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Abstract

We have studied by means of X-ray scattering, DMA and densitometry the evolution of the semi-crystalline structure of poly(aryl-ether-

ether-ketone) (PEEK) upon reheating specimens initially crystallized isothermallyTpetwvo regimes of reorganization behavior were
evidenced. In the low-temperature interval (temperatures b&lpw ~50°C), the slow dynamics of amorphous segments prevents large-

scale rearrangements, strongly limiting the process of reorganization. Only lamellar-scale reorganization occurs, resulting in a slgght increas

of the crystal thickness and perfection, and in an increase of the constraints in amorphous regions, reflected by an ingraaségber

temperatures, however, a larger-scale melting/recrystallization mechanism sets in. It consists in the recrystallization of whole larsellar stack
to give a state of overall lower free energy, with much thicker and dense crystals separated by larger and less constrained amorphous regions

of lower Ty. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction the out-of-equilibrium (vitreous) state of these disordered
inter-crystalline regions, which prevents large-scale reorga-
The complexity of the thermal behavior of semi- nization below the corresponding glass transition tempera-
crystalline polymers has been the subject of extensive ture, T, In particular, the latter effect can be of importance
studies [1-10]. In order to describe the temperature- for semi-rigid chain polymers, for which the glass transition
dependent crystallization or reorganization of the semi- temperature of inter-crystalline regions is often affected by
crystalline structure, different models have been proposedcrystallization [8,17,18], whereas the properties of crystals
[11-16]. Generally, a semi-crystalline structure can be (e.g., the crystal thermal expansion coefficient) can be influ-
thought of as a metastable system being far from equi- enced byT, of neighboring amorphous regions [5]. These
librium [2]. The term “metastable” implies the existence effects, mainly pertinent to semi-rigid chain polymers,
of energetic barriers and related kinetic constraints on the which crystallize only moderately, are related to the inter-
system’s path toward equilibrium, i.e. toward a higher dependence between the properties of amorphous and crys-
degree of crystallinity. Some of the reasons for the meta- talline regions in the semi-crystalline structure.
stability of a semi-crystalline structure can be easily In our recent study on the isothermal cold-crystallization
grasped. First, it can be related to the topologically complex of PEEK [19], poly(oxy-1,4-phenyleneoxy-1,4-phenylene-
state of the amorphous interlamellar regions (tight folds, carbonyl-1,4-phenylene), we have observed the progressive
loose loops, tie molecules, etc.) [11], where the disappearance of the relaxation associated with the glass
entangled amorphous segments are tethered to crystaliransition of pure amorphous PEEK (relaxatian, glass
line surfaces. Second, the metastability can also follow from transition temperatur&, ), and its replacement by another
relaxation @, Tg,) located at relatively higher tempera-
tures. During crystallization, theT,, was gradually
Universite Libre de Bruxelles, Boulevard du Triomphe, 1050 Bruxelles, |ncrea§|ng; this was atmbme,d to crystal perfection an,d to
Belgium. URL: http:/Aww.ulb.ac.be/sciences/polphy/. formation of new lamellae in some amorphous regions
E-mail addresstivanov@ulb.ac.be (D.A. lvanov). which, despite being already constrained by the presence
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of nearby lamellae are of sufficient size to allow the growth mounted on a Siemens rotating anode generator (Ni-filtered
of new lamellae (lamellar stack thickening mechanism). Cu Ka radiation, 40 kV/300 mA). A position-sensitive
Since these mechanisms result in further constraintsproportional counter (PSPC, Braun) was used to record
imposed on the amorphous regions by crystals, an increasehe diffraction patterns. The data were first corrected for
of Ty, is concurrent to the increase of crystallinity with time, absorption, parasitic scattering and detector dead time. In
and its gradual slowing down. a second stage, the data were fitted to the sum of Porod’s law
The present work focuses on the details of reorganization and the Ruland’s function representing the fluid-like back-
of the semi-crystalline structure as a function of annealing ground scattering [21] in the largerange (0.05-0.1 AY):
temperature and, more specifically, upon progressive _
reheating of a polymer cold-crystallized near its initial (9) = TeorodS) + Ar €XH(BS) @
glass transition temperaturd,,. The objective of this  wjth s= 2 sin(§)/A where# is half the angle between inci-
work is to study the interplay between the gradually increas- gent and scattered beams andhe X-ray wavelength. In
ing mobility of the amorphous chains and the driving force gq. (1),1(s) stands for the measured (smeared) intensity,
of recrystallization, which favors the appearance of thicker andB are constants, anid,odS) is a generalized smeared
crystals as the annealing temperature is increased. For suclporogd’s law taking into account the presence of sigmoidal-
a study, PEEK is ideally suited, due to its extremely large gradient density transition layers at crystal boundaries. For

temperature  interval of crystallization Tf =143C,  our experimental setup, the X-ray beam profile measured in
Tm = 395C), high-temperature stability and the absence the detector plane was found to be adequately described in
of polymorphic transitions. its longer dimension by a gaussian of standard deviation

opeam= 0.66 cm. We thus consistently used the expression

of TrorodS) given by Koberstein et al. [22]:
2. Experimental K

- 2 2 2

Sample preparationQuenched amorphous PEEK sheets Tporod ) = $ expp'S)(L — 8n°a’s’) erfu2mas)

(350-500nm thick) were prepared from dry commercial
powder (I.C.l. grade 150P) as described elsewhere [20].
Isothermal crystallization was performed for 3.0h at \yhere
T, = 153C. The degree of transformation achieved at this
point corresponds to the full consumption of the inter- a = [¢” + (p/2m)]"? 3

spherulitic bulk amorphous material. Subsequently, the

+ 4/mas eXFX—4'1T2a282)] 2

samples were reheated stepwise at@in up to different and
temperatures Tne) @nd quenched to room temperature. K = (™ \w. 0K @
The reversibility of the processes occurring during quench- ~ ~ \ 2 )% P

ing was discussed in Ref. [5] and need not be commented on
here. Due to the fact that morphological and relaxation tests
were performed after quenching, only irreversible changes
in the polymer structure could be detected.
Densitometryneasurements were carried out in a density
gradient column (water/NaBr), with an accuracy greater

In Egs. (2)—(4)o represents the root-mean-square (RMS)
thickness of the density transition layers afidis Porod’s
constant. The parameteris related to the standard devia-
tion of the beam profile, sample-to-detector distance (SDD)
and the X-ray wavelength:

than 2x 10 * g cm 3. The volume crystallinit_y was evalu- p = A SDD/(v20bean) (5)

ated from a two-phase model, based on estimatitorshe _ . _
specific weights of the crystap{ = 1.394 g cm ) and of Thls parameter a}llows to describe the beam shape in
pure amorphous PEEKo{ = 1.264 g cm ). reciprocal space units as:

Dynamic mechanical analysisvas carried out as . 2
described elsewhere [19]. The glass transition temperaturewl(s) = W(0) exp(—p’s) ©®
(Ty) was determined from isochronal scans (1.0 Hz) as the The fluid-like background scattering was subtracted from
maximum location of the dynamic mechanical loss i(s), and these curves were then desmeared using a variant
modulus. of Glatter's algorithm [23], taking into account the actual

Small-angle X-ray scattering(SAXS) experiments  profile of the incident beam. The one-dimensional correla-
were performed in an evacuated Kratky compact cameration function,y;(r), was obtained by Fourier transformation
- of the Lorentz-corrected desmeared intensity. Given the

1 The crystal density of PEEK is depending on crystallization conditions, isotropy of our samples, and the lamellar character of
and can vary between 1.3665 and 1.4100 gtgiay JN, Langford JI,  semj.crystalline PEEKs? was selected as Lorentz factor.

Lloyd JR. Polymer 1989;30:489). The value selected in this paper is close .
to the average value proposed in Jonas A, Legras R. In Kausch HH (Ed). The morph0|09lcal parameters of the lamellar structure of

Advanced thermoplastics and their composites. Carl Hanser Verlag, 1992, PEEK, the_ long period L() an_d lamellar thiCkneSSl_—Q
p. 83. were obtained fromy,(r) using standard approximate
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Fig. 1. SAXS data obtained for a PEEK sample isothermally cold-crystallized at low temperatuf€,(B3Bh) and progressively reheated stepwise to
increasingly higher temperaturg,,« Dotted lines correspond to the initially cold-crystallized sample arid g of 170, 176, 186, 194, 205, 227, 257, 271

and 3058C from bottom to top, respectively. Dashed curves at the bottom of the graphs correspond to the scattering of a fully amorphous PEEK sample. The
curves are vertically shifted for clarity. (A) raw data; (B) data after correction for thermal density fluctuations and desmearing.

relationships [24]: Wide-angle X-ray scattering (WAXS) patterns were
o1 — o)L = 1 @ collected in transmission between 13.5 and 2629) in
Glin Glin 0 an evacuated Kratky camera with a reduced sample-to-
_ detector distance. Given the selected geometry, our posi-
Lc - d’c,linl— (8) . . . ;
tion-sensitive proportional counter had an effective angular
In Egs. (7) and (8)).,in Stands for linear crystallinityl, is step of 0.033 The diffractograms were absorption-

determined from the location of the first subsidiary corrected, then numerically corrected to remove the parallax
maximum ofy,(r), andr, is the first intercept of the tangent  error of the detector [28] and the effects due to the finite
to the linear part of the correlation function in the self- widths of the sample and the detector window. We checked
correlation triangle with the abscisséy,(r) =0). In that the corrected data were identical to data acquired with a
most cases, Eq. (7) provides two values for the linear crys- classical diffractometer working in the Bragg—Brentano
tallinity, ¢,in; We selected the smaller value as the correct reflection geometry. Using our modified Kratky setup for
one, in agreement with arguments presented elsewherecollecting the WAXS allowed to decrease collection times
[5,25-27]. by a factor of 100 as compared to our classical diffract-
The examination of the width distributions of crystalline ometer, while at the same time allowing to decrease sample
and amorphous regions was performed by analysis of thesize. The desmeared patterns were fitted to a linear super-
interface distribution functionsy(r) = d®y(r)/dr?, where position of Pearsons distributions of type VIl and third order

the derivation is performed over 8 r < co. For one- [29] representing the crystalline reflections, plus an empiri-
dimensional layered systems, these functions can be relatedtal function representing the amorphous halo. A crystalli-
to a series of interfacial distributions [21]: nity index (Ac waxs) Was obtained by ratioing the area under

72(1) o (1) + Ne(r) = 21 + M) + Mo (9) tzheezclrgf;'ufngorpizlr(:e tgar:\hpelest?t::(pzﬁrzerllrt]s t\;l;rera;llgg
In Eq. (9), the subscripts of the distribution functian(s) performed in reflection with a Siemens D5000 diffract-

indicate what phases (c—crystalline, a—amorphous) ometer fitted with a graphite secondary monochromator.
should be traversed while calculating the interfacial All the SAXS and WAXS measurements presented here
distance. were performed at room temperature.
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Fig. 2. Continuation of the SAXS data treatment from Fig. 1: (A) fully corrected curves; (B) one-dimensional correlation functions. The desiyaatsoim

Fig. 1.

3. Results
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Fig. 3. SAXS morphological parameters as a function of annealing tempera-
ture, Temax Obtained from a simple analysis of one-dimensional correlation
functions (Fig. 2b): (A): long period. (®); (B): crystal thickness.. (H).

The lines are guides to the eye.

300

3.1. SAXS measurements

Fig. 1A and B shows the SAXS curves corresponding to a
sample of semi-crystalline PEEK gradually reheated to
higher temperatures after a long isothermal crystallization
in the vicinity of Ty . The raw data (Fig. 1A), as well as the
curves corrected for thermal density fluctuations and subse-
quently desmeared (Fig. 1B), show a maximumsealues
around 0.008 A™. This maximum corresponds to the long
periodicity of the electron density inside lamellar stacks. In
order to evaluate the structural parameters of the system, the
curves were corrected for the central scattering (already
present in fully amorphous PEEK), similar to the procedure
described in Ref. [27], multiplied by a Lorentz factst
(Fig. 2A) and finally Fourier-transformed (Fig. 2B) using
standard extrapolations of the scattered intensity in the
low- and highs-ranges. The long period.) and the crystal
thickness ;) were then evaluated from the so-obtained
one-dimensional correlation functions by means of the
approximate equations given in Section 2. The dependence
1 of these parameters on reheating temperatlitga, IS
shown in Fig. 3A and B. Some decreaselois observed

for the values ofT.ax below ~200°C, while L. slightly
increases. However, the behavior of both parameters is

dramatically changed for higher values ®f.,x above
approximately 22%C they start to significantly increase
with increasingT.nax FOr reasons that will be clarified
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Fig. 4. Experimental interface distribution functions obtained from one-
dimensional correlation functions (Fig. 2B). The sequence of the curves
is as in Fig. 2.
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Fig. 5. (A) Width at half maximum of the crystal thickness distribution
function,h,(r), evaluated from the interface distribution functions (Fig. 2b),
as a function ofT¢ya (B) RMS thickness of sigmoidal-gradient density
transition layers obtained from fits of the experimental data (Fig. 11) to a
generalized Porod’s law as a functionQf,ax
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later we denote the first temperature interiig] < Temax <

Tq, T ~50°C) as ‘“relaxation-controlled” and the second
(Temax > Tg,+ ~50°C) as  ‘“recrystallization-controlled”
ranges, whereT,, ~160°C. The relaxation-controlled
range roughly corresponds to the increasing branch of linear
growth rates versus. [30] or, equivalently, to the decreas-
ing branch of peak crystallization times [31] or half-crystal-
lization times versud, [32].

Further analysis of the PEEK structural parameters was
performed on the basis of the experimental interface distri-
bution functions,y/(r), presented in Fig. 4. A strong maxi-
mum centered on about 2Q Ais observed for all
experimental curves. This maximum can be attributed to
the crystal thickness (cf. Figs. 3B and 4); this choice is in
line with arguments presented in Refs. [25—27,33]. It should
be noted that the distribution functions of the amorphous
inter-crystalline distanceh,(r), and of the long spacing,
heA(r), which should be associated with a maximum and a
minimum around 70 and 90-11Q Pespectively, cannot be
detected with certainty from the/(r) dependencies (Fig.
4). This is because the average valuels,@nd ofL, + L, =
L are too close as compared to the width of the distributions.
By contrast, the significant difference between the most
probable values fdr. andL, (at least for annealing tempera-
tures below 30%C) allows to discriminate easily(r).
Hence, one can go a step further in the quantitative analysis
and estimate the width at half maximum (WHM) of the
crystal thickness distribution, WHM(r), (Fig. 5A). One
can notice that the behavior of the WHM(Tr), as a function
of Temax 1S VEry similar to that of. andL.. In this case, again
two temperature regions of different behavior can be
detected, with the parameter WHN|(r) increasing more
rapidly at high annealing temperatures. By contrast, the
thickness of the density transition layets, obtained from
the fits of the experimental curves to a generalized Porod’s
law is monotonically increasing throughout the complete
temperature range (Fig. 5B), without displaying any specific
behavior. It should be noted that affects in a negligible
way our evaluation of WHM(r), sinceo < WHM hc(r).

Had this been not true, we would have had to consider the
convolution ofhy(r) with the function exp—4wo?s®) in the
¥1(r) function.

3.2. WAXS measurements

Complementary results on the evolution of the semi-
crystalline structure of PEEK were obtained from WAXS.
It is well documented [5,34—-36] that the unit cell dimen-
sionsa andb of PEEK are decreasing with increasiig
Therefore, we could use them also as indicators for the
structural evolution of the system. Fig. 6 presents the values
of a, b and the full width at half maximum of the 200
reflection (FWHMy, 260) versusT.nax The general trends
are very similar to those df andL. (Fig. 3): in the relaxa-
tion-controlled ranga and FWHM, are almost constant;
by contrast, they evolve more rapidly above 220 It
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Fig. 6. Evolution of the WAXS structural parameters wikl,. for the
PEEK sample described in caption to Fig. 1: (A) a (unit cell parameter);
(B) b (unit cell parameter) and (C) full width at half maximum of the 200

reflection (FWHMq).
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Fig. 7.T,, versusTcmafor the PEEK sample described in caption to Fig. 1.
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Table 1

Structural and relaxation parameters of a PEEK sample initially crystallized
for 3.0 h at 153C, then progressively reheated stepwise to increasingly
higher Temax

Tcmax (OC) P (g/cm3) d)ca (i)c,linb A(:,WA)(SC ng (OC)

170.6 1.2868 0.191 0.21(8) 0.185 158.1
176.8 1.2884 0.203 0.22(4) 0.191 159.9
186.9 1.2902 0.217 0.23(1) 0.211 161.2
194.3 1.2908 0.221 0.22(8) 0.225 162.0
205.1 1.2929 0.237 0.23(2) 0.222 162.5
227.9 1.2952 0.255 0.24(2) 0.241 163.2
257.6 1.2986 0.282 0.24(7) 0.282 163.0
271.4 1.2992 0.286 0.24(6) 0.286 161.6
305.5 1.3046 0.328 0.27(9) 0.320 160.6

2 Densitiometric crystallinity.
® SAXS linear crystallinity.
°WAXS index of crystallinity.

should be noted thdi(T.a,) does not exhibit this character-
istic break in the slope and behaves quite linearly in the
complete temperature interval (Fig. 6B). Note in this respect
thata is usually more sensitive to the change of crystalliza-
tion temperature [5,34—-36].

3.3. DMA and densitometry measurements

The relaxation properties of the interlamellar amorphous
regions were studied by DMA. The dependence of the glass
transition temperature of these regiofig, on Tcmaxis given
in Fig. 7. One can see that once again two regimes of ther-
mal behavior can be clearly distinguished. However, in this
case, this parameter is increasing in the relaxation-
controlled range, while it shows a more limited decrease
in the recrystallization-controlled range. The comparative
evolution of the densitometric crystallinity, the SAXS linear
crystallinity and the WAXS index of crystallinity are
summarized in Table 1. The parameters related to crystal-
linity clearly reveal the same type of temperature evolution
as the structural parameters discussed earlier: only a rela-
tively small variation is detected at low annealing tempera-
tures, while a strong increase is observed at higher
temperatures.

Concluding, a clear relationship between the evolution of
the parameters describing the morphology of the semi-crys-
talline structure, crystallinity and relaxation is observed
while reheating a cold-crystallized PEEK sample; this
phenomenon will be discussed in the rest of this work.

4. Discussion

We will open this section with two important remarks.
Firstly, our experiments exclude the time variable from
consideration. This is because our heating rate corresponds
to a unique characteristic time that was not varied in the
present work. As a consequence, we can only observe reor-
ganization processes which occur within this characteristic
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time; slower processes will be overlooked in this study. This in this temperature range should then be explained by a
could be especially important at very high and very low competition between the recrystallization of crystallites
Temax When the growth rates are small. However, in the and the blocking of the segments by the sluggish amorphous
present work, we will not us@.,S close to the final melt-  interlayers. This blocking mechanism is one of the reasons
ing point. Moreover, for the loweF,,,,s, we will be able to why the reheated semi-crystalline structure preserves an
use the results gained in our previous isothermal cold- out-of equilibrium state quite similar to its initial state, as
crystallization study [19] that was performed for long is evidenced by the very small evolution of the morpho-
crystallization times. logical parameters. Thus, in this temperature range, the
Secondly, we will not consider in this paper the question morphological memory of the semi-crystalline structure is
of the spatial distribution of the reorganization processes partially explained by the low mobility of amorphous
that occur. For this purpose, only direct-space investigations segments in interlamellar regions.
performed on the elements of the semi-crystalline structure
are adequate. Such microscopy studies were reportedy 2 Recrystallization-controlled range
elsewhere [37].
If we further heat the sample, the role of the relaxation
4.1. Relaxation-controlled range parameters of the amorphous matrix will become less
important. Therefore, we could expect a larger-scale
In our previous work [19] on the isothermal crystalliza- reorganization process to take place, with coordinated
tion of PEEK at 156C we showed that the dynamics of the rearrangements occurring in neighboring crystals, also
later stage of crystallization was controlled exclusively by reorganizing. This is indeed what can be observed experi-
mechanisms acting inside the spherulites. Moreover, at thismentally via the increase in the slopes of dependencigs of
stage of crystallization, very little variation of the morphol- L., WHM hy(r), a, FWHMyg VersusT max (Figs.3A, B, 5A,
ogy could be observed with time. This was ascribed to the 6A, C). In this case, it is clear that such a dramatic evolution
progressive blocking of reorganization processes (stackof the parameters of the semi-crystalline structure cannot
thickening and perfection of crystals) due to the decreasedhappen without the reconstruction of a significant amount
mobility of nearby amorphous interlamellar regions of the pre-existing lamellar stacks. In particular, it is impos-
(detected by a progressive increaseTgf). Taking into sible to imagine that a simultaneous increase of crystallinity
account the vicinity of the glass transition region, we may and long period occurs without a substantial reorganization
thus describe the semi-crystalline structure at the end of theof all the space-filling semi-crystalline structure. As
isothermal experiment by a model including crystalline concerns the crystal perfection process, a similar conclusion
zones more-or-less isolated from each other by small can be obtained from the examination of the shapes of the
regions of frozen amorphous polymer. interface distribution functions shown in Fig. 4, as a func-
Now, suppose that we start to reheat this system. Thention of the annealing temperature. It can be seen in the
some of the imperfect crystallites formed at large under- crystal thickness distribution that thicker crystals appear
coolings could be able to undergo partial melting. However, as T.nax increases in the recrystallization-controlled range.
if we are still in the temperature interval where the charac- These thicker crystals promote a progressive broadening of
teristic relaxation time of the amorphous segments is signifi- the distribution functions, finally, for the highest annealing
cant as compared to the characteristic recrystallization time,temperature, the crystal thickness distribution shifts as a
no large-scale rearrangements will be able to occur during whole toward larger values. Thus, the majority of the lamel-
the heating. Each lamella will behave as if more or less lar stacks and lamellar crystals evolve during reheating and
independent of its crystalline neighbors in the lamellar reorganize in a new state of different morphological para-
stack. Therefore, all the reorganization processes will meters and different unit cell dimensions. Accordingly, we
remain restricted near to the lamellar scale. This lamellar- interpret the progressive decrease of the breadth of the 200
scale reorganization is evidenced by a slight increade. of  reflection (Fig. 6C) either as the enlarging of the lateral size
(Fig. 3B), a small densification of the crystals (decreade of of coherently scattering domains due to the recrystalliza-
Fig. 6B), a slight increase of crystallinity (densitometry and tion, or as the increase of the crystal perfection due to the
WAXS data, Table 1) and, accordingly, by a monotonic decrease of paracrystalline distortions of the lattice [38].
increase of the thickness of the density transition layers From the point of view of spatial distribution and abun-
(Fig. 5B). In this range, a very small decreaselotan dance of the reorganizing stacks, atomic force microscopy
also be detected, which could be accounted for by variation experiments performed on single PEEK spherulites are in a
in the coherence of the lamellar stacking [19]. Hence, in this full agreement with the interpretation presented in this work
temperature range, we associate the evolution of the semi{37]. These conclusions can be of importance for the inter-
crystalline structure to the reorganization of the sample at pretation of the thermal properties of PEEK and, in par-
the scale of individual lamellar crystals, which exerts further ticular, for the understanding of the well-documented
constraints in adjacent amorphous regions, thereby increas-double-melting behavior of cold-crystallized PEEK. It
ing theirTy. The progressive and localized crystal perfection should be noted in this respect that our observations are
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Table 2 range, sometimes denoted as “melting-recrystallization
Effective temperature contraction coefficients of the unit cell parameters a machanism” [5 10.39 40]'
and b of PEEK reheated after isothermal cold-crystallization (this work) R

and crystallized directly at differerfs (literature data) 4.3. Evolution of amorphous versus crystalline regions

—da/dT, (A/K) x 10° —do/dT, (A/K) x 10° during reorganization
Ref. [34] 11.2+2.3 3.5+0.8 Our findings concerning the regimes of crystallization/
Ref. [35] 9.7+ 1.5 7.4+ 1.1 reorganization are supported by a complementary study of
Ref. [36] 12.3=15 36= 14 the relaxation behavior of the amorphous regions by
Ref. [41] 9.87+ 0.18 3.37+1.2 . . . ,
This worlé 6.7+ 02 27406 dynamic mechanical analysis (Fig. 7, Table 1). In the
relaxation-controlled range, the glass transition of semi-
2 Derivation ofa,b over Tnayx crystalline PEEK increases strongly with,.. By contrast,
® Evaluation forTema, > 205°C (Fig. 6A). in the recrystallization-controlled range, a slight decrease of

Tg, With Tenay is Observed. In order to combine the data
characterizing the evolution of the semi-crystalline
morphology with the relaxation parameters of the amor-
phous regions we have plotted the dependendg,ofersus
L for both the isothermal crystallization of PEEK [19] and
the present study (Fig. 8). The form of this graph confirms
Generally, the rate of the system evolution in the recrys- t_he existe_nce pf two regimes of crysta_llizgtion/reorganiza-
tion. During isothermal cold-crystallization and upon

tallization-controlled range (taken for example as the value reheating in the relaxation-controlled range the first reime
of the apparent temperature contraction coefficient of . Ing | xall 9 ’ gl

2, dadTypa) becomes comparable with terawre data & RN OF 8 BT FEEE R LA R
(Table 2) reported for samples crystallized directly at :

variousTs. This means that the morphological memory is ]E:?trhn;?lcocr?sl?r'aci%?algﬁﬁgr;{mtgﬁshgzglfgoignrsef)u"tiefﬁg?a|
now less able to keep the information about the structures 9 P g y

formed at large undercoolings. This is in agreement with the reorganlzatlpn O_f almost |solateq c_rystals. Howe.ver.,.the
larger scale reorganization occurring in this temperature §econd regime 1s apparent as indicated by a significant
increase oL with a simultaneous small decreaseTgf. It
corresponds td.yaxbeing in the recrystallization-controlled
165 T r . range and reflects the partial release of constraints imposed
by the crystalline stems in the amorphous regions, due to the
reorganization occurring at a larger scale. These constraints
become distributed over a larger volume after recrystalliza-
tion of the lamellar stacks. Therefore we can describe the
160 . evolution of the amorphous regions upon reheating as
further constraining of the amorphous regions during lamel-
n lar scale reorganization, and relaxation of stresses at higher
TemaxWhen recrystallization in a quite different state follows
the local melting of the lamellar stacks.

not compatible with the dual lamellar population models

which assume the existence of thinner lamellae (organized
either in separate stacks or in mixed stacks with

thicker lamellae) that would be the only ones undergoing

reorganization upon heating.

"y
|

T,(°C)

O 5. Conclusions

The strong coupling between the reorganization of the
U semi-crystalline microstructure and the relaxation behavior
150 - . of interlamellar amorphous regions has been clearly shown
for PEEK in this work. In the relaxation-controlled range
(Tg, < Temax < Tg,+ ~50°C), the slow dynamics of amor-
phous segments prevents large-scale rearrangements,
strongly limiting the process of reorganization. Only lamel-
145 1 L ! lar-scale reorganization occurs, resulting in a slight increase
90 95 100 105 110 . . . .
) of the crystal thickness and perfection, and in an increase of
L&) the constraints in amorphous regions, reflected by an
Fig. 8. T,, versus long period, L, for (1) a PEEK sample crystallized Increase qﬂ-gz' At hlghgr te.mperatures', howevgr, a Iarggr-
isothermally atT, = 156'C for different times [19] [J), (2) the PEEK scale melting/recrystallization mechanism sets in. It consists
sample described in caption to Fig. ®)( The lines are guides to the eye.  in the recrystallization of whole lamellar stacks to give a
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state of overall lower free energy, with thicker crystals sepa- [15] Lauritzen JI, Hoffman JD. J Appl Phys 1973;44:4340.
rated by larger and less constrained amorphous regions ofl18] Point JJ. Macromolecules 1979;12:770.

lower T, .
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