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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 polyethylémg=32 100

g/mol, M,,/M,=1.1) has been monitored by simultaneous real time small-angle x-ray scattering
(SAXS) and wide angle x-ray scatterinAXS) 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 intensitg<a0.02 A~! 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,decreases initially. After
reaching a minimuml., 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.19€9
American Institute of Physic§S0021-96069)51441-4

I. INTRODUCTION scattering power obtained from SAXS it may be possible to

) ) ) _identify and separate the crystallization mechanisms in the
Crystalline polymers show ordering at different size samples under study.

scales, namely, the arrangement of molecules in the unitcell, o the other hand. a mechanism different from nucle-
lamellar crystals and the aggregation of these lamellae intQ+ion and growth has been proposed during the crystalliza-
superstructures such as spherulites and axidittds. the tion of poly(ethylene teraphlaie(PET), -1 poly(ether ke-
classical picture of polymer crystallizatidmucleation oc- tone ketong (PEEK)*! and isotatic polypropylené)-PpP12
curs when the polymer solution or melt is supercooled. Thgqr pgT and PEEK, structural changes in these samples
process is initiated by Iarge-ampl_ltude, local flu_ctuatlons ofWere monitored while the samples were annealed above the
an order parameter such as density. The result is the apPeYss  transition temperaturd,, from a melt-quenched
ance of small nuclei of the stable crystalline phase and Onlljlass. These experiments show the development of a SAXS
those that are larger than a critical size grow. There is ajaa due to electron density fluctuations, prior to the pres-
induction timer,, associated with the time to form the criti- once of crystals identified by WAXS. Initially, the SAXS
cal crystal nuclei from the amorphous state. The primary,eay intensity grows exponentially with time while the cor-
lamellar habit is formed as a result of the anisotropic growthegnonding wave vector remains constant. This scattering be-
of nuclei. For the nucleation and growth mechanism, Bragq,ayior is consistent with the Cahn—Hillidftheory for early
peaks in the wide-angle x-ray scatterif/AXS), corre-  giaqe spinodal decomposition. During the late stage of the
sponding to isolated crystals, will evolve first. As lamellar i, ction period the scattering behavior of PET is consistent
stacks are developed, scattering maxima in the small-anglgji, predictions of the Furukawa scaling theory for the late
x-ray scatteringSAXS) will appear. _ stages of spinodal decomposition. Further domain growth is
T|me-reszlcil7v ed xray scattering  studies 0N 4prested when Bragg peaks emerge in the WAXS profile. The
polyethylen€,”" show that the crystallization of polyethylene ¢, acteristic size of the ordered domains formed before
from the melt state can be described by two stagBsPri-  ¢rystals can be identified by WAXS is usually larger than the
mary crystallization with the growth of superstructures, andameliar thickness after crystallization is complete. Recently
(2) secondary crystallization during which the degree ofgmgted and co-worketshave proposed a theory based on
crystallinity within the morphological units increases. Al- 4 o coupling of density and chain conformation to describe

though a distinction between primary and secondary crystalese ghservations. They proposed that this coupling induces
lization can be made, usually the two processes cannot be i id_liquid binodal within the equilibrium liquid—

delineated. However, by comparing the time evolution of the;ystaline solid coexistence curve and if a polymer melt is
degree of crystallinity obtained from WAXS and the total o ,enched below the spinodal, it will phase separate into two
co-existing liquids which differ in their distribution of con-

dElectronic mail: eric.amis@nist.gov formations. The characteristic length scale associated with
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the developing spinodal texture gives rise to a SAXS peall. EXPERIMENT
and the growth of this peak is arrested once Bragg peaks \ieagurements were performed on a linear polyethylene

appear in the WAXS intensity profile. _ [standard reference materi@RM) 1483. SRM 1483(LPE)

FOfT'g'%_fgq polymers such as PET and PEEK, earlien a5 prepared by a large-scale preparative gel permeation
calculations indicate that orlentatl.onal ordering in the chromatography from a linear commercial polyethylene
polymer melt can occur when the stiffness of the polymersry 1475. A more detailed description of the character-
segments is beyond a critical value. Spinodal-decompositiofyation procedures used has been given in the NIST certifi-
kinetics is predicted to occur during the ordering processgate of analysis for SRM 1483. The number average molecu-
Thus the evolution of the density fluctuations during the in'|ar massz'e’ Mn: 28900 g/m0| was determined by membrane
duction periOd for PET and PEEK is consistent with thes%smometry in 1_Ch|0r0naphta|enefaﬂ_30°C_ The mass av-
predictions. In the case of-PP (M,,=520000 g/mol, erage molecular magdM,,=32 100 g/mol, was determined
M, /M,=4.44), our results suggest that the evolution of by light scattering in 1-chloronaphtalene at 135°C. The
density fluctuations during the induction period can be attribpolydispersity of the sample is 1.1. The equilibrium melting
uted to effects arising from tacticity and a broad distributionpoint of the sample is 144 °€"
in chain length. The PET, PEEK samples were also polydis-  For x-ray measurements, samples were melt pressed in a
perse M, /M,=2.0). Our latest studié® on a broad vacuum laboratory hot preg€arver press, Model &° at
molecular-weight distribution linear polyethylene show that160 °C for 30 min at 13 345 N. The molded films were then
density fluctuations can be evident before crystal growth isllowed to cool to room temperature under vacuum. A dual
evident in WAXS at low to moderate undercoolings. Ourtemperature chamber jump unit used for the melt crystalliza-
result, to be submitted later, can be interpreted to indicatéion experiments consists of two large thermal chambers
that for all polymers, effects due to a broad distribution inmaintained at the melt temperaturg, & 160 °C, 5 min and
chain length can determine whether one observes densigy crystallization temperaturerT§). The copper sample cell
fluctuations during the induction period. was transferred rapidly<2 s from one chamberT3) to the

The objective of this paper is to study the nature of den-other (T;) by means of a metal rod connected to a pneumatic
sity fluctuations during the period preceding lamellar crystalPressure device. A detailed description of the arrangement of
growth and the evolution of the fluctuations to lamellar crys-the sample and of the two detectors used to measure WAXS
tals and supramolecular structures for a linear polyethylen@nd SAXS simultaneously has been provided previotfsfy.
fraction (M,,=32100 g/mol,M,/M,=1.1)%2 by simulta- chh polymer s_ample within the copper c;eII was 1.5 mm
neous real time SAXS and WAXS measurements at a syrflick and 7. mm in diameter and was contained between two
chrotron source. The crystal growth kinetics of this sample?® #M-thick Kapton films. The actual sample temperature
has been previously studitet 127.5°C, which corresponds during crystalhzathn and m.eltlng was monitored by means
to an undercooling of 16.5°C, by simultaneous SAXS ano‘?f a_thermocouple msertec_i into theosample i:ell. The crysotal-
WAXS with synchrotron radiation. By comparing the crys- lization temperatures st_ud|ed (127°C, _128 C, and 129°C)
tallinity from WAXS and total scattering from SAXS, the were usually reached without overshooting, 120 s after trans-

authors were able to separate primary and secondary crysta(?—r' Under isothermal conditions the fluctuations in the

lization. They suggested that secondary crystallization take%ample temperature are -Iess than 0.2°C. Unless stated oth
o erwise, all references to time are times elapsed after transfer-

place within the lamellar stacks where crystals become; -
fing the sample to the crystallization chamber.

thicker and the amorphous layers become thinner. This con- Time-resolved simultaneous SAXS—WAXS data were

clusion was based on the observation of a constant SAXS :

K i hile th tallinity i d duri dcollected at the advanced polymer beamline at Brookhaven
peak position while the crystafliniy incréased auring SEContyiqng| Laboratory, X27C. The radiation spectrum from the
ary crystallization. In that study only one SAXS peak was

b 4 On th her hand. i h di SR source was monochromated using a double multilayer mono-
0 serglgzo. n the other hand, |n_2(2)t er stu 1es on I\Qhromator and collimated with three 2° tapered tantalum
1483°29 and other polyethylends;?? two peaks in the

: : [)inholes to give an intense x-ray beamat 1.307 AZ° Two
SAXS profile have been observed when a sample is crystaljyear nosition sensitive detectoiEuropean Molecular Biol-

lized as will be shown. Our SAXS measurements also shov&gy Laboratory, EMBL. were used to collect the SAXS and
two peaks and the positions of both SAXS peaks vary duringyaxs data simultaneously. For SAXS, the detector was
crystallization at the temperatures studied. located 1940 mm from the sample position. A vacuum cham-
In this paper, morphological quantities extracted fromper was placed between the sample and both detectors to
our SAXS and WAXS data are evaluated and compared witheduce air scattering and absorption. The usable span of scat-
a model for the crystallizing system which accounts for thetering vector magnitudepq=(4=/\)sin(d) and 26 is the
changes in the fraction of lamellar aggregates. We demonscattering anglefor SAXS was in the range 0.01A& <q
strate that the variations in the SAXS profile can be corre<0.3A"! while that for WAXS was 0.5A! <q
lated to the morphological changes associated with the evo<2.6 A~1. Scattering patterns from silver behenate and
lution of isolated crystals to lamellar aggregates. We discusgupolen were used for angular calibration of the SAXS de-
the relative importance of two secondary crystallization pro-tector. NIST standards SRM 674A{Al,03) and SRM 675
cesses, namely the formation of new lamellar stacks and iniMica), and Lupolen were used for angular calibration of the
crease in the crystallinity within lamellae, during and afterWAXS detector. A parallel plate ionizing detector placed
primary crystallization. before the sample cell was used to record the incident inten-
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sities. The experimental intensities were corrected for back-  Qgays=CxeX X (1—Xc ) (Ap)2. (1)

ground scattering from the camera, temperature chamber arlld Eq. (D). Ci tactor d dent ¢ d oth
empty cell, incident intensity variations, and pixel-by-pixel n Eq. (1), Cis a factor dependent on geometry and other

detector sensitivity. The latter was established from the scafiantties kept C(_)nstant during the expenmat_np Is the
lectron density difference between the crystalline and amor-

tering of an Fe source. Two data acquisition times of 15 an§ : .
30 s were used depending on the crystallization rate. phous phasess is the volume fraction of polymer trans-

The degree of crystallinity can be obtained by assumin prmed into supermolecu_la( structusq, is the volume ”"?‘C'
that the total scattering in reciprocal space is independent ] n of lamellar stacks within the superstructures agd is

the state of aggregation of the polymer. The degree of crys-l.e .fractlon Of. crysftarlls' wﬁh:jn Ithe Ir?mellllarhstacks. ;I'he m-
tallinity (mass fractiony,) may be found fromw.=1I./1,. P icit assumption of this model is that all the crystals are in

The total scattering,=1+1,. The amorphous and crystal- lamellar stacks and there are only two phasegstalline and

line contributions to the total scattering dgeandl ,, respec- gmorphog}a In qddmon, the fraction x,, which is not
tively. The combined ared { under the 110 and 200 crys- involved in forming the supermolecular structures, does not

. : . . . tribute toQgays.>°
talline reflections was obtained by integrating the Lorentz“°" SAXS: .
corrected intensity I(q)g?) in the range 1.45Al<q The crystallinity index measured by WAXSv() is the

<1.72 A-1. At temperatures above the melting temperaturetotal mass fraction of crystals within the sample which is

(T>T,, of the sample the integrated intensity in the rangerGI"’Itecj to the above quantities by

1.45 A1 <q<1.72 A1 gives the value of, and the value Pe
at the crystallization temperaturd € T.) givesl; allowing We= (E
I, to be calculated.
The uncertainty inw, by this method is about 2%. At D= XX XcL ()]
low crystallinities (v.<5%), it is difficult to determine the _
crystallinity of the sample within reasonable limits of uncer- ps=pcPetpa(1=Pe), @
tainty when numerical methods are applied to resolve thavhere®, is the volume fraction crystallinity which can be
crystalline peaks from the amorphous background. The unestimated from WAXS. The electron densities of the crystal-
certainties associated with the values obtained overshadoline and amorphous regions are designategbsndp, and
changes that can be observed when the crystallinity is low.that of the sample ips. The factor p./p;) is included to
The peak position, peak height and peak width for theconvert volume fractions to mass fractions.
crystalline and amorphous reflections in WAXS were ex-  According to this modely, increases from 0 to 1 during
tracted by a curve fitting program. A broad Gaussian pealprimary crystallization. During the primary crystallization of
was used to describe the amorphous background. The crygiost polymers, the change xf, is small as compared to the
talline peaks(110 and 20D were also fitted with Gaussian Vvariation inxgx, so thatxc, can be considered to be almost
functions. The peak positions ¢£10) and (200 were used constant. As a resul@saxs andw, or & are proportional to
to determine the unit cell lattice parametersacdndb. XsX, [Egs.(1) and(3)]. This will also be the case if spheru-
The scattering intensity due to thermal fluctuatiohg (  litic growth occurs rapidly and the fraction of lamellar stacks
was subtracted from the SAXS profiléq) by evaluating the  Wwithin the spherulite continues to increase whifg remains
slope of 1(q)g* versusg* plots?® at large wave vectorsq( ~ constant. In contrast, during secondary crystallization involv-
>0.2A"1). This subtraction has to be done before anying only an increase irc_ with x, andx, constantQsaxs is
quantities are calculated from the SAXS profile. The small-proportional toxc (1—Xc() while w, is proportional ta, .
angle scattering invariant is a measure of the total smallThus, for this model during secondary crystallization, the
angle scattering from a material, independent of the size oghange inw, will be larger than the change @saxs, While
shape of the structural inhomogeneitfédhe absolute value during primary crystallizatio®says andw, are proportional
of the invariant requires absolute intensity measurement$p each other.
thermal background subtraction and extrapolationgte0
and g=<. However, the major contribution to the experi-
mental invariant can be used to characterize structure devell\—/' RESULTS AND DISCUSSION
opment. Therefore, we calculate a relative SAXS invariantA. Induction period
Qsaxs. from the area under the (@) — 1) g2 versusg curve

)Cpc, @

. i . . As a polymer melt is transformed to the crystalline state,
between th.e first reI|abIe2data pomt@t0.0l to 0.2 A l one expects the peak intensity of the amorphous scattering to
beyond Wh.'Ch (@)~ b)q. remams’ constant. Long penqqs, decrease while that of the crystalline reflections increase. As
are detergnlned by applying Bragg's law o the peak positiong, 1o jar sheaves are developed, a simultaneous increase in
of the Iq® versusq curve. The long period represents thethe SAXS peak intensity is expected. Figures 1-3 show the
pe_riodicity of the sum of the crystalline and noncrystallineChange of the SAXS and WAXS intensity profiles during the
thicknesses. early stage isothermal crystallization of LPE at 127°C,
128°C, and 129 °C after melting at 160 °C for 5 min. The
time dependence of the peak intensity of the amorphous scat-
The SAXS invariant for a system where all the crystal-tering is shown in Fig. 4. At the temperatures studied, when
lizable units are within supermolecular structures is givenchanges in the SAXS intensity profile at low wave vectors
by*° and the area under the crystalline reflections are observed

Ill. MODEL
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FIG. 1. Development of typical SAXS and WAXS during isothermal crys- FIQ. 2.' Development of typical SAXS and WAXS durl?g |spthermal crs
- a o o ) tallization of the sample SRM 14834,= 32 100) at 128 °C within the first
tallization of the sample SRM 14834,= 32 100) at 127 °C within the first . o - ) . .
. o : . . . 1800 s after melting at 160 °C for 5 mii@) SAXS, intensityl gaxs; (b)
900 s after melting at 160 °C for 5 mirfa) SAXS, intensitylgaxs; (b) . . ) ) . > ) )
. ) . . . 2 . b WAXS, intensityl waxs ; (€) SAXS, intensityl saxsg. SAXS intensity rep-
WAXS, intensitylyaxs ; (€) SAXS, intensityl saxsq°. SAXS intensity rep- . . . L
. . . .__..resents excess scattering due to density fluctuations at the crystallization
resents excess scattering due to density fluctuations at the crystallization . . o
. . . lemperature since melt has been subtracted. The relative standard deviation
temperature since melt has been subtracted. The relative standard deviation . . : Ty
. . . . 1 in the SAXS intensity values in the range 0.01%%<q<0.02 A1 is less
in the SAXS intensity values in the range 0.01%<q<0.02 A is less - - TN
. - T than 2%. At higher wave vectors, the relative standard deviation increases
than 2%. At higher wave vectors, the relative standard deviation increases. - .
. ) . ith g and the maximum value is less than 15%. Bold curves denote the end
with g and the maximum value is less than 15%. Bold curves denote the en .
. of Stage I. WAXS curves have been offset for clarity.
of Stage I. WAXS curves have been offset for clarity.

(Figs. 1-3, the peak intensity of the amorphous scatteringsulting regions are uncorrelated spatially, and since the den-
starts to decreadgig. 4). Moreover, at higher temperatures sity contrast between the dense and less dense regions is very
than 129°C, changes in the SAXS and WAXS scatteringsmall, no intensity variations in SAXS will be observed. In
profiles also occurred simultaneously even when the samplé&/AXS, Bragg peaks will be observed for nuclei that possess
were observed for several hours before these changes oidwee dimensional order and a concentration above a thresh-
curred. old for detection. If, however, spinodal decomposition plays
At each temperature, there is a characteristic time  a major role in the nucleation of crystals, development of a
duction time, associated with the time to form crystals from SAXS pattern due to density fluctuations should occur prior
the amorphous state. This time increases with crystallizatioto any WAXS from crystals because there is a continuous
temperature. During the induction period, we are unable tdransformation of the partially ordered phase through slightly
resolve any changes in the SAXS and WAXS scattering promore ordered staté.The characteristic length scale associ-
files. One possible explanation for our observations is that ited with the developing spinodal texture gives rise to a
local ordering occurs everywhere in the sample and the reSAXS peak. Initially, the SAXS peak intensity grows expo-
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FIG. 4. Peak intensity of the amorphous halo during crystallization of LPE
at 127 °C and 129 °C. The relative standard deviation associated with esti-
mating the amorphous peak values is about 1%.

Lyaxsf@m)

127 °C) consisting of crystalline and noncrystalline regions
grow during crystallization from the mel>*3Lateral habits
characteristic of the constituent lamellae in spherulites and
axialites have been identified and extensively stutfiedby
electron microscopy. Toda showed that single crystals
could be observed during the early stage of crystallization for
linear polyethylene fraction$§SRM 1482 and SRM 1483
and these crystals evolve into multilayer aggregates at later
times. Solution cast thin films were isothermally crystallized
from the melt and quenched in acetone at 0 °C-@0°C.
Single crystals were obtained by using the extraction tech-
nique of Basseet al2® and observed under the electron mi-
croscope. At the temperatures studied in the present investi-
gation, the observed changes in the SAXS and WAXS
scattering profiles can be divided into three distinctive stages
= which reflect the evolution of isolated crystals to lamellar
0 0.02 0.04 0.06 0.08 aggregates as suggested by the microscopic observations of
(© a @A™ Toda®
FIG. 3. Development of typical SAXS and WAXS during isothermal crys- During Stage |, the SAXS intensity gt<0.02 At in-
tallization of the sample SRM 1483/,=32 100) at 129 °C within the first ~ Creases while that at higher wave vectors remained constant.
2700 s after melting at 160 °C for 5 mi@ SAXS, intensitylsaxs; (b) Meanwhile the apparent crystallinity from WAXS increases
WAXS, intensitylyaxs ; () SAXS, intensityl saxsq®. SAXS intensity rep-  tg about 10% before two peaks could be resolved in the

resents excess scattering due to density fluctuations at the crystallizati . . . . .
temperature since melt has been subtracted. The relative standard deviat(i)§ﬁo‘XS intensity profile. The first SAXS peak will be referred

in the SAXS intensity values in the range 0.01%<q<0.02A 1isless 0 asP; and the second &3, in subsequent discussion. Bold
than 2%. At higher wave vectors, the relative standard deviation increasesurves in Figs. 1-3 indicate the end of Stage I. As lamellar

‘S:jtgt‘; S‘Q‘I‘ t\'}veAT(ZXiC’L‘:JV’ESViE\ZiZf:ﬁ g;fasf;tlfo"f’ai‘:ig curves denote the engtacks are developed in Stage I, the period corresponding to
' ' the first SAXS peakl(;) decreases¢Figs. 5 and & On the
other hand, the period corresponding to the second SAXS
nentially with time while the corresponding peak position pgak L2) progrgssively increases with crystalliza}tipn time
remains constant. As these domains coarsen, the peak po&H9s- 5 and & Finally, during Stage I1l, the crystallinity and
tion shifts to small wave vectors and further growth is ar-L2 further increasegFigs. 5 and & L, increases after reach-
rested once Bragg peaks appear in the WAXS intensity pro|_ng a minimum value and the myanant becomes Constf_:lnt.
file. Since we observe no changes in the SAXS profile before  According to Eqs(1) and(3), if one assumes that during
changes are observed in the WAXS scattering, our resuli® growth of superstructurggrimary crystallization, the
indicate that the mechanism for initiating crystallization is Variation inxc, is small as compared to the changexip,

inconsistent with spinodal dynamics but instead can best beUch thakc, can be considered to be almost const@¥axs
described by nucleation followed by growth. and w,. should change proportionally to one another. We
observe this variation during Stages | andHlgs. 5 and &

In this case, primary crystallization ends when the fraction of
crystalline material transformgd(t) =wg(t)/w.(t=2)] is

For the sample studied, superstructures such as spherbetween 80% and 95%, i.e., 750 to 1050 s at 127°C and
lites (formed below 127°C) and axialite§ormed above 2100 to 2700 s at 128 °(Figs. 5 and & These values are

B. Evolution of crystal morphology



J. Chem. Phys., Vol. 111, No. 18, 8 November 1999 Lamellar crystals in linear polyethylene 8691
1 800 100 \
I oI m =129°
w 700 T =129 °C o 630s
08 - < o
et Vot 600 °
R TI  — el Qaaxs | 500 .
5 <
3 M4 400_;: B
E ¥ 3
o.‘f‘ 02 | L, 300 5@
_J 200 %E
0 Lza 100
T.=127°C
-0.2 0
0 1200 2400 3600
Time (s)

0 0.01 0.02
X107 (A

FIG. 5. Changes in morphological quantities for synchrotron SAXS—WAXS
during crystallization of LPE at 127 °C: Degree of crystallinity determined

from WAXS w, (—), SAXS invariantQsaxs (@), the period corresponding  FIG. 7. Guinier plots for various crystallization times in Stage I. Lines
to the first SAXS peakl(;) and the period corresponding to the second represent fits to the data points using Es).

SAXS peak [,) obtained fromlg? curve. The uncertainty i, is about
2%. The relative standard deviation associated with estimatjrandL, is
less than 1%.
population of lamellar stacksmallx, ) or monolayer lamel-
lar crystals®®4° In order to distinguish between these two

consistent with the crystallinity that develops after primarycases we apply Guinier's analysis for an isolated domain
crystallization by other methods such as DSC. system at very high dilution and for a randomly oriented thin

From an Avrami’ analysis of DSC crystallization iso- platelets to the period in Stage | where a second SAXS peak
therms, a break in the time dependence of the crystallizationannot be resolved. The intensity variations are givett by
isotherms is observed. The significance of this break has R242

; : : q

been attributed to the continuation of secondary processes |(q,t)fxexr{— g }
which dominate at the end of the primary crystallization. 3
From these studies, over 90% of the crystallinity develops 122
during primary crystallization. The end of primary crystalli- 1(q,t)<q 2 ex;{ - %} (6)
zation is usually estimated as twice the half time of
crystallization? The end of primary crystallization estimated whereRy is the radius of gyration of the isolated domain and
by the DSC method corresponds to the dotted line showing, is the thickness of the platelet. Figure 7 shows typical
the end of Stage Il in Figs. 5 and 6. It is within the range thatGuinier plots of the data using Eq. 5 showing good agree-
one would predict on the basis of the variation@yaxs  ment with the equation. In Fig. 8, the radius of gyration of
andw;. the isolated domain is shown as a function of crystallization

In order to characterize the secondary mechanisms dutime at 129 °C. At this temperature, a dense domain with an
ing and after primary crystallization, the changes in morphoR, of 173 A is formed initially. The average size of this
logical quantities extracted from our SAXS and WAXS datadomain does not chandEig. 8). Similar results are obtained
are discussed below and compared to predictions based dor the platelet thickness and at lower temperat(fedble ).
Egs.(1)—(4). During the initial increase in the SAXS inten- The kinetic theories of Hoffmaet al® predict that the
sity at lowq in Stage |, there is no second peak in the SAXSinitial lamellar thickness formedt) is given by
profile. The absence of this peak may be due to a small

®
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FIG. 6. Changes in morphological quantities for synchrotron SAXS—WAXS 100 . . ‘
during crystallization of LPE at 128 °C: Degree of crystallinity determined 600 720 840 960 1080
from WAXS w, (—), SAXS invariantQgsaxs (@), the period corresponding Time (s)

to the first SAXS peakl(;) and the period corresponding to the second
SAXS peak [,) obtained fromlg? curve. The uncertainty im, is about
2%. The relative standard deviation associated with estimatjrandL, is
less than 1%.

FIG. 8. Time variation of the radius of gyratioR{) of the isolated domain
in Stage |. Error bars are the standard deviation in the estimatiBy bm
the fit of the data in Fig. 7 to Ed5).
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TABLE I. Domain sizes during Stage |: Radius of gyration of isolated ‘ ' ‘ Tp
domains at high dilutionR;); Thickness of randomly oriented thin platelets 250 ¢ .
(Ig); Range of crystal thickness predicted by the secondary nucleatin (

)
Measured values of the initial crystal thicknd§s Thel* values reflect a § 200
range spanning the theoretical value &f and the maximum value from §
experiments. The: values denote the standard deviation. = 150 ¢
1
L
Temperaturg°C) Ry (A) Iy (B) 1* (R) 1% E 100 |
P.
127 (162-7) A (169+22) A 168 A-217 A 200 A s -
128 (1717) A (194+14) A 178 A—227 A 220 A S0 ¢ /I“ .
129 (173:5) A (195+15) A 189 A-238 A T =127°C

0 L I L I L
0 1200 2400 3600 4800 6000 7200
Time (s)

where the quantit)Ahf is the heat of fusion. the equilibrium FIG. 9. SAXS peak intensities determined from tlg€ curve during crys-
. S o ' . tallization of LPE at 127 °C.

melting point isT;, andAT=T,—T,. The theory predicts a

8l value of 10—15 A. Experiments carried out on solution

and melt crystallized polyethylene under conditions Wherecontribution t0Qsaxs dominates the variation ofx, during

lamellar thickening is not observed yield an average Valuefhe latter stages of primary crystallization. In Stage Ill, fur-

= . — _ 42-44 :
tglt'_ 43 'f‘ 5: mn=28.1 A grldétlmaéf;ﬁﬂ&féég Bty”S_Ubjt:; ther increases i@saxs andw, are mainly due to increases in
Emg olfxa uAer? ig’gg?“ag OTO —417 K crysda 'ZE 90r0meL even though the concentration of lamellar stacks may
the melt” (Ahs= em= Im= , and oe= continue to increase.

) PR
mJ n?)fand ?ggounggg ;—\o; thehvarlatlon B, 1% is foq;g);[o The growth of new crystallites are discussed below with

Iran_?_ﬁ r%m' ) tol . ort edtgmperaturefs studi ole b reference to data obtained at 127 °C. Similar processes are
)- The Guinier plot, interpreted in terms of scattering Y observed at higher temperatures. At the beginning of Stage

monolayer lamellar crystals, should give a domain size simiy, L, is much larger than I2,, suggesting that , is not a
second order reflection df; (Figs. 5 and & From Table |

lar to that found for the crystal thickness at the same tem
perature. There is good agreement between the size of ﬂ{ e size of the crystallites during Stage | is about 200 A
able ). If L, represents the average distance between the

platelet thickness and measured lamellar thickness at eaci

tgdmptlezaturtlal, hence tlhel scsttermg cfan be aétnbuted tz 'ndféolated crystals in Stage | then these crystals are separated
vidual lamellar crystals. In the view of our mod@lsaxs an by amorphous regions that are about two times the crystal
size at the beginning of Stage Il. Hence the decreade, in

w, increase proportionally as the fraction of material within
the superstructures increases wih, relatively constant. during Stage Il can then be attributed to the growth of new

This interpretation is consistent with crystal growth Withomlamellae in the amorphous regions surrounding existing

lamellar thickening, i.e., no increasesxg, . 'T‘ effect, CIYS* " Jamellae. The continuous increase in the peak intensifof
tal growth occurs atconstant crystal thicknessiuring i gjcates that the number of repeat uriiise crystalline plus
Stage I'. L . . . one amorphous laygiis increasing(Fig. 9). Perfection of
The '”d""d“‘f"' lamellar scattering evident in S.tage : C"’mperiodicity within stacks can also account for the initial part
be interpreted in terms of a skeletal spherulite modelbf the increase since the width of the first SAXS peak de-

wherein I.amellar ribb%ns extend as un_its or complete 9rOUPR aases rapidly during Stage Il and stays constant in Stage
outward into the melt® For the crystallization temperatures lIl. The width of P, is relatively constant during both stages.

SFUd.'e.d’ one sees that th.e ss:atte.rmg'|n'tensmy<§0.2}l\ ' The relative intensities of the various orders of Bragg
diminishes as _the crystallization time is mcreaEEnj_s. 1a), maxima are controlled by the structure factor of the repeat
2(a), and 3a)] in St_age Il It has_been shown preV|olf§I§10 unit and by the perfection of the periodicity. As the number
tha_t th? de_crease n the SCa_ttermg at low angles durlng_cry%-f repeat units and perfection in stacking increase, the rela-
tgll|;at|0n Is associated W'th growth of new nystalllltels tive intensity of the higher order maxima should increase. By
within t_he amorphous gaps in the lamellar stacking W'th'nthe end of Stage IIL; is about 355 A(Table II). If there is
spherulites. . a high degree of ordering within the lamellar stacks, a second
In Stage II, Qsaxs and w, vary proportionally to one order peak near 177.5 A would be observed. The increase in

another while the intensity of the SAXS peaks increase:»".mensit in the vicinity of the apparent second order peak
(Fig. 9. These changes would occur if the growth of the y Y PR P

superstructures occurs rapidly and the fraction of lamellar

stacks within the superstructures continues to increase WhilBABLE Il. SAXS peak parameters during crystallization: Period of the first
XcL Is relatively constant. In this case, the secondary proces$AXs peak afte3 h (L1); Period of the second SAXS peak afeeh (L3);
involving the creation of new stackimcrease inx, ) is more ~ Value ofL, at its minimum (7). The time corresponding 07" is ty, A
important than processes that initially results in an increasél’he uncertainty associated with estimating the long periods is about 1 A.
in the cryst_allinity(increase ik ) within the stackgFigs. 5 Temperature (°C) L% (A) L% (A) Lmin trin (S)

and 6. During the latter parts of Stage Qsaxs andw, vary o7 243 A 50 A 35 A 1970
differently Wlt'h crystallization time. This yvould occur if pro- 128 373 A 180 A 367 A 2050
cesses that increasg, become more important than the 129 454 A 185 A 454 A 7020 s
increase in the number of stacks. In effect, ¥ae(1—Xc)
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(P,) is consistent with increases in the number of repeaf ABLE lll. Average values of tha andb unit cell lattice parameters during

units and perfection in stacks with a Iong peribgl How- Stages Il and Il of crystallization of LPE at 127 °C, 128 °C, and 129 °C.
. . . The = values denote the standard deviation.

ever, if P, was only a second order reflection®f then the

widths of the peaks should be the same. In Stage Ill, the Temperature (°C) a(A) b (A)

width of P, does not change and the width®j is about 2.6 127 (7.6340.002) A (4.937-0.002) A
timesP,. This reflects the superposition of a second period- 128 (7.644-0.003) A (4.945-0.002) A
icity or a distribution of periodicities upon the second-order 129 (7.646:0.004) A (4.945:0.002) A

reflection of the first SAXS peak. In order to raise the appar
ent second-order peak intensity, the other periods must be
somewhere near half the major peridd;]. This is the pe-

riod that would be expected for crystals that fill in the amor-\nich new stacks are formed goes to zero. Consequently, the
phous regions I_Jetween_existing lamellar stacks. Thus eVetensity increase irP, after this minimum can be solely
though at long time&., will be close to 2.5, the two peaks  aribhyted to an increase in the crystallinity within the stacks
do not represent one periodicity but a broad distribution Of(increase i, ). Increases ixe, can be due to both thick-
lamellar thicknesses. A broad distribution in lamellar thiCk'ening which reduces the amorphous content as well as “in-
ness is expected from the standpoint of the thickening ofg )" improvements in stem packing.

lamellae once they are formed. This existence of a broad A getailed analysis of our synchrotron WAXS data show
distribution of lamellar thicknesses implies that the evolutionynat the a and b unit cell lattice parameters remain un-
of the first and second SAXS peaks will be different. changed during Stages Il and [Table Ill). For orthorhom-
Previous electron microscopic studieg®of various lin-  pjc polyethylene, tha andb parameters at room temperature
ear polyethylenes with broad and narrow molecular masgre 7.417 and 4.945 & At higher temperatures, thermal
distributions crystallized from the melt have shown that fraC'expansion accounts for deviations of these values withathe
tionation during crystal growth tends to place different mo-axis more sensitive to temperature thanbreis (Table I11).
lecular lengths in specific regions within the spherulites. Injy contrast, the full-width at half maximurtFWHM) of 110
general, two types of lamellae, namely dominant and subsidand 200 reflections observed at 127 °C, decreases during
iary, may be distinguished. Dominant lamellae refer to theStage Il while a negligible change is observed for the
first-formed and thicker lamellae while thinner and later- \wWHM of the 110 reflection at 128 and 129 {Eigs. 1ab)
forming lamellae located between dominant lamellae areynd 1Gc)]. The full-width at half maximum is a measure of
termed subsidiary. For a linear polyethylene wi,,  proadening of the crystalline peaks due to finite crystal size
=31000 g/mol with a polydispersity 1.3, dominant, subsid-and imperfections within the crystal. In the absence of higher
iary and lamellae which form on quenching are observedrder reflections one cannot conclusively say which of these
when the sample is crystallized at 130.4°C for @@and  contributions to this quantity is dominant. The decreases in
quenched® The quenched lamellae contain the shortest molthe FWHM observed in Stage Il do indicate that crystal per-
ecules. However, the difference in the dominant and subsidection occurs during the growth of the crystalline phase and
iary lamellae can be a consequence a number of reasons. reflect improvements in lateral stem packing within lamellae.
New, misaligned lamellae, can be formed from mol-  The possibility that thickening of lamellar crystallites
ecules remaining in the meltsurrounding the dominant occurs  during  crystallization has been long
lamellag by nucleation on pre-existing crystdfsThe domi-  established"225°-5* However there has been litlle agree-
nant lamellae can create geometric confinements that prenent concerning the mechanism of the thickening process.
clude even polymers of the same chain length as those incoHoffman and Week suggested that the thickening process
porated in the dominant stacks from forming the preferrectan be described by an empirical relationship where the long
secondary structure. Thinner lamellae that are formed in reperiod increases logarithmically with time. They chose the
gions where the melt is restrained by the dominant lamellagecond SAXS peak we observe to represent the long period.
can also be explained by a thermodynamic standpoint. IBoth of these groups identified two regions of thickening. An
these regions, the entropy change on crystallization will benitial rapid thickening is followed by a slower rate of thick-
smaller than that associated with transforming a virgin melening. An early comprehensive stidgmploying longitudi-
to a crystal. As a result, the local equilibrium melting tem-nal acoustic Raman modes, room temperature SAXS, and
perature will be raised, thereby reducing the critical lamellarelectron microscopy showed that molecular segregation
thickness required to form a stable nucleus. As new crystalsoupled with isothermal thickening of initially formed lamel-
are formed by nucleation on pre-existing crystals or from dae are responsible for the period of initial rapid thickening.
melt restrained by dominant lamellae, one would expect &he continued thickening after crystallization is complete is
decrease in the average crystal thickness or long periodaused by chain refolding alorg.
which is consistent with the observed decreask;irduring Our SAXS measurements show that the major long pe-
Stages Il and . riod (L,) decreases, goes through a minimum and then in-
In Stage lll at 127°C,L; increases after reaching a creases at a protracted rate. We observe the largest changes
minimum value of 335 A at 1920 s. The time to observe ain the major and minor long periods occur during primary
minimum inL4 (t.,;,) and the minimum value df, increase crystallization once lamellar stacks are manifest in the SAXS
strongly with temperatur€Table Ill). In view of our obser-  profile. This large change is to be expected if, as material is
vations,t, could correspond to the time where the rate atincorporated into the growing crystal, reorganization of the
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0.07 rm ‘ - ; Bark et al* which is in good agreement with our limiting
:;(1)3 values at the temperatures studi@able II).

0.06 - Large variations in the average distance between two
~ 'lm adjacent crystals was suggested by the broad SAXS peak in
;: oo A g s om0 oo their measurements as is the case inloyfFigs. 1c), 2(c),
§ - and 3c)]. A broad SAXS peak can arise if lamellae of dif-
= ferent thicknesses are mixed or if there is a large variation in

0.04 the distance between equivalent lamellae. We have indicated

T.=127°C previously that the wide secondary SAXS pedk,) can
0.03 ‘ ‘ ‘ : : result from a distribution of periodicities. Thus, even though
0 1200 2400 3600 4800 6000 7200 : . . I
Time (5) on the size scale of several microns, one can identify differ-
ent lamellar stacks by microscopy, our SAXS measurements
Il R ‘o ‘ indicate that there is a wide variation in distance between
&»\ :;},3 crystals within the subsidiary stacks since the widthPgfis

0.06 | '-_.aaé’, fe L much larger than that foP,. If one takes into account a
T : DA™ A S wide variation in the distance between crystals, then there are
S 005 L, . two possible ways by which the concentration of lamellae
= * i e may increase in Stage llwhere our morphological model
= 004 | predicts that the observed increasesQgaxs and w, are

) . mainly due to increasegc ). New lamellae(subsidiary

Te=128°C lamellag can be formed such that the ratio of the crystal/

003 1200 2400 3600 4800 6000 7200 amorphous thicknesses does not changsignificantly. Al-

Time (s) ternatively, a decrease in the long period that one would

007 ‘ . ‘ anticipate as thinner lamellae are formed may not be suffi-

I 1 I . 110 cient to overcome an increase in average repeat distance of
e, « 200 the crystals as existing crystals thickéncrease irxc,).
0.06 | Lrla,
- ..)“'7‘:“’*..4'—"4%%-'—&/'
< TR TR V. CONCLUSIONS
E " TR ettt The simultaneous measurement of SAXS and WAXS for
= a narrow-molecular mass distribution polyethylene demon-

0.04 1 strates that the mechanism for initiating crystallization is

T.=129°C nucleation followed by growth as distinct from spinodal dy-

003 00 2400 3600 4500 6000 7200 namics. The growth of thesg crystals_ can be .de.scribed by a

Time (s) model where all the crystallizable units are within develop-

ing supermolecular structures. We have shown that local or-
der develops first, followed by a subsequent increase in glo-
bal order as lamellar stacks develop. We have demonstrated
by SAXS that the two Bragg peaks usually observed for

polyethylene represent a broad distribution in lamellar thick-

previously added material increases the crystalline fractiopess \We have examined the relative importance of two sec-
and perfection in the lateral packing of stems as suggested Ry, gary crystallization processes, namely the formation of
WAXS. In fact, this process should occur most rapidly be-ney jamellar stacks and increase in the crystallinity within
hind the growth front when lamellae are still surrounded byjamellar aggregates during and after primary crystallization.
molten material. Thus the variations Iy and L, during  pyring the initial stages of primary crystallization, our re-
Stages Il and Ill, can be a consequence of a decreasing ra{gjts indicate that the crystallinity increases while average
in the creation of new lamellar stacks and thickening of exystallite thickness remains constant. As lamellar stacks are
isting stacks. . 4 developed, both secondary processes occur rapidly during
~ In the synchrotron studies by Bast al.” on a sample  rimary crystallization where aggregates are still surrounded
identical to the one used in this work, only one peak Braggyy molten material. However, when the rate of formation of
peak in the SAXS profile was resolved and this peak correp oy, crystallites becomes negligible at long times, global

sponds tdP,. The period corresponding to this peak remainsgrystalline order is attained by increasing the crystallinity
constant while the crystallinity increases during secondaryyitnin the lamellar stacks.

crystallization. On the basis of observations by Batlal?,

secondary crystallization was assumed to take place withi

the lamellar stacks where the crystals become thicker and thﬂécm\lOWLEDG'\/IENTS
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