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Evolution of density fluctuations to lamellar crystals in linear polyethylene
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Structure formation during the isothermal crystallization of a linear polyethylene (Mw532 100
g/mol, Mw /Mn51.1) has been monitored by simultaneous real time small-angle x-ray scattering
~SAXS! and wide angle x-ray scattering~WAXS! with synchrotron radiation. Changes in the
crystalline and amorphous scattering in WAXS occur simultaneously with the changes observed in
the SAXS intensity profile, suggesting that the resulting scattering is a consequence of forming
crystals. At the early stage of crystal growth, the SAXS intensity atq,0.02 Å21 increases while
that at higher wave vectors remains constant. Meanwhile, the apparent crystallinity from WAXS
increases to about 10% before two peaks in the SAXS intensity profile can be resolved. As lamellar
stacks develop, the period corresponding to the first SAXS peak,L1 , decreases initially. After
reaching a minimum,L1 further increases with crystallization time. On the other hand, the period
corresponding to the second SAXS peak increases with crystallization time. At late times, the rate
of increase is very slow. Changes in the crystallinity obtained from WAXS and the total scattering
power from SAXS were evaluated and compared with a model for the crystallizing system which
accounts for changes in the fraction of lamellar aggregates. The relative importance of two
secondary crystallization processes, namely the formation of new lamellar stacks and increase in the
crystallinity within lamellae, were evaluated during and after primary crystallization. ©1999
American Institute of Physics.@S0021-9606~99!51441-4#
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I. INTRODUCTION

Crystalline polymers show ordering at different si
scales, namely, the arrangement of molecules in the unit
lamellar crystals and the aggregation of these lamellae
superstructures such as spherulites and axialites.1,2 In the
classical picture of polymer crystallization,3 nucleation oc-
curs when the polymer solution or melt is supercooled. T
process is initiated by large-amplitude, local fluctuations
an order parameter such as density. The result is the app
ance of small nuclei of the stable crystalline phase and o
those that are larger than a critical size grow. There is
induction timetc , associated with the time to form the crit
cal crystal nuclei from the amorphous state. The prim
lamellar habit is formed as a result of the anisotropic grow
of nuclei. For the nucleation and growth mechanism, Bra
peaks in the wide-angle x-ray scattering~WAXS!, corre-
sponding to isolated crystals, will evolve first. As lamell
stacks are developed, scattering maxima in the small-a
x-ray scattering~SAXS! will appear.

Time-resolved x-ray scattering studies o
polyethylene,4–7 show that the crystallization of polyethylen
from the melt state can be described by two stages:~1! Pri-
mary crystallization with the growth of superstructures, a
~2! secondary crystallization during which the degree
crystallinity within the morphological units increases. A
though a distinction between primary and secondary crys
lization can be made, usually the two processes canno
delineated. However, by comparing the time evolution of
degree of crystallinity obtained from WAXS and the tot

a!Electronic mail: eric.amis@nist.gov
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scattering power obtained from SAXS it may be possible
identify and separate the crystallization mechanisms in
samples under study.

On the other hand, a mechanism different from nuc
ation and growth has been proposed during the crystall
tion of poly~ethylene teraphlate! ~PET!,8–10 poly~ether ke-
tone ketone! ~PEEK!11 and isotatic polypropylene~i!-PP.12

For PET and PEEK, structural changes in these sam
were monitored while the samples were annealed above
glass transition temperature,Tg , from a melt-quenched
glass. These experiments show the development of a SA
peak, due to electron density fluctuations, prior to the pr
ence of crystals identified by WAXS. Initially, the SAXS
peak intensity grows exponentially with time while the co
responding wave vector remains constant. This scattering
havior is consistent with the Cahn–Hilliard13 theory for early
stage spinodal decomposition. During the late stage of
induction period the scattering behavior of PET is consist
with predictions of the Furukawa scaling theory for the la
stages of spinodal decomposition. Further domain growt
arrested when Bragg peaks emerge in the WAXS profile. T
characteristic size of the ordered domains formed bef
crystals can be identified by WAXS is usually larger than t
lamellar thickness after crystallization is complete. Recen
Olmsted and co-workers14 have proposed a theory based
the coupling of density and chain conformation to descr
these observations. They proposed that this coupling indu
a liquid–liquid binodal within the equilibrium liquid–
crystalline solid coexistence curve and if a polymer melt
quenched below the spinodal, it will phase separate into
co-existing liquids which differ in their distribution of con
formations. The characteristic length scale associated w
6 © 1999 American Institute of Physics
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the developing spinodal texture gives rise to a SAXS p
and the growth of this peak is arrested once Bragg pe
appear in the WAXS intensity profile.

For rigid rod polymers such as PET and PEEK, ear
calculations15–17 indicate that orientational ordering in th
polymer melt can occur when the stiffness of the polym
segments is beyond a critical value. Spinodal-decomposi
kinetics is predicted to occur during the ordering proce
Thus the evolution of the density fluctuations during the
duction period for PET and PEEK is consistent with the
predictions. In the case ofi-PP (Mw5520 000 g/mol,
Mw /Mn54.44!, our results suggest that the evolution
density fluctuations during the induction period can be att
uted to effects arising from tacticity and a broad distributi
in chain length. The PET, PEEK samples were also poly
perse (Mw /Mn>2.0). Our latest studies18 on a broad
molecular-weight distribution linear polyethylene show th
density fluctuations can be evident before crystal growth
evident in WAXS at low to moderate undercoolings. O
result, to be submitted later, can be interpreted to indic
that for all polymers, effects due to a broad distribution
chain length can determine whether one observes den
fluctuations during the induction period.

The objective of this paper is to study the nature of d
sity fluctuations during the period preceding lamellar crys
growth and the evolution of the fluctuations to lamellar cry
tals and supramolecular structures for a linear polyethyl
fraction (Mw532 100 g/mol,Mw /Mn51.1)23 by simulta-
neous real time SAXS and WAXS measurements at a s
chrotron source. The crystal growth kinetics of this sam
has been previously studied4 at 127.5 °C, which correspond
to an undercooling of 16.5 °C, by simultaneous SAXS a
WAXS with synchrotron radiation. By comparing the cry
tallinity from WAXS and total scattering from SAXS, th
authors were able to separate primary and secondary cry
lization. They suggested that secondary crystallization ta
place within the lamellar stacks where crystals beco
thicker and the amorphous layers become thinner. This c
clusion was based on the observation of a constant SA
peak position while the crystallinity increased during seco
ary crystallization. In that study only one SAXS peak w
observed. On the other hand, in other studies on S
148319,20 and other polyethylenes,19–22 two peaks in the
SAXS profile have been observed when a sample is crys
lized as will be shown. Our SAXS measurements also sh
two peaks and the positions of both SAXS peaks vary dur
crystallization at the temperatures studied.

In this paper, morphological quantities extracted fro
our SAXS and WAXS data are evaluated and compared w
a model for the crystallizing system which accounts for
changes in the fraction of lamellar aggregates. We dem
strate that the variations in the SAXS profile can be cor
lated to the morphological changes associated with the e
lution of isolated crystals to lamellar aggregates. We disc
the relative importance of two secondary crystallization p
cesses, namely the formation of new lamellar stacks and
crease in the crystallinity within lamellae, during and af
primary crystallization.
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II. EXPERIMENT

Measurements were performed on a linear polyethyl
@standard reference material~SRM! 1483#. SRM 1483~LPE!
was prepared by a large-scale preparative gel permea
chromatography from a linear commercial polyethyle
~SRM 1475!. A more detailed description of the characte
ization procedures used has been given in the NIST cer
cate of analysis for SRM 1483. The number average mole
lar mass,23 Mn528 900 g/mol was determined by membra
osmometry in 1-chloronaphtalene at;130 °C. The mass av
erage molecular mass,23 Mw532 100 g/mol, was determine
by light scattering in 1-chloronaphtalene at 135 °C. T
polydispersity of the sample is 1.1. The equilibrium melti
point of the sample is 144 °C.24

For x-ray measurements, samples were melt pressed
vacuum laboratory hot press~Carver press, Model C!25 at
160 °C for 30 min at 13 345 N. The molded films were th
allowed to cool to room temperature under vacuum. A d
temperature chamber jump unit used for the melt crystalli
tion experiments consists of two large thermal chamb
maintained at the melt temperature (T15160 °C, 5 min! and
a crystallization temperature (T2). The copper sample cel
was transferred rapidly ('2 s! from one chamber (T1) to the
other (T2) by means of a metal rod connected to a pneum
pressure device. A detailed description of the arrangemen
the sample and of the two detectors used to measure WA
and SAXS simultaneously has been provided previously.26,27

Each polymer sample within the copper cell was 1.5 m
thick and 7 mm in diameter and was contained between
25 mm-thick Kapton films. The actual sample temperatu
during crystallization and melting was monitored by mea
of a thermocouple inserted into the sample cell. The crys
lization temperatures studied (127 °C, 128 °C, and 129 °
were usually reached without overshooting, 120 s after tra
fer. Under isothermal conditions the fluctuations in t
sample temperature are less than 0.2 °C. Unless stated
erwise, all references to time are times elapsed after trans
ring the sample to the crystallization chamber.

Time-resolved simultaneous SAXS–WAXS data we
collected at the advanced polymer beamline at Brookha
National Laboratory, X27C. The radiation spectrum from t
source was monochromated using a double multilayer mo
chromator and collimated with three 2° tapered tantal
pinholes to give an intense x-ray beam atl51.307 Å.26 Two
linear position sensitive detectors~European Molecular Biol-
ogy Laboratory, EMBL! were used to collect the SAXS an
WAXS data simultaneously. For SAXS, the detector w
located 1940 mm from the sample position. A vacuum cha
ber was placed between the sample and both detecto
reduce air scattering and absorption. The usable span of
tering vector magnitudes@q5(4p/l)sin(u) and 2u is the
scattering angle# for SAXS was in the range 0.01 Å21 ,q
,0.3 Å21 while that for WAXS was 0.5 Å21 ,q
,2.6 Å21. Scattering patterns from silver behenate a
Lupolen were used for angular calibration of the SAXS d
tector. NIST standards SRM 674A (a-Al203) and SRM 675
~Mica!, and Lupolen were used for angular calibration of t
WAXS detector. A parallel plate ionizing detector place
before the sample cell was used to record the incident in
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sities. The experimental intensities were corrected for ba
ground scattering from the camera, temperature chamber
empty cell, incident intensity variations, and pixel-by-pix
detector sensitivity. The latter was established from the s
tering of an Fe source. Two data acquisition times of 15 a
30 s were used depending on the crystallization rate.

The degree of crystallinity can be obtained by assum
that the total scattering in reciprocal space is independen
the state of aggregation of the polymer. The degree of c
tallinity ~mass fraction,wc) may be found fromwc5I c /I t .
The total scatteringI t5I c1I a . The amorphous and crysta
line contributions to the total scattering areI c andI a , respec-
tively. The combined area (I t) under the 110 and 200 crys
talline reflections was obtained by integrating the Lore
corrected intensity (I (q)q2) in the range 1.45 Å21 ,q
,1.72 Å21. At temperatures above the melting temperat
(T@Tm) of the sample the integrated intensity in the ran
1.45 Å21 ,q,1.72 Å21 gives the value ofI a and the value
at the crystallization temperature (T5Tc) gives I t allowing
I c to be calculated.

The uncertainty inwc by this method is about 2%. A
low crystallinities (wc,5%), it is difficult to determine the
crystallinity of the sample within reasonable limits of unce
tainty when numerical methods are applied to resolve
crystalline peaks from the amorphous background. The
certainties associated with the values obtained oversha
changes that can be observed when the crystallinity is lo

The peak position, peak height and peak width for
crystalline and amorphous reflections in WAXS were e
tracted by a curve fitting program. A broad Gaussian p
was used to describe the amorphous background. The c
talline peaks~110 and 200! were also fitted with Gaussia
functions. The peak positions of~110! and ~200! were used
to determine the unit cell lattice parameters ofa andb.

The scattering intensity due to thermal fluctuations (I b)
was subtracted from the SAXS profileI (q) by evaluating the
slope of I (q)q4 versusq4 plots28 at large wave vectors (q
@0.2 Å21). This subtraction has to be done before a
quantities are calculated from the SAXS profile. The sm
angle scattering invariant is a measure of the total sm
angle scattering from a material, independent of the size
shape of the structural inhomogeneities.29 The absolute value
of the invariant requires absolute intensity measureme
thermal background subtraction and extrapolation toq50
and q5`. However, the major contribution to the expe
mental invariant can be used to characterize structure de
opment. Therefore, we calculate a relative SAXS invaria
QSAXS, from the area under the (I (q)2I b)q2 versusq curve
between the first reliable data point atq50.01 to 0.2 Å21,
beyond which (I (q)2I b)q2 remains constant. Long period
are determined by applying Bragg’s law to the peak positi
of the Iq2 versusq curve. The long period represents th
periodicity of the sum of the crystalline and noncrystalli
thicknesses.

III. MODEL

The SAXS invariant for a system where all the cryst
lizable units are within supermolecular structures is giv
by30
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QSAXS5CxsxLxCL~12xCL!~Dr!2. ~1!

In Eq. ~1!, C is a factor dependent on geometry and oth
quantities kept constant during the experiment,Dr is the
electron density difference between the crystalline and am
phous phases,xs is the volume fraction of polymer trans
formed into supermolecular structure,xL is the volume frac-
tion of lamellar stacks within the superstructures andxCL is
the fraction of crystals within the lamellar stacks. The im
plicit assumption of this model is that all the crystals are
lamellar stacks and there are only two phases~crystalline and
amorphous!. In addition, the fraction 12xs , which is not
involved in forming the supermolecular structures, does
contribute toQSAXS.30

The crystallinity index measured by WAXS (wc) is the
total mass fraction of crystals within the sample which
related to the above quantities by

wc5S rc

rs
DFc , ~2!

Fc5xsxLxCL , ~3!

rs5rcFc1ra~12Fc!, ~4!

whereFc is the volume fraction crystallinity which can b
estimated from WAXS. The electron densities of the cryst
line and amorphous regions are designated byrc andra and
that of the sample isrs . The factor (rc /rs) is included to
convert volume fractions to mass fractions.

According to this model,xs increases from 0 to 1 during
primary crystallization. During the primary crystallization o
most polymers, the change ofxCL is small as compared to th
variation inxsxL so thatxCL can be considered to be almo
constant. As a result,QSAXS andwc or Fc are proportional to
xsxL @Eqs.~1! and ~3!#. This will also be the case if spheru
litic growth occurs rapidly and the fraction of lamellar stac
within the spherulite continues to increase whilexCL remains
constant. In contrast, during secondary crystallization invo
ing only an increase inxCL with xL andxs constant,QSAXS is
proportional toxCL(12xCL) while wc is proportional toxCL .
Thus, for this model during secondary crystallization, t
change inwc will be larger than the change ofQSAXS, while
during primary crystallizationQSAXS andwc are proportional
to each other.

IV. RESULTS AND DISCUSSION

A. Induction period

As a polymer melt is transformed to the crystalline sta
one expects the peak intensity of the amorphous scatterin
decrease while that of the crystalline reflections increase
lamellar sheaves are developed, a simultaneous increa
the SAXS peak intensity is expected. Figures 1–3 show
change of the SAXS and WAXS intensity profiles during t
early stage isothermal crystallization of LPE at 127 °
128 °C, and 129 °C after melting at 160 °C for 5 min. T
time dependence of the peak intensity of the amorphous s
tering is shown in Fig. 4. At the temperatures studied, wh
changes in the SAXS intensity profile at low wave vecto
and the area under the crystalline reflections are obse
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8689J. Chem. Phys., Vol. 111, No. 18, 8 November 1999 Lamellar crystals in linear polyethylene
~Figs. 1–3!, the peak intensity of the amorphous scatter
starts to decrease~Fig. 4!. Moreover, at higher temperature
than 129 °C, changes in the SAXS and WAXS scatter
profiles also occurred simultaneously even when the sam
were observed for several hours before these changes
curred.

At each temperature, there is a characteristic time~in-
duction time!, associated with the time to form crystals fro
the amorphous state. This time increases with crystalliza
temperature. During the induction period, we are unable
resolve any changes in the SAXS and WAXS scattering p
files. One possible explanation for our observations is tha
local ordering occurs everywhere in the sample and the

FIG. 1. Development of typical SAXS and WAXS during isothermal cry
tallization of the sample SRM 1483 (Mw532 100) at 127 °C within the first
900 s after melting at 160 °C for 5 min;~a! SAXS, intensityI SAXS ; ~b!
WAXS, intensityI WAXS ; ~c! SAXS, intensityI SAXSq

2. SAXS intensity rep-
resents excess scattering due to density fluctuations at the crystalliz
temperature since melt has been subtracted. The relative standard dev
in the SAXS intensity values in the range 0.01 Å21 ,q,0.02 Å21 is less
than 2%. At higher wave vectors, the relative standard deviation incre
with q and the maximum value is less than 15%. Bold curves denote the
of Stage I. WAXS curves have been offset for clarity.
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sulting regions are uncorrelated spatially, and since the d
sity contrast between the dense and less dense regions is
small, no intensity variations in SAXS will be observed.
WAXS, Bragg peaks will be observed for nuclei that poss
three dimensional order and a concentration above a thr
old for detection. If, however, spinodal decomposition pla
a major role in the nucleation of crystals, development o
SAXS pattern due to density fluctuations should occur pr
to any WAXS from crystals because there is a continuo
transformation of the partially ordered phase through sligh
more ordered states.32 The characteristic length scale asso
ated with the developing spinodal texture gives rise to
SAXS peak. Initially, the SAXS peak intensity grows exp

ion
tion
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nd

FIG. 2. Development of typical SAXS and WAXS during isothermal cry
tallization of the sample SRM 1483 (Mw532 100) at 128 °C within the first
1800 s after melting at 160 °C for 5 min;~a! SAXS, intensityI SAXS; ~b!
WAXS, intensityI WAXS ; ~c! SAXS, intensityI SAXSq

2. SAXS intensity rep-
resents excess scattering due to density fluctuations at the crystalliz
temperature since melt has been subtracted. The relative standard dev
in the SAXS intensity values in the range 0.01 Å21 ,q,0.02 Å21 is less
than 2%. At higher wave vectors, the relative standard deviation incre
with q and the maximum value is less than 15%. Bold curves denote the
of Stage I. WAXS curves have been offset for clarity.



on
po
ar
r
o
u
is
t b

e

ns

and

s
for

ater
ed

ch-
i-

esti-
XS
ges
lar
ns of

tant.
es
the
d
d
llar
g to

XS
e

-
t.
g

e

of

and

s-

at
ia

as
e

PE
esti-

8690 J. Chem. Phys., Vol. 111, No. 18, 8 November 1999 Y. A. Akpalu and E. J. Amis
nentially with time while the corresponding peak positi
remains constant. As these domains coarsen, the peak
tion shifts to small wave vectors and further growth is
rested once Bragg peaks appear in the WAXS intensity p
file. Since we observe no changes in the SAXS profile bef
changes are observed in the WAXS scattering, our res
indicate that the mechanism for initiating crystallization
inconsistent with spinodal dynamics but instead can bes
described by nucleation followed by growth.

B. Evolution of crystal morphology

For the sample studied, superstructures such as sph
lites ~formed below 127 °C) and axialites~formed above

FIG. 3. Development of typical SAXS and WAXS during isothermal cry
tallization of the sample SRM 1483 (Mw532 100) at 129 °C within the first
2700 s after melting at 160 °C for 5 min;~a! SAXS, intensityI SAXS; ~b!
WAXS, intensityI WAXS ; ~c! SAXS, intensityI SAXSq

2. SAXS intensity rep-
resents excess scattering due to density fluctuations at the crystalliz
temperature since melt has been subtracted. The relative standard dev
in the SAXS intensity values in the range 0.01 Å21 ,q,0.02 Å21 is less
than 2%. At higher wave vectors, the relative standard deviation incre
with q and the maximum value is less than 15%. Bold curves denote the
of Stage I. WAXS curves have been offset for clarity.
si-
-
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lts

e
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127 °C) consisting of crystalline and noncrystalline regio
grow during crystallization from the melt.3,31,33Lateral habits
characteristic of the constituent lamellae in spherulites
axialites have been identified and extensively studied33–35by
electron microscopy. Toda33 showed that single crystal
could be observed during the early stage of crystallization
linear polyethylene fractions~SRM 1482 and SRM 1483!
and these crystals evolve into multilayer aggregates at l
times. Solution cast thin films were isothermally crystalliz
from the melt and quenched in acetone at 0 °C or280 °C.
Single crystals were obtained by using the extraction te
nique of Bassetet al.36 and observed under the electron m
croscope. At the temperatures studied in the present inv
gation, the observed changes in the SAXS and WA
scattering profiles can be divided into three distinctive sta
which reflect the evolution of isolated crystals to lamel
aggregates as suggested by the microscopic observatio
Toda.33

During Stage I, the SAXS intensity atq,0.02 Å21 in-
creases while that at higher wave vectors remained cons
Meanwhile the apparent crystallinity from WAXS increas
to about 10% before two peaks could be resolved in
SAXS intensity profile. The first SAXS peak will be referre
to asP1 and the second asP2 in subsequent discussion. Bol
curves in Figs. 1–3 indicate the end of Stage I. As lame
stacks are developed in Stage II, the period correspondin
the first SAXS peak (L1) decreases~Figs. 5 and 6!. On the
other hand, the period corresponding to the second SA
peak (L2) progressively increases with crystallization tim
~Figs. 5 and 6!. Finally, during Stage III, the crystallinity and
L2 further increases~Figs. 5 and 6!. L1 increases after reach
ing a minimum value and the invariant becomes constan

According to Eqs.~1! and~3!, if one assumes that durin
the growth of superstructures~primary crystallization!, the
variation inxCL is small as compared to the change inxsxL

such thatxCL can be considered to be almost constant,QSAXS

and wc should change proportionally to one another. W
observe this variation during Stages I and II~Figs. 5 and 6!.
In this case, primary crystallization ends when the fraction
crystalline material transformed@X(t)5wc(t)/wc(t5`)# is
between 80% and 95%, i.e., 750 to 1050 s at 127 °C
2100 to 2700 s at 128 °C~Figs. 5 and 6!. These values are

ion
tion
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nd

FIG. 4. Peak intensity of the amorphous halo during crystallization of L
at 127 °C and 129 °C. The relative standard deviation associated with
mating the amorphous peak values is about 1%.
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consistent with the crystallinity that develops after prima
crystallization by other methods such as DSC.

From an Avrami37 analysis of DSC crystallization iso
therms, a break in the time dependence of the crystalliza
isotherms is observed. The significance of this break
been attributed to the continuation of secondary proce
which dominate at the end of the primary crystallization38

From these studies, over 90% of the crystallinity develo
during primary crystallization. The end of primary crystal
zation is usually estimated as twice the half time
crystallization.4 The end of primary crystallization estimate
by the DSC method corresponds to the dotted line show
the end of Stage II in Figs. 5 and 6. It is within the range t
one would predict on the basis of the variation inQSAXS

andwc .
In order to characterize the secondary mechanisms

ing and after primary crystallization, the changes in morp
logical quantities extracted from our SAXS and WAXS da
are discussed below and compared to predictions base
Eqs.~1!–~4!. During the initial increase in the SAXS inten
sity at lowq in Stage I, there is no second peak in the SAX
profile. The absence of this peak may be due to a sm

FIG. 5. Changes in morphological quantities for synchrotron SAXS–WA
during crystallization of LPE at 127 °C: Degree of crystallinity determin
from WAXS wc ~—!, SAXS invariantQSAXS ~d!, the period corresponding
to the first SAXS peak (L1) and the period corresponding to the seco
SAXS peak (L2) obtained fromIq2 curve. The uncertainty inwc is about
2%. The relative standard deviation associated with estimatingL1 andL2 is
less than 1%.

FIG. 6. Changes in morphological quantities for synchrotron SAXS–WA
during crystallization of LPE at 128 °C: Degree of crystallinity determin
from WAXS wc ~—!, SAXS invariantQSAXS ~d!, the period corresponding
to the first SAXS peak (L1) and the period corresponding to the seco
SAXS peak (L2) obtained fromIq2 curve. The uncertainty inwc is about
2%. The relative standard deviation associated with estimatingL1 andL2 is
less than 1%.
n
s
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population of lamellar stacks~smallxL! or monolayer lamel-
lar crystals.39,40 In order to distinguish between these tw
cases we apply Guinier’s analysis for an isolated dom
system at very high dilution and for a randomly oriented th
platelets to the period in Stage I where a second SAXS p
cannot be resolved. The intensity variations are given by41

I ~q,t !}expF2
Rg

2q2

3 G , ~5!

I ~q,t !}q22 expF2
l g
2q2

12 G , ~6!

whereRg is the radius of gyration of the isolated domain a
l g is the thickness of the platelet. Figure 7 shows typi
Guinier plots of the data using Eq. 5 showing good agr
ment with the equation. In Fig. 8, the radius of gyration
the isolated domain is shown as a function of crystallizat
time at 129 °C. At this temperature, a dense domain with
Rg of 173 Å is formed initially. The average size of th
domain does not change~Fig. 8!. Similar results are obtained
for the platelet thickness and at lower temperatures~Table I!.

The kinetic theories of Hoffmanet al.3 predict that the
initial lamellar thickness formed (l * ) is given by

l * 5
2seTm

o

DhfDT
1d l , ~7!

FIG. 7. Guinier plots for various crystallization times in Stage I. Lin
represent fits to the data points using Eq.~5!.

FIG. 8. Time variation of the radius of gyration (Rg) of the isolated domain
in Stage I. Error bars are the standard deviation in the estimation ofRg from
the fit of the data in Fig. 7 to Eq.~5!.



on
er
lu

m

by
m
m

f t
ea
in

in

u

an
e
up
s

ry
es
in

se
he
lla
h
e

as

-
e

r-
n
ay

ith
are

age

Å
the

rated
stal

ew
ing

rt
e-

tage
s.
gg
eat
er
ela-
By

ond
e in
ak

ed
ts

rst

Å.

8692 J. Chem. Phys., Vol. 111, No. 18, 8 November 1999 Y. A. Akpalu and E. J. Amis
where the quantityDhf is the heat of fusion, the equilibrium
melting point isTm

o andDT5Tm
o 2Tc . The theory predicts a

d l value of 10–15 Å. Experiments carried out on soluti
and melt crystallized polyethylene under conditions wh
lamellar thickening is not observed yield an average va
d l 543 Å; d l min528.1 Å andd l max558.7 Å.42–44 By substi-
tuting of values appropriate to SRM 1483 crystallized fro
the melt24 (Dhf5280 J cm23, Tm

o 5417 K, and se590
mJ m3) and accounting for the variation ind l , l * is found to
range from 168 to 238 Å for the temperatures studied~Table
I!. The Guinier plot, interpreted in terms of scattering
monolayer lamellar crystals, should give a domain size si
lar to that found for the crystal thickness at the same te
perature. There is good agreement between the size o
platelet thickness and measured lamellar thickness at
temperature, hence the scattering can be attributed to
vidual lamellar crystals. In the view of our model,QSAXS and
wc increase proportionally as the fraction of material with
the superstructures increases withxCL relatively constant.
This interpretation is consistent with crystal growth witho
lamellar thickening, i.e., no increases inxCL . In effect, crys-
tal growth occurs atconstant crystal thicknessduring
Stage I.

The individual lamellar scattering evident in Stage I c
be interpreted in terms of a skeletal spherulite mod
wherein lamellar ribbons extend as units or complete gro
outward into the melt.39 For the crystallization temperature
studied, one sees that the scattering intensity atq,0.2 Å21

diminishes as the crystallization time is increased@Figs. 1~a!,
2~a!, and 3~a!# in Stage II. It has been shown previously39,40

that the decrease in the scattering at low angles during c
tallization is associated with growth of new crystallit
within the amorphous gaps in the lamellar stacking with
spherulites.

In Stage II, QSAXS and wc vary proportionally to one
another while the intensity of the SAXS peaks increa
~Fig. 9!. These changes would occur if the growth of t
superstructures occurs rapidly and the fraction of lame
stacks within the superstructures continues to increase w
xCL is relatively constant. In this case, the secondary proc
involving the creation of new stacks~increase inxL) is more
important than processes that initially results in an incre
in the crystallinity~increase inxCL) within the stacks~Figs. 5
and 6!. During the latter parts of Stage II,QSAXS andwc vary
differently with crystallization time. This would occur if pro
cesses that increasexCL become more important than th
increase in the number of stacks. In effect, thexCL(12xCL)

TABLE I. Domain sizes during Stage I: Radius of gyration of isolat
domains at high dilution (Rg); Thickness of randomly oriented thin platele
( l g); Range of crystal thickness predicted by the secondary nucleation (l * );
Measured values of the initial crystal thicknessl m* . The l * values reflect a
range spanning the theoretical value ofd l and the maximum value from
experiments. The6 values denote the standard deviation.

Temperature~°C! Rg ~Å! l g ~Å! l * ~Å! l m*

127 (16267) Å (169622) Å 168 Å–217 Å 200 Å
128 (17167) Å (194614) Å 178 Å–227 Å 220 Å
129 (17365) Å (195615) Å 189 Å–238 Å •••
e
e

i-
-
he
ch

di-

t

l,
s

s-

s

r
ile
ss

e

contribution toQSAXS dominates the variation ofxsxL during
the latter stages of primary crystallization. In Stage III, fu
ther increases inQSAXS andwc are mainly due to increases i
xCL even though the concentration of lamellar stacks m
continue to increase.

The growth of new crystallites are discussed below w
reference to data obtained at 127 °C. Similar processes
observed at higher temperatures. At the beginning of St
II, L1 is much larger than 2L2 , suggesting thatL2 is not a
second order reflection ofL1 ~Figs. 5 and 6!. From Table I
the size of the crystallites during Stage I is about 200
~Table I!. If L1 represents the average distance between
isolated crystals in Stage I then these crystals are sepa
by amorphous regions that are about two times the cry
size at the beginning of Stage II. Hence the decrease inL1

during Stage II can then be attributed to the growth of n
lamellae in the amorphous regions surrounding exist
lamellae. The continuous increase in the peak intensity ofP1

indicates that the number of repeat units~one crystalline plus
one amorphous layer! is increasing~Fig. 9!. Perfection of
periodicity within stacks can also account for the initial pa
of the increase since the width of the first SAXS peak d
creases rapidly during Stage II and stays constant in S
III. The width of P2 is relatively constant during both stage

The relative intensities of the various orders of Bra
maxima are controlled by the structure factor of the rep
unit and by the perfection of the periodicity. As the numb
of repeat units and perfection in stacking increase, the r
tive intensity of the higher order maxima should increase.
the end of Stage II,L1 is about 355 Å~Table II!. If there is
a high degree of ordering within the lamellar stacks, a sec
order peak near 177.5 Å would be observed. The increas
intensity in the vicinity of the apparent second order pe

FIG. 9. SAXS peak intensities determined from theIq2 curve during crys-
tallization of LPE at 127 °C.

TABLE II. SAXS peak parameters during crystallization: Period of the fi
SAXS peak after 3 h (L1* ); Period of the second SAXS peak after 3 h (L2* );
Value of L1 at its minimum (L1

min). The time corresponding toL1
min is tmin .

The uncertainty associated with estimating the long periods is about 1

Temperature (°C) L1* ~Å! L2* ~Å! L1
min tmin ~s!

127 343 Å 180 Å 335 Å 1920 s
128 373 Å 180 Å 367 Å 4050 s
129 454 Å 185 Å 454 Å 7020 s
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(P2) is consistent with increases in the number of rep
units and perfection in stacks with a long periodL1 . How-
ever, if P2 was only a second order reflection ofP1 then the
widths of the peaks should be the same. In Stage III,
width of P1 does not change and the width ofP2 is about 2.6
timesP1 . This reflects the superposition of a second peri
icity or a distribution of periodicities upon the second-ord
reflection of the first SAXS peak. In order to raise the app
ent second-order peak intensity, the other periods mus
somewhere near half the major period (L1). This is the pe-
riod that would be expected for crystals that fill in the am
phous regions between existing lamellar stacks. Thus e
though at long timesL1 will be close to 2L2 , the two peaks
do not represent one periodicity but a broad distribution
lamellar thicknesses. A broad distribution in lamellar thic
ness is expected from the standpoint of the thickening
lamellae once they are formed. This existence of a br
distribution of lamellar thicknesses implies that the evolut
of the first and second SAXS peaks will be different.

Previous electron microscopic studies45–48of various lin-
ear polyethylenes with broad and narrow molecular m
distributions crystallized from the melt have shown that fra
tionation during crystal growth tends to place different m
lecular lengths in specific regions within the spherulites.
general, two types of lamellae, namely dominant and sub
iary, may be distinguished. Dominant lamellae refer to
first-formed and thicker lamellae while thinner and late
forming lamellae located between dominant lamellae
termed subsidiary. For a linear polyethylene withMw

531 000 g/mol with a polydispersity 1.3, dominant, subs
iary and lamellae which form on quenching are observ
when the sample is crystallized at 130.4 °C for 27d and
quenched.48 The quenched lamellae contain the shortest m
ecules. However, the difference in the dominant and sub
iary lamellae can be a consequence a number of reason

New, misaligned lamellae, can be formed from m
ecules remaining in the melt~surrounding the dominan
lamellae! by nucleation on pre-existing crystals.47 The domi-
nant lamellae can create geometric confinements that
clude even polymers of the same chain length as those in
porated in the dominant stacks from forming the prefer
secondary structure. Thinner lamellae that are formed in
gions where the melt is restrained by the dominant lame
can also be explained by a thermodynamic standpoint
these regions, the entropy change on crystallization will
smaller than that associated with transforming a virgin m
to a crystal. As a result, the local equilibrium melting tem
perature will be raised, thereby reducing the critical lame
thickness required to form a stable nucleus. As new crys
are formed by nucleation on pre-existing crystals or from
melt restrained by dominant lamellae, one would expec
decrease in the average crystal thickness or long pe
which is consistent with the observed decrease inL1 during
Stages II and III.

In Stage III at 127 °C,L1 increases after reaching
minimum value of 335 Å at 1920 s. The time to observe
minimum inL1 (tmin) and the minimum value ofL1 increase
strongly with temperature~Table III!. In view of our obser-
vations,tmin could correspond to the time where the rate
t
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which new stacks are formed goes to zero. Consequently
intensity increase inP1 after this minimum can be solely
attributed to an increase in the crystallinity within the stac
~increase inxCL). Increases inxCL can be due to both thick
ening which reduces the amorphous content as well as
ternal’’ improvements in stem packing.

A detailed analysis of our synchrotron WAXS data sho
that the a and b unit cell lattice parameters remain un
changed during Stages II and III~Table III!. For orthorhom-
bic polyethylene, thea andb parameters at room temperatu
are 7.417 and 4.945 Å.49 At higher temperatures, therma
expansion accounts for deviations of these values with tha
axis more sensitive to temperature than theb axis~Table III!.
In contrast, the full-width at half maximum~FWHM! of 110
and 200 reflections observed at 127 °C, decreases du
Stage II while a negligible change is observed for t
FWHM of the 110 reflection at 128 and 129 °C@Figs. 10~b!
and 10~c!#. The full-width at half maximum is a measure o
broadening of the crystalline peaks due to finite crystal s
and imperfections within the crystal. In the absence of hig
order reflections one cannot conclusively say which of th
contributions to this quantity is dominant. The decreases
the FWHM observed in Stage II do indicate that crystal p
fection occurs during the growth of the crystalline phase a
reflect improvements in lateral stem packing within lamella

The possibility that thickening of lamellar crystallite
occurs during crystallization has been lon
established.21,22,50–54 However there has been little agre
ment concerning the mechanism of the thickening proce
Hoffman and Weeks22 suggested that the thickening proce
can be described by an empirical relationship where the l
period increases logarithmically with time. They chose t
second SAXS peak we observe to represent the long pe
Both of these groups identified two regions of thickening. A
initial rapid thickening is followed by a slower rate of thick
ening. An early comprehensive study51 employing longitudi-
nal acoustic Raman modes, room temperature SAXS,
electron microscopy showed that molecular segrega
coupled with isothermal thickening of initially formed lame
lae are responsible for the period of initial rapid thickenin
The continued thickening after crystallization is complete
caused by chain refolding alone.51

Our SAXS measurements show that the major long
riod (L1) decreases, goes through a minimum and then
creases at a protracted rate. We observe the largest cha
in the major and minor long periods occur during prima
crystallization once lamellar stacks are manifest in the SA
profile. This large change is to be expected if, as materia
incorporated into the growing crystal, reorganization of t

TABLE III. Average values of thea andb unit cell lattice parameters during
Stages II and III of crystallization of LPE at 127 °C, 128 °C, and 129 °
The 6 values denote the standard deviation.

Temperature (°C) a ~Å! b ~Å!

127 (7.63460.002) Å (4.93760.002) Å
128 (7.64460.003) Å (4.94560.002) Å
129 (7.64060.004) Å (4.94560.002) Å
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previously added material increases the crystalline frac
and perfection in the lateral packing of stems as suggeste
WAXS. In fact, this process should occur most rapidly b
hind the growth front when lamellae are still surrounded
molten material. Thus the variations inL1 and L2 during
Stages II and III, can be a consequence of a decreasing
in the creation of new lamellar stacks and thickening of
isting stacks.

In the synchrotron studies by Barket al.4 on a sample
identical to the one used in this work, only one peak Bra
peak in the SAXS profile was resolved and this peak co
sponds toP2 . The period corresponding to this peak rema
constant while the crystallinity increases during second
crystallization. On the basis of observations by Barket al.4,
secondary crystallization was assumed to take place wi
the lamellar stacks where the crystals become thicker and
amorphous layers become thinner. Our results indicate
crystal thickening can occur once Bragg peaks are reso
in the SAXS intensity profile~Stages II and III!. For crystal-
lization near 127.5 °C, a period of 180 Å was obtained

FIG. 10. Full width at half maximum~FWHM! of the 110~j! and 200~d!
crystalline reflections~a! 127 °C, ~b! 128 °C, and~c! 129 °C.
n
by
-
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ate
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g
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s
y

in
he
at
ed

y

Bark et al.4 which is in good agreement with our limiting
values at the temperatures studied~Table II!.

Large variations in the average distance between
adjacent crystals was suggested by the broad SAXS pea
their measurements as is the case in ourL2 @Figs. 1~c!, 2~c!,
and 3~c!#. A broad SAXS peak can arise if lamellae of di
ferent thicknesses are mixed or if there is a large variation
the distance between equivalent lamellae. We have indic
previously that the wide secondary SAXS peak (P2) can
result from a distribution of periodicities. Thus, even thou
on the size scale of several microns, one can identify diff
ent lamellar stacks by microscopy, our SAXS measureme
indicate that there is a wide variation in distance betwe
crystals within the subsidiary stacks since the width ofP2 is
much larger than that forP1 . If one takes into account a
wide variation in the distance between crystals, then there
two possible ways by which the concentration of lamel
may increase in Stage III~where our morphological mode
predicts that the observed increases inQSAXS and wc are
mainly due to increasesxCL). New lamellae ~subsidiary
lamellae! can be formed such that the ratio of the cryst
amorphous thicknesses does not changeL2 significantly. Al-
ternatively, a decrease in the long period that one wo
anticipate as thinner lamellae are formed may not be su
cient to overcome an increase in average repeat distanc
the crystals as existing crystals thicken~increase inxCL).

V. CONCLUSIONS

The simultaneous measurement of SAXS and WAXS
a narrow-molecular mass distribution polyethylene dem
strates that the mechanism for initiating crystallization
nucleation followed by growth as distinct from spinodal d
namics. The growth of these crystals can be described b
model where all the crystallizable units are within develo
ing supermolecular structures. We have shown that local
der develops first, followed by a subsequent increase in
bal order as lamellar stacks develop. We have demonstr
by SAXS that the two Bragg peaks usually observed
polyethylene represent a broad distribution in lamellar thi
ness. We have examined the relative importance of two s
ondary crystallization processes, namely the formation
new lamellar stacks and increase in the crystallinity with
lamellar aggregates during and after primary crystallizati
During the initial stages of primary crystallization, our r
sults indicate that the crystallinity increases while avera
crystallite thickness remains constant. As lamellar stacks
developed, both secondary processes occur rapidly du
primary crystallization where aggregates are still surroun
by molten material. However, when the rate of formation
new crystallites becomes negligible at long times, glo
crystalline order is attained by increasing the crystallin
within the lamellar stacks.
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