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ABSTRACT: A study of the phase structure of two linear polyethylene fractions has been carried out by 
Raman spectroscopy and from the analysis of the interface distribution function from the SAXS intensity 
data. Very good agreement is obtained for the core crystallite thickness, the liquid-like region, and the 
thickness of the interface from these two independent techniques. Moreover, the X-ray analysis 
distinguishes isothermally formed crystals from quenched crystals in cases where the Raman technique 
is not selective. 

Introduction 
The morphological structure of polymers, particularly 

the thickness of the crystallite and liquid-like regions 
and the conformations of the chains in these regions, is 
a subject of continuous interest. The importance of 
these structural variables, which characterize lamellar 
crystals, in determining the physical properties of 
polymers has been recognized in the p a ~ t . l - ~  Three 
widely used experimental techniques to obtain these 
parameters are X-ray scattering, Raman spectroscopy, 
and electron microscopy. Because the results obtained 
with each of these techniques did not always agree, 
previous works were directed to obtaining reasons for 
these dis~repancies.~,~ In one of these studies the 
crystallite thicknesses and their distributions were 
calculated from the longitudinal acoustic mode (LAM) 
in Raman spectroscopy and from transmission electron 
microscopy (TEM). A detailed comparison between both 
techniques was carried out using linear polyethylene 
fractions.'~~ Good quantitative agreement between both 
techniques is obtained when the thickness distribution 
is narrow. Such distributions are obtained with inter- 
mediate molecular weight specimens crystallized at 
intermediate crystallization temperatures (125- 128 "C), 
provided that the crystallization is rapid and essentially 
complete before the sample is cooled. Correction also 
has to be made for the inclination of the chain axes from 
the normal to the lamellar basal plane (tilt angle). 
Bimodal or broad distributions add further complica- 
tions in the analysis, and agreement in these cases is 
usually not ~ b t a i n e d . ~ , ~  

In the present work the mean crystallite thickness 
values and their distributions, obtained by the analysis 
of the LAMS in Raman spectroscopy, will be compared 
to corresponding values obtained from a detailed analy- 
sis of the interface distribution function calculated from 
the SAXS data. The thickness of the interfacial region 
where the ordered chains emanating from the crystals 
gradually lose their order is also an important param- 
eter that can be measured by analysis of the data 
obtained from these two techniques. The advantages 
and limitations of both analyses will be presented in 
the study of two linear polyethylene fractions. 
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Theoretical Background 
The analysis of the internal modes region of the 

Raman spectrum of polyethylene (900- 1550 ~m-l)~- ' l  
allows us to obtain the magnitudes of crystalline (G), 
liquid-like (a,), and interfacial contents (ab) .  Following 
the method initially developed by S t r ~ b l , ~  

ab = 1 - (a, + a,) I1303 

I1295 X 0.46 I1295 
a, = - '1416 a, = 

(1) 
where 11416 is the intensity of the CH2 bending band split 
by the crystal field, 11295 is the total intensity in the 
twisting region which is independent of crystallinity 
level and serves as an internal standard, 11303 is the 
intensity of the twisting CH2 band of the liquid-like 
material, and 0.46 is a scaling coefficient determined 
from the fully crystallized p~lyethylene.~ 

In the low-frequency region of the Raman spectrum 
(5-60 cm-l), the frequency v of the LAM for a continu- 
ous chain in the absence of interchain coupling, is 
related to the ordered sequence length LCR by the 
re1ationl2 

where m is the mode order (m = 1, 3, 5 ,  ... 1, c is the 
speed of light, E, is Young's elastic modulus in the chain 
direction, and Q is the density of the vibrating sequence. 
For the lamellar-like crystallite type polymers, which 
consist of ordered and disordered chain sequences, it can 
be shown that the observed frequency of the LAM-1 is 
proportional to the length of the ordered sequence by 
the following eq 2.13-15 The ordered sequence length 
distribution, f(L), is obtained by following the relation 
given by Snyder and Scherer16 for the temperature- 
frequency-corrected spectrum: 

(3) 
h, c ,  and k are the universal Planck, speed of light, and 
Boltzmann constants. T is the temperature of the 
sample, AP is the frequency shift, and cbs is the 
intensity of the LAM band at a given Av. One require- 
ment for the applicability of eq 3 is that the width at  
half-height of the LAM obtained for the polymer be 
much greater than the natural bandwidth.16 From the 

f(L) DC [l - e~p(-hcAV/kT) lAV~~~~ 
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Figure 1. Density profiles of ideal and nonideal two-phase 
systems, as introduced in SAXS theory. 

shape of the Raman line _a distribution of LAR and LCR 
with the average values LAR and LCR can be obtained. 

From the absolute intensities of the small-angle X-ray 
scattering (SAXS) data, the one-dimensional correlation 
function of an isotropic p ~ l y m e r ~ ~ - ~ ~  or the interface 
distribution f ~ n c t i o n ~ l - ~ ~  can be computed by following 
standard methods to evaluate of the  distribution^.^^-^^ 
From these functions, besides the crystallinity level 
within lamellar stacks, structural parameters such as 
the thickness of the crystalline and amorphous regions, 
as well as that of the transitional boundary, can be 
obtained. In the present work, although the correlation 
function is computed, emphasis is given to the deter- 
mination of the interface distribution function of a 
system consisting of a crystalline, an amorphous, and 
an interfacial region. In addition, it is also considered 
that local electron density fluctuations are present in 
these regions. 

The slit-smeared intensity of the scattering in electron 
units, as measured by means of a Kratky camera is 
given by24,27a 

(4) v te-ptHLAr,2 Po 
where PR(s) (in units of counts per second) is the power 
of the scattered X-ray beam measured by a detector with 
the slit opening of H x L,  r R  is the distance between 
the sample and the plane of registration, t is the 
thickness, e+ is the absorption of the sample, A is the 
wavelength of the radiation, re is Thornson’s classical 
electron radius, and Po is the primary beam power per 
unit slit length in the plane of registration; s is the 
scattering vector with 131 = s = (2 sin @/A, 8 being half 
of the scattering angle. 

Generally, one has to consider a nonideal semicrys- 
talline system, as indicated in Figure 1, which contains 
diffuse phase boundaries and statistical fluctuations of 
the density. A procedure proposed by Ruland and one 
of us22,23,26 was used to determine the scattering back- 
ground caused by statistical fluctuations of the electron 
density, JF~, and the thickness, li, of the interfacial 
region between the amorphous and the crystalline 
layers. This procedure uses a numerical approximation 
proposed by Koberstein et al.24 to retrieve estimated 
values of different parameters from a simple plot. 
According to  this approximation the tail of the slit- 
smeared scattering curve, J(s)N,  of a two-phase system 
containing short range density fluctuations and a finite 
interfacial region (in this case called a nonideal two- 
phase system) can be written as 

J(s )  - r R  p,(s) -- 

X 

Figure 2. Parameters of a semicrystalline system with di@se 
boundaries. Thicknesses determined by SAXS: l,, LCX, LAX. 
Thicknesses determined by Raman LAM: LBR, LCR, LAR. 

where (T is the variance of a Gaussian distribution, 
which generates the smooth phase boundary, and Ap is 
Porod‘s asymptote. The width of the transition zone li 
is defined as Zi = 30. In a plot of 1n[s3(J(s) - &I)] vs 
s1,81, the value Of J F 1  is varied until the range in which 
the data follow a linear decrease is maximized. A 
straight line is fitted to-the data in this linear range, 
and Porod‘s asymptote Ap and CJ are obtained from the 
intercept and slope of the straight line, respectively. 

After Ap, u, and li have been evaluated, the interfer- 
ence function &(S) of the corresponding ideal two-phase 
system with no density fluctuations and no interfacial 
transition zone is calculated from the measured scat- 
tering intensity of the nonideal system, J(S)N,~I  by 
means of the following equationz1 
Bid(S) = 

- ( J (s )N  - 4 J S 3  

(1 - 8 3 2 2 ~ ~ )  erfc(2zos) + 4 6  exp[-4g2sz1 
A, ( 6 )  

Following Porod’s law, Gid(S) should approach zero for 
large values of s. If this is not the case because of the 
approximation involved in eq 5, in a second step (T and 
A p  are varied until this requirement is fulfilled. 

As introduced by Ruland,21 the interface distribution 
function gl(x)  is obtained by inserting the values of 
Gid(S) calculated from eq 6 into the equation 

(7) 
Here JO and J1 are Bessel functions of orders zero and 
one. The evaluation of the thicknesses of the crystalline 
and the amorphous regions (LCX and LAX in Figure 2) 
and the long spacing, L, is carried out from the interface 
distribution function as previously d e ~ c r i b e d . ~ ~ , ~ ~  This 
figure also shows the thicknesses obtained by Raman 
spectroscopy, LCR, Lm, and LBR, which will be defined 
later in the text. 

Besides the interface distribution function one can 
determine the linear correlation function yl(x)  of the 
ideal two-phase system by means of the equation16J7 

Jid(s)N, the scattering of the ideal two-phase system 
with sharp transitions between the two phases and a 
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uniform electron density within each phase, can be 
calculated from Gid(s)'l by using the equation 
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From this function the structural parameters which 
define the phase structure of the system can also be 
determined,20,26 if only the two-phase lamellar structure 
is unimodal and the corresponding layer thickness 
distributions are not too wide. Both the premises will 
guarantee that one will be able to find the typical shape 
at  the minimum of the correlation function, which is 
necessary to start a quantitative analysis of Y ~ ( X ) . ' ~  

The invariant, &id, is determined by integrating the 
smeared SAXS intensity over all scattering angles 

(10) 

with V as the scattering volume of the sample. &id is, 
in addition, related to the structure of an ideal two- 
phase model, 

where #c is the volume fraction of the crystals and A@ 
is the density difference between crystals and amor- 
phous regions. 

Experimental Section 
The two polyethylene fractions used in this work were 

obtained from the National Bureau of Standards. They are 
NBS 1484 ( M ,  = 119 600, Mw/Mn = 1.19) and NBS 1483 ( M ,  
= 32 000, Mw/Mn = 1.11). For the SAXS work, specimens with 
dimensions of 35 mm x 3 mm x 3 mm were obtained by 
pressing the original polyethylene powder, contained in a 1 
mm thick mold, in a Carver Press at 150 "C. To achieve the 
required 3 mm thickness, three 1 mm thick specimens were 
stacked together. The specimens, contained in the mold, were 
sealed in evacuated glass tubes, melted at 160 "C for 15 min, 
and rapidly transferred to a silicon oil bath set at the required 
crystallization temperature controlled with a precision of fO. 1 
"C. NBS 1484 was crystallized at 125 "C for 3 h, and NBS 
1483, a t  127 "C also for 3 h. After the crystallization time 
was elapsed, the tubes were quenched in ice water. A small 
piece of these specimens was used for the Raman experiments. 

The SAXS measurements were carried out using Ni-filtered 
Cu Ka radiation, a Kratky compact camera, and a proportional 
detector with energy discrimination. In order to determine 
the scattering intensity with the necessary accuracy, the 
samples were measured using four different entrance slits with 
vertical dimensions of 30, 50, 80, and 130 pm, respectively, in 
overlapping angular regions covering a total range of 0.0084 
nm-l < s < 0.6 nm-l. The absorption factor and the primary 
beam power per unit slit length, Po, were measured using the 
moving slit method.27a Two-dimensional SAXS patterns were 
recorded on photographic film using a pinhole camera manu- 
factured by A. Paar. 

The Raman spectra were recorded using the incident 
radiation of 514.5 nm of a coherent INNOVA argon ion laser 
Model 90 and a SPEX 1403 double monochromator spectrom- 
eter equipped with two 2400 linedmm planar holographic 
gratings. The plasma lines were removed from the laser beam 
using a SPEX 1460 Lasermate premonochromator. The value 
of the Young's modulus for polyethylene was taken as 2.9 x 
10l2 dyn/cm2.27bac 

The melting temperatures were obtained in a Perkin-Elmer 
DSC 2B differential scanning calorimeter at a heating rate of 
10 Wmin. Degrees of crystallinity were determined from the 
area of the endotherms using the heat of fusion of indium (6.8 
cal/g) as the reference standard. The heat of fusion was 
converted to the degree of crystallinity, (1 - I)m, by taking 
the enthalpy of a pure polyethylene crystal to be 69 cal/g.28 

NE8 1484 (M. = 119,600) 

(1 . Uall. = 0.71 

80 100 120 140 160 

(T 'CC) 

Figure 3. DSC melting thermograms of the two linear PE 
fractions isothermally crystallized. 

Densities were measured at room temperature in a triethylene 
glycol/2-propanol density gradient column calibrated with 
standard glass floats. Degrees of crystallinity were calculated 
from the measured densities using the relation given by 
Chiang and F l ~ r y . ~ ~  

Results 
An initial characterization of the isothermally crystal- 

lized polyethylene fractions was carried out by dif- 
ferential scanning calorimetry. Figure 3 shows the 
melting peaks of both samples. Both endotherms show 
a small low-temperature peak, about 8% of the total 
heat of fusion. This peak corresponds to the fraction of 
material that crystallizes on cooling. The predominant 
high-temperature peak is from the crystals formed 
isothermally. 

The volume fraction degree of crystallinity calculated 
from the density data gave 0.86 f 0.01 for NBS 1483 
and 0.77 f 0.01 for NBS 1484. These values are slightly 
higher but similar t o  those calculated from the heat of 
fusion (included in Figure 3). 

The results from the analyses of the internal mode 
region (900-1550 cm-l) of the Raman spectra are 
summarized in Table 1. The core crystallinity levels 
agree with those calculated from the heat of fusion and 
are within the range of values expected for isothermally 
crystallized linear PE fractions.30 The low interfacial 
contents (5-7%) found for these samples are also 
expected for this type of isothermal crystallization.1° If 
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Table 1. Results from the Analysis of the Raman Spectra 

a, ab ~ G R  & kl 
NBS 1484 70 23 7 250 96 12 370 

NBS 1483 80 15 5 285 63 8 364 

[%I [%I [%I [AI [AI 

T,  = 125 "C 

T,  = 127 "C 

the interfacial content, ab, is added to the core crystal- 
linity, %, the values obtained, 77% and 85%, are almost 
identical to the crystallinity level calculated from the 
density. This is in agreement with previous results and 
reflects the fact that the interphase is included in the 
measurement of the density but not in the heat of fusion 
measured by DSC.10,31 

The crystallite thicknesses calculated from the LAM 
(LCR in Figure 2) are also included in Table 1. The 
crystallite thickness is known to  increase with crystal- 
lization temperature, and accordingly, the NBS 1483 
crystals obtained at 127 "C are slightly thicker than 
those from NBS 1484 which was crystallized at 125 "C. 
The crystals formed in the quenching process, clearly 
detected by DSC, are expected to be much thinner, of 
the order of 100 A or less. Therefore, the longitudinal 
acoustic mode from these crystals is expected to apvear 
at much higher frequencies than the LAM from the 
isothermally formed crystals. However, a second LAM 
peak was not observed in the low-frequency Raman 
spectrum. This peak is probably of very low intensity 
and, assuming that the thin crystals have a broad 
distribution, the LAM will be broad and most probably 
buried in the baseline from which the peak will be 
difficult to e-xtract. 

Defining LAR as-the average thickness of the liquid- 
like region and LBR as the mean thickness of the 
interphase that is associated with one of the crystallite 
basal planes (see Figure 21, these quantities can be 
calculated by assuming a linear three phase 
It follows that the mass crystalline fraction is given 
by32-34 

and the mass interfacial fraction by 

The demoni-nator (&, + 2LBR) + LCR represents the 
long period LR, as it is conventionally obtained by small- 
angle X-ray scattering as well. Note that accocding to 
Figure 2 the thickness of the interface region LBR bas 
to be added twice when calculating the long period LR. 
a,, ab, and a, are obtained from the Raman spectra 
according to eq 1 and e,, Qb, and QT are the densities of 
the pure crystalline region, of the interface, and of the 
sample, respectively. A similar equation will hold for 
a,. 

The thicknesses of the three regions calculated for the 
two polyethylene fractions and the long spacing, LR, are 
given in the last four columns of Table 1. In analogy 
with previous results,1° the polyethylene with the high- 
est molecular weight shows the highest interfacial 
thickness. These values are 12 8, for NBS 1484 and 8 
A for NBS 1483 and are very similar to the interfacial 
thicknesses found for other polyethylene fractions.1° 

As mentioned in the theoretical background, the 
thicknesses of crystals, of the amorphous regions, and 

NBS 1484 
~ NES 1483 

15 

I 

0.02 0.04 0.06 0.08 0.1 
s [nm-'1 

Figure 4. Absolute, slit-smeared SAXS intensity as a function 
of the magnitude of the scattering vector s of the two linear 
polyethylene samples. 

201 

161 

. . . . . . . . . . . NBS 1484 
- NBS 1483 

0.02 0.04 0.06 0.08 I 
s [nm-11 

1 

Figure 5. Slit length desmeared SAXS curves of the two 
polyethylene samples. 

of the interphase can also be calculated from absolute 
small-angle X-ray scattering data. Figure 4 represents 
the slit-smeared scattering curves of the two polyeth- 
ylenes under study. The ordinate represents the abso- 
lute scattering intensity per unit volume, integrated 
along the measuring slit of the Kratky camera (electron 
units per nm4), obtained from the power PR of the 
scattered radiation by means of eq 4. One can easily 
see from these curves that sample NBS 1484 shows a 
higher scattering intensity and a larger long period than 
sample NBS 1483. This is also seen in the scattering 
curves represented in Figure 5 obtained after desmear- 
ing by using the Guinier-DuMond procedure.35 

From these scattering curves the local electron den- 
sity fluctuation JF~ which reflects the inhomogeneities 
within each phase, the average thickness Zi of the 
interface between the crystals- and the amorphous 
region, and the Porod constant Ap were determined as 
described in the theoretical section. Equation 5 is 
plotted in Figure 6 for both samples, and the results 
are summarized in Table 2. Sample NBS 1483 shows 
a larger value for the electron density fluctuation J F ~  
and a somewhat smaller value for the Porod constant 
Ap than samplg NBS 1484. The calculated interfacial 
values are 18 A for NBS 1484 and 15 A for NBS 1483. 

In a further evaluation, the scattering of the "corre- 
sponding ideal two-phase system" was derived from 
each of the two scattering curves by subtracting the 
contribution of J F ~  and correcting with respect to the 
finite value of Zi. Following this, the invariant &id, the 
smeared interference function Gi&), the linear correla- 
tion function yl(x) ,  and the interface distribution func- 
tion gl (x)  of the corresponding ideal two-phase systems 
were calculated by substitution ofAp, li, and J F ~  of Table 
2 in eqs 6-10, respectively. 
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m -2 
v c - 

0.1 0.2 
1 s1.81 [nm-1.81 

Figure 6. Determination of Porod's law from the measured 
raw data according to Koberstein et al.24 

Fluctuation ( J d ,  Porod's Asymptote (Ad, and Invariant 
(&id) for the Investigated Samples 

Table 2. Interface Thickness (Zi), Electron Density 

NBS 1484 1.8 f 0.2 103 f 2 0.96 f 0.13 389 f 2 
NBS 1483 1.5 f 0.1 147 f 2 0.60 f 0.15 317 f 2 

a Obtained by means of eq 5. Obtained from eq 10. 

I 
0.1 0.2 

s [nm-l] 
Figure 7. Interference functions 
samples. 

1 

of the two polyethylene 

- NBS 1483 
NBS 1484 

20 40 60 80 -0. 50 

x [nml 
Figure 8. Linear correlation functions ydx) of the two 
polyethylene samples. 

The values obtained for the invariant are shown in 
Table 2. The smeared interference functions G:id(S) of 
the two samples are 'ven in Figure 7. One can see that 

larger than 0.15-0.18 nm-l in agreement with Porod's 
law. The functions yl(3c) and gl(x) are represented in 
Figures 8 and 9. Broad extremes in the curves indicate 
broad distributions for the values of the long period Lx, 
the crystal thickness LCX, and the thickness of the 
amorphous regions LAX in both samples. In addition, a 
bimodal distribution of those values is indicated in the 
case of the sample NBS 1483 by both the correlation 
function (inflection between 12 and 21 nm) and the 

a constant value of LF i&) equal to zero is obtained for s 

0.25 

0.2 

0.15 
t 7  

Y 
=? 0.1 2 - 
0.05 

0 

-0.05 

m 

- NBS 1483 
NBS 1484 .. . . . . . .. . . 

I 
20 40 60 80 100 

x [nml 
Figure 9. Interface distribution function gl(x)  of the two 
polyethylene samples. 

interface distribution function (minima at 13 and at 39 
nm). There is also a suggestion of a bimodal distribu- 
tion for NBS 1484 from the interface distribution 
function of Figure 9. 

Because the samples present broad distributions, 
from the SAXS data it is not meaningful to derive 
average values for L, LAX, and LCX from the positions of 
the maximum and minima of the interface distribution 
function or from the corresponding points in the cor- 
relation function. Instead, the distributions were de- 
termined by assuming a model and fitting the param- 
eters of the model to the measured scattering curves. 
Two different cases were computed by assuming Gauss- 
ian distribution functions for LCX and LAX. In one 
instance a unimodal distribution of the thicknesses of 
the two phases was considered and in a second case a 
bimodal distribution was treated. The probabilities for 
a value LCX and for a value LAX are then given by 

and 

respectively. LCX and LAX are the mean values of Lcx 
and LAX, respectively, and uc and UA are the standard 
deviations ofJhe distributions. The mean value of the 
long period, Lx, is given by 

Lx = Lcx i- LAX (16) 

In the same way, the mean values of the distances of 
the other interfaces were calculated. The standard 
deviations are parameters which could be varied. 

When bimodal distributions are assumed, Lcx and 
LAX are characterized by nine adjustable parameters: 
-(1) E(2) L(1) L(2, Ax, uc (1) , uc (2) , $1, A ,  J2) A , and the volume Lcx, cx, 
fraction compo_nent 1 

The parameters LCX and LAX and the standard 
deviations in the case of the unimodal distribution, and 
Lcx, -(1) Lcx, -(2) LE., E%, and the standard deviations in the 
case of the bimodal distributions, were varied until a 
best fit between the calculated and measured scattering 
curves was obtained. The values of the parameters 
which give the best fit are listed in Table 3 for the 
unimodal distribution and in Table 4 for the bimodal 
distribution, respectively. The interface distribution 
functions calculated by using these values are plotted 
together with the corresponding measured functions in 
Figures 10 and 11. Both unimodal and bimodal distri- 
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Table 3. BestFit Results for the Average Thicknets of 
the Crystals ( L a )  end of the Amorphous Regions (LAX), 
the Long Period (Lx), the Standard Deviations (UC, UA, 
a), and the Volume Fraction of Crystals within the 

Lamellar Stacks ( ~ c L )  Obtained by Assuming Unimodal 
Distribution‘ 
NBS 1484 NBS 1483 

tcx-[nml 22.1 f 0.1 26.6 f 0.3 
adLcx 0.36 f 0.01 0.24 f 0.01 

?AILAX 0.70 f 0.02 0.40 i 0.01 
LX [nml 28.9 f 0.2 0.40 f 0.01 
OdLX 0.69 i 0.04 0.33 f 0.02 
QCL 0.768 f 0.003 0.831 f 0.003 

The errors are only the estimated errors of the fit. 

LAX- [nml 6.7 f 0.1 5.4 f 0.1 

Table 4. Best Fit Results for the Average Thickness of 
the Crystallites (E:;, LEA) and of the Amorphous Regions 

(E& Eg), the Average Long Periods (g’), g’), the 
Standard Deviation of These Quantities (u:), ug), u:’, uf), 
u:), .E’), the Volume Fractions of the Crystals within the 
Lamellar Stacks (9gi, 9gL), and the Volume Fraction of 

the Major Component (W)) Obtained by Assuming 
Bimodal Distributionsa 

NBS 1484 NBS 1483 

15:; [nml 28.4 i 0.2 29.3 f 0.3 
1 )/E( 1) 0.28 f 0.02 0.21 f 0.02 c cx tg [nm] 9.2 & 0.2 5.5 * 0.1 

O ( l ) / p  0.60 f 0.01 0.41 f 0.02 
E:’ [nm] 37.6 f 0.3 34.8 f 0.4 
O W P )  0.30 f 0.02 0.24 i 0.01 
a:; 0.756 f 0.008 0.843 f 0.003 
QUI 0.80 i 0.02 0.95 i 0.03 
LE; [nm] 7.3 f 0.1 5.1 i 0.2 
@’/E:; 0.30 f 0.01 0.19 f 0.03 
.L% [nm] 3.8 & 0.1 6.7 f 0.2 

11.8 f 0.2 
O k 2 ’ J G  
t$?) [nm] 
.‘L”’G) Qg 

A A X  

0.48 i 0.03 ? 
11.1 i 0.2 
0.9 f 0.2 
0.66 f 0.07 

a The errors are only the estimated errors of the fit. 

0.38 f 0.02 
0.43 j, 0.02 

”’&“ 0.2 t - NBS 1483 
single model fit 
double model fit 

I 
-0.05/, 20 40 60 80 100 

x [nml 
Figure 10. Interface distribution function g l (x )  of NBS 1483 
and fitted curves. 

butions give reasonable fits. However, a better agree- 
ment is found between the measured and the calculated 
curves when the bimodal distribution is used. Table 4 
shows that the minor component of the bimodal distri- 
bution of sample NBS 1483 is only about 5%. For 
sample NBS 1484 the magnitude of the minor compo- 
nent that fits the measured scattering curve is much 
higher, about 20%, which makes a considerable contri- 
bution to the scattering. 

The volume fraction of crystals withi? the lamellar 
stacks, BCL, calculated from the LCX and LX values used 
in the unimodal or bimodal fit (major component) agrees 

~ NBS 1484 
0.12 

single model fit 
double model fit 

f 5 0.06 

20 40 60 80 100 -0.030 
x [nml 

Figure 11. Interface distribution function gl(x) of NBS 1484 
and fitted curves. 

closely with the crystallinity values calculated from the 
measured densities for both samples. This indicates 
that stacked lamellae are filling the majority of the 
volume sample and that the volume fraction of crystals 
within the lamellar stacks of the calculated 20% minor 
component in NBS 1484 is also relatively high compared 
to that of the major component. 

Discussion 
Validity of the Linear Model. For the data evalu- 

ation of both Raman and SAXS measurements a linear 
model was assumed. This included that all the amor- 
phous phase is located in the layers between the 
lamellar crystals and no amorphous material is lateral 
to the lamellar stacks. The validity of the assumption 
can be tested by comparing the linear crystallinity 
obtained by SAXS and Raman with the crystallinity 
measured by DSC and/or density. As is shown in the 
Results, they are not significantly smaller than the 
values obtained by SAXS and Raman. Therefore the 
assumption of a linear model appears to be allowed. 

Interfacial Thickness. The data characterizing the 
morphology of polyethylene fractions, obtained by Ra- 
man spectroscopy (Table 1) and SAXS (Tables 3 and 41, 
can now be compared and discussed. 

Of relevant interest are the thicknesses of the crystal- 
line, liquid-like, and interfacial regions obtained by both 
techniques. These data are compiled in Table 5. The 
interfacial thicoknesses obtained by Raman spectroscopy 
(LBR) are 12 A for the fraction of highest mplecular 
weight which was crystallized at 125 “C and 8 A for the 
NBS 1483 crystallized at a slightly higher temperature. 
It was previously found10,32 that decreasing molecular 
weight andlor increasing crystallization temperature 
results in crystallites of lower interfacial content and 
lower interfacial thicknesses. The interfacial thick- 
nesses calculate4 from the SAXS data, 1, = LBX, (Figure 
6 )  are 18 and 15 A for the high and low molecular weight 
fractions, respectively. These values are not only of the 
same order of magnitude but also very similar to those 
obtained from the Raman method. It is worth noting 
that the interfacial thicknesses obtained from SAXS, as 
calculated from eq 5, are generated before computing 
the interface distribution function. 

The importance of obtaining similar interfacial thick- 
nesses from two different, independent techniques, that 
are also in agreement with those obtained by other 
methods (see ref 36 and references herein), is obvious. 
It confirms the validity of using these techniques to 
quantify the phase structure of semicrystalline poly- 
mers. The results obtained with the two fractions 
analyzed confirm the adequacy of the three-phase model 
used to analyze the phase structure from the Raman 
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Table 5. Comparison of Raman LAM Results with SAXS Results 

L B R  [AI Lsx = Li [AI LcR [AI Lcx - L B X  [AI [AI LAX - L B X  [AI L R  [AI Lx [AI 
NBS 1484 12 f 4 18 f 2 250 f 10 

NBS 1483 8 1 4  15 f 1 285 f 10 
Tc = 125 "C 

T,  = 127 "C 

spectroscopy data. The similarity between the LBR and 
LBX values also indicate that the assumption made in 
the development of eq 5 are adequate in the study of 
these types of samples. 

Bimodal Distribution Function. It was found in 
this study that the interface distribution function 
computed from the absolute X-ray data, was better fitted 
by bimodal distributions than by only taking a single 
average thickness component. Although the calculated 
curves require the assumption of nine adjustable pa- 
rameters to calculate the bimodal distribution function, 
the use of this model is justified for its agreement with 
the results from DSC. The DSC thermograms indicated 
that about 8% of the transformation takes place in the 
form of thin crystals formed after quenching. The 
percentages of the minor component of the bimodal fit 
are 5% for NBS 1483 (crystallized at the highest 
temperature) and 20% for NBS 1484. The 5% percent- 
age agrees well with the magnitude of quenched crystals 
observed in DSC. The percentage used in the bimodal 
fit for NBS 1484 is high compared to the DSC value; 
however, taking into account the experimental errors 
in both determinations, these numbers are not unrea- 
sonable. Perhaps absolute measurements of heat ca- 
pacities andfor the use of different mathematical func- 
tions to model layer thickness distributions and electron 
density fluctuations will make these percentages closer. 

An important implication in this analysis is that the 
X-ray data are informative about the double population 
of crystallites in these samples whereas the Raman 
LAM technique did not distinguish the crystallites 
formed on quenching. 

A bimodal distribution of thicknesses for the sample 
NBS 1483 is already indicated in Figure 7. The exist- 
ence of two kinds of stacks is also clear in the correlation 
curve of Figure 8 by the comparatively broad minimum 
which can be decomposed into two superposing minima. 
In addition, it is clearly manifested in the interface 
distribution function by the appearance of two minima 
at 13 and 39 nm corresponding to two values of the long 
period. The first minimum is interpreted as a long 
period because it is followed by two maxima (at 19 and 
23 nm). The minimum at 39 nm cannot be interpreted 
as the second order of the one at 13 nm since the 
average value of L determined from the scattering curve 
is close to 39 nm and not to 13 nm and also because 39 
nm is not twice 13 nm. The assumption of two different 
distributions is, therefore, justified with the finding of 
two different long periods. 

The presence of a second long period for the sample 
NBS 1484 from the correlation function or the interface 
distribution curve (Figures 8 and 9) is not as clear as 
in NBS 1483. However, the agreement between calcu- 
lated and measured curves is not as good if only one 
component is assumed (see Figure 11). 

In a previous study on PET37 the assumption of 
asymmetric unimodal distributions led to a considerable 
improvement of the single component fit. However in 
the present study with polyethylene fractions the fit is 
not improved when the symmetrical Gaussian thickness 
distributions are replaced by skewed Gaussian distribu- 
tions in the model function. On the other hand, if one 

266 f 10 96 f 4 74 f 10 370 376 

278 f 10 63 f 4 40 f 10 364 348 

considers asymmetric layer thickness distributions, 
there is a choice from numerous functions, some of 
which may be more appropriate to describe stacks from 
layers with rather smooth surfaces than skewed Gauss- 
ian  distribution^.^^ 

The authors are aware of the fact that, for the sake 
of simplicity, one would prefer a one model fit. There- 
fore, both evaluations have been performed and it is left 
up to the reader which fit he prefers. Nevertheless, the 
authors want to stress that because of reasons discussed 
above they strongly believe that the two model fit, at 
least in the case of sample NBS 1483, is well supported 
by the results. 

Phase Structure and Crystallite Thickness Dis- 
tribution. Before a comparison of the core crystallite 
thickness, the liquid-like region, and the long period 
between the data obtained from Raman and those from 
SAXS could be done, it needs to be pointed out that the 
crystallite thickness obtained from X-rays does not 
correspond to that calculated from the Raman LAM. The 
differences can be seen clearly in the-electron density 
profile of Figure 2. Because LCX and LAX are computed 
using an equation formulated for a two-phase ideal 
system, the valce of Zi (interface) needs to be subtracted 
from LCX and LAX in order to make these variables 
comparable to the Raman values. The corrected values 
are listed in Table 5. In this table, C and A stand for 
crystalline and amorphous regions and R and X for the 
Raman or X-ray data, respectively. Only the X-ray data 
for the major component are considered for comparison 
in Table 5. 

In spite of the different methods of experimentation, 
the values of the core crystallite thickness are remark- 
ably similar for both fractions analyzed. Similar values 
are also obtained for the thickness of the lipid-like 
region as well as for the long period (LX,  LR). The 
agreement between these two independent techniques 
is excellent and supports their use in studying the phase 
structure of the polyethylenes. 

A possible tilt of the chains in th_e crystal-was not 
considered in the calculations of LCR, LBR, and LAP, listed 
in Tables 1 and 5. If a 20" til: is considered, the value 
O f  LCR decreases by about 15 A, but the thicknesses are 
still very similar to those found by the X-ray technique. 

The crystallite thickness distributions were also 
computed from the Raman LAM data, by following eq 
2 and from the parameters resulting from the fit to the 
SAXS data, using eq 14. 

The distributions are compared in Figure 12 for the 
lowest molecular weight fraction and in Figure 13 for 
NBS 1484. For both fractions the most probable value 
of the major component of the bimodal distribution 
calculated according to SAXS data analysis agrees with 
the Raman-calculated curves. The width of the distri- 
bution calculated from the SAXS technique is, howeve, 
larger than that calculated from Raman. For the low 
molecular weight sample the difference in width at half- 
height of the thickness distribution from both tech- 
niques is within the experimental error of the measure- 
ment. For the NBS 1484 fraction the half-width of the 
SAXS distribution is higher than the one from the LAM. 
The theoretical treatment used to deconvolute the 
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the same volume crystallinity as Raman and SAXS. 
Crystallinity from density gives values which are even 
3% higher than the values from the Raman and SAXS 
methods. Hence the results from DSC and density do 
not support the notion of amorphous material outside 
the stacks. 

2.5 - 

2 -  

v c d '  
1 -  - 

300 400 500 

THICKNESS [A] 
Figure 12. Crystallite thickness distribution of NBS 1483 
crystallized at 127 "C: (-1 obtained from SAXS; (- - -1 obtained 
from Raman LAM. 

- 

0.51 i \ / 

THICKNESS [A] 
Figure 13. Crystallite thickness distribution of NBS 1484 
crystallized at 125 "C: (-1 obtained from SAXS; (- - -1 obtained 
from Raman LAIvI. 

components of the phase structure from the interface 
distribution function, for example the use of theoretical 
Gaussian distributions in the examples treated in this 
work, leads to broader distributions than those obtained 
from more direct methods like those from the LAM 
peaks. It seems that the use of more complex math- 
ematical approaches should alleviate these differences. 
The choice of other theoretical functions is, of course, 
conditioned to knowing the distribution by an additional 
experimental technique. 

Volume Crystallinity and the Linear Model. For 
the data evaluation of both Raman and SAXS measure- 
ments a one-dimensional model was assumed. This 
means that the layer stacks are assumed to be infinitely 
extended in both longitudinal and lateral directions. 
Thus one has to bear in mind that these linear crystal- 
linities may be higher than the true volume crystallini- 
ties, if the sample contains amorphous material out- 
side the stacks. As expected, the volume crystal- 
linities determined from Raman (a, + ad2) and SAXS 
(@gLdl) + @'(l - are identical. For the pres- 
ent samples we have additionally determined the vol- 
ume crystallinity from density measurements and by 
DSC. Only if these volume crystallinities were signifi- 
cantly lower than the values determined by the SAXS 
and the Raman method should one consider the pres- 
ence of amorphous material outside the lamellar stacks. 
This is only the case for the DSC method and the sample 
NBS 1484, where the DSC volume crystallinity (68%) 
is 6% lower than the value from Raman spectroscopy 
and SAXS. For the sample NBS 1483 the DSC gives 
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