) -
regular folds (adjacent reentry), (ii) - nonadjacent reentry (switchboard moddl), (iii) -

nonadjacent reentry with tie molecules (from reference 9).
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could lead tothe effective embedding ofthe free amorphous regions into ragid

semicrystalline matrix. Such an idea has been suggested in fact long ago by Boyer.

Finally one must note that the two-phase model (and its treatmerystdllinity) does
not address the static andynamic aspects of theissue of crystalline perfection.
Intracrystalline defectare present in therystalline lamellae. Igeneral, these defects lead to
changes in thgalues ofthe partial properties considered for tedinition of crystallinity. By
considering these partial properties totbe ones for théideal" polymer crystathe two-
phase modefails to take thatchange intcaccount. Such ahange could be considered a
static effect - a weighted change due to certain concentration of def&etsdynamic
treatment of thegroblem could be necessary toothe crystalline perfection changes with
environmental conditions (antherefore partial properties andtimately - crystallinity, are
affected).

2.3.2 Rigid Amorphous Fraction (RAF)

The concept oRAF isintroduced wherthe physicalstate of thepolymer within the

two phasesemicrystallinestructure is considered ireference to thdwo characteristic

temperatures ¢ - the glass transition and . T- the melting temperature of thgolymer.

Above the T there is a single phase - thelymer is inthe liquid state. Inthis state the
chainsare mobile and indynamic equilibrium. If from thistate thepolymer is successfully
quenched withoutrystallizing below T it is in the metastablglassystate. Thereezing of

the cooperative motions of the chain molecules belovgltses transitionemperature leads to

a rigid behavior. The release tfese cooperative molecular motions when going up in
temperature through the temperature region oglhss transition leads tbe relaxatiorfrom

a rigid glassy state toraobile supercoolediquid state. The result dhis relaxation when the
polymer isprobed with various techniques is that a chang#hysicalpropertiestypical for a

second ordetransition is observed: a break in the slope of the temperature dependence of

enthalpy, volume etc. and a stepwise change in their first derivatives - respecgivghe C

heat capacity at constant pressung)(thevolume coefficient of thermal expansiorig e The
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magnitude of this stepwise change can be used as a characteriiec sifength othis
relaxation in the glass transition region.

As most Inear polymers with a fagdegree otthain regularityareable to crystallize in
the temperature window betweeg dnd Ty, it follows that abovehe glass transition of the

polymer a fraction othe material crystallizes antbr all practical purposesemains with
propertiessimilar to the properties of thagid glassystate up to thenelting temperature of

the crystalline lamellae.Therefore fromthe point ofview of the two phase model described

above one castate thabelow Ty therigid fractionf, of a semicrystalline polymer is equal to
the sum ofthe crystalline fraction the crystallinity x . and theglassy fraction below - (1-
X ) €.9. equal to unity. AbovegTherigid fraction ofthe polymer should consisinly of the
crystalline fraction:f, = x . and the amorphous fraction of thelymer above § should be
mobile.

Therefore, according to theell known properties of thglass transition of polymers,
themagnitude ofAC, - the change of the heedpacity at f is a measure of the strength of

the relaxation for calorimtéc probing ofthe material. It had been found however* that

for many semicrystalline polymers onwart of theamorphous fraction as measured byy( 1}

participates in the glass transition, that is, abqye T

AC,

fr = 1 =
AC?

> Xe

where AC,, is the measured heatpacity change fahe semicrystalline polymeand AC? is

the measured heat capacity change for a completely amorphous polymer.

This had lead téhe suggestion that abovg the amorphous phase in thalymer can
be subdivided into a “mobilelMAF) and “rigid” amorphous fraction (RAF}° Therefore
above

AC,
AC?

fr =1 'fMAF =1- = Xc+ fRAF (25)
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The existence of rigid amorphous fraction aboveh&is been observed imgh
crystallinity flexible chain polymers such as poly(oxymethylene) (PEMplyethyleng PE)*
isotactic polypropylene (i-PP§, poly(caprolactone)’® as well as semi-flexible chain
polymers, such as polymers with aromatic ringshim backbone osterically hindering side
groups, attaining intermediate crystallinities: poly(butyleneerephthalate) (PBTY,
poly(ethylene terephthalatéPET) % 1°i-PS,?% nylon-6 and nylon-6,6;"° poly(phenylene
sulfide) (PPS) > *?and PEEK'® For PEEK according to the caloriniéc study of Cheng et

al.,*® the amount of the overall rigid fraction abovgi&

_AC,

fr = 1
64.8

[Cp in mcal/deg*g] (2.6)

After the original discussions ofhe existence of RAF from calorimetric studies of
semicrystalline polymers by Wunderli@dnd co-workers,its existence has been confirmed
usingthe same basic principle as described abbweugh othetechniques.For example, by
using dielectricspectroscopy (DS) it hakeen found thathe strength of thedielectric

relaxation at  is less than what is expected on Hasis ofthe knowncrystallinity of the

DS

polymer; hencéhe RAF foe above T is beingevaluated. Cebe and HotHgndKalika and

Krishnaswamy® have examined and confirmétk existence of RARor PEEK bydielectric
relaxation techniquesSimilarly by studyingtransport properties afichloromethane vapor in
PEEK at low activity a higher than expected fraction tfe polymer is found to be

impermeable tdhe vapors aboveg'.l'19 The fractional amount afmpermeable polymer in

excess of the crystallinity evaluated is associated with the RBE! -,

The propose@xistence of a rigid amorphous fractiontle polymer abovehe glass
transition region is a clear deviation frafme standardwo phase model ofemicrystalline
polymers. This phenomenonthe effective immobilization ofportion of the amorphous
material in a semicrystalline polymer, has begtnibuted to theconstraining effect of the
crystalline lamellae othe amorphous regions between tingstals® With this statement in
mind it isnot difficult to suggest as a firsitep inexploringthe molecular origin othe RAF,

that its existence could be connected withfailure of the simple two-phasmodel totake
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into account the existence of a finite interphase with unique properties betweeystakand
the amorphougolymeric liquid (figure2.4). While further studies to characterize its exact
location and moleculanature in theoverall semicrystalline morphologgre necessary it
shouldnot be forgotten thadetailedanalysis ofthe RAF content depends strongly on the

precision and consistency in the evaluation of crystallinity by the standard methods employed.

2.3.3 Secondary Crystallization

The overall crystallization kinetics of a polymer can be modeled thighAvrami

equation:
1- X (t)=exp(kt") (2.7)

where X .(t) is the nass fraction othe material transformed intthe crystallinestate atime t

andn is an exponent characteristic for the mode of nucleagomywth geometryand the
growth control process. After taking a double logarithm amdopermanipulation, equation
(2.7) can be linearized to givihe exponenh and the constark from a linearplot. From
experimental studies of several polymers it has been krtbatny atsome stage of the
crystallization process, thecrystallinity vs. time double logarithmic curvesxhibit large
negative deviations frorne predictions of the vkamiequation® This is illustrated on figure
2.5, whichpresents the doublegarithmic plot of crystallinities derived from dilatometry and
DSC (crystallization enthalpy and melting enthalfpg) polyethylene fraction (MW 85,000
g/mol) crystallized fronthe melt at127.5°C.*° Theinitial part of the plots isndeed linear
(with a slope corresponding to=2.5) as expectelom equation(2.7). The latepart of the
curve shows that therystallizationprocesssignificantly slows down - the slope of the curves

drops down to about 0.5.

This type of observatiofor PE andother polyners has lead tthe formal break up of
the crystallizationprocess intdwo processesprimary crystallization characterized by the
Avrami kinetics,andsecondary crystallization the crystallization whichtakes part after the
primary one is completed. The secondary crystallization process is genechlyacterized as
the slow process of completion afystallization. It couldoccur in inter-spherulitic

amorphous regions - in theaterialtrapped betweempinged spherulites, which crystallizes
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Figure 2.5 Primary and secondary crystallization in polyethylene,at T27.5°C from DSC

and dilatometric evaluation of crystallinity (data from reference 123).
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more slowly than thepreviously formed mature spherulitdae to itsfull enclosure into the

rigid semicrystalline matrix of the previously formed spherulites.

Secondary crystallization could alsocur in theintra-spherulitic amorphous regions.
This couldproceed through one d#o possible mechanismsincorporation of the intra-

spherulitic amorphous material into: 1) existing crystals, 2) newly formed crystals.

Most often in the literature théong-time evolution ofcrystallinity through the
secondary crystallizationstage has been associated witthe “lamellar thickening”
mechanisni*?® This conclusion appeared from the results of studies fffbet of anealing
on semicrystalline polymers of high crystallinity, mostly - linB&. Ithas beenmeported to
occurfollowing a log-time kinetics***° Fischer and Schmidf' * havereportedfrom SAXS
studies, that upoannealinghe long period of singlerystals of linear PE changes according

to the following equation:

L=L,+K Iog%%()% (2.8)

whereL andL, arerespectivelythe values ofthe long period aftesinnealing at timesandt,.
The rate ofincrease of crystallinity wittog(t,) decreases with increasing undercoolfig®®

suggesting a mobility controlled process.

It is important to note that all of the studmsotedabove have been somewthatited
in scope -they investigated annealing effects dawhellar thickeningabove thex-relaxation
temperature range of PE andralatively low undercoolings or upon directystallization

from the melt.

In polymers withmediumand lowlevels of crystallinitythe effect of long annealing on
crystallinity, morphology angbroperties isnuch lessunderstood. This is partlydue to the
much larger variety of polymers studied &hd much widerrange of methodologies applied.
While this should have bedpeneficial, in realitythe interpretation of resultfsom differing
techniques or combinations of techniques has lead sarti®rs toarrive at conflicting

conclusions.
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For example, isotactic polypropyler{ePP) has ecrystalline a-relaxation process at
about 100°C?* *'¥ which is above theglass transitiontemperature (J = -10°C ™).
Annealing effects atoom temperaturéave been studied mostly from a matepsdperties

31-35

point of view and independently frorthe longtime melt crystallization and aealing

above the crystalline-relaxation.

In contrast to i-PP, poly(ethylene terephthalgffET), which has a glass transition
temperature abovambient conditions has been studeer the entire range fromyTo T, .

A wide variety of mechanisms for the long time effect of annealing on the strsieture and
morphology have beesuggestedamellar thickening® crystallization of new populations of
lamellae,®” combination of thickening and recrystallizatihand crystal perfectiorf® > 4

The thermal transitions artie morphological changes observed upon heating up from the
isothermal crystallization or annealifrgmperaturehave beenattributed tomelting and

recrystallizatior?® or the melting of separate populations of lameffa&’

It is highly unlikely,however, thatamellar thickening ighe mechanism osecondary
crystallization of semi-rigid chain polymers such as PEBT, PEEK, PPS amaterials with
bulky side groups like i-PS. For these polgms the chain rigidity is unfavorable to
reorganization at thiamellar foldsurface which isrequired if isothermalmellar thickening
is to occur. A partial indicatiofor this isthe fact thatunlike PE and-PP, nocrystallinea-
relaxation process (resulting in relaxation of the crystal-amorphous intetiasebeen

detected for these polymet¥.

In summary - fromthe review presented above, follows that secondary
crystallization is an indirect confirmation tife shortcomings of the simple two-phasedel.
The deviations fronthe theoretical predictions of thev’lami modeland the changes in the
morphology of thesemicrystalline matrix on a long time scale indictte non-equilibrium
nature of the structuf®rmed during what is for most polyrsthe "practical’crystallization

step - the relatively short primary crystallization process.
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2.4 Double Melting

One of the defi@ncies oftthe two-phasenodel is associated withe phenomenon of
"multiple melting”. Regardless tiie physicalnature ofthis phenomenorthe possibility, that
its associated enthalpy is related to reorganizgirmcesses upon heating or rreelting of
populations with differenstability poses a serious question about #hdity of the static
picture drawn by the two-phaseodel to describe properlthe semicrystallinestate of

polymers.

Multiple endothermic transitions abovey Th the DSC thermograms of pure and
thermally stable linear polymeisould be the result of aumber of possibleeasons. A
multiple endothermic melting scan, for example, could reflect the well separated melting traces
of fractions of the polymer with different molecular weight, successively crystallized in time or
upon change in temperature, ardication of a transformation between different crystal
modifications ofthe polymer,the separateelting transitions of different crystal phases or the
overall effect of melting-recrystallization-remeltingrocesses??> In a liquid-crystalline
polymerthe successive endothermic transitions reflect successive phase transformations upon
heating from a crystalline to liquid-crystallireeder and fromliquid crystalline to isotropic

liquid state.

2.4.1 Double Melting in Semicrystalline Polymers

This review andhe following report wil be limited grictly to the investigation of
multiple endothermidransitions resulting frorthe isothermalannealing and/or crystallization

of semicrystalline polymers from the glassy state or from the melt.

Typical multiple melting trace ithe case of PEEK is shown @igure 2.6. It has been

widely stated in the literatutehat in the “doublenelting” scan ofPEEK the low temperature
endotherm is the result afothermal crystallization and/or annealingtween § and T, of

the polymer. Upon such ahermal treatmerthe DSCmelting scan othe polymershows, in
addition to the broadnelting endotherm in the 280-350°C rangesraall low temperature

endotherm appearing just above the temperature of isothermal treatment.
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Figure 2.6 Multiple melting of semicrystalline PEEK after crystallization at 305°C for
60 min followed by annealing at 245°C for 60 min.
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More importantly, it needs to be emphasized, that thiftiplei melting behavior is a
universal phenomenon, observied many flexible chain polyers crystallized or annealed
below their crystallinex-relaxation and fosemi-rigid chain polymers crystallized or annealed
at anytemperature between, Bnd T . Before thefinal melting, one or more endothermic
transitions which result fromsimilar conditions,namely -subjection of a polymer to single
step or mitiple stepisothermaltreatmenthave been observédr manypolymers, regardless
of the differences and complexity of their chairchitecture, chain mobility, crystal

structure(s), crystal morphology, and thermochemical stability:

- polyethylene (PEJ?

,44-47, 161, 172-175

- isotactic polypropylene (i-PPY’
- isotactic polystyrene (i-PS¥,>% +/¢*°
- poly(vinyl chloride) (PVC)3>% 183

- polyamides (several even numbered nylotis)>% 180182

36-40, 57, 184-190

- polyesters - poly(ethylene terephthala(PET) and poly(butylene
terephthalate) (PBT):* %80 18919250)y(hydroxybutyrateXPHB) and itscopolymers with
hydroxyvalerate?®?

, 61, 124, 193
8

- poly(phenylene sulfide) PP and poly(aryleneether ketone)swith

poly(arylene ether ether ketone) (PEEK) as a representative of thé fa¥e?
- liquid crystalline polymerg!®

- blends of some of the aboweentioned polymers witlother semicrystalline or

amorphOUS polymer .9, 132, 176, 191, 194-196

Some original experimental evidencdor the miutiple melting of different

semicrystalline polymers will be presented in section 4.2.2.

Holdsworth and Turner-Jon&ssuggested that, for PET, the Itiple endotherms are

the result of the melting of the lamellae originally formed at the crystallization temperature and

their further recrystallization during heating followedthg final melting ofthe recrystallized
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lamellae. This modetas laterchallenged by Groeninckx et &l.who upon a moreetailed

investigation ofthe effect of various thermal treatments tire crystallinity, melting behavior
and morphological features suggestecbanplex model involving crystglerfection without
thickening, partial melting, and recrystallization with without thickening ofthe lamellae

depending orthe conditions otrystallization and annealing. Theuggest aossible failure
of thetwo phase model to relatbe morphological parameters withe melting behavior of
the polymer. Lin and Koenig®® and Zhou and Clough®® based on littletherevidence, but
the results ofew original experimentsttribute the low temperatutannealing endotherm”
in the mutiple meltingpeak scan oPET to themelting of smallimperfect lamellae, formed

during the secondary crystallization process.

Lemstra et al?® in a study of the triple endothermieelting behavior of isothermally
crystallized i-PSidentify the uppertwo endotherms in the DSC scan with the process of
melting-recrystallizationbut fail to provide awell supportednodelfor the low temperature
"annealing endotherm" shrved in themelting scans oéll isothermallycrystallized samples.

They suggest that one possible reason for the small annealing endotherm could be a process of

“densification”, possibly a secondary crystallization, without specifying the mechanism for it.

In a study on mitiple melting of Nylon6,6 , Bell et al.>® suggest the coexistence of
two different morphological forms othe polymer which melt correspondingly at different

temperatures; one - kinetically favored, the other - thermodynamically favored.

As was mentioned above, iall these polyrars the mitiple melting/annealing
endotherms share unique common features. Therefore, an explanatiba observed
phenomena must not be limited to narrowly staged experiments on one polymer. Auihodel
have to includehe wholefield of semicrystalline polymensientioned above. Such a general
model requires a mudbroader approachThis study will be limited to the establishment of
certain controversies surrounding theltiple melting phenomenon frothe point ofview of
the two-phasenodel withPEEK as arexample. It Wl suggest a workingnodel which is
currently being explored with studies other polyners as well. With this in imd we can
continue with the analysis of the experimental work on thidpteumelting behavior oPEEK

and the models proposed for its explanation.
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2.4.2 Double Melting in PEEK

For the purpose dhis discussion, it needs to btated inadvancehat, in thecase of
PEEK, sources of niiple melting such agractionation during crystallizatiorf; " thermal
degradatiorf and themelting of different crystallographic phasés® have been ruledut.
Thusonly two modelsare being presently consideredhe “melting-recrystallization model”

and the “bi-modal lamellar population model”.

The firstreport on thé‘double melting” thermograms d?EEK comes in avork by
Blundell and Osborn®® Following experimentaproceduressimilar to these usegreviously
on PET > *"*they identifythe presence dfvo meltingendotherms in the DSC scans of both
cold and melt crystallize®EEK samples. A larger endotherm appearshi temperature
region between 280°C and 340°C andnaallerone - just above therystallization or the

annealing temperature.

Following the model proposed by Holdsworth and Turner-Jones foP"RE& authors
suggest that themall low temperature endotherm is due to thelting of the crystalline
lamellaeformed during thdasothermal crystallization. Therefore, it represehis melting
process of themajority of crystalspresent atany temperature below therystallization

temperature, that is - including the ones at room temperature.

Upon heating, a process of continuouslting and recrystallization isuggested to
occur above theriginal crystallizationtemperature. In the study of Lee aRdrter® the
upper peak is identified as theaximum ofthe combined endothermic melting and exothermic
recrystallization peaks of the continuously reorganizing crystatigiens. This model'main
strengthlies in the explanation ofthe heatingrate dependence of the douhteelting DSC

scan for samples annealed at fairly high temperafiires.

The duallamellarpopulation model wasimultaneously developed by Cebe &tahg
"t and by Bassett et df and further expanded upon with morphological evidencethgr
authors.* 8 ® Cebe and Hong studied theelting behavior oPEEK byapplying a cyclic
thermal treatment ithe DSC on greviously crystallized sample. Thegmonstrated, that

the uppemeltingendotherm remained unchanged as a result of successive heatings above the
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temperature of the previous treatmdntlowed by immediate coolingown of thesample.
The only feature of the DSC heating scamsch changed during thgarticular treatment was
the position andntensity ofthe low temperature endothermhich appeared just above the

highest previous thermal treatment temperature.

Based on this observation it was suggested tthatlow endotherm represents the
melting of a secondargopulation of less perfect, thilsss stablelamellae which meljust
above theisothermal crystallizationemperature. Additional evidence againshe melting-
recrystallization model has been provided in@k onthermal properties d?PEEK byCheng

.** and by the study of Bassett et al. A sequence of DSC heating scansarples

et al
which were isothermally melt-crystallizedor varioustimes unequivocallyshows that the
uppermelting endotherm develops first and should, therefore, be associatethwitielting

of primary PEEK lamellae. The low temperature endotherm appeanly atlater times after
significant part of the material has crystallized. However, Cheng et al. subgéstgardless
of the thermal history, gprocess of continuousielting occurs for PEEK in avery broad

temperature region and doot exclude the possibility of partial recrystallization of the
material, which melts dbw temperaturegspecially inthe case osamples crystallized from

the glassy state.

According to the study by Bassett et’8thetwo peaks in theypical doublemelting
scan of PEEK represent thmelting of different componentswithin the spherulitic
morphology, formed at differestages of therystallizationprocess and situated gttysically

different locations within the spherulitic structure.

At the earlierstage Jrimary crystallization, primariamellaedevelop so as to occupy
but notfill up the spheruliticsuperstructure. Upoheating inthe DSC, thenelting ofthese
occurs at thdightemperature @nendotherm. At the later stage (secondaygtallization)
a population of secondafgmellaedevelops fronthe melt betweerthe primaryones. These
secondarylamellae are smaller and stableonly up to atemperatureslightly above the
crystallization/annealingemperature. The constraining effect tble primary lamellae is
pointedout asthe reason for thelowing down of the secondary stage a¥stallization and

for the lowerthermal stability ofthe secondaryamellae. The authors are cautious in
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assigning a specific molecular mechanisntiier secondargrystallization. Rather thegssign
its namemerelyaccording to théime factor -from the fact that it represents tdevelopment
of newlamellaeafter the formation of the domant primaryones. Finally they pointout that
such a model of sequential crystallization wouldipplicable tahe crystallizationmechanism

of other chain folding polymers of intermediate crystallinity values, namely i-PS and PET.

Thetwo modelsfor the doublemelting behavior oPEEK described abovsave been
considered and expanded in several later studies. In calorimetric studies by Le& &t al.,
crystallinity studies by Jonas et &l. and WAXS and SAXS studies by Jonas et’athe
authors dfendthe melting recrystallization modelHowever furtherwork by other groups
has shown irreconcilable inconsistencieshafmelting-recrystallization modelNew evidence
provided in calorimetric studies by Charf§,electron microscopy by Lovinger et af’
Lattimer et al.,® optical microscopy by Marand and Prasadnd morphological studies by
Wide andSmall AngleX-ray Scattering by Wang et af>, Hsiao et al.®* and Kruger and

Zachmanri* supports and expands on the bi-modal lamellar population model.

2.5 Structural Relaxation and "Physical Aging"

It is a known and accepted fact in the literaturgoolymers, that structural relaxation
occurs in both semicrystalline and amorphous polymers below their respgcff&: 4100197
The phenomenon isommonly known asphysical agingin the literature. Forcertain
semicrystalline polymers withgTbelow ambient condition6-PP, HDPE, LDPE) studies in
the temperature rangencompassingoom temperature and abowave shown viscoelastic
responsesimilar to the physical aging of polymeric glassbslow T,. ** *" 8% Preliminary
reportsfrom our grouphave shown, thahe same effect is observed tine case of PEEK!

Before presenting the results, a brief introduction on the subject of physical aging is due.

2.5.1 Origin of "Physical Aging" Below the Glass Transition

The termphysical aginghas been commonly used in the polymer literdfuie denote
the isothermal changes istructuresensitiveproperties ofpolymeric glassy materials with

time, which are notaccompanied by chemicahanges (i.e. n@hemicalaging). These
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changes are due to thenequilibriumnature of theglassystateand are characteristic for all

glassy materials - ceramic, organic, inorganic, metaf’etc.

During the formation of thglassystate bycooling an amorphous orsemicrystalline
polymer, a temperature range is reacheavlich the molecular relaxation times begin to
exceed experimental timescales associatedthgltooling process. Therefore coolivgjow
this range leaves a structure which is unable to relax and retequilibriumproperties. The
temperature range in question is the range ofgthss transition othe polymer. More
commonly used is the designation of glass transitiontemperature J below which the
amorphous polymer athe noncrystalline fraction of @emicrystalline polymedepartfrom

equilibrium.

The relaxation of the excess freelume and enthalpy ahe polymertowardstheir
equilibrium values at a givetemperature in theglassy state is governed by a broad
distribution of molecular relaxation times. time case of the decrease of the quendie
volume, this change is directly observedhe long termdensification ofthe polymerupon
annealing atemperatures belowyT In the case of the decrease of the exeatisalpyupon
isothermal annealing belowg, Tthe changes are observedirectly through thecalorimetric
observation of the enthalpy recovery peak at or belgwvfienthe material isheated through

the glass transition.

As the availability of free volume governshe molecular mobility, the structural
relaxation leads to an increase of molecular relaxation t{eags physical aging is a self-
retarding process). In addition émthalpy and volume relaxation effects, aging is observed in
the change of therear viscoelastiadesponse of thelass both in isothermal dynamic
mechanicabnd isothermal transietgsts. The type destutilized in this study ighe linear
creep responsayidely used in the studies @hysical aging bystruik.®* It is a transient
method inwhich the effect of structural relaxation otte short term creep response of the
polymer is studiedhrough aseries of {aging-loading-creep-recovery} profiles designed in
such a way, that theesttime t after an elapsed agirigne t, (t. in Struik’s notation)satisfies

the requirement << t, (i.e. momentary creep respordgsga is collected aftezlapsed aging
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timet,). This design is necessaryander tominimize the effect of isothermal aging during

the creep test time.

2.5.2 Analysis and Interpretation of the Results

The Kohlrausch-Williams-Watts (KWW) function isne of several mathematical
expressions utilized to model an important characteristiheofelaxatiorbehavior of glasses
below T - the nonexponentiallity othe response to external changes. Inapi@ion of I.

200

Hodge,“" it is a "... widely used, versatile, convenient, amgnerally accuratedecay

function."

The KWW function (the "stretched exponential” function) has been used for describing
the relaxationfunction of polymers andther materials. Its general form(for a decay

function):

O

~—+

OO

@B (2.9)

O
P(t) =D, expéwL

-

0

is a result of thefollowing equation for the rate ofelaxation (originally proposed by

Kohlrausch):

dCD(t):—CD(t)% where r'(t):ng_B

An alternative form ofthe rate equationyhich illustratesthe essence of the non-
exponentiallity, is:

do(t) = - o(t)d[t]?  where t:TL

In general, it has been recognized, thhe experimental manifestations of
nonexponentiallity camot bedescribed by a single relaxation tiraad, therefore, require a
distribution of relaxation times. The Laplace transfornthefKWW-function represents an

asymmetric distribution of relaxation times, in whichis related to the averagelaxation
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time -thefirst moment otthe distribution1] andp reflects the breadth armdymmetry of the

relaxation spectrum - the broader the spectrum, the lower the vu@of

Other mathermatical expressions have beesed to describéhe nonexponentiality.
These are alsempiricaland are selecteahainly for the simplicity of their functional form in
the respectivelomain ofwork (real time, retardation/relaxation time, or frequency domains)
and, therefore, the easeanfalysisand manipulation afiata: log-normal distribution function
of relaxation times (Moynihafi%, box distribution (Tobolski), wedge and double box
distributions of relaxation times (Kovacs and Hutchirfsdnand several functions used in the
frequency domain studies by dielectapectroscopy - the Davidson-Cdienction (having
convenient form inthe time domain as well)the Cole-Cole function, and thdavriliak-
Negami function’® Some of these expressigmamelythe Davidson-Coldunction and the
log-normal distribution) giveesults, that areery close to KWW function with an exponent
of 0.5.2%°

Struik has suggestelf that, for physical aging of polymeriglasses, the creep

compliancel(t) may be approximated with the following form of the KWW function:
0 0
J(t)=J, exp]g—g 0 (2.9a)
B B

Thelimitation of thisequation is that it is useftbr describing onlythe early stages of
the creep responsevhent <t. Uponphysical agingelow Ty, T becomes dependent on the
aging history -1 = 1(t;, To). This is reflected inhe observation, that if one plal§t, t) vs.
log(t) the creepcompliance curves can Iseiperpose@nto amaster curve bghifting them
horizontally alongthe log(t) axis. To illustrate this we can writke ratio of the creep
compliancesl(t, t,), expressed through equation (2.9agasured aivo different aging times

- ta and a reference aging tirhg

J(tta) _ Jo(ta) O g_Dt O
Itty) Jo(tar)ex'dé% 5.0 E (2.10)

Equation (2.10) can be rewritten as:
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: 0
J(tL) _ Jo(t) thEEF %t—EBD (2.10a)
TN RSN (N R = T Rl M=

If we rescale théime axis ofthe data collected atging timet, by choosing a new time scale

T, t L .
=t[——=—, which is equivalent to:
T a

log(t')=log(t)- log@) (2.11)

then equation (2.10ahecomes an identity providetthe pre-exponential factor does not
change with aging time. The mathematical manipulation just described is equivalent to
shifting ofthe curvel(t, ) by an amounlkog(a) on a logarithmic time axis. After this shift it
coincides withthe creepcompliance curvd(t, t,), measured after agingne t,.. In physical
terms, this interpretatiostates that thelowing down of themolecular relaxation processes
during aging is equivalent to a shift of the relaxation spectrum to longer relaxation Tihies.
effect of isothermal annealing below, Tias been observefdr many glassyamorphous
polymers, fomonpolymeric glasses as well fas semicrystalline polymer&® Quantitatively

the slowing down of the molecular relaxation is described by the horizontal shift rate

_ Olog(a)
~dlog(t, )

(2.12)

Its value is decreasing with decreasitegnperature ofaging at temperaturesell
below T, but approaches walue of 1 attemperaturesiot too far away fromthe glass
transition region. Upon further approach to gtass transition regiothe value ofu falls
down to zercagain®® The description of theffect of physical aging othe response of the
glassy polymer, given so far, is universal all polymers attemperatures belowgT'whether
theyarefully amorphous opartially crystalline. A functional form dhe relaxatiorbehavior
of polymers similar tahe KWW function has been derived by Ngai atmwvorkers on the

basis of the coupling modéf®: 207299

The use of a nonexponential relaxation function is essent@idier to successfully
describethe "'memory effect” inthe relaxation of glasses. Atdgehas pointed out.... the

memory effectoccurs inany non-exponentially relaxing systemegardless of (although
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modified by) any possible non-linearity tine system... 2°® where the lattefnon-linearity) is

reflected in the time-temperature-structure dependence of the average reldixagion
(described by the Tool-Eichlin, Gordon-Narayanaswamy, Moynihan, Adam-Gibbis Akt

approaches, for example - see references quoted in reference 200).

The use of th&WW function isnot limited to the retardatiorunction insmall strain
creep studies (Strui®®). It had been used also the following relaxation studies of

polymers:
- enthalpy relaxation (Moynihan et & ten Brinke et al’* references by Hodgé)
- dielectric relaxation (Williams et &%

- studies of relaxation near tigéass transitiorthrough thedecay of nonlinear optical
properties (NLO) (Verbiest et &t

- neutron scattering (Richt&F)

It is important to note thdifference betweethetrivial phenomenological justification
of the KWW function and its use ispecific applicationgthe latterhas been discussed by

Echeveria et al. in a study of "physical aging” in polyetherimide @I)

A response to &leavysideperturbation function with magnituds, at time "zero"

results in a change in the measurable proggtyylescribed by:

7=

J()=

-

Y 0

Op¢ f
e(t
O 5, +(34-3)* (-0} = 3, +( 3o 1) H-expl> u e
0 5 B &=
(Note: For creep ipolymeric glasses angemicrystalline polymers, an additional linéam

describing viscous flow is omitted as viscosities in these systems are very high.)

Thus the response is characterized by 4 parameters:intti@ unrelaxed
("instantaneous") valud,, therelaxed ("equilibrium™) valuels, and the parameters of the
retardation function 1o and 3. Knowledge of these parameters is esseiftialderiving
analytical(rather than visual olby hand") parameters of the time-temperature superposition,

that is, the horizontal and vertical shifts of the response curves to a master curve.
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From these parameters, if teeperimental time-scale shorter than theelaxation
time-scale(as is often the case in creep studiens)y J, can be determined with a reasonable
accuracy. It would be unreasonable to assumecthegctvalues oft, and can be derived
by probingonly the early timesresponse (i.e. without a reasonable approach teidimty of

the limiting Jr value).

Thus, for practical derivation of the shift parameters from "short time" response curves

often other analytical expressions are used. In general these ignore the limiting Jakaedof
are basewnly on an initial valueJ, (assumed to be close fIp) and a simle functional

dependence on time, which involves a "characteristic time", toskd in the horizontal

shifting procedure.

With these approximate methods horizontal and versbdts canstill lead to the
building of a master curve. However, it is important tmte, that due to thémited
knowledge of the relaxation curve, such master curves andhfttvenation they contain,

should be considered valid only in the time range stutffed.

For example, Echeveria et &f° used the Andradéorm of the creepcompliance

curves at short times in order to derive the master curve for an amorphous PEI:
J(t) =J, +pOt”® (2.14)

Struik's use of the KWW function for superpositimmto amaster curve also omits the
limiting value ofthe creepcompliance and igherefore,confined only to timeshorterthan
the average retardation time. The functional form used by $truik

Ny [F H
J(t) = J, expDDt—D H (2.93)
1,01
is approximately equivalent tthe full response function above, equati@nl3), under the

following assumptionst << 1, and 4=J, = (k-&).

The first assumption above is reasonable if it can be deduced, that one is far away from

reachingthe limiting compliancevalues. The second assumption, howevegergerally not
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valid and, therefore, would result Vralues ofty and, significantly different fronthe actual

ones.

Nevertheless, aftaapplyingthe horizontal andertical shifts specific tdhe analytical
approximation method usg@r by hand), a master curve can be obtained, andtinhe-
temperature dependence of #igfts can be analyzed'he derived shiftsshift rates andheir
temperature dependence would be expected to loelgkin the immediate vicinity of a
relaxation temperature, where the assumptian<aft, will no longer be valid. In thisange,
thefull retardation function must be used. Horizontal eadical shifts can be derived and a
master curve can be built, if a single relaxato&chanism isctive in the temperature range
studied.

2.5.3 "Physical Aging" of Semicrystalline Polymers Above the Glass

Transition

In more recent years sevegabups of researchelave drawn considerable attention
to thepeculiar response aivo of the mostcommon commercial polymers, PE ar@P, to
room temperature annealing - a thermal treatment which naturally occurstivghiatime of
exploitation of theséwo polymers. When unmodified by chemical or aiifier meansboth
polymersare highly crystalline -with crystallinity x.r > 0.6. For bothpolymersthe glass
transition temperature generally identified athe T relaxation temperatureyhich for both
falls belowroom temperature. ThHaghest relaxation temperature 4 i associated with the
crystalline phase and @bout 50°C for liear PE andhbout 100°C fori-PP % (for low
frequency and transient experiments). Therefin® room temperatur@nnealing falls

naturally in the temperature region betwegraiid T, for both polymers.

As T is theglass transitionemperature, it is expected, based on the two-phasiel
of semicrystalline polymers, th#tte amorphous fraction of th@olymer wil be liquid-like
above its glass transition andlivbe completely relaxed. Othetime scale othe transient
creep experiment designed for testpigsical aging of glassy polymetise responsshould

be featureless - the response difaid-like mobile amorphous phase should be fast and the
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distribution of relaxation times, expected to be veyrow, shouldot change with timée.g.

no horizontal shift of the response with annealing time should be observed).

An extensive study of these two polymers in the region betwgandT, by Struik®
1 has shown that this isot thecase! The transient response of the semicrystalline
polymers tosmall stress is a creepompliance curvéndicative of long relaxation times and
the effect of isothermal annealing @milar to the one observed upamnealing of glassy
polymers below their J- the creegompliance curves measured at differambealing times
aredisplaced uniformlyand superposento one another by horizontahifts alongthe log(t)
axis with a finite logarithmic hatontal shiftrate -p > 0. In addition to the horizontahifts,
smallvertical shiftsare required irorder to superpose tleeirves at variouannealing times.
The vertical shifts imply that in addition to the slowing down of the relaxation by annealing, an
absolute change in the observedterialproperty(in this case - thenitial creepcompliance
Jo) is observed. The nature of thesetical shifts is somewhat ambiguotfs?® However, at
this point inthe review it is important to note, that the cr@spmpliance curves at various
isothermal annealing times and at varidesnperatures daomply in general with the
universal form oequation (2.9a) ancinnot be brought together toumiversal master curve

just by vertical shifts alon&” **

Thustwo facts have been unambiguously establishe&thyik’s pioneeringvork: 1)
i-PP and PEphysically age”above their glass transitiorfat least in thephenomenological
sense of this terf); 2) the observeghysical agingabove T, cannot beexplained by change
in the limiting value ofthe observednaterialproperty alone - instantaneous (unrelaxed) or
relaxed creemwompliance. The explanation dfe effect of isothermal annealingbove T
mustinvolve both - aslowing down of the relaxation process (horizorgaifting) and the

change in the instantaneous creep compliance (vertical shifting).

2.5.4 Models for the "Physical Aging" of Semicrystalline Polymers Above

the Glass Transition

In order toexplainthe observation ofphysical aging” in semicrystalline polymers

above theirnominal glasstransition temperatures Struik hasoposed a model, which is
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similar to the model designed to explain &ffect of hardnclusions orthe properties dfilled

rubbers®” %

In this modelthe crystals disturbthe amorphous phase and reduce segmental
mobility of the amorphouschains in their immediatevicinity. The properties of the
amorphous phase becondentical tothe properties of th&lly amorphous polymeonly at
large distances frorthe crystalline lamellae. This leads to a broadering extension of the
glass transition to highéemperatures.Effectively there is a distribution oflass transition
temperatures in th@olymer depending orhe proximity and connectivity of amorphous

chains to the crystalline lamellae.

Thus at agiven annealingemperature above what is considered to benthminal
glass transitionemperature, there are, according to Struik, regions of the amorphous phase,
which arecompletely relaxed, other, whi@reimmobilized bythe adjacentrystalline phase
and effectively glassy,and still other regionswhich are justpassingthrough theirglass
transition. In aslightly more simplistic representation of the modedesigned tobetter
illustrate the characteristic response of #Heenicrystalline polymer to annealing (“physical
aging”) at different temperature$ Struik reduces the above consideration teettistence of
two distinct T;'s: lower T, - T4, identifiable with the nominal glof thepolymer, andupper T,

- T4, which isthe T, of the fraction of the amorphous phase, constrained byrtixémity of
the crystalline lamellae.The idea certainly isot new and it is pointedut bythe author that
such a model had beauggested earlier by Boyérin relation to thecomplex relaxation
behavior of a variety of semicrystalline polymefStruik draws further support fdis model
from the concept of'rigid amorphous fraction" irsemicrystalline polymers as originally

proposed by Wunderlich on the basis of calorimetric measurementésageisection 2.3.2).

Thus atany temperature the creepompliance is determined frorthe sum of

contributions from the less constrained and the more constrained amorphous fractions:
JO)=3()+ L()= Iy +AJTP (O + Ty +A I () (2.15)

From the above equatiogenerally, it follows thathe viscoelastic response of the

200

semicrystalline polymer is nlonger thermorheologically sjpte, “~ and therefore, théme-
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temperature superpositionhich is characteristic for the single phase amorphpolymer,
mustfail. Struik proposed that the response of the heterogeneous amoffaotios can be
uncoupled in temperature regions where the contribution of one of the amorphous fractions
has insignificant timedependence compared to the contribution of dtieer amorphous
fraction. These temperature regions @eéned bythe characteristic temperatures of the two
amorphous fractions,T and T,”. The uncoupling is describethematically as procedure

for visual ("by hand",rather tharanalytical)superposition. The temperatwgeale is divided

into four characteristic regions of behavior, labeled respectively, "Region 1" - "Regfdn 4"

For Region 1 (T < ) and Region 2 (T- Tg) thetime dependence dk(t) is very
small and for all practical purposes produces only a vertical shift in the total compliance values
with aging. Regions 1 and 2 are separatety formally by the temperaturdimit of
applicability ofequation (2.9a). In&jion 3 (T < T < Ty") J(t) is at the end of thglass-
rubber transition and is no longer sensitive to agingthA&tower temperature end Begion
3 (just above ), Ji(t) is leavingthe glass transition and enteritige "rubbery plateau”. Its
complex time dependence (decreasing logarithmic slopejatapeuncoupled froml,(t) and
leads to failure ofhe time-temperature superposition. Region 4 (T, i§ characterized by
an uniform behavior othe amorphous fractiorall of which is rubbery. Aging effects
disappear, however crystallizatiompon annealing canproduce changes in the creep

compliance with annealing time.

Struik’s model has been challenged by several auffiofs?**° In the studies of Read
et al.®* ®*and Chai and McCrurtf' °*the nain challenge ishe questioning of thexistence
and nature of theombination of vertical and horizontal shifts, neceséaryhe superposition
of the creep curves different aging timesor i-PP and HDPE aged betweep (Ty) and T,
(in Struik’s notation - between T and T,”). Both studies suggeshat the observed
downward verticakhifts of the complianceare due to a mere “geometric constructioR”.
They propose, that theertical shiftsare due to change in the relaxation strength of3the
process with time. It has been acknowledged by both groups, howeveagititgamust result
in a shift ofthe retardation spectrum to longenes - afact, which sometimes isiot well

understood and misrepresented in the literatlre.
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(Note: Read eal. and Chai and McCrumttempt to show thathanges in relaxation strength
areresponsible alontor the observedging effectput their results doot supporthis, or at

least areinconclusive andtend to give possible dual explanationfus not disproving

unequivocally Struik’s statement, thaaging prodices ashift of the retardation spectrum.
Both studies acknowleddhis to a differenextent in their respectivéiscussion sections, but
the abstracts of the papers are somewmaimplete andnisleading on this issue! In a
recently published study Hellinckkhas ignored this arstated that Rad’s results ascribe the

effect of aging solely to change “in the magnitude [...] rather than the retardation times”.)

Hellinckx *” provides a modefor the aging of i-PP between jTand T,, which
incorporates both - changes imagnitude as well as ithe retardation spectrum of the
observed relaxation with aging time.

The physical aging oi-PP has also been studi#ittough transport propertie¥; >

31,34
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yield stress?" **and stress relaxation measurements of annealed fibers.

All the studies on i-PPnentioned above either doot address thepossibility of
secondary crystallization upon annealing of i-PP and/or HDPE akawer&fer to it aighly
unlikely as a mechanisifior the observedphysical aging”. Recently, however, Hutchinson
and Kriesterf® pointed out, that if structural relaxation is observed by creep recovery, then
enthalpic recovery should be observed too. Témiofexperimentattempts to correlate the
rate ofdevelopment of the creempliance curves witthe rate ofdevelopment of density
and the DSC endothermic peak just above dgeng temperature,which results from
isothermal annealing.The conclusions drawn by Hutchinson and Kriestem in favor of
some “type of ordering or partial crystallization”, in effect - secondary crystallization, as the

origin of “physical aging”.

In addition to i-PP severabther polyners exhibit “physical aging’above their
respectivenominal glasstransitions. Struik has demonstrated, that at least in a narrow
temperaturanterval above J PET and several polyamides (Nylon-6 and Nylon-&&hibit
finite horizontal shiftrates close taunity i.e. annealing ofthese polyrars above their IS is
slowing down their structural relaxation in aanmer similar ta-PP.°* These observations

have received littlattention in the literature ophysical aging of semicrystalline polymers,
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perhaps because Struik's results on these podsane limited to only 20-30 K above the
nominal T Another reason could be the fact, that theslgnpers have glass transition
temperaturesvell above ambient conditions arighysical aging"above T has not been

perceived as having such practical implications as in the case of PE and i-PP.

2.5.5 "Physical Aging" of PEEK

Physical aging of amorphous asemicrystallindPEEK hadoeenthe subject ofeveral
studies in the literaturé*°* Kemmishand Hay’® studied theeffect of annealing belowgTon
the enthalpy relaxation anthe change inltimate mechanicgbroperties of thenaterial. In a
separate study Hay” investigated thekinetics of enthalpy relaxation afeat PEEK and
PEEK-PEI (polyetherimide) compatible blends. The transient dgdamic mechanical
responses as a function of aging time belgvindve been studied by Ogale and McCullough,
9. 98 \Wang and Ogalé? and Carfagna et &’ Ogale and McCullough have investigated the
transient creep response and thathalpy relaxation as a function of aging time and
temperature in a narrow temperatiméerval just below § - 130-150°C. They report no
observation of enthalpic relaxati@iter aging ofsemicrystalline samples with crystallinities
0.22 and 0.33/ but this is in contradiction with the findings of Hd§and Cheng et d° and
is probablydue topoorresolution in their measurements. The horizoshét ratep reported
by Ogale and McCullough, derived from tensiieeep experimentdpllows in general the
theoretical predictions and thexperimental findingdor other polymers: atthe lowest
investigated temperature below [T is close to unity andecreasesharply as Tapproaches
T, of thesamples. Wang and Ogafé reported aalue of1.0 for the hdzontal shiftrate of
semicrystallindPEEK foragingdone at 130°C from stress relaxation agdamic mechanical
testing in shear mode.

All of the studiesnentioned above welgnited to the effects of annealing belowy T

on the properties of PEEK. Jar akdusch™*

investigated theffect of post-crystallization
annealingabove T on themechanicaproperties ofsemicrystallinePEEK. Theyreport, that
annealingabove T, results in a post-yield hardening of samptested at 120°Andependent

on how thesampleswere crystallized initially. The result isanalyzed in connection with the
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03,70 "'hamely - with

crystallinity and morphology studies of tledfect of annealingbove T,
the studies of thélow temperaturemelting endotherm” resulting from such a thermal

treatment of PEEK.

The results of Jar and Kausch appeainuirectly support thesecondarylamellar
formation modelfor the low temperaturenelting of PEEK. > ™* Their study isnot fully
representative of theffect of isothermal annealing ahe microstructural changes in the
polymer aghe testing is doneell beyondthe region of the iiear viscoelasticesponse. The
large deformations involved ithe experiments of Jar and Kausch at guarantee, that the
structure, the response which isrecorded at thgield point and beyond, is trgame as the
original structure resulting fromthe isothermal annealinggeatment. The importance tfis
work, however, is that iacknowledges, that thmechanism othe development of the low
temperatureannealingendotherm of PEEK musgtlay arole in determiningthe observed

changes in mechanical properties of PEEK, which result from annealing apove T

In summary,the studies ofphysical aging ofPEEK, reviewed above, hadbeen
somewhatlimited in the scope of theiinvestigations. Withthe exception of thevork of
Ogale and McCullougfi in all the otherstudiesphysical aginghad been investigated at a
single temperature, chosen at about 15-2@efow Ty for a maximum amplitude of the
observed effects. Theork by Hay'*? is an exception too, blimited to enthalpy relaxation
studies. Furthermore, as mentioned above, therbdmsa controversial statement regarding
the physical aging of semicrystallifeEEK as studied by DSC - that eathalpic relaxation
occurs uporannealing of semicrystallinEEEK below T. °" In addition tothat, theonly
study,which addresses theffects of structural relaxation upamnealingabove T, is limited

to an indirect method of investigatidft:

From the perspective of trmubstantialevel of research orphysical aging of i-PP
above T and certairsimilarities ofthe effect of long time annealing #fEEK above {to the
enthalpic relaxation phenomenontime glassystate,”® a more in-depth study dphysical
aging” of PEEK is duegencompassing a wide range of temperatures below and above the
glass transition region. The results of a straightforward application of Sexpesimental

approach tesemicrystallinePEEK are reported in section 4a#hd discussed in secticn4.
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The results of a rather unorthodox approactptyysical aging" byDSC studies are presented

at the end of the discussion chapter in section 5.6.3 due to their controversial nature.
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CHAPTER 3

EXPERIMENTAL

This chapter describes the methods of characterization used, the equipment and

conditions of characterization, and the preparation of the samples used.

3.1 Materials- Preparation

The material used for the studies of the low temperature annealing endotherm and for
the crystallinity and creep studies is commercial PEEK grade 450G (M,, = 38,300 g/mol).
Few crystallization and annealing experiments in the DSC were performed also on isotactic
polystyrene (i-PS) and poly(butylene terephthalate) (PBT). The i-PS material was obtained
from Dr. J. Rieke from Dow Chemica (M,, = 486,000 g/mol, M\/My, = 6.6). Dr. H. D. ller
kindly provided a small amount of purified material, from which the atactic and low MW
fractions have been extracted '* (M,, = 1,030,000 g/mol; M,/M, = 2.4). The PBT was
obtained from Dr. E. Raschke from Amoco and used without any modification except drying

for 24 hours in avacuum oven at 100°C in order to remove traces of water.

For the studies of the effect of molecular weight on the melting behavior of PEEK a
precursor polymer poly(ether ether ketimine) (PEEKtmn), kindly supplied by the laboratory
of Prof. J. E. McGrath at Virginia Tech, was fractionated, characterized by solution
techniques and hydrolyzed to poly(ether ether ketone) fractions.

The preparation and thermal histories of the samples used for the studies of the low
temperature annealing endothermic peak, for crystallinity studies, for creep studies, and the
preparation and MW characterization of the narrow molecular weight PEEK fractions are

described in the following sections.

3.1.1 Fractionated PEEK

In order to study the effect of MW on the melting behavior of PEEK fractions with
molecular weights between 3,200 g/mol and 43,300 g/mol were prepared by a method similar

to one described in the literature by Roovers et al. **
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PEEK isinsoluble in most common solvents. **>" Solubility has been reported only
in strong acids such as concentrated sulfuric acid, 1% % hydrofluoric acid, ** chlorosulfonic
acid ' or in high boiling point solvents at temperatures close to the melting point of the
polymer, such as some high boiling point esters, benzophenone, diphenyl sulfone,

105197 Solution characterization to

phenol/trichlorobenzene, and a-chloronaphthalene.
estimate molecular weights has been most commonly carried out in concentrated H,S0,'%1%
and also in HSOsCl. *® This type of characterization has been shown to lead to the
sulfonation of the polymer at the diether substituted ring. ® ® In effect, after the
characterization a new ionic polymer is formed, whose properties are expected to be quite
different from the properties of the original PEEK. This poses an especially difficult problem

when one works with small quantities of the polymer.

After Mohanty et al. '® reported on a method to develop amorphous precursor
polymers for poly(arylene ether ketones), Roovers et al. *** applied the idea to obtain narrow

molecular weight fractions poly(ether ether ketone).

The fractionation method used by Roovers et al. '* is fractional precipitation of a
precursor polymer poly(arylene ether ether ketimine) by non-solvent addition. The
solvent/non-solvent pair is benzene/n-hexane. In this study benzene was substituted with
toluene due to the much lower toxicity and therefore easier handling of the latter. The MW
characterization will show, that this substitution does not affect the efficiency and quality of

the fractionation.

The starting PEEKtmn material was synthesized by Dr. K. Lyon. It had molecular
weight averages M, = 20,000 g/mol and M,, = 39,000 g/mol, as determined from GPC with
universal calibration, e.g. polydispersity ratio (PDR) as expected for a step-growth process

25°C
THF

PDR = 2.0. Itsintrinsic viscosity at 25°Cin THFis[h |, = = 0.295 dl/g.

After severa initial fractionations to establish and test the procedure a batch
fractionation was done in a 1000 ml flask on a 500 ml 1% w/w solution of PEEKtmn in
toluene. The need for aflask much larger than the initial volume of the solution comes from

two factors: 1) the cumulative addition of up to 50 ml nonsolvent before the last fraction is
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obtained, 2) the need to account for the thermal expansion of the solution during step 2
below.

The fractionation procedure consisted of the following steps:

1) Drop-wise addition of prescribed amount of nonsolvent (table 3.1) in the stirred

solution at room temperature until the solution became turbid.

2) Raising the temperature of the solution in a water bath until the precipitated

material dissolved back and the solution became clear again.

3) Slow cooling upon which the precipitation of the highest molecular weight chains

present in the solution occurred.

4) The solution was left to reach room temperature and held there until the polymer
rich phase precipitated at the bottom of the flask and the solvent rich phase became
completely transparent.

5) The solvent rich phase was poured out of the flask. This was facilitated by the
fact, that the polymer rich phase was a sticky gel-like mass, which was deposited on the
bottom side of the flask during agitation of the solution with a magnetic stirrer.

6) The current fraction was dissolved in chloroform and precipitated with methanol.
The precipitate was filtered with a filter, the choice of which depended on the fraction
obtained (e.g. molecular weight). With the first fractions, afiltering flask with large filtering
funnel and afiltering paper (pore size 25 mm) was sufficient as the final precipitate consisted
of rather large particles and it was not necessary to apply high pressure. For the last fractions
(with MW less than 15,000 g/mol) small funnels with support between the funnel and the
filtering paper were used.

7) Thefractions were dried in vacuum oven at 160-180°C for 12-24 hours.

The cycle described above was applied nine times and nine fractions were obtai ned.
The last one was obtained with the addition of a relatively large amount of nonsolvent (in
effect - an excess amount of nonsolvent was applied). Despite this, the remaining solution

still had a light yellow color, indicative of the fact that the smallest MW fractions of the
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initial polymer (possibly oligomers) could not be removed. As aresult, the last fraction was
expected to have a relatively higher polydispersity ratio as will be confirmed by gel
permeation chromatography (GPC).

Another peculiar aspect of the fractionation procedure was the fact, that the first
amount of nonsolvent addition produced a fraction, containing a very small amount of
material. Thefirst fraction is expected to contain the highest molecular weight chains present
in the solution. Its appearance was slightly different from that of the later produced fractions.
Its color was more intense dark yellow as opposed to the light yellow color of the other
fractions. It is possible, that the first step extracted not only material with molecular weight
at the high end of the MW distribution curve, but maybe also some crossliinked material,
present in small amounts in the starting polymer. The amount of this first fraction obtained

was too small for practical purposes and it was not characterized or hydrolyzed to PEEK.

Thus effectively eight ketimine fractions were obtained - denoted further in the study
as KTMN4-2, ..., KTMN4-9. Table 3.1 gives the quantitative parameters of the fractionation
procedure: starting material, amount of nonsolvent added at each step, and mass yield for

each fraction.

The MW characterization of the fractions by various solution techniques (GPC, vapor

phase osmometry (VPO), solution viscosity is discussed in section 3.2.1.

After the PEEKtmn fractions were thoroughly characterized for MW and
polydispersity they were hydrolyzed to PEEK fractions. The hydrolysis was done through the
experimantal procedure, recommended by Dr. A. Brink from Prof. J. S. Riffle's laboratory at

Virginia Tech**;

1) A 5% solution of the ketimine polymer was prepared in dried NMP. 2) A small
amount of water was added in a ratio to ensure 4-fold excess of water vs. repeat units (as

recommended).
3) The solution was equilibrated at 85°C.

4) A small amount of HC| was dissolved in NMP in aratio to ensure 1.53 fold excess

of repeat unitsvs. HCI.
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TABLE 3.1 Parameters and results of the batch fractionation of poly(arylene ether ether

ketimine).

method: fractional precipitation by nonsolvent addition
solvent/nonsolvent pair: toluene/n-hexane
starting material: M, = 20,000 g/mol, M,, = 39,000 g/mol

[h]ZS =0.295dlg

THF

starting amount: 4.2 g PEEKtmn, ~ 1 % w/w solution, 500 ml
Step # Amount Nonsolvent Fraction* Fraction Yield**
[ml] [g]
1 5.0 KTMN4-1 0.011
2 8.4 KTMN4-2 0.313
3 124 KTMN4-3 0.830
4 14.8 KTMN4-4 0.418
5 175 KTMN4-5 0.404
6 215 KTMN4-6 0.397
7 27.0 KTMN4-7 0.231
8 50.0 KTMN4-8 0.231
9 excess KTMN4-9 0.304

*  Fractions in bold italics denote material, which after hydrolysis to PEEK has been used
in crystallization and melting studies

**  Total yield efficiency - 75 %
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5) The HCI solution was syringed into the polymer solution. The PEEK polymer
precipitated into fine light gray particles.

6) The solution was precipitated into water, filtered and washed twice with water to

ensure the removal of the HCI.
7) The PEEK fractions thus obtained were dried in vacuum oven for 24 hours.

The PEEK fractions are labeled as PEEK4-2, ..., PEEK4-9, following the numeric

notation of the ketimine fractions.

The ketimine fractions were completely hydrolyzed to PEEK fractions. This was
tested by thermogravimetric-mass spectra (TGA-MS) analysis. Following the method of
Roovers et al., '™ the abundance of the ions with m/z = 93, 94, and 103 (aniline, phenol, and
benzonitrile respectively) was monitored upon degradation. The benzonitrile is practically
absent from the traces. The relative ratio of the aniline and phenol ions for the hydrolyzed
PEEK fractions is much lower than that for pure PEEKtmn and is practicaly the same as in

the trace of the commercial PEEK sample submitted with them for reference.

The amount of PEEK material available from each fraction can be estimated from the
theoretical ratio of the molecular weights of the repeat units of PEEK and the ketimine

polymer:

M(PEEK4-X) = m(KTMN4-X)" R where

MPEEK i 31
R = Muw - 283 _ 743 S
M PEEKim 3633

3.1.2 Commercial Grade PEEK

The polymer used initially for the studies of the long crystallization from the melt was
in the form of semicrystalline pellets with density of 1.303 g/cm® measured by the density
gradient column technique. Small samples the size of the DSC pans with weights of about
5.0-10.0 mg (= 0.1 mg) were cut and melted in the DSC at 385°C for 5 min, then subjected to
various thermal histories, which will be presented in detail in section 3.2.2. PEEK's apparent

equilibrium melting temperature is quoted in the range of 385-395°C. %+ %1% The effect of
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thermal degradation has been shown to be significant in samples annealed above 400°C
under nitrogen and above 380°C in air. *° Therefore care has been taken to melt the samples
under nitrogen whenever possible. When melting was done in air, the melting times have

been minimized.

After the goal of the study was set to the investigation of the development of
crystallinity with annealing or crystallization above Ty, the same grade material (450G) was
ordered in the form of amorphous sheets, 0.51 mm thick, supplied by Atlantic Plastics,
Roanoke, Virginia, USA. The sheets have been processed by Westlake Plastics, Westlake,
OH. Their initia density is 1.264 g/cm®, which indicates the possibility of a very small
amount of crystallinity present (¢ > < 0.008). Further DSC studies with this material were
done on disk shaped samples 4.5-5.5 mm in diameter (10.00-20.00 mg weight depending on

crystallinity and sample size).

sample preparation for the crystallinity studies:

Three different types of samples were investigated for the crystallinity studies. 1)
melt-crystallized samples, which were crystallized for various times t at given crystallization
temperature Ty, 2) cold-crystallized samples, annealed from the amorphous glassy state to a
given crystallization temperature T, for various crystallization times t., and 3) cold-
crystallized samples, annealed from the glass to various crystallization temperatures T, for
the same crystallization time t.. The temperature profiles areillustrated in section 3.2.2. The
importance of the parameters of the various thermal histories will be discussed in the

following paragraphs as well asin section 3.2.2.

The melt-crystallized samples are disks, the size of a microscope cover dlip, cut from
the amorphous sheets. Those were placed between thin brass shim support plates, melted at
385°C for 4 min and subsequently crystallized in the furnace of a LINKAM hot stage (model

600-THM) under nitrogen gas flow. The melt-crystallization temperatures were chosen so
that to ensure fast primary crystallization - T, = 300°C is the lowest possible temperature at
which upon guenching from the melt the sample could be thermally equilibrated before
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significant crystallization begins. The crystallization times ty are 4 min, 8 min, 16 min, 30
min, 60 min, 120 min, 240 min, 960 min, 1920 min, and 3840 min. After the crystallization
time elapsed, the samples were fast cooled in the hot stage by applying through the cooling
circuit of the hot stage a high flow rate of nitrogen gas, chilled by passing through a liquid
nitrogen trap. The cooling rate of the hot stage furnace was estimated to be in excess of 200
K/min. This was done to ensure that upon cooling to room temperature all samples were
subjected to the same cooling conditions, preventing them from prolonged further
crystallization upon cooling (if such crystallization indeed happens). This provides
conditions under which the crystalline lamellae should have formed and grown isothermally

at the given crystallization temperature only.

The cold-crystallized samples were annealed in a Carver hot press and subsequently
cooled down to room temperature by quenching into ice-water mixture. The series, cold-
crystallized at various temperatures, were annealed for 60 min at several Tcs: 163°C, 183°C,
203°C, 223°C, 243°C, 263°C, 272°C. The other cold-crystallized series of samples were
annealed at 243°C for various times: 1 min, 2 min, 4 min, 8 min, 16 min, 30 min, 60 min,
120 min, 240 min, 960 min, 1920 min, 3840 min, 7680 min, 15480 min, and 21550 min.

sample preparation for the creep experiments:

The material used in this study is PEEK grade 450G, supplied in the form of
amorphous sheets. From this starting material, plates 1.8 mm thick were prepared by
molding at a temperature above the melting temperature of PEEK (at 370°C). A lower
temperature than the 385°C temperature used in the melt-crystallization studies was chosen in
order to avoid the possibility of degradation as the molding was done in air. In addition, it
was found that dightly lowering the temperature of the melt greatly reduced the formation of
voids, which were present in great numbersin plates pressed at 385°C.

As the presence of voids would make meaningless and incomparable the results of a
mechanical test, a greater importance was placed on the preparation of a series of
homogeneous samples, produced from one batch. Not raising the melt temperature enough

could have the effect of preserving some nuclei in the unrelaxed melt, which could affect the
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ability of the samples to crystallize upon entering the temperature window of crystallization
upon cooling. The homogeneity of the samples and the subsequent equal annealing
conditions still justify the reliability of the results and conclusions, because what is monitored
is the difference in the response of these samples to annealing long after their initial

crystalization.

The plates were quenched into ice/water. This cooling procedure was not sufficient to
produce amorphous plates, as was evidenced by the lack of transparency of the resulting
material. In order to ensure homogeneity within the plates and similar thermal prehistory,
sampleswith size 1.8 mm”~ 24 mm "~ 11 mm were cut and annealed for 35 min at 305°C and
guenched immediately. This treatment ensures that primary crystalization is completed
under similar conditions throughout each sample and in al of the samples. Although the
crystallization history of the samples is a complex one (fast and incomplete melt
crystalization upon cooling followed by annealing at 305°C), the thermal history of all the
samples is the same. The last prolonged thermal treatment, before the tests, results in the
annealing of the lamellae, which might have formed upon fast cooling, and in the cold-
crystallization of the remaining uncrystallized material. The temperature range of testing is
well below the 305°C annealing temperature. Therefore, it is expected that any changes upon
annealing at temperatures below 305°C will not cause significant reorganization of primary
morphology already formed at the higher temperature and will result only in "secondary”
effects.

3.2 Characterization Methods

3.2.1 MW Characterization

In order to be able to justify the correlation between the observed variations in the
melting behavior of the fractions and molecular weight, a careful characterization of the
molecular weight distribution of each fraction is needed. There are two objectives in this
study: 1) to determine the efficiency of the fractionation procedure, and 2) to determine the
molecular weight and polydispersity ratio (PDR) of the fractions.
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The efficiency of the fractionation in this study is estimated based on the following

criteria®™:
- narrow molecular mass distribution of the fractions (small PDR),

- no fraction reversal (in the case of fractional precipitation, after every step afraction

with MW lower than the previous fraction's MW should be obtained).
- good fraction yield.

The evaluation of the first two criteria comes directly from the molecular weight
characterization of the fractions. The last is a practical one - to obtain a sufficient number of
fractions and sufficient amount of material from each fraction in order to be able to satisfy the
objective of the fractionation procedure. The data in table 3.1 suggest, that the parameters of
the fractionation (solvent/nonsolvent pair, concentration of the solution, number of steps, and
amount of nonsolvent at each successive step) were chosen properly in order to satisfy the set

goals - to obtain approximately 5-15 % of the starting amount for the different fractions.

The goal in the molecular weight characterization of the ketimine polymer fractions
was to obtain reliable values for the MWs through efficient, but routine methods, which
would not lead to the loss of significant amount of material. This lead to the choice of the

following methods of characterization:
- gel permeation chromatography (GPC),
- intrinsic viscosity (IV) measurements,
- vapor phase osmometry (VPO).

Although light scattering from solution of the polymer at multiple angles and
concentrations would have lead to the best results as it determines the absolute molecular
weight of a polymer (utilizing the Zimm plot *), that method was not deemed proper for this
study, as it would have required large amount of each fraction to be used (in fact most of the
mass available for each fraction). A recovery of the fractions from the solutions is possible,
but still a fractional loss at each of the multiple solution concentrations needed would have

lead to the possibility for significant loss of material.



A fast routine determination of the viscosity average molecular weights would have
been possible from the experimental intrinsic viscosities [h ] of the fractions in given solvent
at certain temperature if the Mark-Houwink-Sakurada (MHS) equation for the polymer for
that solvent and temperature is known. Roovers et a. '* have determined the MHS
relationship between [h ] in tetrahydrofuran (THF) at 25°C and the molecular weights of

their fractions;

[h]ZS = 63,7 10 Mo (32)

THF

For the determination of the polydispersity of the fractions, additional characterization
is needed. The number average molecular weights M, were determined by GPC and VPO
and the weight average molecular weights M,, by GPC. The intrinsic viscosities of the

samples were compared under the same conditions with the MHS equation of Rooverset al.

intrinsic viscosity

The intrinsic viscosities of the ketimine polymer fractions in THF at 25°C [h ]ii‘f
were determined with an Ubbelohde capillary viscometer from the efflux times of the pure
solvent - tp and of solutions of the fractions with different concentrations c - t(c), based on the

following relations®:

relative viscosity h (c) = hl @tl (3.33)
0 0
e h-h, _t-t,
specific viscosity hy(c)=h -1= - @t— (3.3b)
0 0
. - hq)
reduced viscosity h,q(C) = = (3.30)
inherent viscosity h,,(c)= @ (3.3d)
intrinsic viscosity [(h]1=1lim(h,y) =lim(,;) (3.3¢)
c®0 c® 0
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The intrinsic viscosities of the ketimine fractions are reported in table 3.2. Their
values decrease continuously with increasing fraction number. Thisindicates, that thereis no

fraction reversal.

gel permeation chromatography

GPC characterization was carried out in THF at 25°C on a Waters 150-C GPC with
Viscotek 100 in-line viscometer and a Chromatics KMX-6 low angle light scattering (LS)
detector. The outputs of these are correspondingly: concentration, viscosity, and single angle
LS intensity against retention volume V,. This gave three possible ways of determination of

the molecular weights:
1) conventional calibration,
2) universal calibration,
3) "absolute” MW.

The method of the conventional calibration of GPC is based on calibrating the
retention volumes observed for different molecular weights by running several narrow
molecular weight distribution polystyrene standards. This method provides relative weight
average MW - M 7V and the polydispersity ratio PDR, listed in the first two rows of
datain table 3.3. The molecular weights are only relative and not absolute, because the rough
assumption is made, that the retention of the ketimine polymer in the columns is the same as
that of aPS with the same molecular weight. Such an assumption is obviously a gross
simplification of the problem. From the single concentration chromatogram runs, however,
at least one important quantitative conclusion was established - the observation of narrow
unimodal peaks in the chromatograms, separated on the retention volume scale was a

guarantee, that the fractionation was efficient.

The universal calibration method is based on the invariance of the hydrodynamic

volume Vy of the chains for different polymers- V,, = [h]" M. MHS parameters in

THF at 25°C for the PS standards used in the calibration were taken from the equation by
Meyerhoff, as recommended by Kurataet al. ***
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TABLE 3.2 Intrinsic viscosities of the poly(arylene ether ether ketimine) fractionsin THF at
25°C.

Fraction [h ]ii'FC

[di/g]
KTMN4-2 0.514
KTMN4-3 0411
KTMN4-4 0.334
KTMN4-5 0.286
KTMN4-6 0.255
KTMN4-7 0.205
KTMN4-8 0.176

KTMN4-9 0.130
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TABLE 3.3 Results from the molecular weight characterization of the poly(arylene ether

ether ketimine) fractions: GPC conventional calibration - M 57 oW

, polydispersity ratio
(PDR), GPC universal calibration - M:"""™" GPC with in-line light scattering - M *°,

VPO - M (product of M and PDR from GPC).

Fraction | 8°C-CoW PDR MEPC-UNY g GPe-Ls MYPO M PEEK
KTMN4-2 73 000 1.35 54 600 - - 43 300
KTMN4-3 61600 1.35 39 800 35 000 - 31 600
KTMN4-4 42 900 12 29 700 25700 - 23 600
KTMN4-5 33600 12 22 900 - - 18 200
KTMN4-6 26 700 12 16 900 14 400 16 100 13 400
KTMN4-7 18000 12 13 300 12 000 12 100 10 600
KTMN4-8 12500 12 8000 9000 10 500 6 300
KTMN4-9 6100 145 4 000 - 3500 3200

* MY = MY PDR
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[h]Zs = 1363" 107 M°™ (3.4)

THF

From the chromatograms of the a-PS molecular weight standards a calibration file is

created, which gives the correspondence between Vy; and molecular weight.

The simultaneous recording of dual - viscosity and concentration, chromatograms
allows the determination of the hydrodynamic volume of the fractions, from which their
molecular weights are determined. The values of the molecular weights of the ketimine
fractions from the universal calibration in GPC are listed in the third row of datain table 3.3.
The polydispersity ratio, calculated from the universal calibration differs very little from the
one, calculated from the conventional calibration and is not listed separately.

The simultaneous calculation of the concentration chromatogram and the low angle
light scattering chromatogram from the in-line light scattering detector allows the
determination of a value for the molecular weight, which is closer to the true absolute
molecular weight. It is still not the absolute molecular weight as no extrapolation to zero
concentration and angle is made (the LALS chromatogram is taken at fixed angle). The
values of the molecular weights calculated from the concentration and LALS chromatograms
are listed in the fourth column of table 3.3.

vapor phase osmometry

The molecular weights measured by the method of VPO are absolute number average
molecular weights M,. Measurements were performed on dilute solutions of the fractionsin
toluene at 50°C on Wescan 233 vapor phase osmometer. Calibration was carried out with PS
standards. The limit of the instrument in detecting molecular weights with toluene as a

solvent is approximately 50,000 g/mol.

The resulting values of the molecular weights M Y™ multiplied by the polydispersity
ratio (PDR) from GPC are reported in the fifth row of datain table 3.3. The multiplication by

the PDR factor was done in order to make comparison between the same type of MW

averages, calculated from different methods.
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The molecular weight standards used in the GPC and VPO characterization are
narrow molecular weight distribution anionic atactic polystyrenes with molecular weights
ranging from 580 g/mol to 2,950,000 g/mol (GPC) and from 1,500 g/mol to 15,000 g/mol
(VPO).

analysis of the molecular weight data

Analysis of the values reported in table 3.3 leads to the conclusion, that the molecular
weights from GPC-conventional calibration are much higher than the rest of the values. The
molecular weights determined from GPC-universal calibration and GPC-LS are in close
agreement. The number average molecular weight values for the low MW fractions

determined from VPO, when multiplied by the polydispersity ratio from GPC, give weight
average values M )™ close to these, calculated from GPC-L S and GPC-universal calibration.

From the intrinsic viscosity values reported in table 3.2 and the GPC-universal
calibration molecular weights from table 3.3 the Mark-Houwink-Sakurada relationship

» € and M was cal cul ated:

THF

between [h ]

[h]5S = 65,7 107 M (35)

THF

Comparison with equation (3.2) shows, that the MHS coefficient and exponent determined in

this study are close to the values by Roovers et al. ***

The final conclusions from the MW characterization of the poly(arylene ether ether

ketimine) fractions are:

- the fractionation of PEEKtmn resulted in narrow molecular weight distribution

fractions,

- the molecular weights determined by GPC-universal calibration are in close
agreement with the values expected from the intrinsic viscosities data and the MHS

relationship determined by the independent study of Rooverset al., **

- for future reference routine characterization of PEEKtmn narrow molecular weight

fractions can be done by GPC-universal calibration and intrinsic viscosity measurements.
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The last raw of datain table 3.3 reports the number average molecular weights of the
PEEK fractions, obtained from equation (3.1) and the ketimine fractions molecular weights
reported in row 3 (GPC-universal calibration).

3.2.2 Thermal Properties

The investigation of the thermal properties of PEEK is the major part of this study.
The main technique of investigation is differential scanning calorimetry (DSC). The
additional studies of the small strain creep compliance, density, and WAXS could be
classified formally as "thermal properties’ studies too. They share a common methodology
with the DSC studies, which is investigation of the effect of long isothermal treatment of

semicrystalline and amorphous PEEK above T4 on the physical properties of the polymer.

DSC studies were done on a Perkin EImer differential scanning calorimeter model 2-
C. The principle of operation of the DSC is described in the literature. *** Various heating
rates were used: 5 K/min, 10 K/min, 20 K/min. Studies of the transition enthalpies for
crystalinity determination were done at 20 K/min. Calibration of the melting scans was done
with indium (T, = 156.61°C) and lead (T, = 327.5°C) standards. Crystallization and
annealing temperatures in the DSC, reported in this study are about 0.8-0.9 K above the
actual temperature of the DSC cell. This is to be expected when calibration of the DSC is
done in such a way as to have the melting scan at 10 K/min of a DSC standard material
exhibit an onset temperature equal to the thermodynamic melting temperature of the standard

material.

A linear horizontal baseline of the DSC signal was obtained before the beginning of
each series of DSC scans. This corrects for the difference between the heat flow output of a
blank DSC pan and the reference pan to zero or a constant. The samples were encapsulated
in pans with the same weight (= 0.05 mg). The heat flow output for the sample was obtained

after subtraction of the baseline heat flow from the recorded output for that sample.

In the early stages of the investigation of the low temperature endothermic peak of
PEEK, calibration of the heat flow output was done with the melting enthalpies of lead and
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indium. Later, for all the crystallinity studies calibration of the heat flow was done with a

sapphire standard. ** 4

After application of the sapphire correction, the Cp(T) trace is very close to the
Advanced Therma Analysis System (ATHAS) recommended vaues for Cp(T) of PEEK
below and above Ty ** > The application of the sapphire correction is a lengthy process
involving several scans and computation procedures outside the DSC computer program
control environment. Therefore, the sapphire correction was calculated only before the
beginning of a series of DSC scans for a given experiment. As such an experiment could
involve the recording of up to a dozen of DSC scans or more and last accordingly up to 24
hours, possible drifts of the baseline during the experiment would lead to systematic error in
the heat flow output and make inapplicable the sapphire correction to the heat flow. In order
to correct for this, the baseline was monitored during the duration of the experiment. The
observed drifts of the baseline were usually linear with temperature. For a given DSC scan
the appropriate baseline for the scan was subtracted. Alternatively, if a baseline was not
recorded immediately before or after a given DSC scan, but the baselines at the beginning
and the end of a series of scans recorded in one batch experiment exhibited a drift linear with
temperature, an adjustment of the slope of the scans was made before applying the sapphire

correction.

With this approach a large number of sequential DSC scans belonging to a single
experiment were recorded in a short time. This avoided large drifts in the baseline and

temperature calibrations which are observed if the experiment becomes too long.

Figure 3.1 presents the DSC heating scan (at 20 K/min) of initially amorphous PEEK
after baseline subtraction, slope adjustment and sapphire correction. Also plotted are the
recommended heat capacities of the glassy PEEK below T4 and liquid PEEK above the final

18115 and their extrapolations to the rest of the scanned region. The correspondence

al. 16, 115

melting
between the single run result from this study and the results of Cheng et is very good.

Notice, that the Cp of the supercooled liquid PEEK just after T, but below the beginning of
the cold-crystallization exotherm, matches the extrapolated values of the Cp of the melt. This

observation, also mentioned by Cheng et al. *® and Seguela, *® alows the Cx(T) of the
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DSC heating scan of amorphous PEEK at heating rate 20 K/min; saphire
corrected

Cp [cal/deg*g]

365

115 165 215 265 315
Temperature [ °C]

Cplliquid) = 0.2554 +0.00041*T g ATHAS data (references16 and 115)
Cy(glass) = 0.0213 + 0.00082* T

TinK, Cyinca/deg*g

Figure 3.1 DSC heating scan of amorphous PEEK at 20 K/min. Also included are:

(1) Cp of the melt, extrapolated to lower temperatures, (2) Cp of the glass (extrapolation
to T > T4 taken as Cp of crystalline phase), and (3) the Cp, which amaterial with 60%
rigid fraction must have between T4 and melting region.
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semicrystalline state between T4 and the beginning of the melting region to be reasonably
well approximated as a linear combination of the heat capacities of the mobile amorphous
fraction and the rigid fraction (crystalline and RAF). As an illustration the expected hesat
capacity of PEEK with f, = 0.6 is plotted too.

The following parameters of the physical transitions of PEEK samples with various

thermal histories were investigated:
- T,. - the observed melting temperature,

- Tmax(low) - the temperature of the low temperature endothermic peak resulting from

isothermal crystallization and/or annealing above T,
- DH, - the total melting enthalpy of a sample,
- DHy(low) - the enthalpy of the low temperature endothermic peak,
- Ty - the glass transition temperature,
- DCp(T}) - the magnitude of the changein Cp at the glass transition temperature.

Figure 3.2 illustrates the above mentioned parameters for the heating scan of PEEK
with the following thermal history: crystallization from the melt at T, = 305°C for tx = 300
min and subsequent annealing at T, = 210°C for t; = 60 min.

The melting temperature T, is determined as the maximum temperature of the "high"

temperature final endothermic (melting) transition.

The position of the low temperature endothermic transition is characterized by the
maximum of the endothermic peak(s) Tmaxi- The index "i" (wherei =1, 2, ...) denotes the
number of the peak in the order it was produced during the thermal treatment of the sample if

the thermal history of the sample includes multiple isothermal steps (see figures 3.4 and 3.5).

The glass transition temperature T4 is measured as the temperature at which the Cp(T)
trace of the sample in the glass transition region is equidistant from the extrapolated traces of
the glassy and the rubbery amorphous or semicrystalline state. > ** The difference between

these extrapolated traces at Tq is DCp(Tg).



DSC heating scan of PEEK, melt-crystallized at 305°C for 300 min and
annealed at 210°C for 60 min
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Figure 3.2 Thermal characterization of PEEK by DSC - investigated parameters.
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The calculation of the transition enthalpies carries certain difficulty due to the fact,
that the choice of the local "baseline” in reference to which they are measured is not always
straightforward. In light of the assumption, that the low temperature endothermic transition
represents the melting of crystalline lamellae (see section 2.4.2) the total melting enthalpy
DHy, is evaluated between the temperature of the last isothermal treatment of the sample and
the temperature at which the final trace of melting disappears in the Cp(T) scan. A loca
"baseline" could be defined as the Cp(T) trace the sample would have if the melting peak was
not present (or separated). This local baseline would reflect the subtraction of the heat flow
due to the heating of a sample with continuously increasing amorphous fraction from the
integrated heat flow. The rate of increase of the amorphous fraction is governed by the rate
of melting of the sample. Therefore, the evaluation of the enthalpy of melting would be
impossible without the knowledge of the crystallinity e.g. the enthalpy of melting:

Qt (T1® TZ) = D|_|m + 1;2)Cp (T) dT = DHm + 1;;{CC(T)* Cp,c (T)+[1_ Cc(T)]*Cp,a (T)} dT

DH, = Q (M®T,) - Q,(DT) (3.6)

where Q, (T,® T,) isthe integrated heat between T, and T, and Q,,(DT) is the heat due to

the raising of the temperature of the sample between T, and To.

This problem has been circumvented in many different ways in the literature. ® In
order to be able to routinely calculate the melting enthal pies from many DSC scans, a linear
local baseline has been applied in this study by connecting the Cp's between the points of
evaluation and calculating the area of the curve above it in the DSC scan (see figure 3.2).

Analysis of the absolute error associated with this choice of baseline is done in section 3.2.3a.

The choice of local baseline for the calculation of DHy,(low) - the enthalpy of the low
temperature endothermic peak, is even more complicated. The following genera rule was
applied for the calculation of DHy,(low): the choice of the local baseline was made consistent
with the behavior of the Cp(T) before and after the low temperature endotherm. Thus in the
case of DH,2(low) on figure 3.2, a linear baseline between the beginning and the end of the

peak appears a natural choice. In the case of DH,1(low), however, the choice of a linear
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local baseline is a gross simplification and would lead to an erroneous value. There is no

other justification for it except the simplicity and ease of calculation.

Two better approaches are possible - to apply a non-linear local baseline or to resolve
the low temperature endotherm from the high temperature final melting peak. Whichever
approach one chooses, a justification for the choice and an explanation of the method is

needed for comparison with independent studies.

For PEEK, Cheng et a. *® quote the calculated enthalpies of the low temperature
endothermic peak. However, the method of separation of the high and low temperature
endotherms is not described. From the magnitude of the values associated with the low
temperature endotherm it seems as if in the case of low temperatures of crystallization and/or
annealing approximately a linear local baseline has been applied for the low temperature
peak. But the high values associated with the low temperature peak in the case of high
crystalization temperatures could not have been obtained with a linear local baseline. It
seems, that the two peaks (high and low) have been separated through an unspecified peak
fitting (peak resolving) routine.

In the case of PBT Nichols and Robertson > developed a method, which models the
appearance of the low-temperature endothermic peak from the annealing of a starting
distribution of lamellae with different melting points. Their method predicts at least
gualitatively the appearance of multiple endotherms when PBT is annealed in the temperature
range 170-205°C. However, the method does not allow for the variation of the low
temperature endotherm with time and seems to fail to account for the appearance of multiple

peaks when the annealing temperature is too high (figure 13 in reference 60).

The separation of the low temperature endotherm and the calculation of its enthalpy
will be presented in detail in section 4.2.1. At this point it suffices to say, that alinear local
baseline has been applied in most cases. This leads to an underestimate of the value of
DHm(low) when the low temperature endotherm appears as a shoulder on the broad higher
temperature endotherm. It must be noted that in few special cases - the melting of the series
of samples for crystallinity studies and the post-crystallization annealing of PEEK close to
the final melting, the low temperature peak has been resolved by fitting Cp(T) in its vicinity
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with a 3-parameter peak fitting routine, which will be justified at the end of section 4.2.1.
The enthalpy DH,(low) was then calculated as the enthalpy of the best fit.

Careful evaluation of the above mentioned parameters is needed in order to give a
guantitative description of the evolution of the low temperature endotherm and accurate
evaluation of small changes in crystallinity with change in thermal history. Y et the accurate
evaluation of the above mentioned parameters will be of little use if the thermal histories of

the samples are unknown or ill specified.

Figures 3.3 - 3.7 illustrate the different types of thermal histories to which the
different series of PEEK samples have been subjected in this study.

The general features of these thermal histories are:

- in al studies where the first step was crystallization from the melt, the material was
melted at 385°C for 4 min; this was done in order to begin with a homogeneous melt and

ensure similar starting conditions for all samples within a series,

- the primary crystallization of the melt was completed (except in case b on figure 3.6)
and the effect of crystallization and/or annealing time and temperature monitored thereafter,

- when thermal treatment was carried out in the DSC, samples were scanned with or
without quenching below Tg; in the former case these samples may crystallize further during
cooling, in the latter case the length of the experiment was minimized time-wise, but no

information on the variation of Ty with thermal history was obtained,

- the samples for the studies of crystallinity were quenched below Ty after the
prescribed crystallization or annealing times elapsed; the quenching was done as fast as

possible in order to prevent further crystallization upon cooling.

Note: This last step is markedly different from the thermal histories applied in the study of
Cheng et . *® In that study all the samples were cooled very slowly (at arate -0.31 K/min)
from the temperature of the last isothermal treatment to room temperature. For example,
samples annealed at 270°C and 250°C for 120 min were nonisothermally annealed above T
during cooling for respectively 380 min and 320 min. Such a treatment could allow

significant additional slow crystallization upon cooling and could make it difficult to
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Thermal Profile 1 - Crystallization from the amorphous melt
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quenching rate = as fast as allowed instrumentally
Ty = 300-330°C tx =4 min - 7,680 min (3 decades)

scanning rate = 10 K/min; 20 K/min

Figure 3.3 Crystalization from the melt till completion of primary crystallization and
beyond.
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Thermal Profile 2 - Crystallization from the amorphous glass
(cold-crystallization )
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Figure 3.4 Dynamic crystallization from the glassy state followed by isothermal
annealing.
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distinguish between the effect of isothermal annealing from the effect of slow cooling. It
comes as no surprise then, that in the DSC crystallinity analysis of Cheng et a., the
contribution of the low melting crystalinity formed upon cooling plays a maor role in the

balance of the rigid fraction (crystalline + RAF) vs. mobile fraction above Tyg.

The type of thermal history depicted on figure 3.3 (Thermal Profile 1) was used to
monitor the development of the low temperature endotherm upon isothermal crystallization

from the melt. The effects of crystallization temperature Ty and time t, were studied.

Therma Profile 2 (figure 3.4) was applied to monitor the effect of time t. and
temperature T, of cold-crystallization or annealing on the low temperature endotherm. An
initially amorphous sample was quickly brought up to a given T, and annealed there for the
prescribed length of time. As figure 3.1 shows, crystallization from the amorphous glassy
state upon heating occurs very fast - most of the dynamic crystallization is completed within
about 40 seconds between recorded temperatures of the DSC cell 170°C and 185°C (note,
that actual sample temperature is dightly lower due to thermal lag). Thus for most of the
lower part of the temperature interval studied (T, = 160-260°C) this allows us to examine
only the effect of isothermal annealing after the fast cold crystallization of the sample upon
heating. In the interval between 300°C and 345°C, where melting of the cold-crystallized
material occurs, heating to T, will result in the melting of a part of the crystallized material.
Therefore, at the beginning of the high temperature annealing a fraction of the crystalline
material will melt and then recrystallize. In few experiments this thermal history was applied

to samples, which have been pre-crystallized.

Thermal Profile 3 (figure 3.5) was applied to monitor the development of the low
temperature endotherm upon annealing up of pre-crystallized samples. The initia
crystallization from the melt was done at low temperatures (Tx = 290°C-315°C) until the
completion of the primary crystallization process. After that the samples were heated and the
development of the low temperature endotherm monitored with annealing time and
temperature. The annealing temperature was chosen at or above the maximum of the low

temperature peak, which results from the crystallization step alone.
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Thermal Profile 3 - Two step thermal history: crystallization from the
melt and annealing up
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scanning rate = 10 K/min

Figure 3.5 Two step thermal history: crystallization from the melt till completion of
primary crystallization and annealing up.
72



Thermal Profile 4 - Two step thermal history: crystallization from the melt
and annealing down

Tm
1
tx1 (incomplete . ’
x ( plete) t . (completion) ’
Txl J— 1
\ 1
Tx2 ]
T ' —
) X heating
= m . . 1 1
= R crystallization . scans
© | time ty X .
() =
3 : ' .
i ’
) Ta |- ,
|_ n . I
g an.neallng . ,
time t, ' 1
1 1
1 '
1 "
Tyg i,
LAY
Time

‘- = = a) crystallization + annealing down b) two step primary crystallization

Tn=385°C tn=5min
T, =300-310°C tx = 30 min - 300 min (primary crystallization is completed)
Ta=300-345°C ta=4 min - 7,680 min (2.5 decades)
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scanning rate = 10 K/min

Figure 3.6 Two step thermal history - crystallization from the melt and: a) annealing
down, b) crystallization down.
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Thermal Profile 5 - Crystallization (primary completed) and multiple
step annealing down
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Figure 3.7 Multiple step thermal history: crystallization from the melt till completion of
primary crystallization and multiple step annealing down.
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In Thermal Profile 4 (figure 3.6) the multiple step annealing is carried out down from
the initial melt crystallization temperature. In case (a) the first step is a complete primary
crystallization from the melt. Annealing below Ty at different annealing temperatures and for
various times follows. In case (b) the initial crystallization was carried out at relatively high
temperatures for such times, that a significant part of the material was left uncrystallized.

The next step is annealing down during which the primary crystallization is compl eted.

Thermal Profile 5 (figure 3.7) is a multiple step annealing down from the melt. This
treatment is similar to the one described by Chang * and Lattimer et al. ”® except that the time
and temperature of the first step allow for completion of the primary crystallization.

The importance of the various parameters of the thermal histories described above

will be analyzed when the results from them are reported in section 4.2.1.

3.2.3 Crystallinity

Crystallinities of the samples described in section 3.1.2 were characterized by density
and DSC measurements. The application of the corresponding equations for the
crystalinities - equations (2.3) and (2.4) from section 2.1, does not involve any other
assumptions than the basic assumptions of the two-phase model of the semicrystalline state.
The measured quantities - density and melting enthalpy are directly derived from routine
experimental techniques. These two methods are the most widely used routine methods of
crystallinity determination. It was considered, that with their choice the impact of this study
on the two phase model and crystallinity determination will be more pronounced than if more

sophisticated techniques were chosen.

As was stated in the introduction, the purpose of this study is to report on some
inconsistencies in the evaluation of crystallinity on the basis of the two phase model by DSC
and density measurements. Therefore a special attention needs to be paid to each step of the
process followed to derive crystallinity values from the raw data. We will analyze some of

these critical steps before we proceed to reporting of the results.
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The analysis of the two techniques follows in the subsequent sections. As the
knowledge of the reference valuer ¢ - the crystal density, is required in equation (2.3) for the
density crystalinity, the characterization of the unit cell parameters of PEEK by WAXS is

described also in this section.

3.2.3a Crystallinity by Differential Scanning Calorimetry (DSC)
The evaluation of the DSC crystallinity is done according to equation (2.4):
DSC — D|_|m

C =
¢ DH?°

m

(2.4)

The evaluation of the total melting enthalpy DH,, was described in section 3.2.2
above. It involves the construction of a linear baseline between points Cp(T;) and Cp(T>),
where T; is at the beginning of melting and T, after the end of melting. T; is chosen as the
lower of 260°C and T4-10 K or T.-10 K; T is about 350-360°C. The melting enthalpy is
evaluated from the area between the baseline and the Cp(T) scan.

This simplification leads to a systematic error, the magnitude of which depends
strongly on the magnitude of the temperature interval of evaluation (i.e. on the choice of T;)

and weakly on the possible variations in the value of Cp(T1) with crystallinity.

For T; = 260°C and T, = 360°C the magnitude of the error introduced by using a
linear baseline in a sample with crystallinity ¢, = 0.40 isabout d(DH,) = 0.28 cal/g. If the
crystalinity of a series of samples changes little, there will be a small variation of the error
due to variation of Cp(T1) with crystallinity. For change of crystallinity of about d(c_.) =
0.05 the magnitude of this variation of the error is 0.05 cal/g and is, therefore, negligible.
Thus we can assume, that the use of a linear baseline between 260°C and 360°C introduces a

constant, positive systematic error of about 0.25 cal/g, which leads to overestimate of
crystallinity of al samples evaluated within given temperature interval by about d(c_) =
0.01.

A variation in T1 (due to the occurrence of the low temperature endotherm over wide

temperature interval) leads to a larger variation of the error. If we assume, that a series of
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samples has approximately the same crystallinity (and therefore - the same Cp(T) between Ty
and the beginning of melting) the evaluation of DH,, with a baseline drawn in progressively
wider intervals (T, Ty) leads to larger positive errors being introduced. Thus with a linear
baseline drawn between T, = 180°C and T, = 360°C for asample with ¢, = 0.40 the error is
0.76 cal/g. The crystallinity is overestimated by 0.025.

From the analysis above it is clear, that:

- the use of linear baseline for series of samples with approximately close
crystallinities, for which the melting transition occurs in the same temperature interval, leads

to a constant positive, but small, shift of the crystallinities.

- the use of linear baseline for a series of samples with approximately close
crystallinities, for which the melting transition begins at lower and lower temperatures, leads
to a positive shift of the crystallinities, which increases in magnitude with widening of the

melting interval.
The error, introduced by the use of linear baseline, could be described approximately
by the equation:
d(DH,,)=f,[042+001" (260- T,)] [calg] (3.7)
wheref, istherigid fraction and Ty isin [°C].

From the values of the enthalpies, the DSC crystallinities were calculated by using a
reference value of DH? = 31.1 cal/g ® for the enthalpy of a fully crystalline PEEK. This
value was derived by Blundell and Osborn from an extrapolation of the relationships between
DH_, and the density and WAXS crystallinities ¢ and ¢ 2™ to 100 % crystalinity. It

has been the most widespread reference value, used by many investigators, 16 17 196971, 116

Other values for DH have been suggested or reported in the literature:

- Jonas et al. °" have used the value of Blundell and Osborn, and suggested that a
higher value of DH? might explain some (but not all) discrepancies between crystallization

and melting enthal pies of samples of different crystallinities.
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- Chang " suggested, that the value of 31.1 cal/g could be underestimating DH? due

to the fact, that Blundell and Osborn used a value for r. 1.4005 g/cm® - lower than the

maximum observed value for PEEK, which is 1.415 g/cm®,

- Mehmet-Alkan and Hay ™ have suggested a value of 29.3 cal/g based on a
consideration of athermal cycle of cooling, crystallization, heating, and melting. However,
their method of taking into account the heat capacities of the crystalline and amorphous

fractionsis based on some questionable assumptions.

- Leeet a.® arrived at avalue of 39.5 cal/g from extrapolation of a DH,, vs. density

plot to the highest crystal density measured - r . = 1.415 g/cm®. **® The latter is the crystal
density derived from WAXS of highly oriented PEEK fibers. It differs from most of the
other WAXS values for r ¢ in the literature only in the significantly reduced value of the c-
axis parameter of the unit cell. It isthus not clear whether one could use such avalue for the

extrapolation.

- Zoller et a. ' derived avalue of DH? = 38.5 cal/g from P-V-T measurements of

the dependence of the melting temperature of PEEK on pressure (the Clapeyron equation):

m

They used the equation to relate the variation of the observed melting point T, with applied
pressure P to DV, and DH?. DV =V, (T )-V.(T.) is the difference between the

measured volume of the melt at T,, and the extrapolated volume of the crystal at T,,.

In order to be able to compare the results for the DSC crystallinity with the largest
possible sample of independent studies, the value quoted by Blundell and Osborn was
chosen. Use of any of the other quoted values will reduce all the DSC crystallinity values
determined in this study by a corresponding factor equal to the ratio of the currently used

value of DH? and the new one.
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3.2.3b Crystallinity by Density

Densities of the samples were measured at 25°C in a density gradient column
prepared with NaBr/water solution. Calibration of the column was done with glass standard
floats of density known within +0.0001 g/cm®. The resolution of the column was about
0.0001-0.0002 g/cm®. Measurements were done on relatively large probes, selected and cut

from visibly void free regions of the samples.

The two steps in determining the density crystallinity according to equation (2.3):

CDens — r_c r-r, (23)
rr.-r,
are the absolute determination of the bulk density of the sample and the proper choice or

measurement of theconstants r ; and r .

Possible sources of error in determining the bulk density are air bubbles on the
surface of the sample and voids within the sample. Therefore only probes with no air bubbles
attached on the surface were used for calculating density. Whenever possible several probes
from one sample were used. If there was a small scatter in their positions in the density
column, the average of the densities of the different probes was used. If there was a
significant difference in densities (some samples with much lower apparent density), that was
assumed to be an indication of the presence of voids in the probes and only those with the

highest density (lowest position in the column) were used.

Equation (2.3) suggests that there is one-to-one correspondence between the measured
density and crystallinity within the concept of the two phase model of crystalinity. The
parameters r . and r , are considered as constants, physical characteristics of the crystalline
and amorphous phases, correspondingly. There is significant scatter in the values reported in
the literature, especialy for r .

The following different values of r , are reported in the literature: 1.258 g/cm®, '8

1.261 glcm®, ™ 1.262 glem®, ° 1.263 g/lem?, % € % and 1.264 g/cm®. **° Some of the above
values are for "as received" amorphous films. This could be the explanation for the scatter of

the literature data. In most studies, where no determination of the amorphous density was
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done, a value of 1.263 g/cm® was chosen. Direct measurements in our laboratory on
amorphous samples quenched from the melt also gave a value of 1.263 g/lcm®. Consequently,

thisisthe value we chose to use in equation (2.3).

The values of the crystal density, however, differ much more - they range from 1.378
g/em® 2 to 1.425 g/em®. 2 Values of 1.394 g/cm®, *#* 1.4005 g/cm?, © 1.405 g/cm?, *°
1.370 - 1.412 g/cm®, 1?2 1.378 - 1.425 g/cm®, ' and 1.415 g/cm®**® have been reported.

Wakelyn, ? Hay et al., *** and Zimmerman and Konnecke *® have shown that the
room temperature density of the unit cell of PEEK crystallized from the glass depends on the

temperature of crystallization T.. The magnitude of increase of the room temperature crystal

density with increase in T is quite significant and completely covers the “uncertainty range’

of values of r _ reported above. Similar effect has been reported by Chung et al. ** for PPS.
In addition to the effect of T, Chung et al. report also an effect of t. on r . - the density of

the unit cell of PPS increases with increase in log(t).

The values of r_ derived by Hay et al., > Zimmermann and Konnecke, **® and by

Wakelyn 2 differ only slightly (see table 3.4), while the scatter in the data reported by the
latter is much lower. Our own results, which will be reported in section 4.2.3b and used in

section 4.2.3c, are closer to the results of Wakelyn.

A recent synchrotron WAXS study of cold-crystallized and annealed PEEK by Jonas
et al. ® suggests that the annealing time dependence of the unit cell density (seen in PPS*?)
is observed in cold-crystallized PEEK as well. In conclusion, in the case of the cold-
crystallized samples at various crystallization temperatures and for different times at a given
temperature, equation (2.3) must be applied in a corrected form:

r c(Tc'tc) r (Tc’tc) -,

¢ (Tt) =
r(Tc’tc) rc(Tc’tc)- ra

(2.39)

The density crystallinity, calculated according to equation (2.3a), is referred to as

Dens
c

corrected density crystallinity, whereas c =", calculated according to equation (2.3) is

referred to as uncorrected density crystallinity. The effect of the time dependence of r . on
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TABLE 3.4 - Dependence of the crystal unit cell density r . on crystallization temperature T,
from WAXS data on cold-crystallized PEEK (t. = 60 min) after Wakelyn'?? and Hay et al.*,

Wakelyn 2

T.[°C] 189 216 241 264 282 306 323

r_[glem® | 1.367 | 1370 | 1.384 | 1.390 | 1.385 | 1.408 | 1.412

r. (Te, tc = 60 min) = 1.3545.9,0123 + 0.00034.0.00005* (Tc-160)

R?=0.9115

Hay et a. 12

T.[°C] 184 217 248 250 303 323

r_[glem®] | 1374 | 1388 | 1408 | 1375 | 1424 | 1.424

re. (Tc, tc= 60 mi n) = 1.364110.0314 + 0.0003710.00012* (Tc-160)

R? = 0.6949
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density crystalinity for PEEK will be presented in section 4.2.3c and analyzed in the

discussion chapter - section 5.3.

The values of 1.263 g/cm® for the amorphous density ® ® % and 1.400 g/cm® for the
crystalline density ® are most often quoted and have been adopted by most investigators.
These values are used to calculate the density crystallinities of the cold-crystallized series
referred to as “uncorrected crystallinities’. These values are supplied for a comparison with

data from previous studies of the density crystallinity of PEEK.

3.2.3c Wide Angle X-Ray Scattering

Wide angle X-ray diffraction studies were initially performed on a Nicolet
diffractometer operating at 40 kV and 30 mA, with Nickel filtered CuK, radiation (I = 1.542
A), for the purpose of crystallinity determination by WAXS. Data was collected at 0.05°
increments between 2q 10° and 35°. Anaysis was carried out by the method of Hermans
and Weidinger:

|
WAXS _ c
C T4 ) (3.9)

where | is the integral scattering from selected crystalline peaks and |, is the amorphous
scattering. * The data collection and analysis was done using the Siemens polycrystalline
software package. It utilizes subtraction of background (Compton) scattering and resolving

of therelatively sharp crystalline peaks from the broad amorphous halo.

Applying this method to the series of melt-crystallized samples revealed, that the
estimated uncertainty and scatter of the method were larger than the absolute magnitude of

WAXS
Cc

the change in ¢ expected to be seen in these samples. Furthermore, it was suggested,
that Ruland's method for computation of crystalinities needs to be applied for a more
accurate evaluation of ¢, 1® Therefore the method of Hermans and Weidinger was not

employed anymore and WAXS studies concentrated on crystal unit cell parameters

determination for use in equation (2.3a).
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Wide angle X-ray scattering studies for unit cell parameters determination were
carried out using a Scintag XDS2000 diffractometer operated at 40 kV and 30 mA, using a
copper CuK, radiation (I = 1.542 A) and a combination of dlits: 5/3/0.5/0.3 mm. The radius

of the focusing circle of the goniometer is R = 290 mm.

Samples were scanned in reflection mode within the angular range of 10°-35°, where
the strongest and best resolved reflections for PEEK, indexed as (110), (111), (200), and
(211), are positioned. Intensities were recorded in step-mode every 0.01° for times ranging

between 2 sand 8 s.

The peak positions were calibrated using silicon as an external standard. Care was
exercised to mount the samples flat and reproducibly on the holder for a reliable use of the
external standard. Correction for the shift of the peak positions due to the transparency of the

samples was also applied. ?°

Peak positions were determined from the best fit of the peaks with a PEARSON type

VII function *?":

I
I(q) = - m— (3.10)
e _ .
e m a by

where q =

Zs'ln(q) , L is the height of the peak, a is related to the width of the peak, and m

is a positive number from 1 to infinity. From the positions of the peak maxima, the

corresponding d-spacings are cal culated according to Bragg's law:

| =2d,, sin@@™) (3.11)

max

PEEK has an orthorhombic crystal unit cell, which is determined by 3 parameters - a,
b, and c. The equations for the d-spacings and the volume and density of the unit cell are:
1 h k* 17

= = LI 3.12
d, a> b* ¢ (312
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(oo M, _ 63828 (313)
Vv Vv

whereV isinA%and r _ - inglem®.

Therefore at least three equations for the d-spacings are needed in order to determine

the lattice parameters and correspondingly the crystal density r In redity, an

overdetermined system of equations is aways used in lattice parameters determination. 2

The reason for this is, that the statistical nature of the process of emission, diffraction, and
counting diffracted radiation leads to fluctuations in the values along the peak profiles. These
fluctuations in intensity could lead to fluctuations of the fitted peak maxima and the resulting
d-spacings. The statistical nature of the fluctuations should lead to a random error in the d-
spacings and cell parameters and therefore should not be of highest concern. One should
note, however, that the Lorenz polarization factor affects intensities registered with a
diffractometer in such a way, that for polymers, for all practical purposes, the low angle
peaks are subject to much less fluctuation, than the peaks at higher angle. The latter are
reduced in intensity due to the Lorenz polarization factor. Therefore a biasis possible if one

of the Miller indices appears infrequently in the low angle peaks.

The statistical fluctuations, together with the systematic error from instrumental
conditions, lead to deviations of the peak positions from the ideal ones, described by Bragg's
law - equation (3.11). Therefore, the unique solution of a well determined system of Bragg

law equations will be different from the true one.

There are different types of systematic errors, caused by instrumental conditions. In
the case of diffractometry, which is of interest for this study, the more important sources of

systematic error are listed below and their effect on this study analyzed 16 1%%:

- Use of aflat specimen instead of one with the curvature of the focusing circle leads
to negative shift of 20max, Which is inversely proportiona to the square of the radius of the
goniometer circle and proportional to the irradiated length of the sample. ' The latter was
minimized by optimizing the need for larger intensity and the need for reducing the

horizontal divergence, using an appropriate choice of dlits.



- Axiad divergence of the beam leads also to negative shift, which is minimized by

the use of soller dlits, 1%

- The error due to displacement of the sample from the axis of rotation of the
goniometer is positive when the sample lies inside the focusing circle and negative when it is

outside 1% 128

d(20,,) [rad] = 2550 (3.14)

where Sis the displacement measured in the same units as the goniometer radius R. This
error is subject to the most unpredictable variation from sample to sample. For this reason,
samples were always mounted with extreme care to ensure that they were as close as possible

to the focusing plane as defined by the sample holder.

- The most significant error in samples of low absorption, such as polymers, is the
transparency error. It is due to the small extinction of the incident beam and exponentially
decreasing contributions to the reflection from layers, which are below the surface and,
therefore, displaced from the goniometer axis (outside the focusing circle). Its functional
dependence differs from the displacement error in equation (3.14) by S becoming a function

of the sample thicknesst, the linear absorption coefficient m and the diffraction angle*®:

i
_ 2tcos(g) 1 sin(@) _ 1
R | 2nt oxpd 21 U
f &sin(a)

.
I

d(29 ) [rad] y (319
)
b

In highly crystalline materials this error is usually minimized by the choice of very
thin samples. In polymers this would lead to significant decrease of the absolute intensities
and is not an option. Therefore, for precise determinations of crystallinity the systematic

error described by equation (3.15) needs to be accounted for.

The linear absorption coefficient of the PEEK samples was determined from their

measured density r and the mass absorption coefficient g’r—n—) . The latter was determined
gPEEK
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from listed mass absorption coefficients of the elements present in the repeat unit of PEEK
128.

aaf_ng = w, 8__ +W, 8__ +Woaar_ri3 = 5.19 cm?/g.

PEEK
With the density values measured in this study - r = 1.278 - 1.308 g/cm®, the linear
absorption coefficient is about m= 6.6 - 6.8 cm™. Typical transparency corrections are on the
order of d(29 ;) yans, [dEQ] =0.04 - 0.06°.

The only other correction applied was the external Si-standard correction. Samples
were mounted carefully, as close as possible to the way the Si-standard was mounted on the
sample holder. It was assumed, that this would justify the use of the displacement correction

for the Si-standard, extrapolated to the PEEK angular range.

In light of this, and the fact that care has been taken to correct for the other main
source of systematic error - the sample's transparency, an approach somewhat different from
the standard calculation procedures *® has been taken. In essence the calculation method

outlined by Wakelyn*# was applied. The method consists in the following steps:

- The positions of the peak maxima were determined from a PEARSON VI fit of the
Bragg peaks after local baseline subtraction. The calculations were performed with the
Scintag DM S2000 diffraction management system software, which is used with the Scintag
XDS2000 diffractometer for operation and data analysis.

- The peak maxima were corrected with the extrapolated shifts, derived from a Si-

standard diffractogram.

- Transparency correction shift - the negative of the result from equation (3.15), was
applied.

- The d-spacings were calculated using the CuK , wavelength | (CuKy) = 1.5418 A.

- From the three d-spacings di10, di11, d211 @nd equation (3.12) the lattice parameters

were determined: ay, b, c.

- Using dygo, a second value for the a is determined - ax = 2* dygo.
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- Thefina value a,, is computed as weighted average of the previous two using 1 to

3 weighing ratio. *%

- The crystal density is determined from equation (3.13).

3.2.4 Small Strain Creep

Tests were done in a bending mode in a DuPont Instruments DMA model 983. The
bending mode is a mixed mode of deformation, approximately 90 % shear and 10 % tensile.

The creep studies were performed using a methodology well described in the

literature. % & %

The samples (described in section 3.1.2) were heated from room
temperature to the aging/annealing temperature. The cregp compliance of a sample is

measured during a part of a cycle of successive isothermal aging-load-recovery-aging steps.

After the initial aging time t,;, a small constant stress is applied and from the
resulting strain the bending creep compliance J(t) is recorded during the creep time tereep. The
applied stress is small in order to ensure linear viscoelastic response during the creep test.
The ratio of the creep time teeep, during which the creep compliance is measured, and the
preceding aging time t; was aways kept 1:10. Thus effective aging during the measurement
period is negligible and the creep compliance is a momentary creep compliance with respect
to the aging process, representative of the state of the sample as a result of the elapsed aging

timet,.

The load is then released and a recovery time follows, during which the strain relaxes
exponentially and the sample continues to age isothermaly. The recovery time is
approximately 15 times the creep time, alowing for complete recovery of the strain, and
approximately 1.5 - 1.8 times the previous aging time. After the prescribed recovery time has
elapsed, at a time during the experiment at which t = 3*ty; =ty the load is applied again and
the cycle is repeated. With the increase in aging time, the creep times increase from cycle to
cycle alowing larger parts of the retardation spectrum to be probed. Figure 3.8 illustrates the

temperature, stress and strain profiles during the time of the experiment.

The samples were tested at the following temperatures, from below T, to about 100 K
above Ty 120°C, 140°C, 160°C, 180°C, 200°C, 220°C, 240°C, and 260°C. The aging times
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employed in the experiment are 0.23 hr, 0.67 hr, 2 hrs, 6 hrs, and 18 hrs (plus 54 hrs for the
sample tested at 200°C). The analysis of the momentary creep compliance curves and their
aging time dependence follows the approach of Struik ® and has been reviewed in section
25.2.
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CHAPTER 4

RESULTS

4.1 Thermal Characterization of Commercial PEEK and PEEK Fractions

Samples from the fractions were melted in the DSC and quenched into the amorphous
glassy state below Tg. Heating scans from below T to the end of melting were recorded at 10
K/min. The results from these scans are reported in table 4.1 together with results from the
heating scan of commercial PEEK. Increasing the molecular weight from 6,300 to 43,300
g/mol results in an increase of the glass transition temperature from 124°C to 147°C. Figure
4.1 compares the results from this study with the data on identically obtained PEEK fractions
by Day et a. ' From the extrapolation of the T4 vs. /M, plot, according to the Fox-Flory
equation:

T, = T¥ - — (4.1)

the intercept with the vertical axis on the figure gives the value of Tg¥ - the apparent glass
transition temperature of infinite molecular weight PEEK Tg¥ (10 K/min) = 149°C. The

results of this study are sightly lower than those from reference 130 and the value of Tg¥ IS

subject to alarger uncertainty, due to a smaller number of fractions analyzed.

The lowering of Ty with MW results in lowering of the low temperature limit of the
crystallization window. The temperatures at the onset and maximum rate of the cold

crystallization process - T¢, onset @d T, max, e aso lowered with decreasing the MW.

The enthalpy of the cold crystallization exotherm - DH_, decreases with increasing
MW. Asin the case of commercial PEEK, its value is lower than the enthalpy of the melting
endotherm at the end of the heating scan. This indicates additional crystallization or
reorganization above the cold-crystallization exotherm during the heating scan. The final
crystallinity of the samples just before the beginning of melting, as measured by the value of
the melting enthalpy DH,, increases with decrease in MW. DSC crystalinities, calculated
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TABLE 4.1 Thermal characterization of PEEK fractions and commercial grade PEEK 450G

from heating scans of amorphous samples at 10 K/min.

My [g/mol] 3200 6 300 18 200 43 300 38 300
Tq [°C] 124 132 141 147 145
Teonst [ °C] 145 150 168 175 170
Tema [ °C] 157 162 173 188 175
DH, [calg] 8.0 8.0 9.0 6.9 6.0
T [°C] 328 346 349 333 339
DH,, [calg] 15.0 15.4 13.2 9.9 9.9
cP® 0.48 0.50 0.43 0.32 0.32
C O x 0.52 0.49 0.47 0.37 -

* commercia grade PEEK 450G, My/M, ~ 2.0

** initial DSC crystalinity of the hydrolyzed material
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Figure 4.1 MW dependence of the glass transition of PEEK fractions (from DSC at heating
rate 10 K/min). Comparison with data by Day etl.
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according to equation (2.4), change from about 0.32 for M, = 43,300 g/mol to 0.50 for M,, =
6,300 g/mol. The difference between the melting enthalpy and the crystallization enthalpy is
3 cal/g for the high MW sample and 7-7.5 cal/g for the low MW samples. Thisindicates, that
reorganization or additional crystallization during the heating scan is much more pronounced
in the low MW fraction. The melting peak changes in magnitude and width with decreasing

MW, becoming narrower and steeper at the end of the melting trace.

The temperature of the maximum of the melting peak T, shows a more complex

behavior with variation in MW. Its characterization for isothermal crystallization from the

melt state is the subject of the next section.

4.1.1 Hoffman-Weeks Plots and the Equilibrium Melting Temperature

The Hoffman-Weeks anaysis has been widely used to evaluate the apparent
equilibrium melting point of a polymer of finite molecular weight from the dependence of the
melting temperature of isothermally formed thin lamellae on the temperature of
crystallization. * It is based on the prediction of the Hoffman-Lauritzen kinetic theory of
crystallization, that at relatively small undercooling a linear relationship exists between the

observed melting temperature of the crystalline lamellae - T, and Ty:

?-19 e 4.2)
98 g

T, = T,

where T, is the equilibrium melting temperature and g is the coefficient of thickening of the
lamellae. The equilibrium melting temperature is determined in a T, vs. Ty plot from the
intercept of the extrapolated linear relationship between T,, and Ty with theline T, =T, .

Several studies have examined the equilibrium melting temperature of commercial
PEEK through a Hoffman-Weeks analysis. A study by Lee and Porter ®® determined a value

T, =389°C, and alater study by Chen and Porter arrived at a value of 384°C.** Hsiao and

Sauer ¥ derived a T, value of 382°C. The extrapolation of the T = f(Ty) line to about 50
K above the highest T« at which crystallization occurs within reasonable time is expected to
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lead to a relatively large uncertainty. The values quoted above are well within the limits of

this uncertainty.

Figure 4.2 shows the Hoffman-Weeks plot of the commercial PEEK polymer. The
dependence of T, on Ty is characterized by a linear part between about 315°C and 330°C.

Linear extrapolation over this part of the plot leadsto T,, = 384+5°C - within the range of the

other reported values.

Isothermal crystallization from the melt above 330°C takes more than 12 hours to
complete and was not attempted. Crystallization below 310-315°C leads to a deviation of the

T = f(T,) dependence from a straight line. This has been also observed by other

m

investigators & © 129 132

and explained with reorganization or melting, followed by
recrystallization, of the original lamellag, formed at these lower T,. ** The lamellae, which
are formed at high undercooling, become unstable as the temperature is raised upon heating.
This could lead to nonisothermal thickening upon heating, which would cause an increase of
the thickening coefficient g and make the latter dependent on Ty. **® As aresult, the inverse
of g- the slope of the T, vs. Ty dependence, decreases with decrease of T,. Another possible

scenario is that after the melting of the fraction of the primary lamellae, corresponding to the
lower temperature end of the broad melting endotherm of PEEK, these lamellae have enough
time to recrystalize into thicker and more stable lamellae. The latter melt at higher

temperature, and thus rai se the apparent melting temperature corresponding to this low Ty.

Chen and Porter ' reported, that the deviation from straight line in the Hoffman-
Weeks plot occurs for Ty < 303°C. In this study the deviation occurs at higher crystallization
temperatures. This is possibly due to the fact, that the results of Chen and Porter are from
DSC melting scans at a heating rate of 20 K/min, whereas the results from figure 4.2 were
obtained at a heating rate of 10 K/min. When the heating rate is increased, the lamellae have
less time to reorganize or recrystallize after melting during the heating scan and the observed

T, for lower crystallization temperatures will be closer to the true T, of the isothermally

formed laméllae.
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Figure 4.2 Hoffman-Weeks plot for commercial PEEK 450G. Extrapolation based on
the upper, linear part of thé,, vs.T relationship.
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This problem is directly related to the controversy about the heating rate dependence
of the high temperature melting endotherm, which in turn, has been a central point in the
debate about the plausibility of the melting-recrystallization model for the dual melting
behavior of PEEK, % % reviewed in section 2.4.2. This issue will be analyzed in greater
detail in section 5.6.1. At this point it suffices to say that Lee and Porter ®® claimed that the

T, of PEEK, cold-annealed at 220°C (which appears to be independent from Ty as shown in
references 16 and 65), is decreasing with increasing heating rate, while T, of PEEK, melt-
crystallized at 318°C and 323°C is independent of heating rate. However Bassett et al.
have shown, that T, of PEEK, melt-crystallized at 310°C for 1 hour, decreases with

increasing heating rate in the DSC.

Therefore, it seems logical that a proper determination of the equilibrium melting
temperature, T_, should involve extrapolation of T, data from several heating rates to

infinite heating rate, calibration of the therma lag correction with the heating rate
dependence of the melting of a standard, and then application of the Hoffman-Weeks

extrapolation.

With this in mind, the reported literature values for T, of PEEK from Hoffman-
Weeks plots must be considered as "heating rate specific'. Ignoring the heating rate

dependence may introduce a significant uncertainty in the value for the equilibrium melting

temperature.

Figures 4.3 and 4.4 show the Hoffman-Weeks plots for the PEEK fractions. Due to
the limited amount of material available for this study, the melting of the samples was
recorded only at heating rate of 10 K/min. Only the points from the linear part of the T, =
f(Tx) dependence are shown. Extrapolation to the point of intercept with the T, =T, curve,
shown as a thick bold line, leads to the values of the apparent equilibrium melting
temperature, T, of the fractions reported in table 4.2. The dependence of T on molecular

weight is plotted on figure 4.5b.
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TABLE 4.2 Results from Hoffman-Weeks analysis of the melting temperatures of
isothermally crystallized PEEK fractions and commercial grade PEEK 450G.

My [g/mol] 43 300 18 200 6 300 3200 450G @
M, [g/mol] 32 100 15 200 5300 2200

1,

9 0.35 0.37 0.56 0.65 0.606
g°© 2.9 2.7 1.8 15 1.7
T ¢ [°C] 360 365 372 380 384

m

& commercial grade PEEK 450G, M,, = 38 300 g/mol, M,,/M,, ~ 2.0

P dope of the linear part of the Hoffman-Weeks plot

thickening coefficient

o

apparent equilibrium melting temperature (derived from melting scans at 10 K/min)
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The results are quite unexpected from the established views and literature data on the
MW dependence of T . 2 The apparent equilibrium melting temperature increases with

decrease in MW: from 384°C for the fraction with M,, = 2,200 g/mol to 360°C for the
fraction with M, = 32,000 g/mol. The opposite behavior is usualy expected for the MW

dependence of T,. For example, in the analysis of the growth rate studies of similarly
obtained PEEK fractions, Day et a. ** and Deslandes et a. *** have used values of T,

loosely based on the observed coefficient of dependence of T, on /M, for unfractionated
PPS with different MW, from data by Lopez and Wilkes. *** From the Hoffman-Weeks result
for T, of commercial PEEK with M, = 15,000 g/mol and the above mentioned coefficient

for PPS, they calculated, that T, would increase from 382°C for a fraction with M, = 7,000
g/mol to 404°C for afraction with M,, = 60,200 g/mol.

al. 130

The observations of this study are consistent with another result by Day et and

Deslandes et al. **' At all crystallization temperatures the crystallization rates of the low MW
PEEK fractions are higher than those for the high MW fractions. This would be an
indication, that secondary nucleation effects do not dominate the crystallization mechanism
even at low undercooling, but an explanation as to why this occurs has not been given.
Furthermore, their result concerns only the crystallization process, but not the thermal
stability of the crystalline lamellae.

The unexpected MW dependence of T, becomes somewhat more comprehensible if
we abstract ourselves for a moment from the Hoffman-Weeks analysis and consider the
actual values of T, observed in figures 4.3 and 4.4 and their corresponding crystallization
temperatures. In order to visually illustrate and ease the comparison, the data are plotted on a
single plot - figure 4.5a. The linesin the figure represent the fit over the linear part of the T,

vs. Tx dependence for Ty ranges of values, where isothermal crystallization is attainable.
Two observations immediately become clear when the fractions with MW from 3.2K to 18.2

K are compared:

1) with increase in MW the upper limit of the crystallization window increases.
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2) for every crystallization temperature, the actual melting temperature of the

fractions increases with increase in MW. In the narrow range around Ty = 310°C, where all

fractions are able to crystallize isothermally (at different rates), the values of T, for the 43.3

K fraction are also higher than T, for the 3.2 K and 6.3 K fractions, although slightly lower

than the values for the 18.2 K fraction.

These two results are in perfect agreement with the expectations for the variation of
melting temperatures and crystallization conditions (undercooling) with MW - the lower the
MW, the lower the melting temperature and the higher the undercooling needed for
inducement of crystallization. Thus the nearest to T observable crystallization and melting

temperatures appear to be thermodynamically controlled and in line with the expectations.

The situation is reversed only when the assumptions of the Hoffman-Weeks analysis
are applied and extrapolation is made to crystallization temperatures Ty, which for increasing
MW are progressively higher. Only then (that is only for the expected, but unattainable
crystallization temperatures) is the extrapolated melting temperature trend with MW
reversed. The geometrical explanation of the effect is that the increasingly higher slopes of

the T, = f(Ty) lines for fractions with lower MW cause the reversal of the extrapolated

melting behavior from the observed one. The formal interpretation of the higher slope effect
in terms of the Hoffman-Weeks analysis is alower thickening coefficient gfor the lower MW

fractions.

It is quite possible, however, that the Hoffman-Weeks analysis is not applicable for
the low MW fractions. One of the assumptions of the Hoffman-Weeks analysis is low
undercoolings. If the T of the commercial PEEK is taken as a reference, then the
undercoolings involved in the analysis of the fractions are about 40 K to 70 K at best. These
values are certainly not small, but are similar in magnitude to the undercoolings employed in
the analysis of other polymers. The other assumption is a constant, independent from Ty,
value of the thickening coefficient g This approximation could be expected to fail with
decrease in MW as the deviation from the macromolecular character of the chains increases.

The number average molecular weights of the low MW fractions (see table 4.2) correspond to
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number average chain lengths of 8 and 18 repeat units and 120 A and 270 A respectively.
The observed melting temperatures of the lowest MW fraction (3.2 K) are indeed very close
to the melting temperature of a highly crystalline (DH,, = 29.75cal/ g) PEEK oligomer with
M, = 1,500 g/mol - 320°C. Under such conditions the Hoffman-Weeks analysis, which

applies to the chain-folding of long macromolecules, might not be applicable.

These arguments can not explain the low values of T and the apparent reversal of
the expected MW trend for the two fractions with higher molecular weight. One alternative
is to test the Hoffman-Weeks values of T by examining the dependence of the observed
melting temperature on lamellar thickness | (derived from SAXS) and extrapolate this
dependence to infinite thickness. The basis of this analysis is the Gibbs-Thomson-Tamman
equation *? which describes the melting point depression due to small crystal size. Such an
investigation is quite demanding in terms of amount of material for the SAXS experiment

and was not attempted due to the limited amount of material available in this study.

4.1.2 Effect of Molecular Weight on Crystallinity - Kinetics of Secondary
Crystallization and Morphology

The effect of MW on crystallinity and crystallinity dependent mechanical properties
of PEEK has been examined in the literature in the case of severa unfractionated PEEK
samples with different MW between 15,000 and 50,000 g/mol. It was found, that
crystallinity decreases with increase in MW and so does the mechanical strength (tensile

modulus and yield strength for example). *3*

The small amounts of fractionated PEEK available does not allow an extensive
evaluation of the dependence of crystallinity and material properties on MW for PEEK
fractions. In the following two sections a qualitative description of the effect of MW on the
melting behavior by DSC and morphology by polarized optical microscopy (POM) will be
provided.
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4.1.2a Development of " Double Melting" in PEEK Fractions

The effect of molecular weight on the ability of the PEEK fractions to isothermally
crystallize from the melt was shown aready on figures 4.3, 4.4 and 4.5a in the preceding
section. Quadlitatively the effect of MW on DSC crystallinity was reflected in the values
quoted in table 4.1 (derived for samples dynamicaly crystallized from the glass). In
130,131, 134 it was found that an increase in MW

has a restrictive effect on both the crystallinity attained (table 4.1) and the rates at which the

agreement with the results from other studies,

material crystallizes. With decreasing MW, the width of the isothermal melt-crystallization
windows decreases (see figure 4.59). The latter illustrates the fact that, as the crystallization

temperature drops, the crystallization rates increase faster for the low MW fractions.

One particular aspect of the isothermal crystallization behavior of PEEK fractions,
which the above mentioned studies *3* 3" ** have not investigated, is the "double melting"

behavior, which results from isothermal crystallization conditions.

All of the fractions investigated in this study showed the "double melting” DSC trace,
characteristic of isothermally crystallized PEEK (see the review in section 2.4.2). On their
Hoffman-Weeks plots (figures 4.3 and 4.4), in addition to the melting temperatures T, (Ty),

the positions of the peak maximum of the low temperature endotherm - Trax(Tx) IS Shown.

16, 65, 129, 132

As in the case of the commercial polymer (see also figure 4.2 above), the general

trend of the dependence of Trax(low) on Ty is aline aimost parallel to the T, = Ty line. The

scatter in the case of the low MW fractions (figure 4.4) is due to variations in the

crystallization times employed.

Figures 4.6 and 4.7 show the effect of isothermal crystallization temperature on the
low temperature endotherm in the melting scans of the fractions. The low temperature peak
increases in magnitude and shifts in position with crystallization time. * % " > ® Thus, in
order to produce well resolved low temperature endothermic peaks, all the melting traces
shown on figures 4.6 and 4.7 are the result of long isothermal crystallization. The
temperatures were chosen in such a way as to represent the upper section, the lower section,

and the middle of the isothermal melt-crystallization window, shown on figure 4.5a.
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Figure 4.6 DSC melting scans after long time crystallization from the melt: A) fraction
PEEK4-2 (43.3 K), B) fraction PEEK4-5 (18.2 K).
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Figure 4.7 DSC melting scans after long time crystallization from the melt: A) fraction
PEEK4-8 (6.3 K), B) fraction PEEK4-9 (3.2 K).
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Figure 4.6a shows the typical double peak shape of the melting scans of fraction
PEEK4-2 (43.3 K) after long crystallization at Tx = 290°C, 295°C, and 310°C; figure 4.6b -
fraction PEEK4-5 (18.2 K) at T« = 310°C, 320°C, and 335°C; figure 4.7a - fraction PEEK4-8
(6.3K) at Ty = 311°C, 320°C, and 330°C; and figure 4.7b - fraction PEEK4-9 (3.2 K) at Ty =
297°C, 303°C, and 311°C.

With a decrease in the molecular weight, the high temperature melting peak becomes
narrower, but increases in magnitude. The former reflects the fact that, with decreasing MW,
the distribution of sizes or degree of perfection of the crystalline lamella population becomes
more narrow and uniform. The high temperature melting peak of the low MW fractions
(figure 4.7) is dmost symmetrical. The latter is an indication of the increase of the DSC
crystallinity with decrease in MW. Crystallinity increases from 0.22 for fraction PEEK4-2
(43.3 K), crystallized at 300°C for 345 min, to 0.48 for fraction PEEK4-9 (3.2 K),
crystalized at 313°C for 140 min.

The effect on the low temperature peak is opposite. With decreasing MW the peak
becomes less and less pronounced till for the fraction with the lowest MW it appears as a
very small "irregularity” in the DSC trace. In a single run experiment for this fraction one
would hardly characterize it as a "peak”, but rather describe it as a "step”, "Cp change" etc.
Such characterization of the low temperature endothermic peak resulting from isothermal
conditions above Ty has indeed been done in the case of high crystallinity polymers - for
example i-PP, where a change in the DSC trace with similar appearance has been labeled

"dual glass transition”. =

An investigation under various thermal conditions and the
observation of the trend of change of the low temperature peak with MW undoubtedly show,
that the small endothermic shift in the heat flow is a manifestation of a very weak "double
melting" in the case of the lowest MW fraction. Indeed, this shift appears just above the
crystalization temperature as does the low temperature endothermic peak for the other

fractions and commercia PEEK.

Figures 4.8 and 4.9 show the effect of crystallization time on the melting scans of the
PEEK fractions. Melting scans recorded after three different crystallization times are shown

for each fraction at a given crystalization temperature (denoted in the figure captions).
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Figure 4.8 DSC melting scans after crystallization from the melt for: A) fraction
PEEK4-2 (43.3K) at Ty =290°C, B) fraction PEEK4-5 (18.2 K) at T, = 320°C.
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Figure 4.9 DSC melting scans after crystallization from the melt for: A) fraction
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It is clear, that ssmilarly to commercial PEEK, with increase of crystallization time for each
of the fractions Tna(lOw) shifts to higher temperatures and the area of the low temperature
peak increases. Aswe have reported earlier (figure 1 in reference 77) this qualitative feature
of the low temperature peak becomes more easily resolved if large relative changes in ty are
employed. A quantitative description of the dependence of the parameters of the low
temperature endotherm on time and temperature of thermal treatment for commercial PEEK

will be given in section 4.2.1.

As the crystallization times and temperatures used in figures 4.6 - 4.9 are different for
each fraction a final comparison between "double melting" of the fractions is made in figure
4.10. It shows the melting scans of al four fractions after crystallization at Ty = 312+1°C.
The fact, that the crystallization times used are quite different and vary by an order of
magnitude does not diminish, but rather emphasizes, the effect of MW on the devel opment of
the low temperature endothermic peak. The peak position on the temperature scale variesin
strict accordance with the crystallization time used. The peak areaincreases with increase in
MW from 3.2 K to 18.2 K even though the crystallization times decrease in this sequence.
The highest MW fraction PEEK4-2 (43.3 K) has a much smaller DSC crystallinity due to its
slow crystallization rate at 313°C. The enthalpy of the low temperature peak for this fraction
exhibits the highest ratio to the total enthalpy of the melting scan among all fractions and thus
confirms the relative and absolute trend of increase in the enthalpy of the low temperature

endotherm with increasein MW.

In summary, the results from this section unequivocaly show, that the "double
melting" phenomenon is manifested in PEEK fractions with various molecular weights with

al its characteristics known up to date.

It is tempting to draw a relation between the effect of MW on the low temperature
endotherm and on DSC crystallinity and crystallization rates. The decrease in the enthalpy,
associated with the low temperature endotherm, with decreasing MW is opposite to the effect
on crystalinity and crystallization rates. *** 3% ¥ Thjs observation was a factor in the
development of an earlier hypothesis ™® that the low temperature endothermic peak in PEEK

was hot a melting peak, but a manifestation of a phenomenon solely related to the amorphous
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fraction of the polymer, namely - an enthalpic relaxation caused by the "physical aging" of
the rigid amorphous fraction (RAF) of semicrystalline PEEK above the nomina glass

transition of the mobile amorphous fraction of the polymer. &%

4.1.2b Evolution of the" Second Structure" (Typell Spherulitic
Morphology)

In the introductory chapter of this study it was mentioned, that the goal of this
investigation of the crystallization and melting behavior of PEEK originated at the early stage
from an observation through polarized optical microscopy by Marand and Prasad  of a
peculiar new morphology in the sperulitic growth of the polymer. At high temperatures and
at long crystallization times, the spherulitic growth became non-linear and slowed down very
significantly, although large uncrystallized regions could still be observed. Moreover, in
parallel with this effect, the growth of a new morphological pattern was observed (labeled by
the authors as "type Il structure"). At the edges of the spherulites a crystalline superstructure
developed. It had much higher birefringence than regions observed in the central parts of the

spherulites.

Furthermore, upon heating in the microscope, a marked drop in the birefringence of
the type Il structure was observed about 10 K above the crystallization temperature. This
contrasted with the continuous decay of the birefringence of the rest of the spherulite (the
type | structure) upon melting. Type Il structure melted completely (e.g. disappeared
completely) just a degree or so away from the final melting of the type | structure.

The authors noted the fact that the temperature and time dependence of the new
morphological feature can be qualitatively correlated with that of the "double melting”
behavior of PEEK. In the latter, the low temperature endotherm develops in time only after
the development of a significant part of the high temperature peak. The enthalpy of the low
temperature endotherm becomes a significant fraction of the total melting enthalpy only at
long times or at high crystalization and/or annealing temperatures. The maximum of the

transition is located about 10-20 K above the crystallization temperature.
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Despite the qualitative character of the correlations between the two phenomena, the
strength of their multiple similarities lead the authors to propose that the low temperature
endotherm in the DSC scan must manifest some transformation in the type Il structure during

the heating scan in the microscope hot stage.

Following the investigation of the melting behavior of the PEEK fractions by DSC, a
polarized optical microscopy study was undertaken. Samples were prepared by a procedure,
described in the literature 2 - thin films were cast from a 0.22 % w/w solution in
benzophenone and dried at 160°C under vacuum. Samples were melted under nitrogen in the
microscope's hot stage at 385°C for 5 minutes and isothermally crystallized at two
temperatures. The crystallization temperatures were chosen at the upper and lower end of the

temperature windows of isothermal melt-crystallization, depicted in figure 4.5a

Figure 4.11 shows the polarized micrographs of fraction PEEK4-2 (43.3 K) after long
crystallization for: @ 200 min at 260.5°C, b) 67.5 hrs at 310.8°C. At 260.5°C high
nucleation and fast growth are observed and crystallization is completed within 3 hrs. At the
higher T of 310.8°C nucleation density islower, linear growth stops before impingement and

alarge fraction of the type Il morphology develops thereafter.

Similar effects are observed for fraction PEEK4-5 (18.2 K) - figure 4.12. At the
lower temperature of 305.7°C crystallization is completed within 6 hours - figure 4.12a. At
the higher T, of 325.9°C linear growth stops before impingement and the type |1 morphol ogy
develops - figure 4.12b.

In fractions 4-5 and 4-8 this new morphological form is observed in the periphery as
well as insde the spherulites. The new morphology is represented less in the lower
molecular weight fractions. In fractions 4-8 and 4-9 crystallization is completed at any
temperature, but increasing inhomogeneity and coarseness of the already formed sperulitic
structure at long times is an indication of the formation of type Il structure. Upon heating in
the microscope, at about 10-15 degrees above T, a change in the birefringence of the type Il

regionsis observed in the higher MW fractions.

The results support the observations of Marand and Prasad ? that the development of
the type 1l morphology parallels that of the low temperature endotherm in the DSC scan.
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Figure 4.11 Photomicrograph of fraction PEEK4-2 (M,, = 43,300 g/moal), isothermally
crystallized for long times: A) at T, = 260.5°C for 200 min, B) at T« = 310.8°C for 4050 min.
Type Il morphology overlays the spherulites after radial growth stops.
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Figure 4.12 Photomicrograph of fraction PEEK4-5 (M, = 18,200 g/mal), isothermally
crystallized for long times: A) at T, = 305.7°C for 400 min, B) at Tx = 325.9°C for 2850 min.
Type Il morphology isless significant than in figure 4.11-B.
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The observation of increasingly less type Il structure and lower low temperature peak
enthalpies with decreasing MW does not support the hypothesis of Marand and Prasad, that
type Il structures correspond to growth from completely relaxed and type | (regular sperulitic
growth) - from unrelaxed amorphous phase. If that explanation was correct, the lower MW
fractions would have exhibited more type Il morphology and higher low endotherm
enthalpies as lower MW results in more cilia and less chain loops and tie molecules at the

crystal-amorphous interface.

4.2 Effectsof Annealing Timeand Temperature

In this section results from the studies of the effects of annealing time and
temperature on the crystallization and melting behavior of PEEK are provided. Section 4.2.1
examines the effect of the crystallization and/or annealing time and temperature on the
development of the low temperature endothermic peak under all of the thermal history
profileslisted in the experimental section (figures 3.3 - 3.7). Section 4.2.2 provides few
examples for the observation of the same effectsin other polymers. Section 4.2.3
investigates the effect of the same parameters on the crystallinity development, section 4.2.4 -
the effect on the small strain creep of PEEK, and section 4.2.5 - the effect on the calorimetric

glass transition temperature of semicrystalline PEEK.

4.2.1 Characterization of the Crystallization/Annealing Low Temperature
Endotherm of PEEK

Figure 4.13 shows the DSC heating scans (at heating rate 20 K/min in the interval
115°C - 365°C) of samples, cold-crystallized in the Carver hot press for 60 min from the
amorphous glassy state at different temperatures above Tg. In addition, the recorded hesting
scan of completely amorphous PEEK sample and the NATAS ** **° recommended data for
the measured and extrapolated heat capacities of glassy and liquid PEEK are plotted. The
scans are corrected by baseline subtraction and heat flow calibration and presented as Cp vs.
T. The plot is similar in appearance to results from other studies of the melting of cold-
crystallized PEEK . 10 63.64.67.68.70
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Figure 4.13 DSC heating scans of PEEK samples, cold-crystallized for 60 min at: 163°C,
183°C, 203°C, 223°C, 243°C, 263°C, 272°C and a scan of amorphous sample from the

glassy state. For the other lines - see the legends above.
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The dynamic crystallization during the heating of the amorphous sample in the DSC
at 20 K/min occurs within 10-15 K (e.g. 30-45 seconds) between 175°C and 185-190°C.
Therefore the volume-filling (primary) crystallization from the amorphous glassy state is
completed within no more than 1 min from setting a crystallinity studies sample (see section
3.1.2) in the hot press for al the samples except possibly the one crystallized at 163°C. Thus
the effective thermal history of these samples is fast isothermal crystallization upon thermal
equilibration of the sample in the press, followed by the annealing at the corresponding T.
However, for reasons of clarity in the comparisons with other thermal history profiles these
samples are labeled as "cold-crystallized" and the corresponding time and temperature time
arelabeled tc and Te.

For each sample a broad high temperature endothermic peak is observed in the range
of approximately between 275-285°C and 350°C. As can be seen in the plot, this peak
adopts almost exactly the position and shape of the melting peak obtained in the scan of the
initially amorphous sample. Therefore, during the scan for every sample the physical state

just before the beginning of the "final" melting is the same.

The only differences observed are in the temperature region below the melting range.
For every sample a second, low temperature, endothermic peak is observed in the heating

scan just above T.. Figure 4.14-A shows the position of the peak maximum of the low and

high temperature peaks - Tmax(low) and T, asafunction of T in a Hoffman-Weeks plot. T,
is a constant, whereas the data for Tra(low) lies on aline, aimost parallel tothe T, = T, line.

The slope of the line is dlightly less than one, therefore, for annealing at higher temperatures
the low endotherm peak maximum appears slightly closer to T, than at lower ones. Figure
4.14-B shows the dependence of the enthalpy of the low temperature endotherm on cold-

crystallization temperature Te.

A closer look at the Cp(T) traces before and after the low temperature peak allows two

more observations:

1) When well separated from the high melting peak and from the step change of Cp at
Ty, the low temperature peak is almost symmetrical in shape.
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Figure 4.14 Dependence of the low temperature endothermic peak's parameters on the cold
crystallization temperature, T A) Tha(low), B) AHq(low).

119



2) The"local baseline”, which defines the peak is non-linear. Cp(T) before the peak
is higher than Cp(T) after the peak. The Cp(T) lines before and after the peak are different in
position, but almost identical for all samples. The only difference between the scans is the
shift of the low endotherm at higher temperatures along the two separate "baselines’ - the one
before and the one after the peak. The traces after the peak coincide with one another with
remarkable precision. The traces before the peak shift down dlightly in magnitude with
increasing T.. This observation can also be made in the work of Cheng et al. (figure 10 in
reference 16). The change in baseline after the peak corresponds to an exothermic deviation.

More analysis of this peculiar feature will be provided later in the discussion chapter.

Figure 4.15 shows the DSC heating scans (at heating rate 10 K/min in the interval
from Ty to 370°C) of samples, melt crystallized in the DSC for 480 min at various

temperatures. The plot issimilar to figure 7B in reference. 2

As in the case of the cold-crystallized samples in figure 4.13, a second endothermic
peak is observed in the melting trace, just above Tx. The peak maximum and enthalpy are
plotted against T, on figure 4.16. Figure 4.16-A is similar to the Hoffman-Weeks plot of the
commercial PEEK polymer on figure 4.2. The high temperature peak, corresponding to the
fina melting, shifts to higher temperature with increasing Ty, following the expected
Hoffman-Weeks behavior. The use of same crystallization times tx results in a Tmax(lOW) vs.
Tx dependence, which is a line, parallel to the T, = Ty line, similar to the result for cold-
crystallized samples on figure 4.14-A. The enthalpy of the low temperature endotherm

increases with increasing Ty, following approximately linear relationship (figure 4.16-B).

The results presented above describe features of the low temperature endotherm,
aready known from the literature studies on PEEK melting. The peak appears above the

temperature of isothermal treatment, its magnitude increases with increase of T, or Ty, and its
position is on aline, parallel to the T, = T line on the Hoffman-Weeks plot. For samples

with similar thermal history (e.g. cold-crystallized samples, melt-crystallized samples),

DHm(low) exhibits alinear dependence on temperature.
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Figure4.15 Melting scans of PEEK samples, melt-crystallized in the DSC for 480 min at:
A) 305°C, B) 310°C, C) 315°C, D) 320°C, E) 325°C, F) 330°C. All scans are shifted
up from the last one for clarity.
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Studies of the sequence in which the high and low temperature endotherms arise in
time after isothermal crystallization from the melt, have shown, that the high temperature
peak appears before the low temperature one. % ** ° Figure 4.17 illustrates this observation
in more detail, than given in the literature. It shows the melting scans of PEEK samples,
crystallized isothermally at 307°C for short times. After the times indicated on the plot
elapsed, the isothermal crystallization was interrupted and the melting scan collected
immediately. The times were selected in a way as to cover various points along the
isothermal crystallization exotherm of PEEK, crystallized at 307°C. The scanning rate is
relatively low - 5 K/min, allowing some additional crystallization to occur in the first 10-15
K (2-3 min) during the scan, if the sample has not crystallized completely at 307°C for the
giventy. Thefirsttime- 110 s, istoo short and only a small fraction of the material was able
to crystallize. Significant additional crystallization occurs during the first 2-3 min of the
scan, up to about 320°C, which is represented by a large exothermic deviation, well below
the Cp(T) trace of a fully amorphous PEEK. With increase in crystallization time, a larger
fraction of the material is able to crystallize isothermally and the magnitude of the exothermic
deviation at the beginning of the scan decreases. At the end of the interval between 255 s and
300 s most of the primary crystallization is completed and no exothermic deviation is
observed in the 300 s scan. In the same time interval the low temperature endothermic peak
begins to develop. The scans for 300 s, 400 s, and 600 s show its first appearance and
gradual development.

In the earlier reports on PEEK melting, it has been shown, that the low temperature
endotherm continues to develop after long times of crystallization or annealing, ** ®® " but
the nature of the dependence of Tm(low) and DHy(low) on ty or t; has not been investigated

for long crystallization times.

Examination of our early studies of the isothermal crystallization of the PEEK
fractions (figure 1 in reference 77) suggested, that increase of the crystallization time by a
factor of 2 produces continuous increase of the enthalpy of the low temperature endotherm

and shifts up the peak maximum by approximately equal amounts.
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Figure4.17 Melting scans of PEEK samples, melt-crystallized in the DSC at 307°C for
short crystallization times. Heating rateis5 K/min. Crystallization times are indicated
next to the scans.
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This observation suggests that in order to investigate effectively the time dependence
of the low temperature endotherm, a logarithmic time scale of observation must be chosen.
In amost all of the experiments reported in this study the logarithmic increment in time was

chosen by multiplying the first time by a power of 2.

Figure 4.18 shows the melting scan of PEEK samples crystallized in the DSC at Ty =
310°C for times increasing approximately in geometric progression with a factor of 2. The
high melting endotherm in the scans remains amost unchanged as the lowest time was
chosen close to the end of the exothermic crystallization peak observed upon isothermal
crystallization at 310°C. From one scan to the next the low temperature peak gradually shifts
to higher temperatures and increases in area. The same crystallization experiment was
repeated in the entire interval, where PEEK can crystallize at close to isothermal conditions -
300°C - 330°C at intervals of 5 K. A similar development of the melting scans with time was
observed in all cases. The only difference is due to the slowing down of the nucleation
process for the development of primary crystallization. With increase in Ty the crystallization
half-time and the time for completion of the primary crystallization process increase. *
Therefore, the first observation of the low temperature endothermic peak (according to the

results from figure 4.17), is shifted to longer times.

Figure 4.19-A shows the positions of Tm(low) for three different crystallization
times at the various crystallization temperatures on a Hoffman-Weeks plot. For every given

t, the lines through the Trax(low) datapoints are amost parallel to the T, = Ty line. With a

logarithmic increase of t, these lines are shifted vertically away fromthe T, = Ty line.

Figure 4.19-B shows the development of the peak maximum Tqy(low) with
crystalization time ty on a log-time scale, on which the times, chosen in geometric
progression are equidistantly placed on the abscissa. For all crystallization temperatures
Tmax(low) increases linearly with log(ty). To afirst approximation the different Tac(low) vs.
log(tx) lines are almost parallel and verticaly spaced at equal intervals. A closer look at the

dependence shows, that it is of the form:

T (low) =T, + A+B*log(t, ) 4.3)
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Figure 4.18 Melting scans of PEEK samples, melt-crystallized in the DSC at 310°C for:
A) 10 min, B) 31 min, C) 68 min, D) 130 min, E) 240 min, F) 512 min, G) 978 min.
All scans are shifted up from the last one for clarity.
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where the parameters A and B are functions of Ty.

The results from a straightforward linear fit of the dependence of Tmax(low) on log(tx)
do not show a clear trend in the dependence of the slope and coefficient with T, and the
correlation coefficient of the least squares fit is not very good (generally around 0.95 for Ty >
305°C). When an induction time, appropriate for the corresponding Ty is subtracted from ty
for the series of datapoints at each Ty, the correlation is greatly improved and a trend of
decrease in the values of A and B with Ty is observed. Thistype of correction isin agreement
with the results from figure 4.17, which show, that the development of the low temperature
peak begins after an initial induction time, corresponding to the development of a certain

fraction of the primary crystallinity.

(Note: The applied induction time values are smaller than the times for the leftmost
datapoints for each Ty on figure 4.19B; their precise determination is impractical for the high
Ty series, as staging an experiment similar to the one shown on figure 4.17 at a higher Ty

would require many long DSC scans.)

Figure 4.20 shows the dependence of the parameters A and B on Ty. Despite the
scatter, the results clearly indicate a decrease in the values of the slope B and the intercept at
tx = 1 min- A. This means, that with an increase in Ty, the low temperature endothermic
peak, which develops after isothermal annealing (i.e. crystallization) timety: 1) appears closer

to Ty, 2) shifts up in position on the temperature axis at a slower rate.

The use of conditions of isothermal crystallization from the melt has a limiting effect
on the precision of the quantitative analysis of the development of the low temperature
endotherm with time and temperature of isothermal treatment. Two of the limiting factors
are due to the observation of a non-negligible induction time for the development of the low
temperature endotherm. For example, the correction with an induction time determined to be
20+£5 min from the datapoints at long times. 240 min, 480 min, 960 min etc., will have a
negligible effect on the uncertainty of these datapoints on the horizontal axis, but the
uncertainty on the datapoints at shorter times: 120 min, 60 min, 30 min will be very large and
increase dramatically with decrease of ty. Therefore, with an increase in Ty (and therefore an

increase in induction time) more and more datapoints are determined with insufficient
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accuracy on the log(ty) axis. The second reason arises from the increase in the induction time
with increase in Ty. This pushes the experimentally useful crystallization times at higher Ty
to even larger values. The use of datapoints at longer times, however, is limited by practical
reasons - the times must increase in geometric series and in order to cover sufficient number
of decades of time one must go to times which are too long for practica purposes.
Furthermore, long exposure of the polymer melt at high temperatures even in an inert
atmosphere could lead to thermal degradation, *° which in turn would introduce yet another

possible uncertainty.

Another uncertainty in the quantitative analysis of the time and temperature
dependence of the low temperature endothermic peak is the fact, that with increase in Ty, the
peak appears closer to the high temperature melting peak. This is evident from the DSC
scans of figure 4.15 and the plot of Tma(low) and T, vs. Ty on figure 4.19-A. With the
merging of the two peaks the use of a correct procedure for resolving their separate
contributions to the melting scan becomes increasingly important. Large errors in the values
of Tmax(low) could be introduced if improper "local baseline" (i.e. separation procedure) is

used. Therelative error in the values of DH,(low) would be even higher.

Some of these difficulties were partially resolved with the studies of the melting scans
of PEEK samples with somewhat different thermal histories from the ones described above.
Thermal histories as the ones described in figures 3.5 - 3.7: two step crystallization followed
by annealing up (figure 3.5) or down (figure 3.6) and isothermal crystallization, followed by
multiple step annealing down (figure 3.7), result in multiple endotherms in the DSC heating
scan of PEEK. Partia studies of these observations have been reported previously by Cheng
eta.,® Chang, ? and Lattimer et al.

Figure 4.21 compares the melting scans of samples with thermal history as shown in
figure 3.5 with the melting scans resulting from isothermal crystallization. The thermal
histories are summarized in the figure caption. Isothermal crystallization at 315°C for 120
min results in melting scan (A). It is characterized by a high temperature melting peak with
T, = 345°C and a low temperature one with Tx(low) = 324°C. Melting scans (C-G) are

130



3.0
. M
] A
] C
2.0 +
—_ ] D
> ]
:§> ]
3 1.5 + E
(_"-)L J
1 F
1.0 +
] G
] B
0.5 +
0.0 LA ) : LA ) : LN ) : LN B B : LN B B : LN B B : LN B B : : L :

315 320 325 330 335 340 345 350 355 360 365
Temperature [°C]

Figure4.21 DSC melting scans of PEEK samples, isothermally crystallized from the melt
at: A) 315°C for 120 min, B) 330°C for 488 min; C-G - isothermally crystallized at 315°C
for 120 min and annealed at 330°C for the following times. C) 1.9 min, D) 7.5 min,

E) 30 min, F) 120 min, G) 497 min.
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produced when the isothermal crystallization at 315°C for 120 min is followed by annealing
at 330°C for various times. This amounts to interrupting melting scan (A) at a point after the
low temperature peak and annealing there. The resulting scans have a high temperature
melting endotherm, which is at the same position as the one produced from the isothermal
crystalization at 315°C adone. The annealing at 330°C introduces an additional, low
temperature, endotherm, which shifts up in position an increases in magnitude in a similar
fashion as the one, resulting from isothermal crystalization alone (figure 4.18). Scan (G),
which is the result of t, = 497 min can be compared against scan (B), which results from
isothermal crystallization from the melt at 330°C for approximately the same time - t, = 488
min. Isothermal crystallization at 330°C is limited by the slow nucleation from the

amorphous melt. The result is a small melting endotherm with T, = 351°C, positioned in

accordance with the Hoffman-Weeks analysis of the melting temperature of PEEK (figure
4.2). Thereisaso abroad low temperature endothermic peak, which is the result of the long
annealing during the crystallization process. Its Trmax is close to that of the low temperature

peak produced by annealing of the same duration at 330°C - scan (G).

Another important result is, that annealing times as low as 1.9 min (110 9) till
produce a low temperature endotherm. This result and additional studies in our |aboratory
(not reported here) lead to the conclusion that, for al practical purposes, the induction time
for development of the low temperature endotherm is zero, when annealing of aready
semicrystalline PEEK is investigated. This is in sharp contrast with the isothermal
crystalization results (figures 4.17 - 4.19), which showed, that induction times as high as
100-200 min are observed.

Figure 4.22 compares the development of the peak maximum position of the low
temperature endotherm - Trax(low), for samples, isothermally crystallized or annealed at one
and the same temperature. A linear relationship between Tha(low) and log(t) is observed
over three decades of time for the samples, annealed up at 320°C and 330°C. The correlation
between the datapoints is much better, than for the isothermally crystallized samples at the
same temperatures. Thisis probably due to the fact, that the induction time for the annealed

samplesis practically zero and, therefore, does not produce large errors in the positions of the
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datapoints on the abscissa. If an induction time of 20 min is subtracted from the values of ty
for the samples with T, = 320°C, this corrects the curvature of their Tma(low) vs. log(ty)

relationship to a straight line, coincident with that for the samples, annealed at 320°C.

Thus, the prolonged annealing of semicrystalline PEEK either during the isothermal
crystal growth or after an initial pre-crystallization produces a low temperature endothermic
peak in the melting scan. The position of the peak seems to be unaffected by the previous
thermal history and is controlled only by:

- the required presence of crystalinity,
- the temperature of annealing or crystallization,
- the time of isothermal treatment at this temperature.

The difference in the conditions, prior to the isothermal treatment, results only in

differences in the shape of the peak and in its enthalpy.

Figure 4.23 shows the DSC heating scans of PEEK samples, resulting from
isothermal crystallization at 305°C, followed by multiple step annealing down at steps of 30
K. The scan in figure 4.23-A is for constant crystallization or annealing times of 30 min. In
figure 4.23-B the annealing time at every step down in temperature is increased several times
relative to the annealing time at the previous step in order to increase the magnitude of the
multiple peaks, resulting from the annealing at lower temperatures. The time at the first step,
which is effectively isothermal crystallization from the amorphous melt, is long enough to
allow for ailmost complete primary crystallization. If this condition is not satisfied, the result

of amultiple annealing down is rather complicated.

Figure 4.24 shows the DSC melting scans of samples from fraction PEEK4-5 (18.2
K), which have been isothermally crystallized from the melt in a two-step process. The two
crystallization temperatures are 325°C and 310°C. Scans A and B correspond to isothermal
crystallization for two different times at 310°C - 11 min and 20 min, and annealing up at
325°C for one and the same time - 154 min. The shorter time at 310°C - 11 min, allows very
little crystallization at this temperature. The crystalization of the sample is completed at
325°C during the 154 min annealing. This scenario is indicated by the presence of two
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peaks in the broad high temperature part of the scan. Their positions correspond to the
Hoffman-Weeks dependence of T, on Ty for this fraction (figure 4.3-B). The low
temperature peak is the result from the long annedling at 325°C during the long
crystallization at this temperature. In scan B the longer crystallization time at 310°C has lead
to crystalization of most, but not al of the sample. Some additiona crystallization has
occurred at 325°C. This can be detected by the small shoulder on the high temperature side
of the strong peak, corresponding to the melting for Tx = 310°C. The intensity and position
of the low temperature peak in this scan are the same as in scan A as the crystallization time

at 325°C for both samplesis the same.

Scan C shows the melting of sample, which has been isothermally crystallized at
325°C for along time - 655 min. T, is the same as the one observed in scan A and the low

temperature peak has a higher T and higher enthalpy, due to the longer crystallization time.

In al of scans A-C no low temperature peak is observed for the crystallization at
310°C. This is due to the fact, that the second crystallization step is done above the
Tmax(low) expected for the crystallization at 310°C.

In scans D and E the order of crystalization is reversed. The sample is first

crystallized at 325°C for times close to those in scans A and B, and then annealed below at
310°C. The crystallization is interrupted at 325°C and completed at 310°C. T, of the two
high temperature peaks again can be identified as those expected from the Hoffman-Weeks

plot for the fraction. The difference between these two scans and the previous onesis in the
observation of two low temperature peaks - one for the crystalization at 325°C and another
one below it for the crystallization at 310°C. A sharp difference is observed in the intensities
of the 325°C low temperature peaks in scans A-B vs. scans D-E. This can be explained by
the fact, that during the annealing at 325°C, the first two samples had higher degree of
crystallinity as the crystallization was completed at the early stages of the annealing. In
samples C and D the material was not crystallized to its maximum attainable crystallinity as

obviously crystallization continued at 310°C.
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In summary, up to four endothermic peaks can be observed in the melting scans of
samples, subjected to a two-step thermal history. These can be identified as two high

temperature melting peaks and one or two low temperature peaks. Their time and
temperature behavior is as expected from the known behavior of T, and Tmax(low) with time

and temperature of isothermal treatment.

The scans in figures 4.23 and 4.24 show, that annealing down after initial isothermal
crystalization produces an endothermic peak, which is similar in nature to the one observed
after isothermal crystallization from the melt or cold-crystallization from the amorphous
glassy state. The peak increases in magnitude and shifts up in temperature with increasing
time as observed in both experiments shown on figures 4.18 and 4.21 - isothermal
crystallization and crystallization followed by annealing up. The presence of up to four
endothermic peaks as in figure 4.24 can complicate enormoudly the task of resolving the
enthalpies and T for the low temperature peaks. Thus, in order to simplify the analysis, in
al two step experiments the initial crystallization step was chosen long enough, so that

primary crystallization is almost completed.

Upon annealing down (figure 4.23) the low temperature endothermic peak is much
smaller in magnitude and the multiple peaks present can be well resolved in order to
determine the local baseline for each of them, only if a proper choice of the parameters for

the experiment (two-step crystallization, followed by annealing down) is made.

The results from such an experiment are presented in figures 4.25 - 4.27. The
conditions of the experiment are as follows. The initial material was pressed into 0.5 mm
thick sheets and isothermally crystallized from the melt at 310°C for 300 min in a Pasadena
SP210C hot press. This was done in order to avoid prolonged crystallization in the DSC for
each separate sample, which would have prolonged the experiment. The temperature of the
Pasadena hot press is reported as set by the dia of the temperature controller of the press.
Small samples were cut from the center of the sheets and annealed separately for different
times at the center of a Carver hot press maintained at 210°C. The temperature of the Carver
hot press was observed with a thermocouple inserted between the plates of the press. Small

variations of the annealing temperature were observed during the annealing. These were
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possibly due to variations in the power input, set by the temperature controller of the press.
They lead to a temperature control, which is poorer than that of the DSC. The actua
annealing temperature is expected to be T, = 210£2°C. After annealing the samples were
fast cooled below Ty in ice-water. DSC scans were then recorded in one batch under the
conditions, described in the experimental section (section 3.2.2). The heating rate was 20

K/min. Baseline subtraction and heat flow calibration with sapphire standard were applied.

The heating scans of selected samples from 115°C to 365°C are shown of figure 4.25.
As expected, they show:

- abroad glass transition in the range 140°C - 170°C,
- alinear increase of Cp with temperature in the range 170°C-290°C,

- an endothermic peak, superposed on the linear Cp(T) trace in this range, which isthe
result of the annealing at 210°C,

- an endothermic peak resulting from the isothermal crystalization at 310°C, whichis
superposed to the broad melting in the interval 290°C - 355°C.

The differences in the position of the low temperature endotherm in the 305°C -
330°C range, which results from the isothermal crystallization, are random with respect to the
annealing times at 210°C. A careful examination of the way the samples were cut from the
sheet shows that the farther away the sample was from the center of the sheet, the lower the
position of this peak was. We know, that the position of the peak is dependent on the
isothermal crystallization or annealing temperature. Therefore we can securely claim, that
this variation is due to thermal gradient in the Pasadena hot press. Comparison of the DSC
scans from unannealed samples and from samples, which have been isothermally crystallized
in the DSC for 300 min in the same temperature range (300°C - 310°C), showed, that the
actual temperature of isothermal crystallization was 306+2°C. There is no difference in the
remaining part of the DSC scans in the melting range above 325°C, therefore we assume, that
this variation of T, would have no effect on the initial crystallinity of the samples and on the
development of the low temperature endotherm, which results from the annealing at 210°C.
With this in mind, we concentrate on the analysis of the Cp(T) trace in the temperature
interval 170°C - 290°C, in the middle of which the second annealing endotherm is observed.
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Figure 4.26 shows an expanded view of the scans of selected samplesin the 190°C -
270°C temperature range. As can be seen, the Cp(T) traces before and after the peak are
linear and to a first approximation have the same slope. This is consistent with the Cp(T)
traces expected for a sample, which has a constant crystallinity in this temperature range (i.e.
shows very little melting or no melting at al in this range). A clear difference, which is
observed between these scans is the vertical shift of the trace after the peak, relative to that
before the peak. This shift is different for samples annealed for different times. At short t, (4
min) the shift is negative, i.e. an exothermic deviation from the trace before the peak, similar
to the one observed in cold-crystallized samples, but much smaller in magnitude. At
intermediate t; (30 min) there appears no shift between the extrapolated traces before and
after the peak. At long t, (3843 min) the trace after the peak is shifted significantly upward.

In summary, with increase of annealing time, the relative shift between the linear
Cp(T) traces before and after the peak increases in magnitude. At this point we will not
comment on the possible reasons for such a shift. We only incorporate this, as an
experimental fact, into the quantitative analysis of the low temperature endotherm resulting
from annealing at 210°C.

From the observations described above, the following mathematical analysis of the

DSC trace in the vicinity of the low temperature annealing endotherm was applied:

The DSC trace in the range of 190°C - 270°C is approximated with the sum of the

following functions:
- linear function:
f1(T) =A*T +B (4.4)
- symmetrical peak function (see Appendix A at the end of thiswork):

g Tmax

B(T) = a f = g (4.5)

- symmetrical step function, centered at Tma (See Appendix B at the end of this

work):
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_ * ﬂ - TmaX 0
foT)=a,* g = (4.6)

The linear function f1(T) accounts for the observed linear increase of the Cp(T) before
and after the peak.

The symmetrical peak function f»(T) describes the shape of the peak. It is centered at
Tmax = Tmax(IOW), its height at Tmax IS equal to the parameter a, and its width is controlled by
the parameter b. The area of the peak, equal to the its enthalpy DH(low) isequal to:

DHm(low) = 2*a*b 4.7)

The symmetrical step function f3(T) is added, in order to account for the relative shift
between the linear Cp(T) traces before and after the peak. It is centered at Trmax and its width
is controlled by the same parameter b as the peak function f,(T). In fact the step function is
chosen as the derivative of the peak function, scaled by the independent adjustable parameter
as, which controls the magnitude of the relative shift DCp(Tmax) between the linear Cp(T)
traces before and after the peak:

DCr(Tmax) = 2*as*b (4.8)

The Cp(T) trace was fitted in the interval 190-270°C (235 datapoints). By variation of
the 6 parameters{ A, B, a, b, Trhax, 8} the mean quadratic deviation of the fit from the Cp(T)

trace was minimized.

The results from the fitting of the Cp(T) traces of the samples with t; = 4 min, 30 min,
and 3843 min are shown on figure 4.27A-C. The fitted curves are very close to the
experimental ones. A good fit was impossible without using a step function with adjustable
height of the step. Figure 4.28 shows the annealing time dependence of severa of the
characteristics of the Cp(T) traces, calculated from the fitted curves. A) Tha(low) (left y-
axis) and DHpy(low) (right axis), B) peak height and width, and C) the magnitude of the step
change DCp(T max)-

Samples with the same crystallization history (300 min at 310°C) were annealed also
at 240°C and 270°C. The annealing endotherm in their melting scans was analyzed using the

same approach as for the samples, annealed at 210°C. The goal of the experiment was to
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look into the dependence of Tmax(low) and DH,(low) on annealing temperature T, under this

particular type of thermal history (figure 3.6).

Figure 4.29 shows the development of the peak parameters with annealing time for
the three annealing temperatures. The linear relationship between Tha(low) and the
logarithm of the annealing time is observed under these conditions at all temperatures (figure
4.28-A). The scatter in the datapoints, caused by the fluctuationsin T, in the Carver hot press
we mentioned above, does not allow the trend in the changes of the slope and coefficient of
the Tmax(lOW) vs. log(ty) relationship to be quantified. The enthalpy of the annealing
endotherm DHpy(low) also increases linearly with logarithm of the annealing time. The slope
of this linear relationship increases with increase of T,. For fixed annealing times, DH,(low)
increases with annealing temperature, similarly to the effect of Tx and T, on DH(low)
(figures 4.14-B and 4.16-B).

The linear increase in the peak height and width with increase in log(ts) (figure 4.28-
B) is seen at higher annealing temperatures as well. For same annealing times, at higher
annealing temperatures the peak is sharper - it becomes narrower and of larger magnitude.
The peak height increases (figure 4.29-C) and the peak width decreases (figure 4.29-D) with
Ta, SO that overal the enthalpy DHpy(low) increases with T,. The step-change in the baseline
is present and changes with increase in log(ty) at all annealing temperatures (figure 4.29-E).
With increase in T,, DCp(Tmax) increases and for short annealing times turns from negative to

positive values.

The datapoints for annealing times longer than 240 min for the serieswith T, = 270°C
have been excluded from the plots. The reason for thisis the merging of the peak, resulting

from annealing at 270°C with the one from the crystallization at 310°C. This
did not allow application of the fitting procedure described above.

The successful fitting of the Cp(T) traces for T, = 210°C and 240°C with sum of
linear, step, and peak functions suggests a model for analyzing the parameters of the low
temperature endotherm. This model, although only a phenomenological one at this point,

should be applied to the analysis of the low temperature peak under any conditions, if the

146



0 210°C A 240°C O 270°C

300 F
3 A
290 ¥ M
. 280
£ 270 ¢
’%\ 260 g' M
< 250
3 E
= 240 %
230 ¢ M
220 ¥
210: T T T 17 u: T l-l"": T """': T """': T -----u: T T T TTrrT
0.1 1 10 100 1000 10000 100000
Annealing Time [ min ]
0 210°C A 240°C @O 270°C ‘
1.50
1.20 +
> ]
8 090+
’g J
2 0.60 +
E i
I
< J
0.30 +
000 L ------: LI -----: T 1 ""'= LI ""= T 1 ------: T TTTTTT
0.1 1 10 100 1000 10000 100000

Annealing Time [ min ]
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correct values for Tna(low) and DHy(low) are to be derived. Unfortunately, this is difficult
to accomplish under most of the experiments described so far. The reason for this is the

interference of other phenomena, manifested in the DSC scan of PEEK.

For example, when cold-crystallization or two-step crystallization followed by
annealing down is done at temperatures close to Ty, the interference of the Cp(T) change at T
does not allow a good determination of the linear Cp(T) local baseline before the peak. For
higher annealing or crystallization temperatures, the peak approaches the beginning of the
broad melting range. The peak tail is then superposed to the small endothermic shift of Cp(T)
due to melting, which can not be incorporated analytically in the same fashion as in the
analysis above. When the crystallization or annealing temperature is above 300°C the peak is
superposed on the broad melting endotherm and the entire local baseline can not be resolved
analytically.

Thus, depending on the thermal history of the samples, the resulting low temperature
endotherm must be analyzed using other, less perfect approaches. One has to eliminate some
of the variables of the fitting procedure described above. However, the results above pint out
that one characteristic of the analysis must be preserved - the near symmetrical shape of the
low temperature endothermic peak. Whenever possible, DSC scans which show low
temperature endothermic peak, were analyzed in the manner described above. When thiswas
not feasible, the analysis was done by searching for the best peak function (hyperbolic cosine
type function), the subtraction of which from the DSC trace leads to a Cp(T) trace, which
behaves smoothly with temperature. The estimate is visual and therefore much less rigorous.

The following procedure was used:

We start with a Trnax Value, close to the visually observed and use some starting values
for the peak height and width. The calculated values for the peak function are subtracted
from the DSC trace. If the peak height is lower or higher than the true peak height, than a
characteristic upward or downward deviation of the Cp(T) trace is observed, which disrupts
the smooth change of the "local baseline” in the temperature interval, where the peak is
observed. To afirst approximation, this deviation isa symmetrical peak function. If the peak

width is lower or higher than the true peak width, than another type of deviation is observed
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after subtraction. By adjusting the peak height and width and "fine tuning" the position of the
peak maximum, we try to minimize these deviations in the Cp(T) trace after subtraction of the
peak function. The values of Tya(low) and DHy(low), reported in figure 4.16 and the high
and low T values, reported on figure 4.14 are analyzed with this procedure. In addition to
the series annealed at 210°C, 240°C and 270°C, the intermediate T, values, plotted on figure
4.14 are analyzed by the analytical approach described before.

4.2.2 Multiple Melting of Other Polymers

The results reported in the previous section summarize most of the unique features of
the low temperature endothermic peak, observed in PEEK under the various conditions of
isothermal crystallization and or annealing we defined in section 3.2.2 (figures 3.3 - 3.7).
Even considered aone, these results pose a variety of questions regarding the melting
behavior of PEEK.

In the introduction, it was mentioned that a low temperature endothermic peak
resulting from long crystallization or annealing is observed in the melting scans of various
other polymers. In this section, few examples are provided which examine the time

dependence of the low temperature endotherm for other polymers.

After the observation of the peculiar log-time dependence of the parameters of the
low temperature endotherm in PEEK, studies in our lab have shown, that the same log-time
dependence is observed for the low temperature endothermic peak in cold-crystallized

isotactic PS. *°

Figure 4.30 shows the heating scans of isotactic PS, melt-crystallized in the DSC at
180°C. The melting range of the scan is characterized by the presence of 3 endothermic
peaks. The superposition of all Cp(T) traces together shows, that annealing time causes very
little or no change at all in the positions and magnitudes of the highest two endothermic
peaks. Lemstraet al. *® have shown, that the presence of these two peaks is due to a melting-
recrystallization process during the heating of i-PS. They provide very little information on
third peak in the scan - the one, which appears just above the isothermal crystallization
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Figure 4.30 Melting scans of i-PS samples, melt-crystallized in the DSC at 180°C for
the following crystallization times: 15 min, 30 min, 60 min, 120 min, 240 min, 484 min,

1010 min, 1920 min. Heating rate 10 K/min.
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Figure 4.31 Melting scans of PBT samples, melt-crystallized in the DSC at 190°C for
the following crystallization times: A) 4 min, B) 8 min, C) 15 min, D) 30 min, E) 60 min.
Heating rate 10 K/min.
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Figure 4.32 Crystallization time dependence i {low) in the DSC melting scans of:
A) i-PS, melt-crystallized at 180°C, B) PBT, melt-crystallized at 190°C and 195°C.
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temperature. Figure 4.30 shows, that this peak steadily increases in magnitude and shifts to

higher temperatures astime is increased by a factor of 2.

Figure 4.31 shows the melting scans of PBT, melt-crystallized in the DSC at 190°C.
As in the case of i-PS, three endothermic peaks are observed. Those in the range 205°C -
235°C are separated by an exothermic peak, which indicates, that melting-recrystallization
takes place. Their positions and magnitudes are not affected by the crystallization time. In
the region just above Ty a third endothermic peak is observed, which shows the same

characteristic behavior as the low temperature endothermic peak in PEEK and i-PS.

Figure 4.32 shows the dependence of the peak maximum of the low temperature
endotherm on crystallization time for i-PS and PBT. A linear relationship between Tmax(low)

and log(ty) is observed, similarly to the case of PEEK.

Although limited in scope, this investigation of the crystallization time dependence of
the low temperature endotherm for i-PS and PBT unequivocally shows the universality of this
phenomenon. Currently, a more detailed investigation of two other polymers - i-PP and PET
is under way in our laboratory. Preliminary results are similar to the evidence provided in

thiswork.

4.2.3 Crystallinity Evaluation

The results presented in section 4.2.1 show that long crystallization or annealing leads
to asignificant increase in the enthalpy of the low temperature endothermic transition without
significant change of the high temperature melting peak. In view of this observation, we took
on the task of studying changes in other physical properties over the same time and
temperature scales as the ones, employed for monitoring the low temperature endotherm. In
this section we will consider the increase in the crystallinity, associated with the development

of the low temperature endotherm.

4.2.3a DSC and Uncorrected Density Crystallinities

The effect of crystallization temperature on the DSC crystallinity of PEEK and in
particular on the crystallinity associated with the low temperature melting peak has already
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16-18,66. 72 Only one study has

been examined in the literature, but only qualitatively.
attempted to separate the crystallinity associated with the low temperature endotherm from
the overal crystallinity. ® Despite the clear evidence for crystallization temperature

122, 123, 198

dependence of the crystal density r , there has been no attempt to account for it in

the evaluation of crystallinity by the density method. As only few studies have acknowledged
the annealing time dependence of the low temperature endotherm and only in a qualitative
way, % % 727 it is understandable that no attempt have been made to study the effect of

crystallization time on the crystallinities.

Figure 4.33 shows a semilogarithmic plot of the change of crystallinity with
crystallization time tx for the series of samples, melt-crystallized at Tx = 300°C. The
crystallization temperature was chosen as the lowest possible temperature at which
crystallization after quenching from the melt proceeds isothermally. The data shows an
increase in the DSC crystallinity with time - (A). The magnitude of this increase is on the
order of 0.04. Thisincrease in crystallinity is associated with the increase in the enthalpy of
the low temperature endotherm - (C). The uncorrected density crystallinity - (B), exhibits a

smaller increase in the time range considered - about 0.015.

An attempt to evaluate the WAXS crystallinity of the samples by the method of
Hermans and Weidinger was made - equation (3.9). The WAXS diffractograms are shown

on figure 4.34 and the crystallinities ¢ " on figure 4.33 - (D). The uncertainty of ¢ by

the method of Hermans-Weidinger is generally considered to be high as the method is an
approximate one. ® In this case the uncertainty appears to be larger than the overall
magnitude of change observed in the DSC and density (uncorrected) crystalinities. Studies
are currently undertaken for evaluation of the absolute WAXS crystalinity by the more

accurate, but also more demanding, method of Ruland. **

The data on figure 4.33 clearly shows a discrepancy between the magnitudes and rates
of increase of the DSC and density crystallinities. The semilogarithmic rates of increase of
crystalinity from the DSC and density data are respectively 0.016 per decade and 0.008 per
decade. The difference between these two values can not be accounted for by their

uncertainties (see the equations on figure 4.33). As was mentioned in the experimental
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Figure 4.33 Crystallinities of the samples, melt-crystallized acT300°C: A) DSC
crystallinity; B) uncorrected density crystallinity - equation (2.3); C) crystallinity of the
low temperature melting peak; D) WAXS crystallinity (Hermans-Weidinger method).
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Figure 4.34 WAXSfor crystallinity evaluation of PEEK samples, melt-crystallized at Ty =
300°C for various timest,. Each scan is shifted by 20 cps up from the previous one for
clarity.
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section there are several problems, which make difficult the calculation of the absolute values

of these crystalinities. The absolute values of the reference constants DH?2,r ., and r
could differ from these used here (DH? = 31.1 cal/g,r . = 1.405 g/lem®, and r, = 1.263

g/cm®; see section 3.2.3). However, such a correction would mostly scale up or down the

trends exhibited by the crystallinities and will not affect significantly their time dependencies.

(Note: In section 4.2.3b we will show, that r . isnot a constant in the parametrization of the
density crystalinity and determine with sufficient degree of accuracy its variation with
annealing time and temperature. This leaves the two lines on figure 4.33 for the DSC and
density crystallinities parametrized only by two constants - DH? and r . In principa it is
possible to adjust and make equal the slopes and coefficients of the lines by varying these two
parameters. The values, which achieve this, however, are for al practical purposes physically
meaningless.)

The results of a single experiment could leave a certain doubt as to whether the

Dens
Cc

discrepancy between c¢2* and c is an artifact due to the particular experimental

conditions. As the significant increase in ¢ 2% is associated with the increase in the
contribution of the low temperature endotherm, a natural choice of an experiment to test

whether this is true, is to monitor the development of crystallinity under other conditions,

which lead to significant development of the low temperature endothermic peak's enthal py.

Figure 4.35 shows the change of crystallinity with crystallization temperature T, for
samples, cold-crystallized for t; = 60 min at various temperatures above Ty. Both the DSC
crystallinity - (A), and the uncorrected density crystallinity - (B), increase with increasein T.

Thereis asignificant difference between their magnitudes. The rate of increase of ¢ 2% with

Dens
C

T. appears to be dightly larger than the rate of change of c_.°" (uncorrected). The

crystallinity contribution of the low temperature endothermic peak increases linearly with

increasein Te.

A result similar to figure 4.35 was obtained by taking literature data from DSC and
density studies of samples with comparable thermal histories.  Uncorrected density
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Figure 4.35 Crystallinities of the samples, cold-crystallized for 60 min at variQua)T
DSC crystallinity; B) uncorrected density crystallinity - equation (2.3); C) crystallinity of
the low temperature melting peak.
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Figure 4.36 Literature data on crystallinities of PEEK samples, cold-crystallized at
various . A) DSC crystallinity (= 120 min, Cheng et &f); B) DSC crystallinity

(t. = 60 min, Huo and CeB8: C) uncorrected density crystallinity - equation (2.3),
(t. = 60 min, Lee et af> ®9.
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crystalinity (r . = 1.400 g/lem® and r , = 1.263 g/cm®) was calculated from the data of Lee
et. a. % % on cold-crystallized samples (t. = 60 min). DSC crystallinities were taken from
the studies of Cheng et al. *° (t. = 120 min) and Huo and Cebe’ (t. = 60 min). The datais
plotted on figure 4.36. It is consistent with the findings of this study.

Figure 4.37 shows a semilogarithmic plot of the crystallinities of samples, cold-
crystallized at T, = 243°C for various crystallization times t.. Again both ¢ % and ¢ 2>*®
(uncorrected) increase with time. The increase of the uncorrected density crystallinity is
about 0.06. The magnitude of increase of the DSC crystallinity - (A), over 4.5 decades of
time is on the order of 0.09. It isdue to the linear increase with log(t.) of the contribution of
the low temperature endothermic pesk - (C). The rates of increase of ¢’* and

¢ 2 (uncorrected) are 0.022 per decade and 0.014 per decade respectively. Therefore, the

SC

discrepancy between ¢ 2% and c 2™ (uncorrected) can not be eliminated by rescaling their

values through use of different reference constants DH.,r ., and r .

4.2.3b WAXS and Crystallinity - Crystal Density from Unit Cell

Measurements

The data presented above aready indicates the possibility, that the discrepancy
between the DSC and density crystallinities has a fundamental character. This conclusion is
enhanced by reevaluation of the density crystallinity. In section 3.2.3b we discussed the
origin of this reevaluation - the dependence of the crystallographicaly determined crystal unit
cell density on the thermal history of the sample. The dependence of r . of PEEK on the
cold-crystallization temperature T, has been unequivocally established as a fact by the
WAXS studies of Wakelyn *** and confirmed by Hay et a. *** and Zimmermann and
Konnecke. **® During the execution of this study, dependence on the crystallization time t.
has been suggested qualitatively by the synchrotron WAXS studies of Jonas et a. ® In order
to be able to apply equation (2.3a) for the corrected density crystallinity, we need to establish
guantitatively the rate of "densification” of the crystal unit cell with change of T and t..
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(Note: The term "densification” is used to label the experimentally observed increase of room

temperature r . when t; and T, are increased. At this point the question is left open as to

whether this is due to atrue densification during annealing at T, or to the post-crystallization

relaxation and contraction during quenching.)

In this section a systematic study of the crystalographic density of the crystalline
lamellae at ambient conditions is presented for the three different series of samples,
characterized in the previous section. It is important to determine accurately the absolute

values of r _ for all samples. However, the most important parameter, which we need to
know accurately is the rate of "densification”, determined from the variation of r . with T,

log(tc), and log(tx) within the respective series. Thisisthe parameter, which will determine to

alarge extent the rate of increase of the true density crystallinity for these series of samples -

Dens
Cc

c 2 (corrected), and characterize the true discrepancy between ¢ 2 (corrected) and ¢ 2> .

C

Figure 4.38 shows the results from the analysis of the WAXS diffractograms of the
samples, cold-crystallized for 60 min. The interplanar spacings dny decrease with increase in
cold-crystallization temperature T, for al the reflections analyzed - (110), (111), (200), and
(211). This confirms the results of Wakelyn, *** Hay et a., **® and Zimmermann and
Konnecke. ' The crystallographic density of the unit cell r _ is plotted against T. on figure

4.39. On the same plot the thin lines represent a linear least squares extrapolation of the
results of Wakelyn and Hay et al. The two equations below the plot show, that within the
uncertainty of the extrapolation the result is quantitatively the same as Wakelyn's - the
"densification" coefficient from both sets of datais determined to be 0.00035 (g/cm®)/K.

Figure 4.40 shows the WAXS diffractograms of two of the samples from the series,
cold-crystallized at 243°C. The two scans are dightly shifted along the y-axis for clarity.
The results of the analysis are shown in figures 4.41 - 4.43. Figure 4.41 shows the decrease
of the interplanar spacings dn with increase of cold-crystallization time t.. Figure 4.42
shows the change in the unit cell parameters with t.. According to the results, the
"densification” of the unit cell occurs aong all crystallographic axes, but mostly along the a
and c crystallographic directions. There is practically no change in the magnitude of the b
unit cell dimension. The change of the crystallographic density r . with cold crystallization
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Figure 4.40 Room temperature WAXS of PEEK samples, cold-crystallized at 243°C for
the indicated times. Scintag XDS2000 diffractometer; step scan parameters: step = 0.01°,
data collection time = 8 g/step.
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time is presented on a semilogarithmic plot on figure 4.43. A linear least squares
extrapolation of the data leads to a value of 0.00334 g/cm® per decade of time for the
"densification” rate at T, = 243°C. This value is comparable in magnitude with the rate
derived from the WAXS data on cold-crystallized PPS at T, = 245°C - 0.0051 g/cm?® per
decade. **

The last set of data needed for the reevaluation of the density crystallinities is the
variation of the crystal density of the melt-crystallized samples- r _(t,, T, =300°C). Dueto
the preparation conditions of these samples, they are too small in size and were not suitable
for precise direct evaluation of r . by WAXS. Investigation was carried out on another set of
samples, melt-pressed to a uniform thickness and isothermally crystallized in a Carver hot

press at 310°C for various times.

Figure 4.44 shows the dependence of the interplanar d-spacings on melt-
crystallization time ty for these samples. The variation of dng with log(tx) is noticeably
smaller than that, observed for the cold-crystallized samples, however the data suggests, that
"densification" of the unit cell occursin the case of melt-crystallized PEEK too - figure 4.45.
The linear least squares fit of the r _ vs. log(ty) yields a "densification” rate of 0.0023 g/em®

per decade of time. This value will be used in equation 2.3a for the samples, melt-
crystallized at 300°C, with the assumption, that the difference in preparation conditions for
the two different sets of samples and the small difference in Ty do not lead to a significant

change of the "densification” rate.

4.2.3c Corrected Density Crystallinities

The quantitative evaluation of the dependence of r . on crystallization time and
temperature in the previous section alows the true crystal density to be used for each sample
in the three series, according to equation (2.3a) for ¢ 2*™ (corrected):

r.(T.t.) r(T.,t)-r,
r(T.,t.) r.(T.,t)-r,

co™(Tot) = (2.32)
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Comparison of the trends exhibited by the uncorrected and corrected density crystallinities
shows, that the apparent increase of ¢ 2™ (uncorrected) with ty, t; or T, is greatly reduced
when the proper crystal density r .(t,) or r (t.,T.) isused.

Figure 4.46 compares the development of ¢ 2™ (corrected) and ¢ 2> with t, for the

c

melt-crystallized samples. The rate of increase of the density crystalinity is reduced to 0.003

per decade of time and is 5 times smaller than the rate of increase of the DSC crystalinity.

Dens
c

The overall increase of ¢ ;°" (corrected) isless than 0.01, compared with increase of 0.05 for

c 2%, Therefore, after the end of the primary crystallization, the DSC crystallinity increases

significantly due to the crystallinity contribution of the low temperature endotherm, while the

density crystallinity shows very little change from itsinitial value or no change at all.

Dens
Cc

The T, dependence of ¢ >** (corrected) and ¢ 2% for the cold-crystallized samples
from this study is shown on figure 4.47 and for the crystallinities calculated from literature
data - on figure 4.48. The increase in the density crystallinity with increase in T is
significantly reduced in magnitude. 1f we exclude the datapoints for T, = 163°C (obviously

not belonging to the trend), the overall increase of ¢ 2™ (corrected) is about 0.015 - 0.02,

while the increase in ¢ 2% is about 0.04 - 0.05. The point at T, = 163°C is exception from

the trend, probably due to the closeness of its crystallization temperature to the glass
transition region (the calorimetric Ty of this sample at scanning rate 5 K/min is 156°C and the
glass transition region, broadened by the presence of crystallinity, extends from 145°C to
160°C).

Dens
c

Figure 4.49 shows the crystallization time dependence of ¢ 2 (corrected) and ¢ >%

for the series of samples, cold-crystallized at 243°C. The rate of increase of the density
crystallinity is reduced to 0.0083 g/cm?® per decade of time. Thisis three times lower than the

rate of increase of the DSC crystalinity. The absolute increase of ¢ 2™ (corrected) in the
investigated time range (1 min - 21,550 min) is 0.03, while that of ¢ 2% is 0.09. The

difference between the two crystallinities is matched by the crystalinity contribution of the

low temperature endothermic peak.
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In summary, the results from the investigation of three different series of PEEK
samples and an independent set of literature data on PEEK unequivocally show, that there is
adiscrepancy between the DSC crystallinity and the "true” (corrected) density crystallinity.

The difference in absolute values, crystallization time dependence, and T. dependence

can not be accounted for by use of different value for the reference constant DH,. Using the

value of Zoller et al. DH? = 38.5 cal/g, ™" leads to areduction of the discrepancy between the
absolute values of the DSC and density crystallinities, but does not eliminate the differencein
their variation with change of T and t.. Accounting for the temperature dependence of DH?,

as suggested by Seguela, ' makes almost no difference and leads to results, which are
practically identical to those presented above. It must be noted, that in all the results and
conclusions above, it has been assumed, that the density of the amorphous phase in the
semicrystalline polymer is constant and identical to that of purely amorphous PEEK - 1.263
g/cm®. A thorough analysis of this assumption will be presented in the discussion chapter in

section 5.3.

4.2.4 Small Strain Creep

The creep compliance J(t) for the different aging times at 120°C is plotted as a
function of creep time on figure 4.50-A. The changesin J(t) with aging time t, are smilar to
the characteristic changesin fully amorphous and semicrystalline polymeric glasses below Tg.
Approximation with the KWW function (equation 2.9a) produces the continuous lines on the
plot, which fit very well the experimental data. The shift factors necessary for the
superposition of the cregp compliance curves at a reference aging time t, = 18 hrs can be

calculated from the parameters of the fit according to the relations in equation (2.11):

logat,. t,)] = |og%5 4.9)
a/U

In addition to the horizontal shifts, vertical shifts of:

éJ,(t.)u
log[b(t,.t,)] = |ogg%8 (4.10)
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are required in order to superpose the creep compliance curves. The superposition of the
creep compliances J(t) from figure 4.50-A is shown on figure 4.50-B. Superposition of the
J(t, t) creep compliance curves to a master curve in the case of semicrystalline PEEK below
T, has already been reported in the literature. ° % The only difference observed in this study
is that vertical shifts, relatively significant in magnitude, are required for the superposition.
These arise from the change in the preexponential factor Jo(ty), which can be interpreted as
the effective instantaneous value of the creep compliance at t = 0. The nature of these

vertical shiftsin PEEK will be examined in the discussion part.

The results from the creep test a 160°C are shown on figure 4.51-A. This
temperature is about 0-5 K above the calorimetric Ty of the materia (at a DSC scanning rate
of 5 K/min). The glass transition region is broad, extending from 145°C to about 180°C,
therefore the 160°C annealing temperature clearly falls in the glass transition region. The
results on figure 4.51 are in line with expectations. At early, as well as at long creep times
the creep compliance curves exhibit small curvature which leads to a S-like shape for the
curves. The curves are poorly described by the KWW function, especialy at short times.
Superposition by vertical shifts alone cannot bring them together. The master curve of the
compliances at 160°C on figure 4.51-B is obtained from the vertical and horizontal shifts
based on the KWW fit as in the case of T, = 120°C. The shifts are smaller than the ones at
120°C. The horizontal shifts suggest, that at the glass transition region there is still some
fraction of the material, which is relaxing slowly and its mobility is affected by the annealing
process on the time-scale of the experiment. A similar effect is observed for thetest at T, =
180°C, not shown here.

If the amorphous fraction of PEEK becomes completely relaxed and rubber-like in the
150-180°C range, the horizontal shifts should vanish in that same range. In the absence of
horizontal shifts, the vertical shifts (if any) would be due to structural changes causing a
depletion of the rubber-like fraction. In the linear viscoelastic region, the dependence of
creep compliance on creep time would have to be explained by the viscoelastic response of

an entangled and crosslinked network of chains (the crystalline lamellae acting as crosslinks).

The results from the test at T, = 220°C, however, go in the opposite direction. Instead
of converging to a set of analogous or verticaly displaced curves, the cregp compliance's
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Figure 4.50 Effect of aging time on the small strain creep of semicrystalline PEEK=at T
120°C: A) symbols - raw data, lines - KWW fit (equation 2.9); B) superposition of the data
after horizontal and vertical shifts.
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Figure 4.51 Effect of aging time on the small strain creep of semicrystalline PEEK=at T
160°C: A) symbols - raw data, lines - KWW fit (equation 2.9); B) superposition of the data
after horizontal and vertical shifts.
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Figure 4.52 Effect of aging time on the small strain creep of semicrystalline PEEK=at T
220°C: A) symbols - raw data, lines - KWW fit (equation 2.9); B) superposition of the data
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dependence on annealing time returns to the behavior observed below T4 The curves on
figure 4.52-A have the same characteristic similarity as those below Ty A vertical
displacement alone fails to reduce them to a master-curve. The KWW approximation fits the
data very well, the parameters suggesting a well correlated set of significant horizontal shifts,
combined with vertical shifts. The resulting master curveis displayed on figure 4.52-B.

Figure 4.53 presents the magnitude of the horizontal shifts log(a) and their
dependence on annealing time at three annealing temperatures. As expected for a polymeric
glassy material the dependence of log(a) on log(ts) for T = 120°C islinear. The logarithmic
horizontal shift rate m defined by equation (2.11), iscloseto 1. In the glass transition region
(160°C) the shifts are much smaller and their dependence on annealing time deviates from
the linear trend. Given the possibility of larger uncertainty of the KWW fit in this
temperature region we can evaluate only qualitatively the value of the logarithmic horizontal
shift rate. The estimated value is about 0.14 - about an order of magnitude less then the value
at 120°C. At 220°C the dependence of log(a) on log(ta) returns to linearity and the value of m
isintermediate in magnitude - 0.48.

The dependence of mon annealing temperature is plotted on figure 4.54. From a
value close to 1 well below Ty it falls to a value close to O (or at least a very small value) in
the glass transition region. Above T4 the value of mincreases and is again close to 1 at the
highest T, investigated.

As was pointed out above, the horizontal shifts alone do not describe completely the
similarity of the creep compliances at different aging times. Vertical shifts log[b(ta)]
(equation 4.10) are required for bringing the creep compliances to a master curve. These
shifts are well correlated with the aging timest,.  For the description of this correlation we
define avertical shift rate B as:

fh(t,)
flog(t,)

(4.11)

(Note: This definition of the vertica shift rate B differs from the one given by Struik. %
Struik defines the vertical shift rate as:
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Figure 4.53 Dependence of the horizontal shifts on aging time in three different temperature
ranges: below J(120°C), in the glass transition region (160°C), and abg\20°C).

184



W this work A ref. 97

_0logla(t)]
0 log(t,)
1.0 + ]
i ]
]
0.8 + A Tq
] A
0.6 +
[ ] u -
0.4 + u
- A
0.2 +
] ]
.o —/—m—m™M™mA™MmMmm™m™m——t———F————
100 150 200 250 300
Ta [°C]

Figure 4.54 Dependence of the horizontal shift rate on annealing temperaturg. T

185



U S (- S 1 (=N O S | S/ B ()
STML,) Tlog(t,)  J(t,t,) Tlogt,)  Jtt)  flog(t,)

1 1J(tt,)
J(t.t,) Tlog(t,) '

or Bg=-

where t = 1024 s is chosen as the time at which the vertical shifts are evaluated. This
definition of the vertical shiftsimpliestheir application as shifts on anormal J(t) axis, instead
of alogarithmic one. The definition is not rigorous and can not be described analytically. It
does not lead to good superposition except at the point of the creep compliance curve, where
it is evaluated. In the definition employed in this study, equation (4.11), the vertical shifts
arise from rescaling of the pre-exponential factor Jo(ty). Thus they are evaluated
independently from the creep time t and apply to the entire curve. They can be expressed
analytically with the parameters of the KWW fit. Equation (4.11) is aso consistent with the

one given by Buijs and Vroege in reference 135.)

The values of B were calculated from alinear fit of the data on plot of b(ty) vs. log(t,).
Figure 4.55 shows the dependence of the vertical shift rate on T, In the entire temperature
interval of evaluation the rate has the same sign (positive under this definition - equations
4.10 and 4.11). This comes in contrast with the results of Struik, ® which show a change in
signof Bat Tg.

Due to the large uncertainty involved in their evaluation and the presence of only two
datapoints below Ty, it is not possible to discuss further the nature of the dependence of B on

Ta Thevalue of B apparently increases in magnitude with an increasein T.

The changes in the creep compliance curves with annealing during the "physical
aging" tests are accompanied by a change in the thermal properties of the samples. In the
previous section we have shown, that annealing of semicrystalline PEEK above T causes the
observation of alow temperature endothermic peak in the DSC heating scan just above T..

The evolution of the parameters of this peak occurs on alog(ts) time scale.

In fact, this observation extends in the temperature region below Ty too. Figure 4.56
shows the DSC heating scans of small amounts of material, taken from the creep test samples

after ta = 1080 min. In scans (B) and (C) (Ta > Tg) the low temperature endothermic peak
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Figure 4.56 DSC scans of samples from the creep test after t, = 1080 min at T, = 120°C (A),
180°C (B), and 220°C (C).
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appears just above T, as expected. In scan (A) (Ta < Tg) the endothermic peak appears
superposed to the step change in Cp at the glass transition. The use of small amount of
material (some of which is stressed by the cutting from the samples) leads to large scatter in
the data, especially for scans (A) and (C). Furthermore, the continuous nature of the creep
tests does not allow simultaneous monitoring of the evolution of the creep compliance and
the thermal properties. The correlation between the results from the creep tests and the DSC
investigation of the development of the low temperature endothermic peak will be given in
the discussion - section 5.4. A rigorous study of the thermal behavior of samples with the

same thermal histories as the creep samples will be presented in section 5.6.3.

4.2.5 Calorimetric Glass Transition of Semicrystalline PEEK

The glass transition of PEEK is another property, related to the relaxation processes,
which can be monitored calorimetrically. Cheng et al. ** have shown a peculiar dependence
of Ty on crystallization temperature for melt- and cold-crystallized PEEK samples. Ty of
melt crystallized PEEK is rather independent from the crystallization temperature Ty and is
only about 5-6 K above the Ty of fully amorphous PEEK (145°C). The glass transition of the
cold-crystallized samples is generaly higher, but decreases with increase in crystallization
temperature T.. Figure 4.57 compares the results from this study with the data of Cheng et al.
Our results are dlightly higher in magnitude than the data of Cheng et al., but exhibit the same

trend with changein Te.

During the execution of the experimental work presented here, preliminary DSC
investigations in our group have shown, that the T of i-PS depends on crystallization time. %0
Long isothermal crystallization of i-PS leads to an increase in Ty of the polymer, which
parallels the development of the low temperature endothermic peak, observed after such
thermal history (see also figure 4.30). The next two figures confirm this observation in the
case of PEEK.

Figure 4.58 shows the development of T4 with cold-crystallization time t; for PEEK
samples, cold-crystallized at T, = 243°C. The scatter of the data is relatively significant,

compared to the absolute change of Ty within the time interval considered. The line on the
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Figure 4.57 Glass transition temperature of PEEK from DSC: A) this stydy60 min;
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Figure 4.58 Development of Jwith crystallization time . for PEEK, cold-crystallized at
T.=243°C. DSC heating rate 5 K/min.
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plot is to be considered only a guide for the eye, rather than a precise functional dependence
of Tqont.. However, the result unequivocally establishes, that: 1) T, of PEEK also increases
with increase in crystallization time, and 2) the time scale, over which this change is observed
is the same as the time scale of development of the low temperature endothermic peak upon

long time crystallization from the glass.

Figure 4.59 confirms this observation in the case of another type of thermal history,
which leads to the development of a low temperature endothermic peak in the DSC scan of
PEEK. The data is from the DSC scans of the samples, melt-crystallized at 310°C for 300
min and annealed below Ty (see figure 4.25 for example). At two different annealing
temperatures - 210°C and 240°C, increase in annealing time leads to an increase in Tg. The
results are fitted to a linear dependence of T4 on log(ta) (again rather as a guide for the eye).
Although the thermal history of these samplesis different from the one for the data shown on
figure 4.57, the dependence of T4 on T, on figure 4.59 is the same as the dependence of T4 on

Tcon figure 4.57. T, decreases as the annealing temperature T, is raised.
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Figure 4.59 Development of Jof PEEK with annealing time,. Samples are melt-
crystallized at 310°C for 300 min and subsequently annealed below at the indicated
annealing temperatureg. TDSC heating rate 20 K/min.
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CHAPTER S

DISCUSSION

The following paragraphs briefly review the main experimental findings of this study.
Current models for the dual melting behavior will be reviewed in light of the original results
presented here. Some of the results, presented in chapter 4 without discussion or explanation,
will be analyzed in light of the results from other experiments. Finally, the results from afew
more experiments labeled as "controversial” will be presented. These were labeled as such
not because of doubt in the quality of the experimental work or the results, but rather due to
the fact that, while complementing the results shown earlier in this study, it is difficult, if not

impossible, to accommodate them into any of the currently suggested working models.

5.1 Summary of the Effects of Long Crystallization and/or Annealing on
the Physical Properties of Semicrystalline PEEK

This experimental study has been undertaken with the specific goal to be the first to
focus attention on a set of phenomena, which previously have been either investigated
separately and without correlation, or not investigated at al in certain specific cases. While
focusing on a single polymer - PEEK, it is transparent that most of these results can be

readily obtained on other semicrystaline polymers, if the same systematic investigation is
applied.
Discrepancies between crystallinities, determined by various methods, are given in

amost every textbook as an example of the limitations of the methods or the inherent

uncertainty of this physical variable.

The "dua" or "multiple” melting of many polymers has been investigated since the
very early development of polymer thermal analysis and calorimetry. The low temperature
melting, which results from long isothermal crystallization and/or annealing, has been
identified as a commonly observed phenomenon in a variety of semicrystalline polymers. In
fact, a more in-depth reading of some of the oldest papers in the literature on this
phenomenon would show to a dedicated reader almost every single detail of the properties of

this phenomenon observed in this study.
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"Physical aging" of semicrystalline polymers above their nominal Ty is a term which
has gained acceptance, at least for describing a number of slow relaxation phenomena

observed above Ty, if not for providing the true mechanism governing this relaxation.

Finally, the calorimetric determination of Ty, and especially of T4 of a polymer is
taken as a routine work and often, for practical purpose justifiably, those are quoted as

physical constantsin reference books and reviews.

Most of the these studies of long annealing effects and/or the low temperature
endothermic peak in the DSC scans of polymers have been undertaken with rigor and
determination, but remained limited to a single method of investigation, whether DSC or
relaxation spectroscopy, for example. Y et there has been no work in the literature until now
to point towards the common thread in all these phenomena, which this study has attempted
to elucidate.

In summary, these are:

1. Long isothermal crystallization and/or annealing in a wide range of temperatures
and under various thermal history profiles between Tq and T, of a polymer leads to the
development of dual/multiple melting. A low temperature endothermic peak is observed in
the DSC scan at temperatures always very close to the origina annealing/crystallization
temperature(s).

2. The kinetics of development of this low temperature melting peak has been
thoroughly characterized for the first time for any polymer. For many of the thermal history

profiles employed, several generalizations can be made:

- The peak appears only after the development of primary crystallinity has reached a
certain stage. In the initial presence of primary crystallinity, the peak begins to develop

almost instantaneously.

- The temperature Tmnax(low) at which the peak occurs is determined by the annealing
temperature T, and the annealing time t,. Tmax iNCreases linearly with T, and log(t;). For the
same T, and t;, Thax IS practically independent of morphology and previous thermal

treatment. (For simplicity, often from here on we will omit the use of the multiple labels{ T,
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ta, {Tx, t}, and { T, tc} for the annealing time and temperature, melt-crystallization time and

temperature, and cold-crystallization time and temperature, and will use only T, and t,.)

- At higher T, the peak appears closer to the annealing temperature than at lower T,

The rate of increase of Ty With log(ts) also decreases at higher temperatures.

- The peak increases in height and width with increasing annealing time. Increasing

annealing temperature leads to increase in height, but decrease in width.

- The peak is always followed by a step change in the Cp(T) local baseline. This
change is initially negative, but with increasing annealing time decreases in magnitude and
then becomes positive. The effect is very strong in cold-crystallized samples and less

pronounced in melt-crystallized samples annealed below their crystallization temperature.

- After the subtraction of this local step-baseline, the peak appears amost
symmetrical in shape.

- The peak enthalpy DHpy(low), evaluated under the step-baseline conditions also

increases with increase in T, and log(ty).

- Multiple step annealing down leads to the development of a peak just above each
annealing temperature. Multiple annealing up leaves only the peak resulting from the highest
annealing temperature, while leaving the high temperature melting peak practically
unchanged.

3. The development of a low temperature melting fraction upon long isothermal
treatment is paralleled by a ow process of "densification” of the crystal unit cell. It occurs
on the same time and temperature scale as the slow secondary crystalization process,

reflected in the low temperature melting.

4. The parallel development of these two phenomena results in the absolute necessity

for anew approach in evaluating weight fraction crystallinity by density - equation (2.3a).

5. The development of DSC and density crystallinities after reevaluation of the
corrected density crystallinity leaves a discrepancy between not only the absolute values, but

also the time and temperature dependencies of these two estimates of the same physica
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variable. The discrepancy is irreconcilable within the ssmple two-phase model of the
physical state of polymers, already violated by the observation of time-dependence of the

value of the "reference constant” r .

6. The development of secondary crystallinity, the evolution of the thermal stability
of the secondary lamellae, and the densification of the unit cell are paraleled by a slowing
down of the creep recovery of the polymer during annealing above Ty. Under the standard
interpretation of such experimental methods, this is assigned to the shift of a broad

retardation spectrum to longer retardation times.

7. In addition to the creep recovery results, a calorimetric investigation of the glass
transition also reveals that annealing above Ty leads to slowing down of the relaxation
processes in a semicrystalline polymer. The glass transition temperature generally decreases
when the crystallization/annealing temperature is raised, but increases with log(t,) after

annealing at any temperature above Ty.

8. Preliminary DSC studies of melt-crystallized i-PS and PBT show that the
evolution of the low temperature endothermic peak for these two polymers follows the same
type of kinetics asthat for PEEK, described above.

The linear development of a parameter, when scaled to an arbitrary reference time
and/or temperature, is a common feature for many of the variables, describing the phenomena
above. Tmax, DHm(low), DCp(Tmax), ., Tg l0g(a@), and b increase with log(ta); Tmax,
DHp(low), DCp(Tmax), ., Tg, M and B vary linearly with T, Results from our group on
SAXS studies of PEEK and PET suggest that the long period, lamellar thickness, and
amorphous layer thickness also change with log(ty) during the time range of secondary
crystallization from the melt. **” ¥ These observations seem to be universal and one can
expect that many of them can be reproduced for other semicrystalline polymers as well. They
reflect a common physical process or several parallel and interconnected processes, which are
thermally activated, having a temperature dependence similar to that of segmental relaxation.
Their coexistence and correlation must be taken into consideration when the models for the

"dual/multiple melting” are reevaluated.
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5.2 Development of the Low Temperature Melting Endotherm During

Crystallization or Annealing

Several of the studies on the melting behavior of PEEK have characterized to a
different extent the features of the low temperature melting peak, observed in the DSC
melting scan of the polymer after isothermal crystallization or annealing. 1% 6367 707273 The
most comprehensive studies in regard to the low temperature peak so far are the ones by
Cheng et al., * Lee et a., ® ® Bassett et a., " and Chang. > Valuable qualitative
information is available in the works of Blundell et al., ®* ® Cebe and Hong, " and Lattimer
et al. ™ Most of the characterization focused on the dependence of the low temperature peak
on the isothermal crystallization temperature from the glass or from the melt state at given
crystallization or annealing time. In general, in almost all papers, it is quoted that the peak
position shifts up in temperature with time. However very few studies provide quantitative

datain this aspect. ® " 7

Based on the origina findings of this study, the discussion of the low temperature

melting peak could complement the current status of the research in several areas:

- The melting temperature of PEEK, determination of the equilibrium melting point

T.,, thermal stability of primary vs. secondary lamellae;

- Analysis of the heat capacity of PEEK in the temperature range between Tgand T, ;

- Accurate evaluation of the enthalpy of the melting transition(s) of PEEK and DSC

crystallinity; determination of DH?;

- Analysis of the physical model(s) for the "dual melting" behavior.

5.2.1 Melting Temperatures. Tx(low) and T,

The thermal stability of the crystalline lamellae of PEEK has been analyzed by
various authors according to their acceptance of one or the other of the two models of the
dual melting of PEEK, reviewed in section 2.4.2: melting-recrystallization mechanism and

melting of two different populations of lamellae - primary and secondary. Those authors,
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who adhere to the former, reason that the melting temperature associated with the low
temperature endothermic peak Tmax(lOw) is the actual thermodynamic melting point of the
existing PEEK lamellae. Those, who adhere to the latter, have taken T, of the high
temperature final melting as the indicator of the thermodynamic stability of the dominant part

of the lamellae - the primary population.

Blundell and Osborn ®® had used Tma(low) for evaluation of the equilibrium melting
temperature T,, of PEEK using the Gibbs-Thomson-Tamman equation. Their approach in
using Tma(low) instead of T (high) has been questioned in several publications and
alternative ideas and methods have been applied. For example, Lee et al., ® after redlizing
that Tmax(IOW) has a strong heating rate dependence, chose T' = [Tma(low)+ T, (high)]/2,
extrapolated to infinite heating rate, instead. In their view, thisis justified as the limit, when
no recrystallization is observed after the initial melting and the low temperature peak reflects
the complete, unperturbed melting trace of the PEEK lamellae. The results from DSC
melting scans after short crystallization times at low T (figure 4.17), as well as from other

experiments in the literature > 1% ™

clearly demonstrate that Tmax(lOW) can not possibly be
uniquely assigned to the thermodynamic melting point of the primary lamellar population of

PEEK.
The following facts support this conclusion:

- The melting of PEEK fractions with low molecular weight shows the presence of a
very small low temperature peak. The shape of the melting peak could not be explained as a

sum of two melting endotherms, separated by a recrystallization exotherm.

- Tmax(low) is a function of log(ty); it does not reach a limiting value at intermediate
times as might appear from a Thx(low) vs. tx plot. This makes completely arbitrary the

choice of Tmax(low) for a given value of ty. Tmax could be evaluated for any other value of tx

and the extrapolation result for T, will be completely different.

- Tmax(low) begins to develop in the DSC scans of melt-crystallized PEEK only after
the appearance of the high temperature melting peak. This unequivocally establishes the fact
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that the lamellae originally formed from the free melt at temperature Tx do not melt just
above Ty, but at a much higher temperature, generally in the range of 340-355°C.

As aresult, most studies of the apparent equilibrium melting temperature of PEEK
have applied the Hoffman-Weeks method, utilizing the dependence of T_(high) on Ty

(equation 4.2). ® 12132 These studies consistently point towards a result of T = 385+5°C,

which is aso confirmed by the results on figure 4.2.

Often in the literature on other polymers: PET, >’ Nylon 10,10, *® i-PP, ** i-PS,
PVC *2 the increase of Tma(low) with time has been acknowledged, but the data has been
anayzed incorrectly by the authors. Plotting Trax(low) and often DHy,(low) against tx on a
linear scale, it appears that soon after the fast increase at short times, the values of T and
DHm(low) level off. It has been clearly shown that thisis not correct, as the present extensive
data on PEEK and the limited, but very similar in nature, data on other polymers indicates a
steady increase of these therma characteristics with log(ty) over the time ranges of
investigation. In addition, results in the literature on other polymers indicate the increase in
Tmax(low) or DHm(low) with an increase in log(ts): PPS,*?* PET,*" % %018 Nylon 6,6, >**°

i-Pp,*> % pyc>t

The discussion of the possible origins of the lower thermal stability of the secondary

lamellar population will be presented later in this chapter in section 5.5.

5.2.2 Heat Capacity of PEEK between Tgand T,

The quantitative analysis of carefully recorded heating scans in the vicinity of the low
temperature endotherm leads to some new results, which could help the understanding of the

complex physical processes involved in the phenomenon of "double melting”.

Figure 4.13 showed the melting scans at 20 K/min of PEEK samples cold-crystallized
a different temperatures for the same time. Overall the data reproduces the results at 10
K/min on samples with similar thermal history reported by Cheng et a. ® The most
interesting observation from the plot of the different scans together is the fact that the Cp(T)

values after the low temperature peak are amost the same for al samples in a wide
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temperature range. The upper limit of this range is the beginning of the high temperature
melting peak, where Cp(T) begins to deviate from its approximately linear increase with
temperature. The lower limit is the end of the low temperature peak for each scan. The
peculiar result is that these common values of Cp(T) after the low temperature peak are

lower, than the values before the peak.

The lowering of the Cp(T) trace after the peak has been noticed also by Cebe and
Hong ™ and Jonas et a. ® It can be seen also in the DSC traces of cold-crystallized PEEK,
reported by Bassett et al. © With the exception of the recent work by Jonas et al., these other
papers are in fact the magor studies that have provided conclusive evidence against the
melting-recrystallization model for the dual melting of PEEK. Y et the nature of the reported
deviation from the expected heat flow line is exothermic with respect to the trace before the
peak! Thetrivial interpretation of such an exothermic deviation would be a "recrystallization
peak". Clearly this is a problem for the dual lamellar population model, which has not

received proper attention.

Cebe and Hong " reported their observation as an "exothermic peak" after the low
temperature melting peak. They interpreted it as a heat of recrystallization of the low melting
temperature secondary lamellae, which later melt in the high temperature peak. Such an
interpretation would be easily ruled out if the dependence of the low melting peak on time or

temperature (t; or Ty) is considered.

(Note: A poor resolution in the DSC scan, either due to the use of small amount of sample or
to the use of different model calorimeter, has lead the authors to claim, that upon cycling
thermal history, there is no low temperature melting peak after annealing at 200°C. They
claim, that this only shifts the cold crystallization exotherm to higher temperatures. Then at
higher temperature of annealing - 250°C, they observe the low temperature peak just above
T4 and claim, that the negative deviation after it is a recrystallization peak. It is obvious,
from the results of this study and references 16 and 68, that some of their conclusions are
flawed and therefore the descriptions and interpretations of the melting scans in reference 71
should be treated with caution.)
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There is no indication, that the exothermic deviation after Tna(low) is indeed a
"peak”. A more careful collection and analysis of the data (as in figure 4.13 of this study or
figure 10 in reference 16) showsthat: 1) the Cp(T) deviation is not a peak; 2) it is not affected
by T, in away expected for a "crystallization peak” - the exothermic deviation from Cp(T) is

not changed in magnitude by an increase of T, only itslower limit is shifted.

Nevertheless, Cheng et al. *° also assigned the negative break in the Cx(T) trace to a
manifestation of recrystallization effects. However, probably due to the above mentioned
characteristics, their statement is much more cautious. They have also examined an
aternative explanation - that the DSC trace after the low temperature peak is the true Cp(T)
trace of a sample with high content of rigid amorphous fraction. Such an interpretation is

plausible for two reasons:

1) The temperature dependence of the trace - Cp(T) after the low temperature peak, is
amost linear. Therefore, it could be interpreted as the sum of the specific values of the heat
capacities of a mobile amorphous fraction with Cp(T) = Cpam(T) and arigid fraction (sum of
the crystallinity and the RAF) with C(T) = Cpc(T).

2) According to their analysis, the RAF content decreases during the scan above Tq
until the beginning of the low temperature peak. Therefore, one might intuitively suppose,
that the original value of the rigid fraction content could be restored after the peak (for some

reason, which isleft without discussion).

(Note: However, on the basis of the two-phase model, one could argue against the latter
argument in the following way: If a certain fraction of the crystalline phase had melted, the
Cp(T) value could only be expected to increase, in the absence of recrystallization.
Therefore, even if the RAF content is restored, the expected increase in the rigid fraction

content would be negated by the decrease in crystallinity due to melting.)

Cheng et a. conclude, that the trace after the peak would correspond to a rigid
fraction content much higher, than the one they have calculated from the DSC crystalinity
and the rigid fraction content, measured at Ty Based on this, they propose, that the
exothermic deviation in Cp(T) after the peak is due to recrystallization effects.
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Within the context of the characteristics of the low temperature melting peak known

by these authors (see also Jonas et al. %)

and the thermal histories considered by them, their
explanation of the relative drop of the magnitude of Cp(T) after the peak is a plausible one.
The question about the nature of these effects and how they result into the shape of a trace,

which is amost the same for any sample, regardless of T,, has not been raised, however.

The new results on the time dependence of the low temperature endotherm and the
Cp(T) trace in its vicinity, presented in this study, illustrate the fact, that the explanation of

this phenomenon is not trivial:

1) The analysis of the DSC data clearly demonstrates, that a relative change in the
magnitude of the Cp(T) trace after the low temperature peak is observed not only in the case
of cold-crystallized samples. The data on figure 4.26 (scan A) show this behavior aso in the
case of melt-crystallized samples, annealed below their crystallization temperature (thermal
history profile of the type shown on figure 3.6).

2) The change in Cp(T) after the low temperature peak is affected by the annealing
time (figure 4.26). The kinetics of this change is similar to that, characteristic for the other
parameters of the peak - Tmax(low) and DHy(low). With increase in 1og(ta) DCp(Tmaxiow)

changes from negative to positive in linear fashion (figure 4.28-C).

3) The annealing temperature dependence of the change in Cp(T) after the low
temperature peak is approximately the same as the one described by Cheng et al. *° for cold-
crystallized samples. In addition, for given t; DCp(Tmax0w) decreases with increase in T, and
turns to positive, however, the log(t,) dependence of DCp(Tmaxow) IS present at any annealing

temperature (figure 4.29-E).

Within the trivial assignments of changes in heat flow during heating and the models
for the "double melting”, these new characteristics of the DCp(T) change at Tmax(lOW) can not

be explained.

The relatively large exothermic deviation in the heat flow after the peak during
heating of cold-crystallized samples above T, (figure 4.13) can be qualitatively assigned to

the structural reorganization in the material above T.. Thereisindisputable evidence, that the
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density of the crystalline phase undergoes changes with increase in the cold-crystalization
temperature % 122 12319 and time (figures 4.40-4.43 and references 68 and 155). Jonas et
a.®® have shown by time resolved and temperature dependent WAXD and SAXS, that
irreversible changes in the structure and morphology of the samples are observed above T,
during heating/cooling cycles. Quadlitatively, one could assign the integrated heat from the
exothermic deviation of the heat flow above Ta(low) to the latent heat of reorganization. In
the case of samples, melt-crystallized and annealed below Ty for short times, the negative
change in Cp(T) is very small. This correlates with the small degree of reorganization,
expected in a sample, which has been well crystallized from the melt at temperature, much

higher than the annealing temperature.

An expansion of this idea is possible, based on the knowledge of the kinetics of
development of the low temperature endotherm. It is reasonable to expect, that the released
heat during the reorganization will follow the same kinetics as DH,(low), namely - a log(ty)
dependence. One can superpose this log(ts) dependence to the linear increase of temperature
during heating in the DSC and assume for a moment, that no further melting occurs during

the scan (expected Tmax(lOw) is higher than the temperatures during heating).

From these assumptions it can be deduced, that a large release of heat DH,(t;) will be
expected initially during heating through an interval DT = g*Dt = g*t;. Thiswould lead to a
relatively large negative deviation in Cp(T). Continuous heating through the next interval
with the same width DT = g*Dt = g*(t,-t;) would lead to less heat release as the enthalpy
increases logarithmically with increase of time and therefore - temperature in the scan above
Tmax(lOw).  Thus the released heat would be expected to be less and less at higher
temperatures and the heat capacity should quickly return to a value, very close to the true

Cp(T) expected at this temperature.

Bringing the dependence of Tma(lOow) on time and temperature, however, changes
this conclusion. Tma(lOwW) expected for a sample, annealed for a short time just above the
previous low temperature endotherm would be very close to T.. Thus the process of
annealing during heating will soon be interrupted by melting. The resulting Cp(T) will
depend on the balance of the heat of reorganization (annealing) during heating and melting of

204



material annealed just below the current temperature in the scan. This balance will probably
depend on heating rate, initial DHy(low) (resulting from the annealing at T,) and overal
thermal history and morphology. The drop in the heat flow at Tma(low) would be due to the
imbalance between the heat of reorganization and the heat of melting at Tmax(low), when the
low temperature melting enthalpy is added at this temperature.

Such an idea has been intuitively proposed by Busfield and Blake ** in the case of i-
PP. The idea is similar to the original melting-recrystallization model for the "double
melting” behavior, ** % ® but applied only to the secondary lamellar population, melting at
the low temperature endotherm. Furthermore, it complies with the known kinetics of
development of the low temperature endotherm. A critical test of this idea would be a study
of the dependence of DCp(Tmaxjow) ON the heating rate (e.g. on the "annealing time" during
heating), which at the present time does not exist. Further elaboration of this idea would be

highly speculative without the support of additional experimental evidence.

This point of view, however, is till confronted by the observation of a positive
deviation in Cp(T) above Tma(low) for long annealed samples in the cold-crystallized and

two-step annealed series of samples.

As mentioned above, application of the two-phase model to the heat capacity gives
the following result: melting of a small fraction of secondary lamellae at the low temperature
endothermic peak would actually lead to an increase in the heat capacity after the peak. For a
sample, cold-crystallized for 60 min at 240°C, this increase is equal to approximately +0.001
cal/deg*g (this is based on extrapolated solid and liquid heat capacities and the melting
enthalpy of the low temperature endotherm - figure 4.14). For a sample, melt-crystallized
and annealed below Ty at 240°C the same type of estimate (see figure 4.29 for melting
enthalpy data) leads to an expected increase in Cp(T) by +0.0003 cal/deg*g. The observed
values of the DCp(Tmax1ow) 1NCrease for these and longer times are much higher (see figure
4.29-E). In general, they exceed the projected values by almost an order of magnitude. One
reason for this could be the fact, that for the estimate of the liquid and solid heat capacities
extrapolation is made from the data in temperature ranges, which are far away from the range

of study. There is no better alternative, however. Due to a variety of technical as well as
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theoretical difficulties stemming from the kinetics of development of the low temperature

peak and the failure of the standard two-phase model, it is practically impossible to determine
the heat capacity of the crystalline phase between T, and T,, on the basis of the two phase

model. Therefore, the nature of the turn from negative to positive changes in the heat flow

above Tmax(low) remains unclear.

A model for the peculiar changes in Cp(T) above Tma(low) would have to rely on
guantitative information about how relative changes in Cp(T) depend on the evolution of
other physical characteristics under similar therma history. Such a model can not be
constructed based on the currently available results. More dedicated studies are needed, in
order to get a better understanding of the dependence of the observed changes in the heat
flow on changes in the structure and morphology during crystallization and on thermal

history in general.

For example, the study by Jonas et a. ®® mentioned above in connection with the
latent heat of reorganization idea suggested that reversible heating below T. leads to
reversible changes in the parameters of the structure (unit cell volume, apparent crystalinity,
long period etc.), governed by thermal expansion only. The detailed knowledge of the effect
of thermal history on the development of the low temperature melting transition suggests that
this might not be true. Dynamic studies at a constant rate of heating in the synchrotron would
allow observation only of the early stages of the processes, which occur during annealing.
The log(time) rate of development of the low endotherm in cold crystallized samples, is
relatively large, as is the rate of change in the structural parameters (density for example).
The magnitude and rate of the effect under two-step annealing below Ty (or T. for that
matter) isvery small, but still noticeable by calorimetry.

One can speculate, that further changes in the structure during annealing of cold-
crystallized samples below T, could occur at a magnitude and rate, which are small enough,
that previous WAXD and SAXS studies have been unable to resolve them. However, if their
existence is proven, then the hypothesis about the reversibility of structural changes upon
heating and cooling below the highest annealing temperature ®® will have to be revised. All
the currently available data on thermal expansion of PEEK, which is based on methods with

206



slow data collection (i.e. scattering methods with weak radiation sources), will have to be
reconsidered as well. A test of this hypothesis would require a dedicated study of the long
time annealing effect at temperatures below T., which does not exist at this time in the

literature.

To end the discussion of the heat capacity, it should be mentioned, that the change in
Cp(T) at Tmax(low) is another phenomenon, which is universally observed under any thermal
history, leading to the development of a low temperature melting endotherm. Furthermore,
this change can be also seen in the case of cold-crystallization and/or annealing of other
polymers between their respective Tyand T, : PET, '™ PBT, % 1% pps, > On thisbasis, it
could be expected that a detailed study of the annealing time and temperature evolution of the
DSC trace in the vicinity of the low temperature endotherm for these polymers will find

analogous features of the Cp(T) change at Tax(low).

5.2.3 Enthalpy of the Melting Transition(s) of PEEK: DH,(low), DH(total),
DH?,

The technical details of the evaluation of the heat of fusion and DSC crystallinity
were aready discussed in the experimental section - 3.2.3a. In this section we focus on
possible problems in the evaluation of the melting enthalpy, arising from the general features
of the "double melting" scan of PEEK, presented in this study.

Evaluation of DH,(low)

For the analysis of the effect of thermal history on crystallinity, associated with the
low temperature melting endotherm, and the overall DSC crystallinity, an accurate evaluation
of DHpy(low) is needed.

As was mentioned in the previous section, severa literature studies ** ® ™ have
shown, that the local baseline in the vicinity of the low temperature endothermic peak
exhibits significant changes with temperature during the DSC scan and is different for

different initial morphologies before the scan (cold- vs. melt-crystallization). None of the
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previous studies gave a detailed description of how exactly the DHy,(low) is evaluated under
such widely different local baseline conditions. The results of this study, summarized and
discussed in the previous sections, provide additiona information, which suggests that a
careful selection of the local baseline is needed as it changes with annealing time,
temperature and type of thermal history.

Previous studies of the double melting of PEEK and other polymers often have
concentrated on two particular types of therma histories: melt-crystalized samples at
relatively high crystallization temperatures and samples, cold-crystallized from the
amorphous glassy state. In the DSC scans of the former, the low temperature endothermic
peak merges with the beginning of the high temperature fina melting peak. This makes
difficult the separation of the two and the assignment of their respective transition enthalpies.
In the DSC scans of the latter, the low temperature peak is followed by a significant drop in
the local baseline, already discussed in the previous section.

Thus in both cases the evaluation of the contribution of the low temperature melting
peak is hindered by the difficult assignment of alocal baseline. Furthermore, there appeared
to be no correlation between the possible baselines in these two cases, although the nature of
the phenomenon is the same - low temperature melting. No conclusion could be drawn about
the shape of the peak either, as in the former case it has a steep front and a wider and less
steep tail, while in the latter case the situation appears to be reversed - a small rise, followed

by a steep drop.

The systematic probe into the shape of the low temperature peak and the loca
baseline in its vicinity was driven by the initial observation, that in quite afew special cases,
where the peak is strong, it appears to be symmetrical in shape (see for example the scans for
high T. in figure 4.13 and the long annealing times on figure 4.21). Further investigation in
few special cases (presented later in this chapter), where the unique thermal history produces
a low temperature annealing peak, which dominates the DSC scan, confirmed this

observation.

As a result, it was shown, that in the vicinity of a well resolved low temperature

endothermic peak, Cp(T) can be successfully fitted with the combination of a linear function
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of temperature - the "true" heat capacity before the melting peak, a symmetrical step-function
- the change in Cp at the peak, and a peak-function - the melting peak (see section 4.2.1, p.
168-180).

With adjustment of some of the parameters of the fit, a very good fit is produced in
the cases DSC scans of cold-crystallized samples and melt-crystallized samples, annealed
below Ty. Interestingly, in the case of melt-crystallized samples, the attempts to resolve the
low temperature peak by subtraction of a peak function alone did not produce satisfactory
results. The residual scan (which should represent the high temperature melting peak)
showed fluctuations in the range of the low temperature peak, which could not be minimized
by adjustments in the parameters of the subtracted peak. A smooth line for the residual scan
was obtained only when a combination of a peak and a step function (reflecting positive
change in Cp) was subtracted. This observation allows the same model to be applied under
various thermal histories, which leads to the correct separation of the melting enthalpy of the
low temperature endothermic peak from local baseline changes, regardless of what their

origin might be.

Evaluation of DH(total)

The discussion of the evaluation of DH(total) comes naturally as an extension of the
discussion of the heat capacity between Tqand T,, in the previous section. It was shown, that
a change in Cp(T) is observed at the low temperature endothermic peak. This change is
always observed, when the thermal history of the sample includes annealing and leads to a
low temperature endothermic peak. The two possible explanations for the DCp(Tmax) Change
in the heat capacity lead to two very different approaches in evaluating the total enthalpy of
melting and therefore, ultimately - in the evaluation of the DSC crystallinity:

1) If one accepts the view, that the change in Cp(T) is a manifestation of a shift in the
balance between melting and recrystallization of the secondary (low melting) lamellae, then
the total melting enthalpy must include all endothermic and exothermic contributions,
roughly between the lowest T, and the end of melting. This is the approach described in the

experimental section - 3.2.3a.
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2) If on the other hand one accepts the idea, that the Cp(T) values above the low
temperature peak represent the true heat capacity of the sample at these temperatures, then
obviously adifferent procedure for evaluation of the total melting enthal py must be applied.

For example, in the case of cold-crystallized PEEK, it was shown, that changes in the
time and temperature of annealing do not affect the high temperature peak and lead only to
changes in the low temperature peak's melting enthalpy. The total melting enthalpy will be
the sum of the enthalpies of the high temperature peak and the low temperature one. The
changes in DHpy(low), the evaluation of which was discussed at the beginning of this section,
will determine the relative changes in DHpy(total). The accurate evaluation of DHm(low) will

be critical for the evaluation of the changesin ¢ 2.

The evaluation of the total melting enthalpy and DSC crystallinity is based on the
assumption stated in 1) above and is described in the experimental section. Adherence to the
other assumption will change the technique of evaluation of the melting enthalpy and lead to
different values of the DSC crystallinities. A rigorous evaluation of the DSC crystallinities
under this method would be meaningless until further studies clarify the physical origin of the
change in Cp(T) above Ta(low) with time, temperature and conditions of annealing. From
the known time and temperature dependence of DCp(Tmaxjow) ONE can qualitatively estimate

the effect on the results, presented in section 4.2.3.

The discrepancy between DSC and density crystallinities will remain for all series of
samples. The time-dependent series of samples will be affected very little as the small
change in DCp(Tmaxiow) With log(ts) would produce an amost constant correction. The series
affected the most would be the temperature-dependent series of cold-crystallized samples,
due to the change in the width of the interval between T (low) and Tons(high) (see figure
4.13). Qualitatively, the sope of the overal DSC crystallinity (see figures 4.35 and 4.47)

would be the same as the slope of the contribution of the low temperature endotherm.

(Note: In reference 16, Cheng et a. state that melting in the DSC scan of PEEK can be
detected shortly after the glass transition region. Thus Cheng et al. propose, that evaluation
of the melting enthalpy must be done over a wide temperature range, roughly between 180°C
and 360°C. However, the results of this study suggest that this observation is not universal.
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It was probably due to the specific thermal history employed by Cheng et al. All of their
samples were cooled very dowly - at a rate of -0.31 K/min, from the crystalization
temperature to room temperature. Such thermal history results in cooling times to reach T
on the order of up to 300 min. If one approximates the continuous cooling with step-wise
regime of cooling, based on the knowledge of the effect of annealing on the melting scan of
PEEK, it can be predicted that such thermal history will produce significant low temperature
melting fraction. Its melting upon heating from the glass will be spread through the entire
interval between Ty and T, In this study, on the other hand, the samples were always pre-
crystallized for long time and then fast-cooled. With times to reach Ty on the order of
seconds, very little additional crystallization upon cooling will be expected. Indeed, the first
indication of melting is observed at approximately T, and above for cold-crystallized
samples, and at about 260-300°C for melt-crystallized samples, depending on the time and

temperature of crystallization.)

The problems, discussed above, if found legitimate, point towards the possibility that
the enthal py of fusion for a 100 % crystalline PEEK, evaluated by Blundell and Osborn ® on
the basis of a correlation between DH(total) and WA XS crystallinity, is not correct. We will

continue using its value, on the assumption, that a relative change of DH? only scales up or
down the DSC crystallinities, but does not affect significantly their rate of change with T, and
log(ty).

In summary, the analysis of the discrepancy between DSC and density crystallinities
will be based on the assumption, that the total heat flow between the beginning of melting
(low temperature melting) and the end of melting (the Cp of the melt) reflects the total
melting enthal py of the transition.

5.3 Discrepancy between DSC and Density Crystallinities and the Physical

State of the Amor phous Fraction

In section 4.2.3 it was demonstrated that a discrepancy exists between the values of

the DSC crystallinity ¢ and the density crystallinity ¢ 2™ of PEEK. The discrepancy is

C
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observed not only in the results of this study, but in literature data on DSC and density

crystallinities as well.

Dens
Cc

The discrepancy between c¢c2* and c is not only observed in their absolute

magnitude for any given sample, but also in their dependence on the time and temperature of
crystallization. The difference in the time- and temperature-dependence of these two
guantities is associated with the large increase in the DSC crystallinity. The latter is due to

the linear increase of the low temperature peak's melting enthal py with T, and log(t,).

This claim is further substantiated by a similar observation by Chung et al. *** in the
case of PPS. After applying the correct values for the crystal density of PPS, which take
account of the densfication of the unit cell with increase of t. and T, they arrive at a
discrepancy between the values of the DSC and density crystalinities of PPS. In their

analysis of this observation, however, they make contradictory conclusions.

On the one hand they propose that the density of the amorphous phase might vary
with crystallization and annealing conditions just as the crystal density does. This is
suggested as an explanation for the discrepancy of the DSC and density crystallinities values

and trends.

On the other hand, while acknowledging this fact and the presence of a large rigid
amorphous fraction in their polymer, they still make the claim that the two-phase model is

valid for the calculation of the density crystallinities.

In the following, this controversy will be analyzed with the data from this study

(section 4.2.3), aswell as the literature data on PEEK *© 17 % % gnd the PPS data of Chung et
al . 124

If the two-phase model of crystalinity is to be till valid, then the DSC and density
crystallinity values and trends must be brought together by examining the possible sources for
deviation from their expected values.

One such source is the value of the melting enthalpy of a fully crystalline polymer
DH?. If its value has not been properly determined, then the DSC crystallinity values could

be under- or overestimated. As was mentioned earlier, correcting for that error will only
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scale up or down in magnitude the values of ¢ 2%, but will not correct for the significant

Dens
Cc

difference in the dependence of ¢ % and ¢ on crystallization temperature and time.

Another possible source of error in determining the DSC crystalinities is the use of

the same value of DH? for calculating the crystallinity from both melting peaks, which can
be positioned quite far apart on the temperature scale. In general DH? reflects the melting
enthalpy of afully crystalline PEEK in the temperature range of 330-350°C. The melting

enthalpy of a fully crystalline PEEK at much lower temperature (as is the case with cold-
crystallization of PEEK just above Tg) will be reduced. *® This will lead to a temperature
dependent correction to the DSC crystalinity attributed to the low temperature endotherm

and an overall increase in the DSC crystallinities. The magnitude of this increase, however,

Dens
Cc

is very small and does not compensate for the discrepancy between c¢2* and ¢

Furthermore, as the increase in Toa(low) with increase in crystallization time is small
compared to its distance from the main melting region, this type of correction will not affect
the discrepancy in the magnitude of change of the DSC and density crystallinities with

crystalization time.

C Dens

c

The other possible source of the difference between ¢ and c is the value of
the amorphous density r , or, put in more general terms, the nature of the amorphous phase
in the semicrystalline polymer. The value of r, is used in equation (2.3a) as a physical

constant for the polymer, the same as that for a completely amorphous PEEK.

If the two-phase model isto be valid (i.e. the DSC and density crystallinity values and
trends are to be reconciled), then one could use equation (2.3a) for calculating the value r ©°

(the amorphous density) must take in order for the DSC and density crystallinities to be

DSC
Cc

Dens
Cc

equal. For this purpose ¢ IS substituted in the equation with ¢ and the values of

r.(t.,T.) and r are used as in the calculation of the corrected density crystallinity. Then

the amorphous density is calculated according to the equation:

1_ c DSC
1 ¢ = (5.2)

r(Tot) re(Tt)

r(Tate)
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Figure 5.1 compares the parameters involved in this calculation and presents the
result in the case of the samples cold-crystallized at 243°C. Plotted are thevaluesof r _, r ,

calc
a

and r ;>°. Thevalueof r , for the purely amorphous PEEK is represented by the dotted line.

The calculated amorphous density must decrease with increase of crystallization time t..

Figure 5.2 presents the same result for the temperature dependent series of cold-

crystallized samples. For r  (A) and r & (C) the symbols represent the results from this

study, whereas the continuous lines - the literature data, plotted in figure 4.48. The results of
this study are practically identical with the results from the literature data - the calculated

amorphous density decreases with increase in cold-crystallization temperature.

Figure 5.3 shows the results for the series of melt-crystallized samples. The decrease

of r ®° with crystallization time appears less than in figures 5.1 and 5.2 but is still present.

Analysis of the data of Chung et a. *** (on PPS samples, cold-crystallized at T. =
245°C) leads to the same result - figure 5.4. The amorphous density of semicrystalline PPS,
calculated with equation (5.1), decreases significantly with increase in log(tc).

The conclusion from this exercise is that in order for the crystallization temperature
and time dependencies of the DSC and density crystallinities to be reconciled, the density of

the amorphous phase must decrease with crystallization time during the secondary
crystallization process. The departure of r & from the equilibrium value is higher for
samples cold-crystallized at higher temperatures and somewhat less for melt-crystallized
samples.

(Note: As was noted in section 4.2.3 for the observed crystal density, here one must again

calc
a

emphasize, that this is an apparent decrease of r with crystallization time and

temperature. The quantity in question is the density of the amorphous phase at room
temperature. The question whether r , actually decreases in real time during the secondary
crystallization remains to be answered. Some recent investigations by real time WAXS of
melting and isothermal crystallization of PEEK have suggested, that the average amorphous
density at T, actualy increases during the secondary crystallization process. ** This
conclusion, however, is derived indirectly - from the shape and position of the amorphous
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Figure 5.1 Dependence of the room temperature densities on crystallization fonéhte
samples, cold-crystallized at ¥ 243°C: A) bulk density, B) crystal unit cell density, C)
density of the amorphous phase, calculated according to the two-phase model assumption
of equivalence of DSC and density crystallinities - equation (5.1). Dashed line reperesents
the density of fully amorphous PEEK.
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Figure 5.2 Dependence of the room temperature densities &or The samples, cold-

crystallized for 60 min at various temperatures: A) bulk density, B) crystal unit cell density,

C) density of the amorphous phase, calculated according to the two-phase model assumption
of equivalence of DSC and density crystallinities - equation (5.1). Dashed line reperesents
the density of fully amorphous PEEK. Symbols - the results of this study; continuous lines -
results from the literature data on figure 4.48.
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Figure 5.3 Dependence of the room temperature densities on crystallizatior fondHte
samples, melt-crystallized af ¥ 300°C: A) bulk density, B) crystal unit cell density, C)
density of the amorphous phase, calculated according to the two-phase model assumption
of equivalence of DSC and density crystallinities - equation (5.1). Dashed line represents
the density of fully amorphous PEEK.
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Figure 5.4 Dependence of the room temperature densities on crystallization ton®PS
samples, cold-crystallized at ¥ 245°C: A) bulk density, B) crystal unit cell density, C)
density of the amorphous phase, calculated according to the two-phase model assumption
of equivalence of DSC and density crystallinities - equation (5.1). Dashed line represents
the density of fully amorphous PPS. Data from the study of Chung'&t al.
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halo after separation of the crystalline reflections. Whether thisis an artifact of the separation
procedure or an indication of true physical change remains unclear.)

However, the analysis clearly demonstrates that application of the two-phase model
for the physical state of a semicrystalline polymer consistently leads to ambiguous results for

the crystallinity:

- The standard equation for calculation of density crystallinity - equation (2.3), is
inapplicable due to the fact, that the room temperature crystal unit cell density is afunction of

crystallization time and temperature. Figure 5.5 illustrates the change of r . with T, (along
the horizontal axis) and t; (along the vertical axis at 243°C) for PEEK (A) and PPS (B). The
nature of this change is similar for both polymers. One can speculate that this might be
another universally observed phenomenon for semi-flexible chain polymers with medium
degrees of crystalinity.

- The corrected equation for the density crystalinity - equation (2.3a), leads to

Dens
Cc

significant correction of the crystallization temperature and time trends of ¢ One

significant practical implication of equation (2.3a), which illustrates the inapplicability of the
standard two-phase model is the fact, there is no one-to-one correspondence between bulk
density and crystallinity. Two samples with the same bulk density can have different values

of r . (due to different thermal histories) and therefore - will be characterized by different

Dens
c .

valuesof ¢

- There is a difference between the absolute magnitude and the rates of increase of

density and DSC crystalinities with crystallization time and temperature. This difference

calc
a )

further implies: either a significant change occurs in another parameter - r considered a

physical constant by the two-phase model, or possibly the evaluation of DSC crystallinity
from the total enthalpy of the melting transitions needs to be reexamined. The evaluation of
DHm(total) and DHy(low) was examined in detail in earlier sections. Several aspects of a
guestion not consider so far - whether DHp,(low) truly represents the enthalpy of a melting
transition of secondary lamellae, will be presented later in section 5.6 under the title of

controversial results.
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Figure 5.5 Dependence of the room temperature crystal unit cell dgnsitgn T. and ¢
for: A) cold-crystallized PEEK and B) PPS. Data on PPS is from reference 124.
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In summary, this section analyzed the increase of the low temperature endothermic
peak and the overall increase in crystallinity associated with it. Considered within the frame

of an ongoing (secondary) crystallization process, the results certainly strike as non-trivial.

The primary crystallization is a process of densification of an undercooled metastable
polymer liquid. The driving force under the large undercoolings in these experiments is large
enough to allow for fast transition towards the more stable crystalline phase. The equilibrium
state of the polymer is the fully crystalline state and not the semicrystalline state achieved
under the chain folding crystallization mechanism. Therefore at any point during the
secondary crystallization process (i.e. the later stage of long crystallization and/or subsequent
annealing) a driving force towards continuation of the crystallization should exist. The

global result of this driving force should be densification of the polymer.

The crystallinity data confirms that the secondary crystallization proceeds under a
mechanism which is different from and much slower than the primary one. However, the
density data, considered within the ssmple two-phase model, suggests also that overal the
amorphous phase is departing from equilibrium by dilating, instead of densifying. This
result cannot be justified and understood in the ssimplistic framework of the standard two-

phase model.

Various other aspects of the failure of the standard two phase model are addressed in
greater detail in a series of experimental studies and literature reviews by several groups
currently working in the field. 8 147149, 151 152, 154156 game of the ideas, outlined in these
sources, will be presented later in section 5.5. They will be analyzed mainly in connection
with the current model for the "double melting” behavior of PEEK and the other effects of

long annealing between Ty and T, , presented in this study.

5.4 Analysisof the Small Strain Creep Results

Section 4.2.4 presented the results from the small strain creep studies of the effect of
long annealing below and above Ty Even without further elaboration, these results present
new and origina findings, which should generate interest for future studies. The

phenomenon of "physical aging" above the nominal Ty has been extensively demonstrated for
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the first time for a polymer other than the high crystallinity polyolefins - PE and i-Pp.*¢4787%3

Only one other study has examined the physical aging of a partially crystalline polymer both
below and above the nominal Ty - a recent paper by Buijs and Vroege on creep studies of

liquid-crystalline copolyester. 1*°

5.4.1 Summary

The results from the momentary creep studies in both temperature ranges, below and
above Ty, are similar to those found by Struik and others for PE and i-PP. * ¢ %% The form
of the creep compliance curves for different aging times at all temperatures is characteristic
of a"short time response” in the sense discussed in section 2.5.2. With the exception of the
creep compliance curves measured at 160°C (note that Tq = 155°C by DSC at 10 K/min), all
other plots of J(t) vs. log(t) exhibit the following characteristic response:

- The J(t) curves below Ty exhibit time dependence without an indication of approach

to equilibrium.

- The J(t) curves above Ty exhibit time dependence on a time scale significantly in
excess of the characteristic time scale of the glass transition. No change in shape, indicative

of an approach to equilibrium, is observed.

- No change to a constant slope is observed at "long" timesfor T,> Ty. Thelatter has
been predicted by Struik and related to a creep response characteristic of chains which are
just entering the glass transition region. ® Struik claims that this type of response dominates

the creep compliance in the temperature range for TgL <Ta< TgU ("Region 3").

Analysis was done with the reduced KWW analytical form, used by Struik, and is
therefore subject to the constraints discussed in section 2.5.2. It leads to an analytical
procedure for building an effective "master curve" with a shape similar to the shape of the

individual curves.

In addition to the characteristic dependence of the small strain cregp compliance on
annealing time and temperature below T, this study has shown, that the same type of

response is generated upon annealing above Ty:
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- The creep compliance's functional dependence on creep time is described by the
KWW function, equation (2.9a). It represents the fact, that the creep recovery process is
governed by a broad spectrum of retardation times. Significant deviations from the KWW
functional dependence are observed only for aging temperatures in the nomina glass

transition range.

- The creep compliance curves for different aging times can be superposed by

applying a combination of horizontal and vertical shifts.

- The shifting is characterized numerically by the relations between appropriate
parameters of the KWW function: the horizontal shifting is characterized by the relative
increase of the logarithm of the average retardation time (equation 2.11); the vertical shifting
- by the relative change of the "instantaneous' value of the creep compliance - Jp (equation
4.10).

- Therate of aging is characterized by the horizontal shift rate m(equation 2.12). Its
value is small far below Ty, increases to 1 at temperatures not too close to T, and decreases
sharply in the glass transition region. At temperatures above the glass transition the

horizontal shift rateis still finite and increasesto 1 with increasein T..

The horizontal shift rate has generally the same temperature dependence as the one
derived by Struik for i-PP and PE with the same analytical approach. #°* The discontinuity
of M(Ty) at Ty (figure 4.54) has two equally possible origins:

- It could be considered an indication of the breakdown of the specific analysis and
technique employed due to the thermorheological complexity of the viscoelastic response in a
"Region 3" temperature range as discussed by Struik % and in the review (section 2.5.4). For
example, the dependence of the shifts on log(ty) at 160°C is nonlinear (figure 4.53) and the

value of mgivenisonly alinear estimate of the overall change observed.

- A low value of m approaching zero, is expected as T, approaches Ty (TgL). This
behavior is expected for the "aging" amorphous fraction regardless of the "physical aging”
model used.
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The vertical shift rate is significantly different from the one described by Struik only
in the immediate vicinity of T4, where Struik predicts and observes change in the sign of the
vertical shifts (i.e. from positive to negative or vise versa, depending on the definition of a
vertical shift). At present it is impossible to conclude which of the following possible

reasons accounts for this difference:
- erroneous analysis (the breakdown of the method as discussed above),

- extremely limited number of datapoints on the temperature scale - practically only

one temperature, 160°C, shows an indication of closenessto T,

- the temperature range near Ty is a range of overlap of and transition between two
different active relaxation mechanisms, occurring in physically different locations of the
amorphous phase. If true, the main consequence would be that comparison of the apparent
vertical shift rates below and above the nominal Ty is physically meaningless as they reflect

different relaxation mechanisms.

5.4.2 Critical Analysisof Struik's Model for Physical Aging Above T,

Struik's model for the physical aging of PE and i-PP, which was discussed in section
2.5.4, proposed the existence of an extended glass transition in these two polymers. It is
based on two assumptions %: 1) the response of the crystalline phase is dastic; 2) the
crystallinity is constant throughout the experiment. The model is effectively the same as the
model for the viscoelastic behavior of filled rubbers.® The crystalline lamellae are assumed

to be acting asinert rigid fillersin the amorphous phase.

The observation of exceedingly high retardation times above the nominal glass
transition of these polymers (Tg = Tp) is explained by the model through the restricted
mobility of the amorphous chains in the crystal-amorphous interphase. The relaxation times
of tie-chains, long folds, and short folds (see figure 2.2) are higher than the relaxation times
for cilia or free unattached chains in amorphous regions of the semicrystalline material.
Segmental mobility is affected the most in the immediate vicinity of the crystalline lamellae,
whereas at large distances away from them the mobility approaches that of a bulk amorphous

polymer.
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Thus, above T4 some parts of the amorphous fraction of the polymer have relaxation
times characteristic of a glass, other parts are rubber-like and others are just passing through
their glass transition. % Increase in temperature above T, leads to a shift of the relaxation
spectrum towards short relaxation times, but at any temperature below the crystalline a-
relaxation a significant part of the amorphous phase has sufficiently low mobility to lead to a
glass-like response. Above the a-relaxation temperature T, the crystal-amorphous interphase
is able to relax through the increased ability of the chains to undergo motion within the
crystalline lamellae. ****®  Between the nomina Ty (Tp) and Ta, the fraction of the

amorphous phase which has high relaxation timesis able to undergo physical aging.

The strength of Struik's model lies in its ability through an unified mechanism to
rationalize complex experimental results for a variety of polymers. ® The concept of the
extended glass transition explains horizontal and vertical shifting through time-temperature
changes in the mobility of a non-homogeneous amorphous phase. It isasignificant departure

from the standard two-phase model of semicrystalline polymers. **

Severa of the critiques of Struik's ideas have suggested, that different mechanisms
might account for the complex manifestation of “physical aging” in semicrystalline i-PP and
PE. %6 47929 T the extent, that they suggest alternative physical models for the phenomenon

46, 92

of physical aging, these models either directly involve secondary crystalization, or

propose changes in the strengths of the b-relaxation (Ty) or a-relaxation (Ta), which could

originate from ongoing secondary crystallization during aging. *" %%

The most comprehensive analysis of this alternative idea is given in one of Struik's

original papers. **

He acknowledges, that secondary crystallization is a feasible optional
mechanism, which in an extended two-phase model of the semicrystalline state could account
for the stiffening changes above Ty simply through an increase of crystallinity. His

arguments against secondary crystallization (based on i-PP and PE data) are as follows®":

1) Physical aging mainly results in changes in mobility (horizontal shift) - a shift of
the retardation spectrum to higher retardation times. * %% The primary effect of secondary

crystallization is an overall change in the material property, e.g. a vertical shift. Even
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allowing for changes in mobility with increase of crystalinity, one has to explain how the

second-order effect (mobility) overshadows the first order effect (stiffening).

2) The experimental data suggest a continuity of the mechanism of physical aging
across the nominal glass transition range (Tp). If aging above the nominal Ty is assumed to
occur through crystallization, this cannot be the sole mechanism of physical aging at all
temperatures. Physical aging below Ty is similar in semicrystalline and in fully amorphous
polymers. Thus, crystallization must be ruled out as a source of the aging effects below T4 as
there is no physical ground and no experimental evidence for crystallization below the
nominal Ty of these polymers (and for any polymer in general). Therefore, a different model
must account for aging effects in semicrystalline and amorphous glasses below T4 |If
crystallization is considered the sole cause of aging above T, the model does not possess the

continuity at Tq, which the data from mechanical studies strongly points toward.

(Note: It is important to note for future reference, that Struik's model proposes a change in
aging mechanism at Tg,U (= Ta) - the upper limit of the extended glass transition range.
Above this temperature, Struik attributes the effects of "aging” (understood in a broader sense

8. 199 to secondary crystallization. ** A large amount of

as time-evolution of properties
experimental evidence exists in support of lamellar thickening as the mechanism for
secondary crystallization in i-PP and PE above their a-relaxation temperatures. > % There
appears to be no correlation between these studies and the studies of secondary
crystallization/physical aging below T,, which were reviewed earlier. Only Struik's work
makes a connection between the two ideas, by suggesting that a change in the aging
mechanism occurs at T,, above which thickening, e.g. secondary crystallization, becomes

possible.)

3) The experimental evidence by Wunderlich et al. *° for the existence of arigid (e.g.
glass-like) amorphous fraction in semicrystalline polymers above their calorimetric Ty,
suggests that this fraction would not be able to crystallize above Tg, but should be able to
physically age below its respective T,".

4) During aging above T, the change in the modulus with change in density is much

higher than the change induced by different crystallinity values - table 3 in reference 91.
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Even though the first three arguments are only qualitative, they raise problems which
are indeed important and must be dealt with. It is possible to resolve these apparent
contradictions in an enhanced version of the secondary crystallization model for physical
aging above Tgy. Furthermore, the evidence for physical aging above T4 in PEEK presented in
this study and in aliquid crystalline polymer ** suggest that in order to be consistent, Struik's
requirement for an universal model for the physical aging below and above Ty must apply to
those and other polymers as well. This presents a challenge to Struik's model, as the
crystallinity investigation presented in this study and the morphological studies by other

authors ® 3 7

lead to the conclusion that crystallinity of PEEK increases during aging above
Ty (Tg"). Inthe case of i-PP, Struik has acknowledged that the literature data is contradictory

- evidence for aswell as against increase of crystallinity during aging had been presented. **

The last of the arguments above, together with the somewhat ambiguous conclusions
about crystallinity change during aging, are the only strong quantitative objections against the
secondary crystallization model for physical aging above Ty presented by Struik. That last
argument, however, is somewhat misleading. For example, in the case of i-PP (table 3 in
reference 91), Struik claims, that 0.1 % change in density during aging above T results in 18-
25% change in stiffness. Theratio of the latter to the former, equal to 180-225, represents the
sensitivity of the compliance to densification during aging. This value is compared against a
value of 35-45, obtained from crystallization of PP samples with different tacticity (e.g.

different densities, crystallinities and compliance values).

The comparison can hardly be justified for two reasons. First, a change in the
compliance due to the chemical modification itself (different tacticity) might complement the
change due to differences in crystallinity. Second, the "sensitivity ratio" calculated by Struik
should be analyzed from a crystallinity stand point as well. In a semicrystalline i-PP with
initial crystallinity 0.6, 0.1% change in density during aging is approximately equivaent to
increase in crystallinity by 0.011 (r , = 0.854 g/cm®; r ¢ = 0.936 g/cm® **%). Such an increase
in crystallinity during aging, if observed and confirmed by other methods, could be

compatible with a decrease in compliance by 18-25% (note, that the total change in
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compliance with crystallinity between crystalinity values of 0 and 1 is usually on the order of
100,000 %).

In the case of PEEK the experimental vertical shift rate, determined from aplot of b =
Jo(ta)/Jo(tar) Vs. log(ta/tar), can be compared with the theoretical prediction, based on
crystallinity change. The latter can be determined from the DSC and density log(t)-rates of

secondary crystallization, which have been studied extensively (section 4.2.3).

For the theoretical prediction, one needs an equation which relates the compliance of
the semicrystalline composite matrix to the crystallinity c. (volume fraction) and the

specific values of the compliance for the crystalline and amorphous phases J, and J.. Severd
different approaches to the choice and justification of such an equation exist in the literature.
In addition, the limiting values J, and J. can not always be determined directly. A detailed
review of these problems can be found in the literature. ** %9142 This discussion will focus
only on investigating the possibility that the change in the pre-exponential factor of the
bending creep compliance Jo, defined by equations (2.9a), (4.10), and (4.11), is due to the
increase in the volume fraction crystallinity during secondary crystallization. This, of course,

would be limited only to the physical aging results above the nominal glass transition.

The two extreme models for the mechanical properties of a two phase system are the
Reuss series model and the Voight parallel model - figure 5.6-A. The series model represents
the case of an uniform stress field throughout the two phases and additivity of strains. The
compliance is the harmonic mean of the compliances of the two phases and is dominated by
the term, which represents the phase with the lower compliance. Thus the Reuss series
model leads to the extreme lower bound estimate for the compliance of the two-phase

semicrystalline composite.

The parallel model represents the case of an uniform strain field throughout the two
phases and additivity of forces. The compliance is the arithmetic mean of the compliances of
the two phases and is dominated by the term, which represents the phase with the higher
compliance. The Voight parallel model leads to the extreme upper bound estimate for the

compliance of the two-phase semicrystalline composite.
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Figure 5.6 Modelsfor calculating the mechanical properties of atwo phase semicrystalline
polymer: (A) extreme bound estimates - Voight and Reuss models, (B) combination of the
two extreme bounds - Takayanagi's model.
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Neither of the two models is correct, due to the fact, that the assumption of uniform
stress or strain fields throughout the material is a gross oversimplification. Under uniform
stress field, discontinuities in the strain will exist at the interface between the matrix and the
dispersed phase. Under uniform strain field assumption, large gradients will exist in the force
field at the interface.

A model, named after Takayanagi, presents a dightly more realistic approach,
intermediate between the VVoight and Reuss models 4% 141 14314 _ figure 5.6-B. In the case
of homogeneously dispersed inclusions of phase 2 in amatrix of phase 1, some of the matrix
material is considered to be under constant stress, while the rest of the matrix, interconnected
with the inclusions, is considered to be under constant strain. Thus the model is a
combination of the series (Reuss) and parallel (Voight) models. The state of mixing of the
two models is represented by the parameters | and f , which represent, respectively, the

effective series and parallel fractions. Their product is equal to the volume fraction of the

dispersed phase. The equation for the compliance is as follows:

.
-1 |
+

Jy J;

J=@-f)*J, + (5.2)

When the dispersed phase is in the form of spherical inclusions, according to
Takayanagi, ** the solution of Kerner's equations **® for the moduli of multiphase systems,

leads to the following expressions for | and f through the volume fraction of the dispersed

phase:
2+3%]
| =——2 5.3
: (5.3)
= 5# (5.4)
2434 ,

To complete the Takayanagi model for semicrystalline polymers, one needs to specify
which phase acts as the matrix and which one is the dispersed phase. Takayanagi
suggested™® that in the case of polyethylene resins, the dispersed phase is the amorphous

230



phase. This assumption has been questioned by Matsuoka. *** Nevertheless, Takayanagi has
shown, that equations (5.2) , (5.4) with j ,=1- ¢! are suitable for the description of the

C

mechanical properties of various polyethylene resins. **

An alternative approach to calculation of the mechanical properties of semicrystalline

polymers has recently been presented in a study by Janzen. X2

Janzen's approach presents an
unified treatment of the problem, which illustrates the common features of most of the
models of the mechanical properties of semicrystalline polymers as two phase composites.
The starting point of Janzen's review is the idea, that the solutions of the problem for any
mechanical property (moduli or compliances) under different mechanical models can be
expressed in a generalized form, analogous to the Clausius-M osotti equation:

Y-1_. &Y-10

=]

a&Y,-10
Y+A &Y, + Ag

8Y2+A5

+] (5.53)
where Y is the property in question, Y, and Y- are the pure phase properties, j ; and j , are
their volume fractions, such that j , +j , =1, and A is a function of the geometry of mixing
and the type of property under consideration. The equation can be rearranged into a more

symmetrical form:

Y Yt AG LY, 4 LY,
A+] Y+ Y,

(5.5b)

At the two limits - when A approaches zero or infinity, the above equation reproduces the two

extreme bounds - the Voight (parallel) or Reuss (series) equations.

Substitution of A with other expressions reproduces various other models aswell. For
example, for compliances and A = (2/3)*J; equation (5.5b) is equivalent to the Takayanagi
model with phase 1 chosen as the matrix phase. Similarly, substitution with (2/3)* J,, leads to
the Takayanagi model with phase 2 being the matrix. (Note: These statements are true in the
case of compliances; for moduli the reverse of the numerical coefficients in the expressions
for A must be taken.)

Janzen points out, that substitutions of the kind A = x*Y; (i = 1, 2) are equivalent to
the upper or lower bound estimates, for certain models. In addition to the Takayanagi model,
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the results of other models are reproduced, as well. In particular, Hashin-Shtrikman bounds

on the shear compliance'* are reproduced for:

A=Y 8- 10n,
7- 5

i=1,2 (5.6)
where n; is the Poisson's ratio for the respective phase. When n; = 0.5 these bounds are

equivalent to the Takayanagi results (with i being the matrix phase in the model).

Therefore, Takayanagi's model with an amorphous matrix can be considered as giving
an exact Hashin-Shtrikman upper bound of the compliance, as ny = 0.5 is a safe assumption.
For the model with a crystalline matrix the Takayanagi result is equivalent to the assumption
ne = 0.5, which is generally not correct. With proper rearrangement of the result it can be
shown, that if J. << J,, for most crystallinity values (except the extreme limits) the result is
very close to the Hashin-Shtrikman lower bound estimate for the values of the compliance.

The coincidence of these results is due to the fact, that their treatments are generally
confined to state of mixing with high symmetry (i.e. isotropic spherical inclusions in an
isotropic matrix). The Halpin-Tsai model % ¢ js equivalent to substituting A = x*Yy, in
equation (5.5b), where m stands for the matrix phase. The parameter x is a shape dependent
"geometric factor", **® function of the geometry of theinclusions. Itisinteresting to note, that
with an increase in the anisometry (aspect ratios) of the inclusions, which results in a
decrease in x (in the case of compliances), the properties of the composite become closer and
closer to the properties of the inclusions, even at relatively low fractional volumes of the
latter. That leads to the peculiar fact (see figure 5.7 for example) that, in a certain range of
crystallinity values, the mechanical property values of a semicrystalline polymer could be
described successfully by both - a Takayanagi model with a crystalline matrix and spherical
amorphous inclusions (as in reference 143), and a Halpin-Tsai model with an amorphous
matrix and highly anisometric crystalline lamellae! *® This suggests, that despite being
guantitatively successful, the Takayanagi model's assignments of the matrix and inclusions

might not have direct physical meaning in the case of semicrystalline polymers.

In summary, the Voight and Reuss models provide the extreme bounds for the

mechanical properties of a semicrystalline polymer; the Takayanagi model (resp. the Hashin-
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Figure 5.7 Predictions for the dependence of shear creep compliance on volume

fraction crystallinity from various mechanical models: series (Reuss), parallel (Voight),
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amorphous or crystalline matrix; the number isg¢halue).
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Shtrikman estimates) provides tighter bounds (function of the somewhat artificial choice of
the "matrix phase"), and the Halpin-Tsal model could lead to an even closer estimate, if the
microstructure (the aspect ratios of the crystalline lamellae) can be successfully assessed -
figure 5.7.

For the purpose of this discussion, however, the important values are not only the
property values themselves, but their sensitivity to change in crystalinity. It isimportant to
note, that in the crystallinity range we are generaly interested in (0.3, 0.5, asin PEEK, i-PS,
PET, and PBT, for example), both Reuss and Voight models provide estimates of the
variation of compliance with crystallinity, which are closer to the lower bound. A higher
sengitivity to crystallinity change is predicted by (in order of increasing sensitivity): Reuss
(series) model, Takayanagi model with amorphous matrix (and its equivaents), Voight
(paralel) model, Takayanagi model with crystalline matrix (and its equivalents), Halpin-Tsai
models with very smal and very high lamellar aspect ratios, Halpin-Tsai models with
intermediate lamellar aspect ratios. This can be qualitatively assessed by looking at the

slopes of the various curves on figure 5.7.

For the comparison of the experimental data (figures 4.50 - 4.52) with the theoretical
predictions, the Takayanagi model will be employed, with the crystalline phase as the "matrix
phase". The reasons for this choice are: its smple mathematical expression (equation 5.2),
the relatively small change in Jp with temperature across the glass transition region (from
300x10™* m?%N to 3000x10™*> m?/N), suggesting that values of J, above Ty are closer to the
values of J., and the intermediate sensitivity to crystallinity changes for crystallinities in the
range of 0.32 - 0.4 (figure 5.7).

Substitution of equations (5.3) and (5.4) in equation 5.2 leads to the following

dependence of Jp on crystallinity ¢ . (volume fraction):

2 +(5- 2
J, = J, Ccde *(5- 2¢.)J, (5.79)
(5-3c.)J. +3c.J,

As J. << J,, by dropping the terms, containing J. from the numerator and denominator, this

expression can be reduced to:
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(5-2c,)

J, = J
0 C3C

(5.7b)

c

The theoretical prediction for the vertical shift b becomes (see equation 4.10):

Jo(ta) _ Je(t,) . [5-2c ()] . c.(ty)

Al )= 5000 T3.0) [5- 2., cu(t)

(5.89)

The first term is approximately unity, assuming that during aging either there are no changes
in the crystalline compliance or these changes are very small and an order of magnitude
smaller than the crystallinity induced changes. During secondary crystallization (see figure
4.37)

— 7 a Q
.(t,)=C.(t, )+b” logs/ (5.9)
From the data on figure 4.37 for t;, = 40 min it followsthat ¢ .(t, ) isabout 0.3. The
log-time rate of secondary crystallization (for volume fraction crystallinity) by DSC at 243°C
is bpsc = 0.02 (decade)™ and by density - bpes = 0.007 (decade)™. As b’ |og§% g is

much smaller than c (t,, ), equation (5.8a) can be expanded in series. If only the first order

term is kept, equation (5.8a) becomes:

b” lo /9
B(t) g g? t, o

Bl et ety

(5.80)

Equation (5.8b) allows for a direct comparison between the theoretical prediction for the
linear decrease of compliance with log(ty) during aging and the experimental vertical shift

rate, plotted on figure 4.55.

The result of the comparison for T, = 240°C is plotted on figure 5.8. It is clear, that
the change in compliance predicted by the Takayanagi model from the increase of density
crystallinity - curve (C), is much smaller than the experimentally observed one. Even if a
model which predicts a stronger dependence of the compliance on crystallinity is used, the
theoretical prediction from density crystallinity can not be brought close to the experimental

result. The use of DSC crystallinity in equation (5.8b) leads to a prediction, which is close to
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the experimental data. These results should be viewed with caution, however, for the
following reasons:

1) Thejustification for using the Takayanagi model is not rigorous. In order for the
choice of a particular model to be fully justified, it would have to predict correctly the
observed values of the compliances as well. In the present study this could not be verified as

the exact values of the pure phase compliances J, and J; a T, are unknown.

2) If another mechanical model for the properties of the semicrystalline polymer is
chosen, it would likely have to be of the Halpin-Tsai type, with a relatively high lamellar
aspect ratio. This, according to the review of the models above (see figure 5.7), will lead to a

stronger sensitivity of the compliance to crystallinity changes.

3) The log-time secondary crystallization rates used for the theoretical predictions on
figure 5.8 are too high and should be viewed as an upper bound estimate. This is due to the
fact, that the therma history of the samples on figure 4.37 (cold-crystallization from the
amorphous glassy state) is not exactly the same as the history of the creep samples (annealing
below T, after initial cold-crystallization).

The corrections for the last two effects, would separately tend to shift the theoretical
curves on figure 5.8 in opposite directions. A Halpin-Tsal model with high anisometry will
increase the negative sope of curves (B) and (C). Lower values of the log-time secondary
crystallization rates will decrease the negative slope of the curves. One can not predict
whether these corrections will be of the same order of magnitude. Most likely, the result will

appear qualitatively similar to that, presented on figure 5.8.

In conclusion, the observed vertical shift in the compliance during isothermal aging
above Ty appears compatible in magnitude with an increase of crystalinity during the
secondary crystallization stage, as measured by DSC. The prediction, based on density

crystallinity, can not account for the stiffening of the polymer during aging.

With respect to the origin of the relationship between the paralel observations of
"physical aging" and secondary crystallization, an aternative model is currently being
explored. #° It expands on the idea proposed by Chai and McCrum ** * that the observation
of "physical aging" above Ty is due to changes in the relaxation strength, rather than the
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Figure 5.8 Comparison of the experimental (A) annealing time dependence of the vertical
shift at 240°C with the theoretical predictions based on the log-time increase of DSC (B) and
density (C) crystallinities. Predictions are based on Takayanagi's model for the crystallinity
dependence of the mechanical properties of semicrystalline polymers.
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relaxation spectrum. Its main operative proposal is that upon annealing above T4 the
fractional conversion from a relaxed phase (amorphous) to unrelaxed and/or relaxing phase
(crystalline and constrained/"rigid" amorphous) is the sole origin of the "physical aging”
phenomenon. This fractional conversion occurs through secondary crystallization, therefore,
the kinetics of "physical aging" is governed by the kinetics of the secondary crystallization

process.

These new ideas originate from a conceptually different interpretation of the
experimental observation which had lead to the proposed existence of "rigid amorphous
fraction” (RAF) in a semicrystalline polymer above the calorimetric Tq. ' *° The result in
guestion is the abnormal crystallinity dependence of the heat capacity - the failure of the two-
phase analysis of the heat capacity above T4 (which was reviewed in section 2.3.2). This
analysis relies on the use of the "pure phase" properties of the crystalline and amorphous
components. The formation of a network-like semicrystaline structure from the
homogeneous isotropic relaxed amorphous melt invokes the possibility that certain specific
properties of the amorphous fraction in a semicrystaline polymer could be significantly
different from these of atotally amorphous liquid at the same temperature. This would result
in a somewhat different interpretation of the "RAF" and, quite possibly, lead to significant
reevaluation of the magnitude of the "RAF" content assigned in several studies in the
10, 12-19

literature.

199, 203 characterized

Linear amorphous polymers fall in the class of "fragile liquids®
by strongly non-Arrhenius behavior above T, inherent ability for reorganization, and large
hest capacity changes at T4. "Strong liquids" are mainly open network glasses. They exhibit
low hesat capacity change at T4 and show resistance to structural change. Intuitively it seems
attractive to borrow the idea and apply it to the structural differences between the fully
amorphous polymer and the inhomogeneous amorphous fraction in a semicrystalline polymer
with varying degrees of microscopic constraint. Based on the characteristic features of the
two classes of liquids, an amorphous network linked by crystalline lamellag, as illustrated in
figures 2.2 - 2.4 would be expected to behave as a "strong liquid”, as opposed to the

homogeneous unconstrained supercooled melt which isa"fragile liquid'. The formation of a
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network-like semicrystalline structure during crystallization would lead to a transition of the

amorphous chains from "fragile" to "strong" behavior. **

This idea provides a dightly
different, molecular interpretation of the experimental data, which had originated the "rigid
amorphous fraction" concept. The lower than predicted heat capacity vaues in
semicrystalline polymers above Ty would be the result of alowered specific heat of the entire

amorphous fraction or at least a part of it.

In view of these considerations, a more cautious approach is taken towards the
definition of a "rigid amorphous fraction”. In the following section, the terms "rigid
amorphous fraction" and "constrained amorphous fraction” will be used interchangeably to
the extend that they reflect certain change in the properties of the amorphous fraction above
T4 However, the concept of "rigidity" above T4 would be replaced by the characteristic
features of "strong" liquids: different specific values for certain intensive properties and
resistance to structural reorganization with change in temperature. The latter includes, for
example, the possibility that the retardation spectrum of the constrained/"rigid" amorphous
fraction above the calorimetric Ty is characterized by retardation times which are longer than

those expected at and above the glass transition of alinear amorphous polymer.

5.5 Secondary Crystallization, RAF, Physical Aging and the Two-Phase
Model in the Case of Semicrystalline PEEK

The review sections of this study (2.3 - 2.5) discussed experimental evidence for some
deficiencies of the smple ("static") two-phase model of the physical state of semicrystalline
polymers. The results of this study present further evidence for the failure of the smple two-
phase model to describe the physical state of a semicrystalline polymer in the case of PEEK.
This includes (but might not be limited to) the inability of the simple two-phase model to

account for:

- the inherent instability of the semicrystalline state, manifested in the existence of the

secondary crystallization process;

- the nonequilibrium nature of the two phases, manifested in the fact, that the

densities of the two phases depend on the crystallization/annealing conditions above T,
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- the inherent heterogeneity of the amorphous phase, examples of which are the
detection of a constrained/"rigid" amorphous fraction and the existence of a distribution of

large relaxation times above the nominal glass transition of the polymer.

In the following, a model will be discussed which accounts for the above mentioned
deficiencies of the two-phase model. As most of the experimental work in this study was
focused on the phenomenon of "double melting” in PEEK (its time-temperature evolution)
and the effects which parallél its manifestation, the new ideas will be presented as a revised

and extended model for the "multiple melting” of PEEK and the phenomena which parallédl it.

The review section (2.4.2) presented some of the arguments against the melting-
recrystallization model for the double melting of PEEK which was proposed by Blundell and
Osborn % ® and further discussed by Lee and Porter > and Jonas et al. ®” ® The strongest
argument against the melting-recrystallization model appears to be the direct morphol ogical
observation of secondary lamellae by Bassett et a. ™ and their low temperature melting and
recrystallization (that is, the melting and recrystallization of the secondary lamellae alone),
observed by Lattimer et a. ® However, the most important argument for the current
discussion is related to the development of the melting peaks during isothermal
crystallization. The results of Cheng et al., *° Bassett et al., ™ Marand and Prasad, 2 and this
study (figure 4.17) leave no doubt, that the lamellae, which form first and are the dominant
population, melt in the temperature range of the high temperature melting peak, whereas the
melting of the lamellae, which develop later, is represented by the low temperature
endothermic peak. This sequence of events, together with the extensive characterization of
the time-temperature dependence of other phenomena, allows the identification of the

primary and the secondary crystallization stage at the level of lamellar morphology formation.

The fact that, upon fast crystallization from the amorphous glassy state or the free
melt, practically no low temperature melting is observed until the high temperature melting
peak almost reaches its maximum intensity (figure 4.17), allows us to link the beginning of
the secondary crystallization stage with an advanced stage of the development of the
sperulitic superstructure. The fact that, upon slow crystallization from the melt, there is low

temperature melting even when significant part of the polymer has not crystallized (figure
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4.21 - curve B), dlows to locate the secondary lamellar growth behind the advancing

spherulitic growth front.

(Note: The results, discussed later in section 5.6.2, further confirm, that upon high
temperature annealing the growth of the secondary lamellae occurs within the boundaries of

unmelted spherulites or between unmelted clusters of lamellae within the spherulites.)

With this in mind, the results of this study agree with the ideas of the dua lamellar
population model of the "double melting" of PEEK. The model explains the low melting
point of the secondary lamellae as arising from their small size, which is the result of the
constraining effect of the aready present primary lamellae on their growth and stability at any
given crystallization temperature. ° Yet, as was pointed out in the review section, the model

in its original form ** 7 ™

remains vague about the mechanism of the secondary lamellar
growth. Furthermore, it does not even address the origin of the time-dependence of the
melting enthalpy and the thermal stability of the secondary lamellae (the log(ts) dependence
of Tmax(low)). One should note, that the first quantitative studies of the low temperature

78-80

endotherm appeared after this model was put forth.

The dual lamellar population model of Bassett et al. *° which proposed a secondary
lamellar growth by insertion between primary lamellae, has been revised in recent years. A
new model has been proposed and discussed, based on the heterogeneous lamellar stack
morphology. 8 147 151, 152 154. 155 Tha jdeas, which play central role in the development of a
more detailed morphological model and mechanism of secondary lamellar growth, are
inseparable from the discussion in recent years of the morphological features of the primary
crystallization at the lamellar level.

The analysis of the SAXS profile of semicrystalline polymers in the solid state, which
results from the electron density variations on the scale of the interlamellar distance, results
in the determination of two characteristic average lengths I, and I, (I: < 1,). One of them is
the average lamellar thickness I, the other - the average thickness of the amorphous layer |,.
In polymers with intermediate crystallinity values (less than 0.5), the standard approach has
been to identify the smaller length with the average thickness of the crystalline layer (11 = 1;).
Thus local (linear) crystallinity at the lamellar level is assumed to be close to the global
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(bulk) crystalinity (by volume), as measured by independent methods. This approach has
been applied to the SAXS studies of PEEK by Blundell and Osborn, ® Jonas et a., % ' Lee
et al., ® and Wang et al. ® Thisis not the only possible interpretation, however, as scattering
techniques can not distinguish between the more and less dense parts of the scattering

medium (Babinet's Reciprocity Principle).

In a SAXS study of PET, Santa Cruz et al. *> argued for the adoption of the larger
characteristic length as the crystalline thickness. Similarly, in later studies of PEEK, Hsiao et
a., % 1 Sauer et a., ©* and Verma et a. % ' argued for identifying I, with .. The main

reasons for this assignment are the following:

1) Crystallinity estimates by other methods (DSC, WAXS, density) lead to volume
fraction crystallinity of "fully crystallized" PEEK (after long crystallization from the melt or
the amorphous glass) of about 0.3-0.4. A reverse identification of the two characteristic
lengths on the other hand leads often to linear (local) crystallinity of about 0.2, which is too
low and violates the requirement, that local crystallinity must be equal to or larger than the
bulk crystallinity. 8 1>

2) An estimate of the lamellar thickness from the line broadening of WAXS peaks
results in a lower limit for | of about 60-80 A. 8 ' This is consistent only with the

identification of I with the larger characteristic length by SAXS.

3) The assignment of I to the smaller characteristic length |; often leads to a value of
20-40 A for the thickness of the crystalline lamellae. % © %8 157 Tha valueis equivalent to
2-4 unit cells in the c- crystallographic direction and 1.5-2.5 repeat units being in
crystallographic order. This would be physicaly unreasonable *° and, therefore, the

alternative assignment must be adopted.

The assignment of the higher characteristic length to the crystalline lamellar thickness
leads to the conclusion, that the local (linear) crystallinity within the immediate surroundings
of the lamellae is larger than the volume (bulk) crystallinity. This discrepancy can be
accounted for by assuming that part of the morphology consists of homogeneous amorphous
regions (interfibrillar or interstack "amorphous gaps', *** “liquid pockets'/"amorphous

pockets' % %) which are large enough not to be detected by the SAXS method and
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contribute to the SAXS scattering profile only through local density fluctuations. % > The
rest of the morphology consists of stacks of crystalline lamellae, separated by narrow
amorphous interlamellar gaps. % 8% 1315 Typical characteristic lengths of the lamellar stack

A 82, 84, 63, 66, 155
1

morphology of PEEK are: long spacing - L = 150-180 crystalline lamellar

thickness - | = 90-120 A, 8% 84 154,155 thjckness of the amorphous interlamellar layer - 1, = 40-
50 A 82, 84, 154, 155

The lamellar stack morphology is consistent with the electron microscopy (TEM)
studies of Lovinger et a. % Electron micrographs of melt-crystallized PEEK show a coarse
spherulitic morphology, consisting of stacks of crystalline lamellae, arranged into fibrils, and
large interfibrillar amorphous gaps. The size of these gaps is estimated to be about 800-1000
A ® which is consistent with the assumption, that the density fluctuations caused by them can

not be resolved in typical SAXS experiments. &

The lamellar stack morphology provides some insights on the possible origin and
location of the rigid amorphous fraction (RAF) of PEEK. It is generally agreed, that the
detection of a RAF above Ty of the polymer results from the constraining effect of the
crystalline lamellae on the adjacent amorphous regions. ***# %" Some authors claim, that the
"interphase” between the crystaline lamellae and the amorphous phase is the physica
location of the rigid amorphous fraction. " **"  Sauer and Hsiao *** **®* have made an
interesting observation, that for PEEK, PET, and N-TPI (new thermoplastic polyimide) the
rigid fraction by DSC and di€lectric spectroscopy ( f,°* and f °°) is approximately equal to

the total volume fraction of the material within the stacks (j , = f.**°). While SAXSis not
sensitive to the mobility of the species in the scattering medium, this interesting correlation
between the rigid fraction from relaxation studies and a characteristic of the heterogeneous
semicrystalline morphology suggests a model for the correspondence between the different

parts of the morphology and their mobility.

(Note: The statement about insensitivity of SAXS to the mobility of the species in the
scattering medium would be generally incorrect. As SAXS measures the density difference
between the medium - amorphous phase, and dispersed phase - crystaline lamellae,

temperature-dependent SAXS would be able, in principle, to detect therma transitions
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through the effect they have on the temperature dependence of the density of one of the
phases. Thus a change in the temperature slope of the invariant in semicrystalline PEEK
would be an indication of the glass transition region. At first it appears, that the above
mentioned model is completely incompatible with this characteristic break in the linear
change of the SAXS-invariant with temperature. However, one must note, that the
interpretation of temperature-dependent SAXS data alone is not always straightforward and
should be used with caution, especially when attempting quantitative analysis as in references
74 and 147. The SAXS invariant measures the density difference between the crystalline and
the amorphous, e.g. "rigid'/"constrained” amorphous, fractions in the stacks. Thus it is
assumed that any peculiar changes in the temperature profile of the invariant are attributed
entirely to changes in the interlamellar amorphous phase. One objection to such a simplistic
approach immediately comes to mind: experimentally it has been observed by WAXS, that
the thermal expansion coefficient of the PEEK crystalline lamellae shows a step-change at

the glass transition.

This observation precludes quantitative derivation of thermal
expansion from the temperature dependence of the SAXS invariant, unless crystal density is
monitored and evaluated with a reasonable degree of certainty simultaneously. Furthermore,
if the glass transition has an effect on the crystalline lamellag, it is obviously due not to
thermal expansion, but to relaxation effects. The latter would have a temperature-dependent
rate and its effect on the "apparent” thermal expansion by SAXS must be taken into account.
In conclusion, direct evidence for or against a"rigid" interlamellar amorphous fraction cannot
be derived based on simplistic interpretation of the temperature dependence of the SAXS
invariant alone.)

According to this model, 150, 154, 156

the mobile amorphous fraction (MAF) in PEEK is
the amorphous material in the interstack regions ("liquid pockets'). The amount of material
in the liquid pockets determines the relaxation strength of the glass transition. Its mobility is
affected only mildly by the presence of semicrystalline lamellar stacks. Therefore, its glass
transition range is dlightly broadened and shifted a few degrees above the glass transition of a
purely amorphous PEEK. ™ Thisis confirmed by the observations made in section 4.2.5 and

by literature sources, 217 17
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The RAF in PEEK, is part of the interlamellar amorphous layer or, possibly, the entire
interlamellar amorphous layer. Certainly, if the thickness of this layer is about 20-50 A, the
mobility of the folds and tie-chains of a semi-rigid chain polymer would be greatly reduced.
Sauer suggests, that the small size of the interlamellar gap, combined with the chain
microstructure, leads to the effective immobilization of the entire interlamellar layer at the

low equivalent relaxation frequency of a DSC experiment (~10 Hz for glass transitions). **

The ideas presented above lead to the following model for the correlated phenomena
observed upon long time crystallization and/or annealing of PEEK (multiple melting,
physical aging, densification of crystals, crystallinity discrepancy):

1. With the effective end of the primary crystallization stage locally (i.e. behind the
advancing growth front of the spherulites) or both locally and globally (when the primary
crystallization isfast), alamellar stack morphology is established.

2. The lamélar stacks consist of crystaline lamellae and interlamellar amorphous
layers. The latter represent practically the entire constrained crystal-amorphous interphase -
the so called rigid amor phous fraction of PEEK. The interstack (or interfibrillar) amorphous
regions are relatively large regions of almost unconstrained mobile amorphous material - the

mobile amor phous fraction.

3. The interconnected lamellar stacks form the fibrillar matrix of the spherulitic
superstructure. The interstack regions of mobile amorphous phase are effectively confined

between the fibrils - "liquid pockets'.

4. Within the spherulites boundaries the instantaneous volume changes in response
to temperature change (thermal expansion) and transient changes due to unrelaxed interfacial
tensions (stresses with thermal origin) are governed by the response of the interconnected

lamellar stacks.

5. Due to the low crystalinity, at any time after the completion of the primary
crystallization stage a thermodynamic driving force toward further crystallization will be

present. The crystallization proceeds through the secondary crystallization stage.
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6. Secondary crystallization occurs within the "liquid pockets'. The mobile
amorphous phase has sufficient mobility for the realization of three dimensional order within

the pockets.

7. The mass transfer due to the formation of new more dense regions within the
pockets (new crystalline lamellag) leads to a depletion of the remaining part of the pockets.
In order to restore the density of the remaining amorphous fraction in the pockets to its

equilibrium value, the volume of the liquid pockets must contract.

8. The volume contraction of the liquid pockets is controlled by the overall volume
contraction of the spherulite e.g. the volume contraction of the matrix of lamellar stacks. The
later is governed by the slow relaxation of the interlamellar amorphous fraction which also

enables the slow densification of the primary crystalline lamellae.

9. Secondary crystallization is the result of the balance of the two processes:
thermodynamically driven crystallization within the liquid pockets, which results in lower
density of the surroundings of the lamellae (e.g. "negative pressure”, dilatational forces), and
contraction of the volume, governed by the long relaxation times of the RAF within the

primary lamellar stacks, which relieves the "negative pressure”.

This main framework of the revised dual lamellar population model results in the

explanation of certain phenomena without the need to specify further details of the model:

physical aging

The "physical aging" of semicrystalline PEEK above the nominal glass transition is
the result of both - secondary crystallization and the relaxation of the constrained amorphous
fraction. The long retardation times characterize the response of the "rigid"/"constrained"
amorphous fraction. The horizontal shift of the creep compliance curves is due to the self-
retardation of the secondary crystallization process, governed by the extent of relaxation of
the RAF during secondary crystallization. The vertical shift is mostly the result of increasein
crystallinity due to the formation of new, secondary lamellae. The apparent continuity in the
change of the vertical shift rate across the nominal glass transition could be the result of the

fact, that although through different mechanisms, slow volume relaxation governs the
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isothermal decrease of the creep compliance below Ty (through densification of the
amorphous glassy pockets) as well as above Ty (through RAF controlled relaxation during
secondary crystallization within the pockets).

glasstransition

The increase in crystallinity during annealing above Ty can account for the log-time
increase in Ty after aging (figures 4.58 and 4.59). An increase in crystallinity within the
liquid pockets by 0.01-0.02 during secondary crystallization (for the samples on figures 4.46
and 4.25-4.29) would not affect significantly the relaxation strength (by DSC) and might

even not be detectable due to the fact, that the uncertainty of the f " values is about +0.05

(compounded from the relative uncertainty of the Cp(T) values, estimated by Cheng et a. to
be a best +2% ). A dlightly larger increase in crystallinity during the secondary
crystallization (as for the cold-crystallized samples - figures 4.47-4.49) might result in a
change in relaxation strength (see Cp(T) change above the glass transition between the scans
on figure 4.13). lrrespective of the change in relaxation strength, however, in both cases the
insertion of new lamellae or lamellar stacks in the liquid pockets must affect the mobility of
the remaining amorphous fraction. Generally, the effect should be similar to that due to the
primary lamellae. Therefore, during the development of secondary crystallinity an increasein
T4 would be expected. This explains the observation of the log-time increase in T4 during the
secondary crystallization stage for samples with otherwise completely different initial

morphologies - figures 4.58 and 4.59.

Less straightforward is the explanation of the peculiar decrease in Ty with an increase
in T, (figure 4.57) and T, (figure 4.59). Cheng et a. clam that this is due to the
morphological features of crystallization at low vs. high temperatures. * At high
temperatures, crystallization results in larger lamellae (or lamellar stacks) and at low
temperatures - smaller and less perfect lamellae. They suggests, that this difference in
morphology results in larger crystal-amorphous interphase and higher constraints (larger
residual strain at the interphase) and therefore - higher Ty for the samples with lower
crystalization temperature. In the context of the finite lamellar stack model, such an

interpretation is consistent with the direct morphologica observations (by TEM) of Lovinger
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et a. ® With adecrease in crystallization temperature, they observed, that the coarseness of
the spherulites decreases. A smaller size of the interstack gaps at lower crystallization
temperature would result in a larger influence of the adjacent lamellar stacks on the
relaxation of the MAF and higher Ty

However, if these ideas are applied to the case of cold-crystallized samples (figure
4.57 and references quoted there) and melt-crystallized samples, annealed below T (figure
4.59), such an interpretation is inconsistent with the major assumptions of these authors and
the present study (namely, the adoption of a dual lamellar population model of the thermal
stability of the lamellar microstructure).

The lamellar stack morphology and the spherulitic superstructure are formed during
the primary crystallization stage. In the case of the cold-crystallized samples, primary
crystallization upon heating occurs in the 165-190°C range. The argument about the effect of
crystallization temperature on Ty will apply only if one assumes that the morphology of the
primary lamellae changes with increase in T, that is, after the end of the primary
crystallization. This amounts to assuming a continuous melting and recrystallization of the
entire lamellar population during heating to the cold-crystallization temperature (e.g. the
melting-recrystallization model for the multiple melting of PEEK). As was discussed above,
that model has been shown to be inconsistent with other experimental evidence, including
that obtained by DSC.

In the case of the melt-crystallized samples annealed below Ty (figure 4.59), the
annealing will produce no change in the primary lamellar morphology. The above mentioned
explanation could apply only to the secondary lamellar population and its environment.
However, instead of dense vs. coarse superstructure, the interpretation would be rather as
more constrained (low T,) vs. less constrained (high T,) environment of the newly formed

secondary lamellae.

An aternative explanation is suggested by Jonas and Legras. " The decreasein Tyis
explained in terms of a change in the loss of conformational entropy of the amorphous
regions upon crystallization. Crystallization and/or annealing at lower temperatures resultsin

kinetic trapping of some of the accessible conformations and their exclusion from the regions
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of phase space, which can be explored through large scale segmental motions by the chainsin
the amorphous regions. The loss of degrees of freedom results in higher activation energy

and therefore higher Ty,

multiple melting and secondary crystallization

The model proposes that the physical location of the secondary crystallization process
is outside the existing semicrystalline primary lamellar stack morphology - in the amorphous
gaps between primary lamellar stacks. It explains qualitatively the slow rate of secondary
crystalization through the limiting effect of the slow relaxation of the constrained amorphous
fraction (RAF), necessary for the continuation of secondary crystallization. The temperature
dependence of the secondary crystallization rate can be explained through the increased

mobility of the so called RAF with increase in crystallization or annealing temperature.

However, the model does not answer unambiguously some of the questions related to
the melting of the secondary lamellae - the origin of their lower thermal stability and the
time-temperature dependence of the melting temperature Tnax(low), which was examined in

section 4.2.1:

The original dual lamellar population model suggests, that the lowering of the melting
temperature of the secondary lamellae is due to their smaller size (i.e. thinner lamellae
inserted between thicker primary lamellag). > > ™* Thisideais kept by some authors in the
revised dual lamellar population model as well. 8 8% 1% An immediate consequence of this
idea is the conclusion, that the extremely broad range of melting temperatures of the

16, 72, 73 must

secondary lamellae (170-340°C) observed in this study and literature sources
correspond to a very broad distribution of secondary lamellar sizes, which must be smaller
than the observed sizes of the primary lamellae. A further illustration of this conclusion is
the observed apparent sequentia crystallization of secondary lamellae with progressively
smaller and smaller sizes (reflected in "multiple melting” DSC scans with up to 12 peaks)
upon stepwise annealing at successively lower temperatures after melt-crystallization. "#
While the effect of size on thermal stability of polymer lamellar crystalsis very intuitive and

42, 113
d,

well understoo until a direct morphological evidence from a carefully designed
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experiment connects the low temperature melting of secondary lamellae to their smaller sizes,

this remains only a good operative idea.

(Note: The above critique is based on the fact, that so far direct morphologica evidence for
different lamellar sizes (electron microscopy) only suggests, that the smaller lamellae are the
ones, which melt at the low temperature endotherm. ©° In semicrystalline polymers, the broad
high temperature melting peak alone is usually associated with the melting of a distribution
of lamellar sizes. ** ™3 There is no direct evidence from the morphological studies, that the
different lamellar sizes they display do not belong to the primary lamellar population. An
intriguing exception is a description, given by Lattimer et al., ™ of a sequence of events,
observed within a coarse spherulitic superstructure during stepwise heating. The authors
report (without providing evidence) time resolved observation at high temperatures in the
electron microscope of the crystallization, melting, immediate recrystallization and growth
upon annealing of a separate population of PEEK lamellae, while the primary lamellae,
which form the coarse spherulitic superstructure, remained unchanged during the

experiment.)

One can speculate, that in addition to the small size of the secondary lamellae,
residual dilatational forces acting on them ("negative pressure’, interfacial tension) could
affect their thermal stability. *** The discrepancy between DSC and density crystallinity,
discussed earlier in this chapter (section 5.3), provides an argument in support of the
existence of such forces and their possible effect on the thermal stability of the secondary
lamellae. The higher DSC crystallinity values (and WAXS crystallinity values *#) imply,
that the calculated average density of the amorphous phase at ambient conditions, measured
at different extents of secondary crystallization, is lower than the equilibrium value (figures
5.1-5.4). The resulting "negative pressure” (dilatational stresses) would lead to a depression
of the melting point of the secondary lamellae, embedded in the "liquid pockets'. This idea
provides a viable explanation for the time-dependence of the melting point of the secondary

lamellae.

In the context of the idea that smaller size alone determines the lower thermal stability

of the secondary lamellag, the time-dependence of Ta(low) leads to physically meaningless
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conclusions. The increase in Tmax(low) with log(t;) would correspond to increase in crysta
thickness on the order of an angstrom or less (that is, a small fraction of the unit cell and
repeat unit lengths). Such small effect could be interpreted only as "perfection” of the
lamellae. The time-temperature evolution of Tna(low) can not be interpreted as resulting

from the effect of "size" or "perfection” alone.

The concept of "negative pressure” (and the physical changes associated with its
formation) provides a reasonable explanation of the increase in therma stability of the
secondary lamellae with increase in log(ty). With increase in log(ts), the volume of a"liquid
pocket" decreases, while the volume fraction of (secondary) crystalline lamellae formed
within it increases. Upon heating these lamellae melt just above T, due to a large melting
point depression, caused by the dilatational stress ("negative pressure") exercised on them.
With the beginning of melting, the "negative pressure" is partialy relieved due to the
transformation of the lamellae into a less dense amorphous material within a constrained
volume. Therefore, the longer the annealing time, the higher the mass fraction, which
transforms upon melting and the larger the reduction of the "negative pressure" at the time of
melting. This effective reduction leads to an increase in the observed melting temperature of

the secondary lamellae with increase in log(ty).

The revised dua lamellar population model of the semicrystalline state presented
above provides a reasonable explanation for a number of the time-dependent phenomena

observed beyond the primary crystallization stage in PEEK.

At this stage the new model addresses the time-dependent phenomena above Tq
("physical aging", multiple melting, RAF etc.) only in PEEK. As was pointed out in the
review (chapter 2), these phenomena are universal for many crystaline polymers. A
classification scheme for chain-folding semicrystalline polymers, based on the presence or
absence of a crystalline a-relaxation, *** is afirst step in achieving a universal model for the
time-dependent structural relaxation in semicrystalline polymers above Ty Table 5.1
summarizes the various observations, incompatible with the smple two-phase model, for

several semicrystalline polymers.
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Table 5.1 List of polymers for which experimental data suggest violations of the standard

two-phase model of the physical state of semicrystalline polymers.

Failures of the Two-Phase Model of Crystallinity

Polymer Low Endotherm and RAF - DCp(Tg) | ¢ D¢ . ¢ Dens
. - P anomaly
Physical Aging anomaly
Material | a Relaxation Ty Ta TgTm
HDPE 50°C vV ” H 168
i-PP 100°C a4 " 3 -
PPS no vV o 124
PEEK no a4 10 this study
i-PS no 4 200 '
PBT no vV 14 '
PET no v 113,170 40, *

* - currently under investigation - Marand et .

** - annealing above T, and/or close to T}n also leads to a log(ty)-dependent (low

temperature) melting endotherm 27 2% 158 161 173.174 ' hg\vever  its molecular origin is expected

to be different - "surface melting"; thickening
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To finish this discussion, several alternative ideas will be mentioned without
elaborate analysis. Some of them are compatible with the current model, others are not.

These include:

- growth of single secondary lamellae between the primary ones (Bassett et al. ) vs.
growth of stacks of secondary lamellae within the mobile amorphous phase (in the "liquid
pockets');

- growth at the crystal-amorphous interface - small new crystals or "surface

crystallization” and "surface melting”;

(Note: This idea would require a major revision of the ideas about the "rigidity" of the
interphase - RAF and its role. It is quoted here because surface crystallization and surface
melting had been extensively explored ® **® as a model for the isothermal structural
reorganization and thermal stability upon heating-cooling cycles of PE at high temperatures
i.e. above the crystalline a-relaxation temperature. Hutchinson and Kriesten effectively
suggest the same idea for explaining the low temperature endothermic peak and the "physical

aging" of i-PP below the a-relaxation as well. *> %)

- growth of different, possibly - fringed-micellar type of crystals during the secondary
crystalization stage;

(Note: Thisidea is based on the similarity between the "double melting” phenomenon and
melting after isothermal annealing of PV C > which is believed to form crystals of fringed-
micellar type. See also related results and comments at the end of section 5.6.3.)

- effect of conformational entropy change in the amorphous regions and/or the crystal-

amorphous interphase upon crystallization;

(Note: Thisidea has aready been mentioned above in connection with the explanation of the
dependence of Ty on crystallization temperature, which is provided in reference 157. For
additional reference see Wunderlich's discussion of polymer melting in reference 42 and

section 4.7 of reference 113.)

- a transition of the amorphous chains from "fragile" to "strong" behavior ** upon

formation of a network-like semicrystalline structure.
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(Note: As was mentioned at the end of section 5.4, the main operative value of this idea
currently liesin the possible explanation of the abnormal crystallinity dependence of the heat
capacity reflected in the concept of a "rigid amorphous fraction" above Ty. 19 The concept of
"rigidity" above T4 would be replaced by the characteristic features of "strong” liquids. The
transformation from a "mobile"/"fragile” amorphous polymer to "rigid"/"strong" liquid could
also explain the change in the ability for structural reorganization from fast primary
crystalization to slow secondary crystallization. The former is characteristic of the ease of
structural reorganization in the "mobile"/"fragile” linear amorphous polymer, the latter is
similar to the resistance to structural reorganization in "strong" liquids. The heat capacity of
the semicrystalline polymer above T4 would be lower than predicted from the simple two-
phase model due to the fact that the heat capacity of the constrained amorphous phase is
lower, than that of the pure amorphous phase. Inherent to the "strong"/"fragile" classification
of liquids is the analysis of the complex "topology" of the potential energy hypersurface in
configurational space. The density and distribution of local minima, their barriers and
organization in "megabasins’ of minima play an important role in identifying the differences
between the two classes of liquids, but are at this point of development of the physics of
semicrystalline polymers and glasses a visualization tool, rather than characteristics

rigorously derived on the basis of statistical mechanics.)
- an alternative model for the origin of the "physical aging" phenomenon. #*°

(Note: The model, already briefly discussed at the end of section 5.4, is a significant
departure from Struik's extended glass transition model. While it acknowledges the existence
of a "constrained" amorphous fraction above Ty characterized by large retardation times, it

examines the possibility that changes in the relaxation strength alone are the sole origin of the

"physical aging".)

5.6 Some Controversial Results

The preceding sections of this chapter discussed the majority of the results presented
in chapter 4. Some new ideas for the explanation of original, as well as literature data, were

explored and a revised version of the dual lamellar population model of semicrystalline
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PEEK was presented in its relation to time dependent phenomena above Ty ("multiple

melting" and "physical aging").

This section presents additional original results from studies of the "multiple melting"
of PEEK. Despite the fact, that some of the effects had already been studied in the literature,
they have not been given enough consideration within the dual lamellar population model.

These include;

1. The heating rate dependence of the low temperature melting endotherm - section
5.6.1.

The effects observed in heating rate studies of the melting of PEEK 3 & . 70 i
general have extensively discussed and explained only within the melting-recrystallization
model of the multiple melting of PEEK. ® ® %  Authors who support the dual lamellar
population model have either not addressed the relation of the heating rate dependence to the

model * 7 or did not study it at all. ™ 82 8155

2. Mdting of semicrystalline PEEK, annealed above its initial crystallization

temperature at very high annealing temperatures - section 5.6.2.

Results of such annealing experiments are presented in the study of Chang * and
Bassett et al. ° Some of the morphological evidence presented by Bassett et a. ™ and by
Lattimer et al. " appears directly related to these experiments, rather than to any other DSC
investigation of the multiple melting of PEEK. The significance of this high temperature
annealing, however, has not been given enough consideration. The results presented in
section 5.6.2 suggest a new set of morphological experiments (for example, WAXS, SAXS,
TEM). These appear to require a demanding setup, but ultimately should be able to provide
more conclusive evidence for the structural changes during annealing and subsequent melting
of PEEK, than the current evidence in support of the dua lamellar population

model .70,82,84,155

3. DSC studies of the effect of annealing in the immediate vicinity of the calorimetric
glass transition of semicrystalline PEEK (enthalpy relaxation below T4 and low temperature

melting above T) - section 5.6.3.
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The experiments examine the validity of several statements made > % **° that the
magnitude and the rate of increase of the enthalpy of the low temperature endothermic peak
above Ty are much higher than the characteristic values, known for the enthalpy relaxation of

amorphous polymeric glasses below Tj.

The last two experiments can be characterized as exploring the phenomenon of the
low temperature endotherm at the boundaries of the temperature range, where it is observed -
between Ty and T,,. Thisisin contrast to the literature studies and the results reported in
chapter 4, in which characterization of the multiple melting phenomenon in PEEK has been
done at intermediate crystallization and/or annealing temperatures. After the extensive
characterization at intermediate temperatures has lead to a good knowledge of the thermal
behavior of PEEK, this new approach can provide valuable information about the nature of

the physical changes, which occur upon annealing of PEEK above Ty

5.6.1 Heating Rate Dependence of the Low Temperature Melting Peak of
PEEK

Several heating rate studies of the double melting behavior of PEEK ® % ¢ 70 haye
established the following characteristics:

- The temperature of the maximum of the main (high temperature) melting peak

decreases with an increase in the heating rate g. ® %% 7

- The peak maximum of the low temperature melting peak increases with an increase
65, 66

in g. % % %7 Theincrease appears approximately linear with log(q).

- The enthalpy of the low temperature peak increases linearly with an increase in
log(q). *°

These results have been interpreted in terms of a balance between two competing
processes melting and recrystallization. Lee and Porter ® % and Ostberg and Seferis *
propose, that the observations are due to the melting and recrystallization of the entire
population of polymer lamellae (e.g. melting-recrystallization model). Ostberg and Seferis
draw an analogy with a similar interpretation of the heating rate studies of PET by Fakirov et
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al.® Cheng et a. *° suggest, that the low melting temperature population of lamellae might
recrystallize after melting and melt again at the high temperature endotherm. The balance
between the melting and the recrystallization of these secondary lamellae leads to the
apparent "conversion" *° between the two melting peaks - a linear increase in DHm(low) with
log(g) and a constant total melting enthalpy. According to Lee and Porter, however, the total
melting enthalpy decreases with increase in log(q). ®® Bassett et al. " propose, that the
changes in the high and low temperature melting peaks with heating rate suggest only a
modest reorganization during scanning of the lamellar population, which melts at high
temperatures. This conclusion is based on the fact, that the double melting character of the
scan of PEEK, crystallized at 310°C, is retained even at heating rates of 80 K/min. This
suggests, that recrystallization would have to be extremely fast in the temperature range
above the low melting peak (~ 320°C). Studies of the crystallization rates of PEEK in this

range do not support such statement.

The next few paragraphs present data which illustrates the experimental observations
listed above as well as some origina results. The studies were performed on melt-
crystallized PEEK in order to minimize the melting range of the polymer in the DSC. This
minimizes scanning time and leads to better reproducibility of the baseline and temperature
calibration of the DSC.

Figure 5.9 shows the melting scans of PEEK, crystallized from the melt in the DSC
at 308°C for 60 min. The scans were recorded at intermediate heating rates - 2.5 K/min, 5
K/min, 10 K/min, and 20 K/min. Correction with the appropriate baseline was applied.

No temperature calibration of the heating scans and the melting peak parameters was
initially applied (figures 5.9 - 5.11). This was done in order to compare the heating rate
dependence of the two different melting peaks of PEEK with the heating rate dependence of
the melting peak of the lead standard.

The "modest reorganization™ of the high temperature melting peak is evident in the
decrease of the temperature of its maximum with increase in heating rate. The temperature
calibration correction would have to account for the thermal lag in the sample. Therefore, it

will shift the high heating rate scans to lower temperatures and only increase the apparent
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Figure 5.9 DSC heating scans of PEEK, melt-crystallized,at B10°C for 60 min,
recorded at heating rates: 2.5 K/min, 5 K/min, 10 K/min, and 20 K/min.
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drop of the maximum of the high temperature peak. Its reorganization is further pointed out
by the decrease in height of the high temperature peak with increase in heating rate. The

magnitude of this decrease and the parallel increase in DH,(low) are modest indeed.

Figure 5.10-a shows the increase in the temperature of the peak maximum -
Tmax(low), and peak onset - Tont(lOW), Of the low temperature peak with an increase in
log(q). Without temperature calibration, their dependence on log(q) dightly deviates from

linear.

The melting enthalpy of the low temperature peak is shown on figure 5.10-b. Its
evaluation is subject to the uncertainty, associated with resolving the local baseline of the low
temperature endothermic peak, discussed at the end of section 4.2.1. Evauation with alinear
local baseline (C) leads to larger values for DH,(low) than evaluation with a continuous "step
baseline” (D). Both sets of data, irrespective of the evaluation method, show an

approximately linear increase in DHy(low) with an increase in log(q).

Another set of experiments was performed, for the purpose of investigating the
dependence of the corrected characteristic temperatures of the melting scan of PEEK on
heating rate. The sample in this study is a thin film (~0.15 mm), pressed and isothermally
crystalized from the melt in the Pasadena SP210C hot press for 90 min at temperature
310°C. As was discussed earlier in section 4.2.1, the true isothermal crystallization
temperature of the pressis severa degrees lower and was determined to be about 305°C. All
samples were prepared at the same time, were chosen from a small area of the film (i.e. with
no significant gradient in Ty) and therefore have the same thermal history. Melting scans
were collected at heating rates ranging from 0.62 K/min to 80 K/min. The sample weight
was kept small and the same for all heating rates (~ 2 mg) in order to ensure small steady
state temperature gradient within the sample. This was probably true at slow heating rates,
while for the highest heating rates a significant temperature gradient (and a thermal lag of the
melting transition, associated with it) is expected. ™* For this purpose the melting scans of a
lead standard were collected as well. The PEEK melting scans were compared with them

under the assumption, that the thermal lag of the sample is approximately the same as the
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thermal lag of the lead standard, which would allow temperature calibration of the PEEK

melting transitions and reveal their inherent heating rate dependence.

The melting scans of the lead standard were collected at the same heating rates as the
PEEK samples. The melting temperature of lead is 327.5°C - about midway between the low
and high temperature melting peaks of the PEEK samples investigated.

Due to the small sample mass the stability of the baseline for the eight different
heating rates used was not sufficient for a more rigorous evaluation of the melting peaks with
the use of alocal step-baseline (as described at the end of section 4.2.1). The melting peaks
of lead and PEEK were analyzed with the help of the MC? software package for thermal

analysis. Theresults are shown on figures5.11 and 5.12.

Figure 5.11-a shows the heating rate dependence of Tma(lead) and Tonst(l€ad) - the
temperatures of the peak maximum and peak onset for the melting peak of the lead standard;
Tmax(high) - the temperature of the maximum of the high melting peak, Tma(low) and
Tonset(lOW) - the peak maximum and onset temperatures of the low temperature peak of
PEEK. Figure 5.11-b shows the same parameters, plotted against a logarithmic heating rate

axis.

Tonset(l€ad) increases linearly with an increase in the heating rate q. Tmax(l€ad)
increases faster with increase in g, but when extrapolated to infinitely slow heating rate, the

two temperatures approach the equilibrium melting temperature of lead.

The uncorrected melting temperature of the high temperature melting peak of PEEK -
Tmax(high), initially decreases with an increase in . This decrease is opposite to the trend
observed in Tha(lead) and is due to the reorganization of the PEEK lamellae during the
melting scan. Lamellae, which melt at 310°C, for example, would be dynamically annealed
for 8 min, 16 min, and 32 min during the scan from 310°C to 320°C at heating rates 1.25
K/min, 0.62 K/min, and 0.31 K/min respectively. Such times are sufficient for the
recrystallization of these lamellae and subsequent melting at higher temperatures. With
increase in heating rate the amount of material, which recrystallizes and the temperature of

recrystallization decrease, leading to the decrease in Tax(high) of PEEK.
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Figure 5.11 Dependence of the peak temperature on the DSC heating rdiadar plot,
b - semilogarithmic plot): A) peak onset temperature and B) peak maximum temperature of
a lead standard; C) peak maximum of the high temperature melting peak of PEEK; D) peak
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crystallized for 90 min at 305°C in a hot press.
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At higher heating rate Tma(high) increases with increase in g. This change in the
trend is expected to be due to the thermal lag effect, which offsets the partial reorganization
(at these heating rates the recorded peak maximum temperature of lead Th(lead) is
increasingly larger than the true melting temperature of lead). Due to the highly asymmetric
shape of the high temperature melting peak of PEEK, evaluation of its onset temperature and

comparison with the onset temperature for lead is not appropriate and was not done.

In contrast, the low temperature melting peak of PEEK is highly symmetric. It is
broader than the melting peak of lead, but much narrower than the high temperature melting
peak of PEEK. The symmetry of the peak and its relatively narrow shape (for this
crystallization temperature) justify a comparison of its peak onset and maximum with those
of the lead standard.

The plot with the linear heating rate axis (figure 5.11-a) shows, that at high heating
rates the behavior of Tma(low) and Tons(lOw) appears similar to the behavior of Ta(lead)
and Tos(lead). With a decrease in heating rate, however, these parameters for PEEK
decrease at a faster rate than in the case of lead and the dependence of Ty.st(lOW) 0N g is not
linear. This difference is better illustrated on the plot with the logarithmic heating rate axis
(figure 5.11-b). With decrease in log(q), the difference between Ta(low) and Tonset(lOW)
does not approach zero, as for lead, but appears to retain a constant value. The results from
figure 5.11 are replotted on figure 5.12 in a such a way as to emphasize the difference
between the melting of PEEK and lead.

Figure 5.12-a shows the difference between same type characteristics for the different
peaks:

A) [Tmax(high) - Tmax(l€ad)] - curve A.

Subtraction of Tmax(lead) from Tmax(high) is equivalent to subtraction of the thermal
lag contribution to Tma(high), under the assumption, that the effect has same magnitude and
trend with log(q) for both - semicrystalline PEEK and crystalline lead. With an increase in
log(q), this parameter decreases linearly throughout the entire range of heating rates. This
indicates, that the slowing down of reorganization effects continues to manifest itself

throughout the entire range of heating rates applied.
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Figure 5.12(a) - Relative position of the melting temperatures of the high and low melting
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Calculated from data on figure 5.11.
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B) [ Tmax(low) - Trmax(l€ad)] - curve B, and [Tonset(lOW) - Tonset(l€ad)] - curve C.

The two curves merge at high heating rates. This indicates, that at very high heating
rates the therma lag effect dominates the shape and position of the low temperature
endotherm of PEEK. However, at low heating rates other mechanisms, perhaps inherent to
the kinetic nature of the low temperature endothermic peak, dominate the shape and position
of the peak.

Figure 5.12-b characterizes the heating rate dependence of the width of the low
temperature endotherm of PEEK by comparing the difference [Tma-Tonset] fOr lead and
PEEK. In the case of lead - curve A, with decrease in log(q) the difference approaches zero,
following an exponential dependence. For the low temperature endotherm of PEEK - curve
B, the difference merges with the result for lead at high heating rates. At low heating rates it
appears to attain a constant value of about 3.5 K. This peculiar observation could also be

inherent to the kinetic nature of the low temperature endotherm.

At last, one must note the fact that some of the results on the characteristics of the low
temperature endotherm could have been affected by the method of analysis of the DSC scans.
The new findings reported here must be reexamined with an experiment, in which the
thermal history is favorable to a rigorous evaluation of all characteristics of the DSC heating
trace in the vicinity of the low temperature endothermic peak, according to the local step-
baseline method presented at the end of section 4.2.1. With this, amore definitive conclusion
about the effect of heating rate on the melting enthal py could be obtained.

In summary, the heating rate studies of the melting of PEEK show, that:

- melting and recrystallization during the heating scan have significant effect on the

high temperature melting peak of PEEK even for melt-crystallized samples.

- after calibration with a lead standard, the low temperature melting peak in the scan
of PEEK increases in magnitude and position linearly with increase in logarithm of the
heating rate.

- athough the peak of the low temperature endothermic transition is relatively sharp
and symmetrical (see section 5.6.2), at ow heating rates its width does not follow the

265



heating rate dependence of the sharp melting peak of lead. The observed behavior appears to

be due to the nature of the transition, rather than to thermal lag effects.

5.6.2 Annealing of Almost Fully Melted PEEK near T,

The study of Bassett et a. ™ contains some experiments, in which originally
amorphous PEEK has been heated up from the glassy state, crystallized upon heating and
annealed at very high temperatures, close to the melting range in the continuous heating scan
of amorphous PEEK. These experiments are equivaent to the thermal history profile shown
in figure 3.4 for annealing temperatures T, (T in the notation of figure 3.4) in the 320°C -
345°C range. The following experiments by Bassett et al. are closely related to the data

presented later in this section:

- Short time annealing (t; = 10 min) at progressively higher temperatures - T, =
310°C - 340°C, and scanning after cooling down below T

- Isothermal annealing for different times at arelatively high annealing temperature -
Ta=320°C.

The first set of these experiments (different T,'s, same t;) shows at low annealing
temperatures a low temperature endothermic peak, which appears as a small shoulder at the
beginning of the main melting peak. With increase in T, more of the material which meltsin
the main melting peak is melted before the start of the annealing. The low temperature peak
increases in magnitude and for the given annealing time at certain annealing temperature
(between 320°C and 330°C) merges with the main melting peak. At the highest annealing
temperature (T, = 340°C) a small sharp peak is observed on the high side of a broad melting
curve, which resembles the melting curve of the origina unannealed polymer. The former is
identified with the melting of a self-seeded polymer, melted and recrystallized at 340°C, the
latter - with the melting of the polymer, recrystallized on cooling. Results similar to these are
shown also in the study of Chang.

The results presented in the following paragraphs will help illustrate the difference
between the melting of the high and low melting populations of lamellae when the annealing

temperature is very high and in the melting range of the primary lamellae. They extend the
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observations of Bassett et a. ”° and Chang " by monitoring the annealing time dependence of
the low and high temperature melting peaks at severa different annealing temperatures along
the melting trace of afully amorphous PEEK, heated from the glass.

The samples were heated fast in the DSC (at the fastest rate possible - 320 K/min) to
the annealing temperature T,. The several annealing temperatures used: 325°C, 334°C,
340°C, 343°C, and 345°C, span approximately the part of the scan of an amorphous PEEK,
in which melting proceeds from about 30% to 90-95% of the total melting enthalpy (see
figures 3.1 and 4.13). After annealing for various lengths of time at T,, the melting scans
were recorded without quenching (at most T.s except 340°C). The scans were recorded at
heating rate 10 K/min after quick drop in temperatureto (T, - 5) - (T4 -10) K for about 10 - 15
S. The latter step was done to allow for the collection of a longer baseline before the
beginning of the melting peak(s) and to increase the accuracy of the melting enthalpy

evauation.

Figure 5.13 shows the melting scans of samples annealed for various lengths of time
at T, = 325°C (scans B-G) and T, = 334°C (scans H-N). At T, = 325°C the annealing results
in the development of a low temperature melting peak, which appears as a shoulder at the
beginning of the main high temperature broad melting peak. The low temperature endotherm
progressively increases in magnitude and shifts up in temperature with increase in log(t).
The high temperature peak remains unchanged and is practically identical with the remaining
unmelted part of the melting scan of initially amorphous PEEK heated up from the glassy
state - scan A. The results of the annealing at 325°C are qualitatively similar to the annealing
up of melt-crystallized PEEK, shown on figure 4.21.

Scan H shows the melting of a sample, annealed at 334°C for a very short time -
heated up to 334°C and immediately cooled down, denoted as t, = 0.1 min on the plot. This
scan is practically identical with the remaining unmelted part of the scan of an initialy
amorphous PEEK. The tail parts of scans A and H, superposed on the lower part of figure
5.13, coincide. For short annealing times at 334°C, the low temperature peak first appears as
a small narrow low temperature shoulder of the main melting peak. With increase in t,, the

low temperature peak increases sharply in magnitude and shifts up in temperature, while the
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Figure 5.13 DSC melting scans of PEEK samples, annealed up in the melting range after
cold-crystallization during heating up from the amorphous glassy state. Scan A - heating
scan of aninitially amorphous sample; scansB - G - annealing at T, = 325°C for 2 min,

8 min, 16 min, 33 min, 60 min, and 120 min; scansH - N - annealing at T, = 334°C for
0.1 min, 1 min, 2 min, 8 min, 30 min, 123 min, and 483 min. Heating rate is 10K/min.
Vertical lines mark the two annealing temperatures.
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high temperature peak shifts slightly up, but shows very little increase in area. At 334°C for
the times used in figure 5.13, the induction time for crystallization is high and very little
primary crystalization from the free melt occurs due to the decrease of nucleation density
with increase in temperature (extrapolation of the results shown on figures 4.15 and 4.19).
However, in the presence of unmelted primary lamellar morphology, primary crystallization
could still occur at aslow rate within the melted parts of the superstructure (consider the self-
seeding technique of crystallization at high temperatures, widely used in microscopy and
described in reference 160).

For long annealing times the two peaks overlap. Their separation (for the evaluation
of the enthalpy of the low temperature peak's contribution) is done according to the method
described at the end of section 4.2.1, under the assumption, that the trend in the devel opment

of the high temperature peak with log(ts) is continuous at all times.

The scans after annealing at T, = 340°C are shown on figure 5.14. At 340°C a
significant part of the polymer is melted (note, that there is a difference of about 1-2 K
between the isothermal annealing temperature in the DSC and the recorded temperature in the
DSC scan at 10 K/min due to thermal lag). Y et due to the presence of still unmelted primary
lamellae, even short annealing times as low as 1 min cause the appearance of a low
temperature melting peak. In the visual absence of a large high temperature broad melting
peak in the scans the peak is denoted as "low temperature melting” for consistency with the

results of the other crystallization and/or annealing experiments on PEEK.

It is clear, that the increase in magnitude and shift up in temperature with annealing
time at T, = 340°C is similar to the observations at lower annealing temperatures, where the
high temperature melting peak's contribution to the melting enthalpy is larger. Therefore, the
melting peak on figure 5.14, which evolves with annealing time, must represent the melting
of secondary lamellae, formed at 340°C under the constraining effect of the small fraction of
primary lamellag, which had not melted. The dight asymmetry of the peak at shorter
crystallization times, which becomes stronger for the sample with t, = 3834 min (G), is an
indication of the presence and evolution of a"high temperature” melting peak in the scans. It
reflects the melting of the primary lamellae, unmelted at 340°C, as well as the very slow
primary crystallization at 340°C.
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Figure 5.14 DSC melting scans of PEEK samples, with the same thermal history asthe
onesin figure 5.13, but annealed at the end of the melting range at T, = 340°C for the
following annealing times: A) 1 min, B) 4 min, C) 16 min, D) 60 min, E) 240 min, F)
965 min, G) 3834 min. Heating rateis 10 K/min.
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Figure 5.15 is a replotting of the melting scans of the samples annealed at 334°C
(from figure 5.13) without the displacement along the vertical axis. It illustrates the presence
and evolution of the two different components of the melting scan - the low temperature
sharp symmetric peak, which evolves linearly with logarithm of annealing time, and the
broad high temperature peak - the fraction of the original primary lamellae, which remains

unmelted at T, and slowly reorganizes upon annealing.

With increase in the annealing temperature, the fraction of lamellag, which melt
completely at T, increases. Irrespective of the annealing temperature or time and the
presence or absence of unmelted primary lamellae at T,, upon cooling down the amorphous
material will crystallize. Upon fast cooling small primary lamellae will fill the remaining
volume of the sample, unoccupied by the primary lamellae, which did not melt at T,, and the

secondary lamellae, which develop in their presence at T..

On figure 5.16 the melting scans of the samples annealed at T, = 340°C and scanned
without further crystallization or annealing (those, taken from figure 5.14), are superposed
with the scans of samples, which were annealed for the same times and at the same annealing
temperature, but quenched and scanned from below Ty. The samples, which were scanned
without quenching show the evolution with increase in log(ty) of the sharp low temperature
melting peak. A small broad high temperature peak component cab be resolved only from
the asymmetry of the sharp annealing peak, as observed in figure 5.14, and from the trend

observed in figures 5.13 - 5.15 as the annealing temperature increases.

The original goal of the experiment was after annealing at 340°C to quench down and
freeze the samples crystalinities (by DSC) as shown on figure 5.14 (see also figure 5.17
later). The melting enthalpy of the samples on figure 5.14 is dominated by the contribution
of the sharp symmetric peak which is the same as the low temperature melting peak, studied
a lower T4s in chapter 4. Therefore, successful quenching of the morphology, which
develops upon annealing at 340°C, would have alowed to evaluate crystallinity and
morphology dominated by the contribution of secondary lamellae and to monitor their
evolution with time. Although the samples scanned from below T4 were quenched in liquid

N>, this did not prevent them from crystallizing upon cooling down.

271



= 0.1 min 1 min 2 min
8min  ------ 30min - 123 min
------ 483 min = = = continuous scan melt Cp

2.20

Cp [cal/deg*g]

Temperature [°C]

Figure5.15 Plot without vertical displacement of the DSC melting scans of the samples,
annealed at 334°C (from figure 5.13). The remaining unmelted part (A) of the original
high temperature melting peak (the scan of an initially amorphous sample) reorganizes
slowly - moves up in temperature, but little in intensity. The sharp symmetric peak (B)
isalow temperature shoulder of the main melting peak at short times, then increases in

intensity and moves up in temperature.
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Figure5.16 Comparison of the melting scans of PEEK samples, annealed up from the
amorphous glassy state at T, = 340°C and scanned without quenching (from figure 5.14)

and after quenching below T,. The peak which results from annealing (i.e. the "low
temperature” melting peak) is the same in position, shape and magnitude for both types of
post-annealing thermal history. The fast quenching (in liquid N) does not prevent the
samples from crystallizing upon cooling. Their scans show the main (i.e. "high temperature™)
melting peak, typical for PEEK, crystallized at high undercooling. Heating rateis 10 K/min.
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The broad melting peak between 290°C and 350°C in the melting scans of the
samples scanned from below Ty is typical for the melting of primary lamellae, formed upon
fast crystallization during cooling down from the melt. > ™ In addition, a sharp symmetric
peak appears at the high temperature end of the broad one. This peak reproduces with
remarkable precision the position and magnitude of the melting scan of PEEK, annealed for
the same time, but scanned without quenching. Therefore, the therma stability of the
secondary lamellae, formed upon annealing in the melting range of PEEK at 340°C, appears
unaffected by the subsequent primary crystallization upon cooling down. Thus, athoughiitis
impossible to quench the secondary lamellae aone, by variation of the annealing time at
340°C and subsequent controlled crystallization upon cooling one could obtain samples with
various fractions of secondary lamellae. From scans shown on figure 5.16 one can estimate,
that an increase in log(ts) by only 1.5 decades between 8 min and 240 min results in increase
in secondary crystallinity by DSC from 0.01 to 0.07 i.e. from about 3% of the total
crystallinity to about 20%. Given the relatively short annealing times on the order of only
few hours, this could allow even direct observation of secondary crystallization in rea time
experiments such as high temperature hot stage electron microscopy or WAXS and/or SAXS

studies with synchrotron radiation sources.

With the advances in the last decade in the fields of electron microscopy and
especidly in real time WAXS/SAXS studies with synchrotron radiation, the most demanding
part of such an experiment appears to be the selection of the thermal history profile of the
sample: choice and maintenance of the annealing temperature, which would optimize the
above experiment. The next two figures provide quantitative data, which could help the

choice of thermal history for the experiment.

Figure 5.17-A shows the linear increase in Thx(low) with increase in log(ty) for
several annealing temperatures in the melting range of PEEK. Figure 5.17-B shows the
evolution with increase in log(ty) of the melting enthalpy of the low temperature (annealing)
peak, expressed as DSC crystalinity. Figure 5.18 shows the annealing temperature

dependence of the parameters of the linear fit of data shown in figure 5.17:

DHn(low) = a+ b*log(ty) (5.10)
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Figure 5.17 Dependence of: A) E{low) and B)x.(low) on annealing time for PEEK
samples, heated fast from the amorphous glassy state and annealed at several temperatures
in the melting range of a cold-crystallized PEEK (see figures 5.13-5.15).
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Tmax(low) = Ta+ A+ B*log(ty) (5.12)
where A=A(Ty), B=B(Ty), a=a(Ty), and b =b(Ty).

At any of the annealing temperatures, the nature of the peak, which results from
annealing, does not change - its shape, position, and evolution with time and temperature are
the same as the low temperature melting peak resulting from the thermal histories employed
in the experiments of chapter 4. For short annealing times at higher annealing temperatures

the peak appears closer to T, (A decreases with an increasein Ty).

The only dramatic difference is in the magnitude of the melting enthalpy of the low
temperature peak and its rate of increase. Annealing of semicrystalline PEEK at these high
temperatures leads to the largest observed melting enthalpies of the low temperature
endothermic peak (compare figure 5.16-B with figures 4.33, 4.35, and 4.37). This
observation initially follows the genera trend of increase in DH,(low) with increase in T,
observed under other types of thermal histories (figures 4.14, 4.16, and 4.29). At the highest
annealing temperatures, however, the trend is reversed. Between 334°C and 345°C the
overall magnitude (figure 5.17-B) and rate of increase (figure 5.18-B) of DHp,(low)
continuously decrease. Based on the current knowledge of the evolution of the low
temperature melting peak, the following explanation of the rates and magnitudes observed in

figure 5.17-B and 5.18-B appears most plausible:

Increasing T, leads to an increase in the log-time rate of secondary crystallization in
the constrained environment of primary lamellae which do not melt (see also figure 4.29). At
low annealing temperatures in the melting range of PEEK only a small fraction of the primary
lamellae melts and the macroscopic superstructure is largely left unchanged. Upon annealing
this fraction might recrystallize into larger and/or more perfect primary lamellae if the
existing superstructure and/or the rate of primary crystallization allow thisto occur within the
annealing times employed. If these amorphous gaps in the largely unchanged superstructure,
which are created by the melting of the primary lamellae at T, are not favorable for the
creation of thicker lamellage, the amorphous material in them will contribute to secondary
crystallization at T, As long as the fraction of primary lamellag, which melt at T, is

relatively small and uniformly dispersed, their melting leads to an increase of the constrained
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amorphous fraction at T,, which is the starting material for secondary crystallization. The
increase in the coarseness of the superstructure by partial (local) melting leads to larger
DHm(low) values. As long as no large volumes of completely melted primary lamellae are
created, annealing at T, most likely leads to secondary crystallization.

With a further increase in T, more primary lamellae melt and large volumes of
completely melted amorphous material would appear in the superstructure. At the same time
at higher T, the primary crystallization rate is lower and primary crystallinity will develop
only after very long annealing. In the absence of primary crystalline lamellag, no secondary
crystalization would occur in the large homogeneous regions of amorphous melt either.
Secondary crystallinity develops only in the constrained amorphous regions of the
superstructure between primary lamellae (or stacks of lamellag), which have not melted.
With increase in T, the relative fraction of these constrained amorphous regions decreases
due to the progressive increase in the fraction of melted primary lamellae. This explains the
absolute decrease in the magnitude of the melting enthalpy of the low temperature melting
peak between T, = 334°C and T, = 345°C observed in figure 5.17-B as well as the decrease
in itsrate of change - the parameter b in equation (5.10), shown in figure 5.18-B.

As long as there are clusters of primary lamellag, unmelted a T, secondary
crystallization proceeds in the constrained gaps between the lamellae (or the stacks of
lamellae). Even at T, = 345°C, long annealing of the amorphous material between the few

primary lamellae left produces secondary lamellae, the melting of which can be detected.

One might propose, that fractional crystallization occurs at the high annealing
temperatures employed in the experiments described above. This would attribute the
observed melting behavior to the melting of narrow fractions with different thermal stability,
which separate during annealing. Studies of the PEEK fractions (described in sections 3.1.1,
3.2.1 and 4.1) were not done on the scale of the experiments presented in this section due to
the limited amount of material available. Preliminary studies of fraction PEEK4-5 (M,, =
18,200 g/mol, PDR = 1.2) show, that under similar experimental conditions (annealing at
high T, in the melting range) its melting behavior is the same as that of the commercial

PEEK, described in this section. Thus until more extensive studies of the multiple melting
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behavior of the fractionated material, the idea of fractional crystallization at high annealing
temperatures can not serve as an explanation for the melting behavior characterized in this

section.

In conclusion, the results presented in this section provide clear evidence, that
optimum experimental conditions for the studies of secondary crystallization and the melting
of secondary lamellae are realized upon annealing of initially semicrystaline PEEK in the
melting range of the distribution of primary lamellae. In real time studies of secondary
crystallization in this temperature range and subsequent melting, more than 50% of the
crystallinity of the sample (by DSC) might form during the secondary (annealing) stage and
should be easily detectable by scattering techniques or hot stage microscopy. With careful
selection and accurate maintenance of the quite demanding setup for such experiments
morphological evidence in support of one or another model for the secondary crystallization
stage and the multiple melting phenomenon should be readily obtainable. The results would
be far more convincing than any other evidence presented earlier. Previous studies had
usualy relied on data from experiments in which crystalinity change due to secondary
crystallization (the low temperature melting peak contribution) is a small fraction of the

overall CryStaI li nlty 63, 64, 66-68, 70, 71, 74, 82, 85, 155

In relation to the hypothesis about the universal nature of the secondary crystallization
process in various semicrystalline polymers, it must be pointed out that annealing in the
melting range of an initially semicrystalline sample leads to similar observations in other
polymers as well: i-PP, *! i-PS, * and Nylon 10,10. *® In the field of microscopy, the
experiments investigated above are well known as the crystallization and melting of a "self-
seeded" polymer. **°

5.6.3 " Enthalpy Recovery" Below and Above T,*"

This section presents the results of an investigation by differentia scanning
calorimetry (DSC) of two mobility controlled processes in the amorphous phase of
semicrystalline PEEK - enthalpy relaxation below the glass transition (Ty) and secondary

crystallization above T4. Both result in the observation of an endothermic peak just above the
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annealing temperature in the DSC scan of the polymer - the enthalpy recovery peak and the
low temperature melting peak, respectively. An earlier study of melt-crystallized PEEK "
pointed out the striking similarity in the time and temperature dependence of the endothermic
peak for these two processes. In studies of annealing effects below and above Ty Illers >
claimed, that in the case of crystalline PVC the enthalpy recovery peak below Ty is an order
of magnitude smaller than the melting peak above Ty, which is similar in nature to the low
temperature melting peak of PEEK and other semicrystalline polymers. Hutchinson and
Kriesten *® compared the enthalpy relaxation rate in atactic PS below T, - 0.9 (Jg)/decade at
85°C, with the rate of increase of DH,(low) with increase in log(t,) for semicrystaline i-PP at
room temperature - 0.9 (Jg)/decade for a sample with crystallinity 0.60. They concluded,
that the rate of enthalpy loss on aging of the constrained RAF of i-PP is much higher than a
typical enthalpy relaxation rate. Wunderlich **° has made a similar comment with respect to
earlier ideas from our group that the low temperature endothermic peak in the heating scan of
isothermally melt-crystallized PEEK is recovery of the enthalpy, lost upon enthalpy

relaxation of the rigid amorphous fraction of PEEK above the nominal T,. *%°

All the above arguments are based on the "dua” or "extended' glass transition

concept (see the discussion in sections 2.5.4 and 5.4 and references therein). If the low
temperature melting peak, observed upon annealing between the nominal T4 and T, , is the

enthalpy recovery peak of the RAF below its respective glass transition, then it is assumed
that its kinetics must be similar to the enthalpy recovery of an amorphous glassy polymer
below Tg.

This section examines the effect of annealing in the immediate vicinity of the
calorimetric Ty of initially semicrystalline PEEK. This subject is of particular interest given
the peculiar results from the small strain creep studies of "physical aging” of semicrystalline
PEEK below and above Ty (reference 81 and sections 4.2.4, 5.4, and 5.5). Literature reports

ed % 192 and do not

on the enthapy relaxation of semicrystalline PEEK are somewhat limit
allow direct comparison with the studies of multiple melting of PEEK above Ty A report on
the aging of semicrystalline PEEK below Ty has even made an inaccurate statement that no

enthalpy recovery pesk is observed. ¥ Furthermore, no other studies in the literature have
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examined directly the similarity between the enthalpy recovery peak at or below T4 and the
low temperature endothermic (annealing) peak above Ty except the studies on PV C by lers™
and Bair and Warren. ** More recent references on studies of enthalpy recovery in other
semicrystalline polymers include: PET, 162165 170. 201 pEN 162 On the general subject of
"physical aging" (including enthalpy relaxation) of amorphous and semicrystalline polymers

several review papers have appeared recently. 166 169 197, 200, 201

Initially amorphous PEEK samples were annealed under nitrogen for 35 min at 300°C
in a BlueM mechanical convection oven, model MO1420SA. Thisinitial trestment, common
for all samples, produces a semicrystalline material with crystallinity by DSC of 37%. The
samples were subsequently annealed in the oven for various times in a wide temperature
range, encompassing the glass transition: 100°C, 120°C, 130°C, 140°C, 150°C, 160°C,
180°C, 200°C, and then quenched to room temperature.

DSC scans of these samples were collected from 75°C to the end of melting at a
heating rate of 20 K/min. The heat flow output was corrected by baseline subtraction and
calibrated with a sapphire standard. The enthalpy recovery peaks and the low temperature
melting peaks were resolved from the total heat flow by subtraction of the DSC scan of a
sample, subjected only to the initial crystalization at 300°C, common for al annealed

samples.

Tmax and DH, denote respectively the temperature of the peak maximum and the
transition enthalpy of both types of endothermic peaks observed - the enthalpy recovery peak
below T4 and the low temperature melting peak above Ty (Ty = 155°C by DSC at a heating
rate of 20 K/min). Distinction between the two different peaks can be made by observing the
labels for the annealing temperature T,.

Figure 5.19 shows the DSC scans of samples, annealed at 100°C - approximately 50
K below T4. The enthalpy recovery peak appears as a sub-Ty small and broad peak even for
the longest annealing times employed. Although the initial state of the samplesat T, = 100°C
is far removed from equilibrium, the decrease in the excess enthapy, measured by DH,, is

very small due to the very long relaxation times, expected at this temperature.
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At T, = 120°C - figure 5.20, the peak begins as a small and broad sub-T4 enthal py
recovery peak, then increases substantially in magnitude and shifts up in temperature into the
glass transition region. With further increase in annealing temperature - at T, = 130°C (figure
5.21) the enthalpy recovery peak is superposed to the glass transition. Its magnitude
continues to increase with increase in T, and log(ty). This trend is not reversed even for
annealing at 140°C (figure 5.22) - at the lower end of the glass transition range. At T, =
140°C the enthalpy recovery peaks are still very strong, well resolved and superposed on the
glass transition. The larger enthalpies can be attributed to the acceleration of the aging
process as relaxation times decrease with increase in T.. No leveling off in the dependence
96, 166, 167, 198,

of DH, on log(ty), typical for enthalpy recovery of amorphous polymeric glasses,

200 s observed.

Figure 5.23 shows the DSC scans of the samples annealed at 160°C - at the upper end
of the glass transition; figure 5.24 - the samples annealed at 180°C and figure 5.25 - those,
annealed at 200°C - well above T4. At these temperatures, according to the standard two
phase model of semicrystalline polymers, the amorphous fraction, although somewhat
constrained by the crystalline lamellag, is liquid-like and should be in equilibrium.

Therefore, no enthalpy relaxation and subsequent recovery should be observed.

The scans for T, = 160°C show the appearance of an endothermic peak just above the
annealing temperature - the well known low temperature melting peak in the melting scan of
PEEK, annealed above Ty. With increase in annealing time the peak increases in magnitude
and shifts up in temperature. At the higher annealing temperatures above T4 - 180°C and
200°C, the peak evolution has the same characteristics, but appears stronger and more clearly

resolved.

As was have discussed earlier (sections 2.4.2 and 5.5), calorimetric and
morphological studies of the "double melting” of PEEK suggest that the origin of this peak is
the melting of a population of crystalline lamellae with low thermal stability (lower than the
stability of the primary lamellae, which melt at higher temperatures). Their development is
associated with the process of secondary crystallization in PEEK, which develops upon

isothermal crystallization and/or annealing above Tg. " ™
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Figure5.19 DSC heating scans of PEEK samples, cold-crystallized at T. = 300°C for
t. = 35 min and subsequently annealed at T, = 100°C for: A) O min, B) 14 min, C) 41 min,
D) 122 min, E) 377 min, F) 1080 min, G) 3253 min.
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Figure 5.20 DSC heating scans of PEEK samples, cold-crystallized at T. = 300°C for
t. = 35 min and subsequently annealed at T, = 120°C for: A) O min, B) 14 min, C) 41 min,
D) 140 min, E) 360 min, F) 1080 min, G) 3360 min, H) 9881 min.
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Figure5.21 DSC heating scans of PEEK samples, cold-crystallized at T, = 300°C for
t. = 35 min and subsequently annealed at T, = 130°C for: A) 0 min, B) 120 min, C) 364

min, D) 1083 min, E) 3493 min, F) 9925 min.
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Figure 5.22 DSC heating scans of PEEK samples, cold-crystallized at T, = 300°C for
t. = 35 min and subsequently annealed at T, = 140°C for: A) O min, B) 14 min, C) 41 min,
D) 120 min, E) 360 min, F) 1080 min, G) 3253 min, H) 9930 min.
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Figure 5.23 DSC heating scans of PEEK samples, cold-crystallized at T. = 300°C for
t. = 35 min and subsequently annealed at T, = 160°C for: A) O min, B) 14 min, C) 41 min,
D) 135 min, D) 360 min, E) 1091 min, F) 3260 min, G) 6324 min.
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Figure 5.24 DSC heating scans of PEEK samples, cold-crystallized at T. = 300°C for
t. = 35 min and subsequently annealed at T, = 180°C for: A) O min, B) 14 min, C) 41 min,
D) 120 min, E) 382 min, F) 1085 min, G) 3243 min.
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Figure5.25 DSC heating scans of PEEK samples, cold-crystallized at T, = 300°C for
t. = 35 min and subsequently annealed at T, = 200°C for: A) O min, B) 14 min, C) 41 min,

D) 120 min, E) 360 min, F) 1115 min, G) 3240 min.
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78-80

Recent results from our group have shown that the double melting phenomenon

in melt-crystallized PEEK exhibits characteristics similar to the enthalpy recovery processin

amorphous glasses below T, 1% 1¢7;

the peak maximum temperature Ty(low) and the
associated transition enthalpy DHqy(low) increase linearly with log(ts), and Tmax(low) and
DHm(low) increase with increase in T,. The results presented in section 4.2 show, that the
same characteristic behavior describes the low temperature endothermic peak in the melting
scan of PEEK under any crystallization and or annealing thermal history profile, which

involves isothermal annealing above Ty

With the experiment presented in this section, the scans on figures 5.19 - 5.25 are
direct evidence of the similarity between the endothermic peaks which appear as a result of
annealing below and above Ty, respectively. This opens at least two important questions
about the observations displayed in figures 5.19 - 5.25:

First, are there more common characteristics for the enthalpy relaxation below T
and the secondary crystallization above Ty, other than the apparent similarity in the
endothermic peaks they result in upon subsequent heating? Second, what is the origin of the

similarity between the enthalpy recovery and the low temperature melting peaks?

One answer to the first question comes straight from examining the annealing time
dependence of DH, and Trmax.  The plot of DHj vs. log(ts) for the enthalpy recovery peaks (T,
< Tgy) is shown on figure 5.26-B and for the low temperature melting peaks (T. > Tg) - on
figure 5.26-A. On both plots an approximately linear increase in DH, with log(ty) is observed
at any given T,. For a fixed log(ty) value, DH, increases with increase in T, for the low
temperature melting peak (figure 5.26-A), as well as for the enthalpy recovery peak (figure
5.26-B). Note that the latter is somewhat unexpected. For annealing temperatures very close
to Ty (asisthe case with T, = 140°C and the single point for T, = 150°C), DH, must decrease
with increase in T, % 1% 187 due to the decrease in the excess frozen enthalpy, which is the

limiting value of DH,.

Figure 5.27 shows the evolution of T With annealing time. Within the time range
studied, Tmax increases linearly with log(ty) for all annealing temperatures. The change in the

trend in the middle of the plot indicates the glass transition region, which separates the
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Figure 5.26 Development of the transition enthalpi, with annealing time: A) low
temperature melting peak data, B) enthalpy recovery peak data.
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enthalpy recoverglata (lower part of the plofjom the low temperaturenelting data (upper

part of the plot).

The next step irxaminingthe similarity between thesnthalpy recovery anthe low
temperature endotherm is amalyzethe trends shown ifigures 5.26 and5.27. Forthis
purpose, the data were fittedth linear functions ofog(t,) as shown in equations(5.10) and

(5.11), used earlier in the previous section:
AHq(low) = a + b*log(t,) (5.10)
Tmax{low) = T, + A + B*log(ty) (5.11)

Below T, the parameteA in equation (5.11) is thdifference betweernhe peak
maximumand annealindemperatures, for a referencaragtime of 1 min. The choice of a
fixed reference time of inin for all agingtemperatures is somewhat ambiguous dsdfs not
reflect the change in the relaxatitomes with change in I Howeverwhile keeping inmind
this ambiguity,one canstill relate A to theinitial mobility of the amorphoughains at T
Above T, A reflects therelative thermal stability ofhe secondaryamellae,extrapolated to
shortannealing timese. to theearly stages of the secondacyystallization at T One can
speculate, that this thermstlability might be also determined by kinefactors such as the

mobility of the amorphous chains abovg fEduced by the presence of crystalline lamellae.

The quantityb in equation (5.10) iphysicallyinterpreted as: 1) the rate iotrease of
secondary crystallinity as represented by the melting enthalpy of the secondary |&orelige
> Tg), and 2) the rate anthalpy relaxatioiffor T, < Ty). In essence, both processlescribe
a slow approach tequilibrium. Therefore, regardless of the particytdysicalnature of the

processb is a measure of the rate of approach to equilibrium.

The annealingemperature dependence of the paramétensdA is plotted orfigure
5.28-A. Below T, thevalue of A decreases with increase i TThis is in line withthe well
known behavior ofthe enthalpy recoverypeak in amorphougpolymeric glasses - as the
annealingtemperature approaches thkass transitionthe peak appears closer and closer to
T. until enthalpy relaxation ceases at *f* **’ In theglass transition regiothe value of A

shows asignificantdrop. At the uppeend of theglass transition regiomi rises sharply
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Figure 5.28 Annealing temperature dependence &) the parameters of the linear
dependence of Jx andAH, on log(t): A(T,) - equation (5.11} (T, - equation (5.10);
(B) the horizontal and the vertical shift rate from the studies of physical aging of
semicrystalline PEEK below and abovghbyy momentary small strain creep compliance
measurements (section 4.2.4).
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again. Far above Ty it decreases with increase in T,, which is similar to the trend found in
PEEK, crystallized or annealed under various other thermal histories above Ty (figures 4.20
and 5.18). If the two points in the glass transition region(T, = 140°C and 160°C) are
excluded, the rest of the data for A follows the same linear trend with T, regardiess of the
fact, that they characterize two different processes below and above Ty. Even more peculiar
is the fact, that the parameter b (equation 5.10) shows a trend of continuous increase

throughout the entire temperature interval studied, including the glass transition range.

Despite these striking similarities in the evolution of the endothermic peak in the heat
capacity, resulting from annealing below and above T, one could be tempted to judge them
as purely accidental. Indeed, such a conclusion had been drawn in the case of partialy
crystalline PVC. ** ** Two independent studies observed, that the enthalpy recovery peak,
resulting from annealing below Ty, is very similar to the melting peak just above T, resulting
from annealing above Ty Both studies claimed that such asimilarity in the evolution of these
two processes is accidental. Such a conclusion might have been rather hasty. At least in the
case of PEEK, additional data exists, which clearly indicates a similarity between the
structural relaxation below Ty and the slow approach to equilibrium above T

A study by small strain creep recovery (reported and analyzed in section 4.2.4 and
reference 81), observed "physical aging” of semicrystalline PEEK below as well as above the
nominal (calorimetric) glass transition. Following the method of Struik, 8" # **° the transient
creep compliance curves J(t) for different annealing times t; were reduced to master curves
by a combination of horizontal and vertical shifts. The susceptibility of the material to
"physical aging" is characterized by the horizontal shift rate n(T,) - equation (2.11), and the
vertical shift rate b(T,) - equation (4.11).

These two functions are plotted together against T, on figure 5.28-B. The dependence
of mon T, typical of semicrystalline polymers, ® is very similar to the dependence of the
parameter A on T, from figure 5.28-A. In the case of the enthalpy relaxation process below
Tg, both parameters are related to the temperature dependence of relaxation times. The
vertical shift rate b shows the same type of annealing temperature dependence as the rate of

approach to equilibrium - the parameter b on figure 5.28-A. In the case of the secondary
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crystallization process above Ty, both b and b characterize the secondary crystallization rate,

as was demonstrated earlier in section 5.4.

In summary, the kinetics describing "physical aging" of PEEK below and above Ty, as
observed by creep recovery studies, is similar to the kinetics of enthalpy relaxation and
secondary crystallization of semicrystalline PEEK, as observed by DSC. The correlation of
the results from two independent methods - DSC and small strain creep recovery, leads to the
conclusion that the similarity between the effects of structural relaxation below T4 and
secondary crystallization above Ty is probably not accidental. Independent studies of the two
processes have established already the fact, that both are mobility controlled phenomena. The
polymeric glass with frozen excess enthalpy below Ty and the partialy crystalline polymer
with crystallinity less than unity above T, are away from their respective equilibrium states.
Therefore, both processes are also a manifestation of the slow approach to equilibrium. The
correlation between the two phenomena might originate from the similar nature of the

molecular motions required en route to the final equilibrium state.

A full answer to the second question posed above would need a more solid
experimental and theoretical investigation of the kinetics and molecular nature of structural
relaxation below T4 and secondary crystallization above T4. In addition to PEEK, other
semicrystalline polymers should be examined as well. The best candidates would be
polymers with intermediate crystallinity values and readily accessible temperature ranges of
enthalpy relaxation and secondary crystallization, in which crystallinity has a small influence
on Ty, for example, PET and i-PS. Further studies of the effect of initial crystallinity on the
magnitude of these phenomena will be very helpful in clarifying the nature of their apparent

similarity.
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CHAPTER G

CONCLUSIONS

The effect of long annealing above the glass transition of PEEK on the evolution of
several characteristics of the physical state of the polymer was studied by differential
scanning calorimetry, wide angle x-ray diffraction and small strain creep measurements.
Isothermal annealing of PEEK above Ty beyond the end of the primary crystallization stage
results in the observation of a low temperature endothermic peak in the heat capacity just
above the annealing temperature. According to the dual lamellar population model, this peak
reflects the melting of crystalline lamellae with low thermal stability, formed at the annealing
temperature and stable just up to a few degrees (~ 5 - 30 K) above it. Preliminary
investigations of the development of the low temperature melting peak suggested that the
evolution of the low melting temperature population of lamellae occurs on a time-scale
different from that of the initial fast crystallization. This study concentrated on the time and
temperature dependence of the structural reorganization which occurs in semicrystalline
PEEK upon annealing at temperatures between the nominal (e.g. calorimetric) glass transition

and the melting range.
Asaresult of these investigations, the following conclusions can be drawn:

1. Beyond the fast (primary) crystallization process, the evolution of the inherently
nonequilibrium semicrystalline state is manifested in several interrelated phenomena: slow
(secondary) crystallization, structural reorganization of the crystalline lamellae, and slowing

down of the relaxation of a constrained amorphous phase.

2. Secondary crystallization is manifested in the evolution of a (secondary) lamellar
population with lower thermal stability and in the increase in crystallinity determined by
several methods, of which DSC and density crystallinity are studied in this work.

3. The evolution of the thermal stability of the low melting temperature (secondary)
lamellae and the kinetics of secondary crystallization were studied extensively by
investigating the dependence of the characteristics of the low temperature melting peak,

Tmax(low) and DH,(low), on annealing time and temperature under various thermal histories.
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The dependence of these two parameters on log(time) and temperature is similar to that

characteristic for structural relaxation of amorphous polymeric glasses below Tj,.

4. The structural reorganization of the crystalline phase upon annealing during the
secondary crystallization stage is manifested in the densification of the crystalline lamellae
with time and the dependence of the crystal density on annealing temperature. The annealing
time-temperature evolution of the room temperature crystal density parallels the evolution of

crystallinity.

5. Crystal density at ambient conditions is not a physical constant and therefore, there
IS no one-to-one correspondence between bulk density and crystalinity. The standard

definition of density crystallinity isinvalid and a corrected definition is suggested.

6. During secondary crystallization, DSC and density crystallinities increase linearly
with log(ty) and T, Thereis adiscrepancy between the crystallinity values determined by the
two independent methods. The observed dependence of the crystal density on annealing
conditions (time and temperature of annealing) necessitates the use of a corrected equation
for the density crystallinity. The latter further increases the discrepancy between DSC and
density crystallinities.

7. "Physical aging" of PEEK above the nominal Ty, observed for the first timein this
work, is the result of both - slow relaxation of a constrained amorphous phase and secondary
crystallization. The slow relaxation is manifested in the high retardation times observed
above Ty and the shift of the retardation spectrum towards higher retardation times upon
annealing. Secondary crystallization appears a likely candidate for the stiffening of the
polymer with annealing time - the vertical shiftsin the superposition of the creep compliance

curves observed in the "physical aging" experiments.

8. The simple two phase model does not describe adequately the physical state of
semicrystaline polymers. It fals to address the slow approach to equilibrium through
secondary crystallization, the dynamic changes in the physical properties of the "pure" phases
(crystal and amorphous density dependence on annealing conditions), and the possible
heterogeneity of two phases - the presence of two different crystaline lamellar populations

and amorphous fractions with different levels of constraint.
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The current study of the effects of long annealing above the glass transition on the
physical state of a polymer has been restricted to a single polymer - PEEK, with a limited
review on other semicrystaline polymers (in the case of RAF, "multiple melting" and
"physical aging" - respectively in sections 2.3, 2.4 and 2.5) and few examples on other
polymersin sections 4.2.2, 5.6.2, and 5.6.3. Some of the ideas presented in recent reviews on

1L 152 and dielectric relaxation ™ in semicrystalline

the subjects of secondary crystallization
polymers suggest that the implications of the results of this study could be much broader. For
one, by applying a systematic approach - investigation of the time-temperature dependence
and evolution of avariety of properties of a semicrystalline polymer, this study unequivocally
established that a common thread exists between the above listed phenomena. From a
theoretical point of view this suggests that a significant number of independent experimental
studies and models for their explanation might have to be reviewed and reexamined as
necessarily interrelated (i.e. "physical aging" vs. secondary crystalization, lamellar
thickening vs. growth by lamellar inclusion, crystalinity evaluation vs. structural changes in

the pure phases, to name afew).

From the point of view of applied polymer science - this study provides a link
between independently observed variations of physical and material properties with
processing and/or exploitation conditions. Thus it can serve as a guiding methodology in
investigations of certain applied properties of semicrystaline thermoplastic materias (for
example, their tailoring by small variations in processing conditions - time-temperature effect
on morphology). It provides the fundamental background needed for examining the stability
and deterioration of material properties upon planned or accidental, short or prolonged
exposure above the glass transition range of semicrystalline polymers. For example, the
methodology of this study could be extended into the field of prediction of "aging"/secondary
crystalization induced long term increase in moduli and embrittlement during exposure

above T and development of strategies for reduction of such undesired changes. %

The importance of the latter has been recognized for polyolefins at least 30 years ago
and has lead to intensive and focused research in the field, 2% 3135 4547, 8695 4 a to the natural

occurrence of annealing/"aging” during processing and the lifetime of a product. On the
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other hand, for high temperature semicrystalline polymers (i.e. high Ty¢/high Ty,) such asi-PS,
PET, PBT, and nylons, experimental studies and results are limited and often uncorrelated.
The relatively undemanding conditions for most applications of some of these polymers
(small packaging and fibers, exploitation well below Tg) has lead to reduced interest in
investigation of "high-temperature aging" (with the exception of the fiber applications, for
which the effect of high temperature annealing on the thermal stability and morphology,
naturaly occurring during heat-setting and exploitation, has been studied with a somewhat
higher degree of consistency).

In a new class of materias - high temperature thermoplastics, such as PEEK, with
potential for application in advanced high temperature composites, there is a substantial
ground for renewed interest in "aging" above Ty It involves both optimization of quite
demanding processing conditions (high temperature melt processing and/or solidification
through high temperature crystallization) and planned exposure above T4, which depends on
the rating for thermal/thermomechanical/thermodiffusional stability of the particular polymer

or composite. 2
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CHAPTER 7

FUTURE WORK

Based on this study, the following suggestions for future work are made:

on the PEEK fractions

- To perform SAXS studies of narrow molecular weight fractions, prepared in
sufficient amount by batch fractionation, according to the procedure outlined in section 3.1.
The purpose of this study will be to determine the equilibrium melting temperature T, from
the relationship between observed melting temperature and lamellar thickness (Gibbs-
Thomson-Tamman equation *?). The results will be compared with the molecular weight

dependence of T, derived by the Hoffman-Weeks method in this study (section 4.1.1).

- To investigate the dependence of T, on Ty by the Hoffman-Weeks method at
several heating rates in the DSC in order to determine whether reorganization during the
melting scan might be the origin of the observed dependence of the equilibrium melting

temperature on MW (figure 4.5).

on isothermal annealing and the low temperature endothermic transition

- To continue the studies of the heating rate dependence of the low temperature
endothermic peak's parameters for different thermal histories (see section 5.6.1). This study
will focus on evaluation of the effect of heating rate on the dependence of Tma(low) and

DH(low) on log(ty).

- To continue the WAXS studies of the crystalization/annealing temperature
dependence of the densification rate of the crystalline lamellae in situ and at room

temperature (e.g. after quenching below Tg). (currently under progress)

- To evaluate the crystalinity during the secondary crystallization stage "in situ” by
dilatometry and by WAXS and compare it with the DSC crystallinity. (currently under

progress)

The last two investigations must determine whether the discrepancy between DSC
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and density crystallinitiesis an intrinsic characteristic of the secondary crystallization process
or aresult of thermally generated stresses during quenching which are due to the differencein

thermal expansion coefficients of the crystalline lamellae and the amorphous fraction.
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APPENDI X

During the course of this study, the effect of annealing above T4 on the DSC heating
scan of semicrystalline PEEK has been studied under a wide variety of thermal histories (see
figures 3.3 - 3.7). For any type of thermal history and its parameters - { Ty, ta}, {Tc, te}, { Tx,
t«}, an endothermic peak in the DSC scan is observed above the annealing temperature.
Similar observations are made for other semicrystalline polymers as well (see section 4.2.2

and referencesin section 2.4.1).

The universality of this observation demands a rigorous universal approach to the
evaluation of the quantitative characteristics of the low temperature endothermic peak. In
most of the studies of "multiple melting” of PEEK and other polymers the realization of such
an approach has been inadvertently hindered by the choice of experimental conditions. Two

types of thermal histories dominate these studies:
1. Isothermal crystallization from the melt.

For most of the polymers reviewed or investigated, such thermal history leads to a
low temperature endothermic peak which isarelatively small shoulder at the beginning of the
main melting peak of the polymer. As the latter is a broad asymmetric peak, the shape of
which cannot be modeled with a smple analytical function, a rigorous definition of a "local
baseline” for the low temperature endothermic peak is impossible. Due to this obstacle, the
shape of the low temperature peak can not be examined. The peak enthalpy (and to some
extent the peak maximum position) would depend on the choice of the local baseline or the

procedure for resolving the two peaks.
2. Isothermal crystallization and/or annealing from the amorphous glassy state.

Under this thermal history, in most cases a well resolved peak appears at a significant
distance below the beginning of the main melting peak. However, the temperature
dependence of the peak shape and position is such that the observed peak is very small. In
addition, a significant drop in the heat capacity after the peak is observed (figure 4.13 and
references 14-16, 58, 68, 70, 71, 157, 189). The magnitude of this change appears larger than

any possible changes in the heat capacity, due to changes in the composition of a multiphase
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16) .

Its shape is
63-66, 71

(semicrystalline) system (for example, melting and RAF transformation
uncharacteristic for a crystallization peak, despite earlier claims made to that effect.

The above mentioned features are probably the reason why a detailed characterization
of the otherwise well separated peak has not been performed in the case of polymers, cold-
crystallized or annealed at temperatures well below the main melting peak. The small
magnitude of the peak has even lead few authors to make the erroneous statement that upon

short time annealing at temperatures just above the glass transition no peak is observed. ** ™

A third type of therma history - long and complete primary crystalization, followed
by annealing down (between T4 and T,/T) leads to the observation of an "annealing” low
temperature endothermic peak (see figure 4.25 and references 61, 72-74). Under this type of
thermal history for PEEK, for annealing temperatures 210°C - 250°C, the peak appears to be
superposed only to the linearly increasing with temperature heat capacity of the
semicrystalline polymer. This alowed, despite the small magnitude of the peak, its complete
characterization and firmly established the following characteristics of the peak:

- The low temperature endothermic peak is symmetrical in shape.

Direct evidence for this are DSC scans in which the peak is well separated from the
strong main melting peak (figure 4.25). Further evidence is seen in scans in which the main
melting peak is small compared to the "annealing" peak (figure 5.14) and after analysis of the
shape and evolution of the low temperature peak in scans in which it is strong, although
superposed to the large asymmetrical main melting peak (figures 4.15, 4.21, 5.13, 5.15).

- A local step-change in the heat capacity trace in the vicinity of the peak is detected.

Although different in magnitude, this change is present in samples with very different
thermal histories (see figures 4.13 and 4.26). The magnitude of the change in the heat
capacity evolves with annealing time and temperature, paralel to the evolution of the peak

maximum and enthalpy (figure 4.29).

These two observations suggest that the presence of a local change in the heat
capacity in the immediate vicinity of the peak is aso an universal feature of the DSC scan

and must be accounted for under other thermal histories as well.
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These widely different conditions suggest that the symmetrical shape is a universal
characteristic of the low temperature endothermic peak and should be accounted for even
under conditions, when due to the presence of a complicated local baseline it is not

immediately transparent in the scan.

As a result of these generalizations, at the end of section 4.2.1 a procedure for the
evaluation of the peak parameters was suggested. It is based on fitting not only the peak
itself, but aso the heat capacity and its step-change in the vicinity of the peak. A

combination of several functionsis used:

- linear function, representing the unperturbed heat capacity trace of semicrystalline
PEEK before the peak,

fi(T) =A*T +B (4.9)
- peak function, characterizing the symmetrical peak profile,

o - Tmaxo

fo(T) = a*f% — (4.5)

- step function which reflects the observed step-change in the heat capacity after the
peak from its values below it.

fo(T) = a, * f?'%% (4.6)

Justification for the use of a linear function to approximate the heat capacity of
semicrystaline PEEK can be found in references 16 and 115 (the heat capacities of glassy
and liquid amorphous PEEK are approximately linear functions of temperature). Although
quantitatively this approximation does not agree with a two-phase model calculation of the
heat capacity according to equation (2.2) (see review on the RAF of PEEK - section 2.3.2),
the current experimental observations also support this approximation (figure 4.26). In the
absence of noticeable thermal transitions below the low temperature peak (glass transition or
other low temperature melting) the heat capacity below the peak is a linear function of
temperature. For the purposes of our analysis the linear function is needed merely in order to
establish the local heat capacity baseline before the peak.
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The two other functions - peak function and step function which were defined in most

general termsin section 4.2.1, are described, respectively, in parts A and B below.
Appendix A
Fitting of the peak profile

Analytical investigation of the shape of the low temperature endothermic peak shows
that it is narrower than a peak described with a Cauchy function - equation (A.1), but wider
than an exponential (Gaussian) peak - equation (A.2):

a

£(T)= . (A1)
oT- T
1+ =
&€ b B
’ 2\
e =< U
f(T)=arexpl o~ m? g (A2)
6 oy

A fit with the PEARSON type VII function, **" defined in equation (3.9), would have
been best, but would require one more parameter for the fit, than the other two peak functions
mentioned above (the exponent m which controls the relative weight of the tail and central

parts of the peak).

A fit with a peak-function, derived from the hyperbolic cosine function, was used

instead. The functional dependence used is:

f(T) = Z’a (A.3)

1+ cosh?* T T ©

Tmax 1S the peak maximum, a is the peak height and b controls the peak width (the
peak width at half of the maximum is about 1.8*b).

The function can be approximated with a PEARSON type VII function with m » 3.4.
Its area, which corresponds to the peak enthalpy DHn(low), is S = 2*a*b.

The adjustable parameters of the fit are Trax, @, and b.
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Appendix B
Fitting of the step-change in the heat capacity

The step-change function used is derived from the hyperbolic tangent function:

é a-T..0U
f(T) = a,*b* gl+tanh L A4
(T) = a,*br g tanhg=— =y (A.4)
It is centered at the peak maximum T, The magnitude of the step-change is
DCp(Tmax) = 2*as. The parameter b, which controls the steepness of the step-change is the
same as in equation (A.3) for the peak function.

In fact, the peak function is the derivative of the step-function, normalized by a
constant factor. Astheir widths are the same, only the height of the step function is added as
an adjustable parameter for the combined fitting procedure (through ag). 1n choosing the peak
function as the derivative of the step-function with the same center of symmetry (Tna) and
width (b), one assumes that the two physical changes - the peak and the step-change in the
heat capacity are two different manifestations of the same phenomenon and obey the same
kinetics. Asthe exact physical origin of the step change in the heat capacity remains unclear
(see reference 16 and section 5.2.2), the half-height of the step function as is added as an
independent parameter of the fit.

The studies of the scanning rate dependence of the low temperature peak have shown
(section 5.6.1) that some of the above mentioned parameters of the peak and step functions:
DHy(low), Thax, @, and b are heating rate dependent. From the universality of the peak
characteristics, intuitively one could expect that the height of the step function 2*as is a

function of the heating rate as well.

In conclusion, the procedure for resolving the low temperature endothermic peak is as

follows:

- The heat capacity data in the vicinity of the low temperature endothermic peak is
fitted with the combination of: linear function - equation (4.4), peak-function - equation
(A.3), and step-function - equation (A.4).
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- The linear function is determined independently from fitting the portion of the scan
before the peak and is subtracted from the data.

- The residual scan is fitted with the sum of the peak-function and the step-function.

The parameters of thefit are Tmax, &, b, and as.

When the low temperature endothermic peak is observed close to another thermal
transition (close to the glass transition or to the main melting peak) the fitting procedure is

modified as described at the end of section 4.2.1.
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