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ABSTRACT: Isothermal melt crystallization (stage I, a t  290 "C) and subsequent annealing (stage 11, at 
about 287 "C) of poly(ary1 ether ether ketone) was studied by time-resolved simultaneous small-angle 
X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) methods using synchrotron radiation. 
At stage I, both crystalline WAXD and SAXS peaks occurred almost simultaneously within the resolution 
time of our setup (30 8). WAXD profiles revealed a typical increase in the apparent crystallinity index 
and a slight rise in the crystal density with time, whereas SAXS profiles revealed decreases in both long 
period L and lamellar thickness IC (estimated from the correlation function assuming a two-phase model) 
and a slight increase in the interlamellar noncrystalline layer thickness. At stage 11, the annealing a t  a 
lower temperature caused anisotropic changes in the unit cell dimensions: b (along the spherulitic growth 
direction) was found to remain about constant, while a (perpendicular to the growth direction) decreases 
noticeably. Other induced variations include a subsequent increase in the crystallinity index and decreases 
in L,  I C ,  and invariant Q. These results are consistent with a proposed model comprising primary 
crystallization from the unrestrained melt which produces thicker lamellar stacks, and subsequent in- 
filling secondary crystallization from the restrained melt which produces thinner lamellar stacks with 
smaller L and IC.  

Introduction 
It has been established that more than 80% of 

crystalline polymers can melt crystallize into a lamellar 
morphology with long periods ranging from 100 to 1000 
A. 1,2 This morphology consists of alternating crystalline 
and amorphous phases in lamellar stacks, which are 
identifiable by transmission electron microscopy (TEM)3 
and small-angle X-ray scattering (SAXS).4 However, 
the events and factors that result in the formation of 
such a morphology are not understood, largely due to 
the absence of suitable real-time characterization tools. 
In our laboratory (at DuPont), a simultaneous SAXSI 
wide-angle X-ray diffraction (WAXD) apparatus for 
synchrotron X-ray study was constructed for this pur- 
pose. This apparatus is capable of revealing both 
morphological and structural changes with a time 
resolution of a few seconds. Similar devices have also 
been constructed in several l a b o r a t ~ r i e s . ~ ~ ~  This paper 
summarizes some previously unreported findings during 
the isothermal crystallization and subsequent annealing 
at a slightly lower temperature in poly(ary1 ether ether 
ketone) (PEEK). We are in the process of investigating 
other semicrystalline systems to confirm whether the 
observed behavior is truly universal. 
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Our first objective is to understand the morphological 
development during the initial stage of melt crystal- 
lization. This includes the induction period before 
primary crystallization. Our interest in the induction 
period is prompted by the recent finding of Kaji et al.,' 
who crystallized an amorphous poly(ethy1ene tere- 
phthalate) (PET) sample heated above its glass transi- 
tion temperature. They observed large-scale density 
fluctuations (which manifest in SAXS) before any 
crystalline lattice like order (which manifest in WAXD). 
A similar finding has also been reported in poly(ary1 
ether ketone ketone) copolymers by Ezquerra et al. using 
synchrotron X-rays.8 However, both experiments were 
performed during cold crystallization, and a similar 
behavior has not been demonstrated during melt crys- 
tallization. One indication for a likely behavior during 
melt crystallization comes from recent on-line synchro- 
tron SAXS and WAXD studies during melt spinning of 
poly(viny1idene fluoride) fibers by Cakmak et aL9 They 
observed that SAXS profiles always appeared before 
WAXD peaks along the spin line. However, it may be 
argued that the spinning process produces flow instabil- 
ity which leads to the initial density fluctuations. It is 
thus our  goal to investigate this matter during isother- 
mal melt crystallization from unoriented samples. 

Our second objective is to understand the rather ill- 
defined stage of secondary crystallization. Secondary 
crystallization generally implies the stage that deviates 
from simple Avrami kinetics. Little is known about the 
morphological changes that take place during this stage 
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Figure 1. Diagram for a simultaneous SAXS/WAXD/dual- 
cell temperature jump unit setup. 

in melt Crystallization. Recently, there have been some 
suggestions that secondary crystallization takes place 
in 'liquid pockets" under negative pressure.l0 The 
liquid pockets are the interfibrillar (or interlamellar 
stack) regions,'2 and the negative pressure is related 
t o  the internal stress which evolves due to local densi- 
fication due to the higher density of the crystal. 

The present  s tudy  is part of a larger effort to under- 
stand the mechanism of pr imary and secondary crys- 
tallization. We intend to obtain some in-depth infor- 
mation about  this stage by fur ther  imposing a sub-T, 
(by only a few degrees Celsius) annealing after isother- 
mal crystallization. Detailed information about crystal 
unit cell parameters  and the crystallinity index are to 
be extracted from the WAXD data, and morphological 
variables such as long period L, lamellar thickness IC, 
and interlamellar noncrystalline thickness I A  are to be 
estimated from the SAXS data. The chosen system is 
PEEK. It is selected because of ita well established 
structural, morphological and thermal inf~rmation."- '~  
Also it serves a good model for other  systems. Future 
studies  on other  model systems such as PET, PE and 
nylon 66 are underway. 

Experimental Section 
PEEK samples were purchased from IC1 in the form of 

pellets (type 150G). Isothermal crystallization and subsequent 
annealing measurements were carried out in a dual-cell 
temperature jump unit.'5 The setup diagram is shown in 
Figure 1. The melt temperature (7'1) was maintained at 400 
' C ;  the isothermal crystallization temperature (Tz) was set at 
290 "C for about 1200 8 (stage I) and then dropped to ea. 287 
"C for subsequent annealing treatment (stage 11). The ac- 
curacy of 7'2 for stage I is within f0.5 "C, and for stage I1 it is 
within f1.5 "C. Some evidence of a drift in temperature on 
the order of 5 "C is observed in stage 11. The time required to 
equilibrate a t  the crystallization temperature after the initial 
"jump" is less than 60 8. The sample was first held a t  400 "C 
for 30 min. This relatively severe melting condition might 
result in some cross-linking or degradation, but it also slows 
down the crystallization kinetics. Slower crystallization kine6 
ics enables us to study the melt crystallization a t  a low 
crystallization temperature (290 "C) with a relatively long data 
collection time (30 8). 

The synchrotron experiment was carried out at the X3A2 
Beamline (bending magnet line, 1 = 1.5 A) a t  the National 
Synchrotron Light Source (NSLS), Bmkhaven National Labo- 
ratory, using modified Kratky optics (beam size 1.5 mm x 0.5 
mm) and a sample to detector distance of 136 em. Two linear 
position-sensitive detectors (Braun) controlled by separate 
multichannel analyzer interface boards (Nucleus PCA-11, 
Oxford, for SAXS; Maestro-11, EGBrG, for WAXD) were used 
for the simultaneous SAxsMrAxD measurements. In this 
setup (Figure l), the angular range (20) for SAXS was from 
2.4 to 36 mrad, and for WAXD it was from 14" to 28". We 
found that the WAXD measurement time lagged behind about 
1% of the collection time for SAXS measurement (for which 
time was used as  the reference) due to the difference in the 

Figure 2. Excess crystalline WAXD profiles during isother- 
mal crystallization (290 "C) and subsequent annealing (288 
"C) measurement. The bottom diagram represents the isoin- 
tensity contour plot projected from the top. 
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Figure 3. Corresponding SAXS profiles aRer the experimen- 
tal and sample absorption corrections. 

acquisition software. The time scale for different measure- 
ments was corrected accordingly. A vertical receiving slit 
(about 1 mm width) was adopted to enhance the angular 
resolution of WAXD signals from the slit optics. 

Results and Discussion 
Time-resolved WAXD profiles of PEEK during this 

measurement are shown in Figure 2, and the corre- 
sponding SAXS profiles are shown in Figure 3. In both 
figures, the top diagram represents  the 3D plot of 
diffraction or scattering pa t te rns  as a function of time, 
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Figure 4. Integrated intensity as a function of time for each 
reflection from WAXD profiles. 

and the bottom diagram represents the isointensity 
contour plot projected from the top. All profiles have 
been corrected for incident beam intensity fluctuations, 
attenuation within the sample, and parasitic scattering. 
Further, from the WAXD profiles the initial amorphous 
pattern in the melt was scaled and subtracted. There- 
fore, the WAXD profiles represent the excess intensity 
resulting from the crystalline phase. In these figures, 
it is seen that both WAXD and SAXS "crystal signature" 
profiles begin almost simultaneously at  150 s (the fifth 
curve). Note that WAXD detects the three-dimensional 
crystal structure and SAXS detects large-scale density 
fluctuations. In light of that, the above results suggest 
the following. If the density fluctuations truly occur as 
a precursors for crystallization from the melt (as sug- 
gested by the cold crystallization study74, then the time 
difference between the two mechanisms (fluctuation 
precursor and crystallization) may be smaller than the 
resolution time of our setup (30 9). Conversely, the 
volume fraction of fluctuation precursor material may 
be too small to detect by SAXS because of the low 
volume fraction of nuclei for the melt-crystallized system 
as opposed to  the cold crystallization ~ y s t e m . ~ > ~  This 
issue deserves further investigation with a higher flux 
synchrotron source (from an undulator or wiggler 
source) which would enable a much shorter collection 
time.16 

From the WAXD profiles (Figure 21, several unique 
features were observed. At stage I (e1200 s, isothermal 
crystallization), the intensity of the three crystalline 
peaks (which can be indexed as 110, 111, and 200) 
increased with time, and the peak positions of the three 
reflections remained about constant as expected. How- 
ever, upon the subsequent annealing at ca. 287 "C 
(>1200 s, stage II), the peak positions of both 110 and 
200 were found to shift to higher angles. The integrated 
intensity of each reflection (after deconvolution) is 
illustrated in Figure 4. The dotted line indicates the 
beginning of the temperature reduction. It is likely that 
the temperature is never completely constant over the 
stage I1 region. The overall growth of the different 
reflections at stage I1 has the following order 110 * 200 
> 111. However, the 111 peak grows at a faster rate 
compared to the 200 peak during the initial stage of 
crystallization (I). While this difference might be due 
to some experimental artifact, it could also imply that 
some crystal perfection is taking place. From the sum 
of the three integrated intensities and the area of the 
scaled amorphous pattern, a crystallinity index can be 
estimated. Note that this index does not represent an 
absolute crystallinity but an estimate which should only 
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Figure 5. Crystal unit cell dimensions calculated from the 
peak positions from WAXD profiles. 
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Figure 6. Corresponding crystalline density as a function of 
time from Figure 5 .  

be compared with itself. This crystallinity index in- 
creases with measurement time and does not equilibrate 
within our measurement period. 

The unit cell dimensions of PEEK can be calculated 
from the 28 positions of the three reflections assuming 
a two-chain orthorhombic unit cell. The unit cell 
estimates are shown in Figure 5, where the same y-axial 
scale is used for easy comparison. As shown in the plot, 
both a and b have similar precision, but c shows a larger 
uncertainty. This is expected since c is estimated from 
the 111 reflection and requires the values of a and b. 
Therefore, errors in a and b are added to the error in 
estimating the position of the 111 reflection, resulting 
in larger errors in c. At stage I, a very slight decrease 
in a is observed and the overall changes in a and b are 
small. This is quite different from stage 11, where a 
declines significantly with time and b remains almost 
constant. The crystalline density calculated from the 
unit cell parameters is shown in Figure 6. It is seen 
that the crystal density increases in both stages. Simi- 
lar results have also been observed in PEEK,17 PPS, and 
PET17J8 that the crystalline density was found to 
increase with time during isothermal annealing. In 
those studies, the analysis was carried out from the 
WAXD data collected at room temperature on quenched 
samples after different annealing times at  isothermal 
temperatures. 

It has been demonstrated by Lovinger et aZ.12 that, 
in PEEK, the b axis represents the spherulitic growth 
direction, the c axis represents the lamellar thickness 
direction, and a is orthogonal to both b and c. Since a 
considerable densification of the unit cell along the a 
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axis (orthogonal to both the lamellar thickness and the 
growth directions) a t  stage I1 was observed, we present 
two speculative models consistent with the above ob- 
servation. (1) Viscoelastic relaxation of internal stress 
(tensile, on the crystal) continuously occurs at these very 
high temperatures. It is reasonable that the original 
stress due to the local densification during crystalliza- 
tion is directional and is normal to the growth direction. 
As this stress relaxes the strain on the crystal in the a 
direction gives rise to  the observed result. (2) The 
second model is related to  the stress imposed upon the 
primary lamellae by secondary crystallization. The 
crystavmelt interfaces in the growth direction (b  axis) 
may be considered to  be in a steady state during 
primary crystallization and probably independent of 
secondary crystallization. On the other hand, the 
crystal/melt interface orthogonal to the growth direction 
(along the a and c axes) must be sensitive to the 
occurrence of secondary crystallization in the neighbor- 
ing liquid pocket. As a result, secondary crystallization 
may impose large elastic strains along the a and c axes 
of the primary lamellae but not along the b axis, which 
leads to  a larger decrease in a than b at stage 11. 

Any trends in the c axis are probably hidden in the 
noise in its estimate. If we assume crystallization 
results in a negative pressure in the amorphous envi- 
ronment, the observed decrease in a suggests that a 
"reduced" negative pressure (which leads to a decrease 
in internal stress) perhaps exists perpendicular to the 
growth direction. The relaxation of this negative pres- 
sure within the stacks probably also manifests in a 
relaxation of stress on the liquid pockets between 
primary lamellar stacks. Recently, there have been 
some arguments by Marand et al.1° that secondary 
crystallization takes place within the liquid pockets 
which are under negative pressure. They argue that 
the low endotherm observed in semicrystalline systems 
such as PEEK is the result of this negative pressure 
exerted on the secondary lamellae. WAXD data suggest 
more directly the existence of a relaxation of this 
negative pressure with time. Further, our argument 
in favor of a relaxation of internal stress is supported 
by the analysis of SAXS data which is discussed 
subsequently. The issue is far from being clear and 
definitely deserves further investigation. 

Morphological variables such as long period L and 
thicknesses of both phases (11 and 12;  11 > 1 2 )  can be 
extracted from the correlation function of SAXS data 
using the 2-phase model of Strobl and Schneider.lg We 
have used a novel approach by adopting a modified form 
of Porod's law to calculate the correlation function. This 
method facilitates the correction of liquid scattering and 
crystal/melt interfacial thickness for the determination 
of the Porod constant.20 The calculated time-resolved 
correlation functions are shown in Figure 7, and the 
extracted morphological variables are depicted in Figure 
8. Care should be taken while using these extracted 
variables for any subsequent analysis. Preliminary 
modeling work in our group demonstrates21 that the 
Strobl and Schneider approach of an ideal two-phase 
model results in erroneous estimates for 11 and 12 when 
applied on several nonideal two-phase models. How- 
ever, given the absence of a better technique to estimate 
11 and 12 (we were unable to estimate the interface 
distribution function for the current scattering data due 
to a limited angular range and a low signal-to-noise 
ratio at high a), we have used the ideal two-phase model 
to extract 11 and 12 from the correlation function. We 
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Figure 7. Correlation functions calculated from the time- 
resolved SAXS profiles. 
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Figure 8. Estimated values of long period L,  lamellar 
thickness (IC), interlamellar noncrystalline layer thickness (1,) 
and invariant Q as functions of time from Figure 7. The change 
in slope at t = 1170 s is in part due to a slow decrease in 
temperature over this period. 

acknowledge the fact that this approach will result in 
some error; however, the trends in 11 and 12 remain 
almost unaffected as indicated by our modeling work.21 

From the correlation function alone, one cannot assign 
the two calculated thicknesses 11 and 12 t o  the crystalline 
and interlamellar noncrystalline layer thicknesses. 
However, in this work, we have assigned the larger 11 
to the lamellar thickness and 12 to the interlamellar 
noncrystalline thickness (some authors make the as- 
signment inversely22). The reasons for our assignment 
are as follows. (1) We have found that room tempera- 
ture WAXD crystallinity in PEEK samples with similar 
thermal histories is typically greater than 20% and can 
be as high as 40%.23 On the other hand, the linear 
fraction of the smaller phase never exceeds 35% at high 
temperature (this work and previous datal5) and can 
be as low as 25% at room t e m p e r a t ~ r e . ~ ~ , ~ ~  Thus, the 
larger 11 must be crystalline and the smaller 12 must be 
the noncrystalline layer, otherwise, the criterion of mass 
balance for the crystalline phase cannot be met. (2) 
TEM micrographs from thin films and from etched 
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replicated surfaces suggest that the average lamellar 
thickness is about 80 81.l1JZ (3) Some unpublished 
SAXS data21 indicate that smaller 12 increases with 
temperature even below the glass transition tempera- 
ture (the larger 11 remaining about constant). Since the 
average lamellar thickness is not expected to  change 
below the glass transition temperature, the smaller 12 
must necessarily be assigned to the noncrystalline layer 
thickness. (4) A line-width analysisz5 of the WAXD 
peaks for a lower limit for crystal thickness along the c 
axis yields a value of about 60 A, which is consistent 
only with our  assignment. ( 5 )  We believe that the 
existence of crystalline lamellae with a thickness of 
about 20 81 (about two repeat units) would be physically 
unreasonable. Such a value in 12 is often observed at 
the initial crystallization stage under a large supercool- 
ing.15 ( 6 )  Finally, TEM clearly shows that the lamellar 
stacks are not spaced filling;l2 i.e., there are broad gaps 
between the crystalline fibrils. Thus, the linear crystal- 
linity (determined to be 70% if 11 is lamellar thickness) 
cannot be equal to  be bulk crystallinity (i.e., 35%), 
proving that 12 is not the lamellar thickness. 

Returning to the SAXS-extracted parameters, we first 
discuss the results for stage I crystallization between 
50 and 1200 s. The lamellar thickness IC decreases with 
time, whereas the noncrystalline layer thickness I A  
increases slightly with time in the region where Q is 
increasing sharply (Figure 8). As Q begins to level out 
a t  about 400 s, the spherulites are space filling under 
these conditions. The relatively large decrease in long 
spacing and lamellar thickness during the initial stage 
of crystallization (between 150 and 220 s in Figure 8) 
has been observed previ0us1y.l~ In earlier ~ o r k , ~ J ~  it 
had been suggested that this initial decrease might be 
due to  the insertion of additional lamellae within a 
primary lamellar stack. Indirect evidence against this 
insertion mechanism is seen in results suggesting that 
the interlamellar noncrystalline regions are entirely 
uyig id , ,26  and extremely narrow (on the order of 50 A or 
1ess,15,26 see also in Figure 8). It is more likely that this 
sharp initial decrease is reflective of secondary crystal- 
lization producing thin lamellar stacks within the liquid 
pockets.1° The SAXS method projects the bulk lamellar 
morphology therefore cannot distinguish the two mech- 
anisms easily by itself. 

The argument of thinner lamellae being produced by 
secondary crystallization can also be explained by a 
thermodynamic standpoint. If secondary crystallization 
undergoes a relaxation of negative pressure (or internal 
stress) as discussed earlier, the increased pressure will 
undoubtedly raise the equilibrium melting temperature, 
thereby reducing the critical lamellar thickness required 
for the formation of a stable nucleus. In other words, 
thinner lamellae can be stabilized within the liquid 
pocket where the melt is restrained. In light of this, 
we would like to  emphasize that, during isothermal 
condition, primary crystallization always takes place 
from the “equilibrium” melt and produces thicker lamel- 
lae, whereas secondary crystallization takes place from 
the melt restrained by the primary crystals and produces 
thinner lamellae. It is apparent that secondary crystal- 
lization is an in-filling process, which must be consid- 
ered at  any crystallization stage whenever the state of 
the crystallizable melt starts to  deviate from the virgin 
melt. 

The slowdown in the changes in the morphological 
variables a t  the later part of stage I (between 250 and 
1200 s in Figure 8) is consistent with the very slow 
secondary crystallization process. The contribution of 
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the secondary lamellae which form slowly, when aver- 
aged with the signal from the dominant primary lamel- 
lae, gives rise the observed slow decrease in L and I C ,  
and very small increase in I A .  This is in contrast with 
the relatively large change in L and I C  at  the initial 
crystallization stage when the population of primary 
lamellae are not dominant. The viscoelastic relaxations 
and internal stress in the liquid pockets should vary 
significantly because of the wide range of sizes of the 
liquid pockets. This would also explain part of the 
slowdown in the secondary processes. 

In stage I1 after 1200 s, the temperature is dropped 
about 5 “C, leading to a decrease in the slope of Q, L, 
and IC (Figure 8). The drop in both L and IC is consistent 
with the formation of new thinner lamellae by increas- 
ing the degree of supercooling. However, the decrease 
in Q reflects a different mechanism. It is probably due 
to  the decrease in density contrast between the crystal 
and amorphous phases rather than the change in 
morphology. This phenomenon has been observed in 
the reversed experiment. It is found that, during 
heating, Q always increases with temperature as a 
result of different thermal expansion coefficiencies 
between the two phases, leading to an increasing 
scattering contrast for SAXS.6J5 
Conclusion 

Simultaneous S& and WAXD measurements were 
carried out during isothermal crystallization and sub- 
sequent annealing on a PEEK sample. During the 
isothermal crystallization process (stage I), both crystal- 
line WAXD and SAXS peaks were found to occur almost 
simultaneously within the resolution time of our  setup 
(30 8). The WAXD data were analyzed for a crystallinity 
index and for the unit cell dimensions. The SAXS data 
were analyzed for the long period L, lamellar thickness 
I C ,  noncrystalline layer thicknesses I A  and invariant Q. 
We found the trends in the morphological variables and 
in the unit cell parameters during the stage I1 annealing 
indicate the existence of relaxation of internal stress 
(negative pressure) during crystallization. The evi- 
dences include decreases in the crystallographic a axis, 
long period, and lamellar thickness and a slight increase 
in the interlamellar noncrystalline layer thickness a t  
the initial stage. In addition, we observed that the 
crystallographic b axis along the spherulitic growth 
direction is relatively insensitive to the variation of time 
and temperature. We have proposed different mecha- 
nisms for anisotropic variations in cell dimensions, and 
acknowledge the possible existence of others that we 
might have overlooked. Finally, we feel the melt 
crystallization model consisting of the steady-state 
primary process in the unrestrained melt (which pro- 
duces thicker lamellar stacks) and the subsequent in- 
filling secondary process in the restrained melt (which 
produces thinner lamellar stacks) is most consistent 
with our results. 
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preparation. A PEEK sample crystallized at 300 "C for 1 h 
was cooled to room temperature and heated at 2.5 "C/min. 
The SAXS data were analyzed in a similar fashion. Signifi- 
cant increases were observed in the smaller 12 even below 
the glass transition temperature. No changes were observed 
in the larger 11 below the glass transition temperature. The 
linear crystallinity at 100 "C is about 74%. 
Line-width analysis was performed on WAXD data collected 
on a PEEK sample crystallized a t  300 "C. No correction for 
instrumental broadening was performed. The dimension 
along the c axis was estimated from the (111) peak width 
using the Scherrer formula, simple geometric considerations, 
and values for the crystal size along the a and b axes from 
the (110) and (200) peak widths. 
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