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Polyethylene structure has been investigated by energy dispersive X-ray diffraction
(EDXD) as a function of temperature below the melting point, via Rietveld refinement.
The behavior was studied at four temperatures, namely 25, 40, 70, and 88°C. In this
range the structure undergoes a regular volume expansion that may be expressed in
terms of specific volume ratio as Vg/Visoc = 0.991(2) +4.0(5) x 107% x T(°C). The
variation is almost completely taken up by the a cell parameter and results, apart
for minor intrachain arrangements, in an increased distance between polymer chains.
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1. Introduction

Polyethylenes are semicrystalline materials with good fatigue and wear resistance. Fur-
thermore, they have a good resistance to organic solvents, degreasing agents, and electro-
Iytic attack, are lightweight, resistant to staining, and have low moisture absorption rates.
Because of their wide range of properties they are the most used polymers worldwide.
In general their properties are related to differences in length of the polymer chain.
Three classes are usually distinguished: low and high-density polyethylene (L- and
H-DPE) and ultra high molecular weight polyethylene (UHMW-PE). Typical parameters
characterizing the polyethylene are melt index, density, and mixture, either with other
monomers to yield copolymers or with polyethylenes of different weight to yield
bimodal resins.

The understanding of the physical and technological properties of polymers is
strongly related to their structural identification. The degree of crystallinity, for
instance, which is related to the chain branch number, affects their melting point, flexi-
bility, and toughness. The polyethylene properties as a function of the operative conditions
were first investigated by X-ray diffraction by Brown and Eby,""! who determined lamellar
thickness, melting temperature, and density as a function of crystallization conditions and
heat treatments. Eby also investigated the variation of transition temperature as a function
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of comonomer content, molecular weight, and lamellar thickness,[z] as well as the
diffusion of ethane in polyethylene."!

X-ray studies of polyethylene structure were also performed as a function of tempera-
ture and the data analysis includes the least squares method and line-profile analysis in
several temperature ranges. Swan'*! showed, in an early study, polyethylene unit cell
variations in the temperature range —196°C to 130°C, with a different behavior along
the three directions of the orthorhombic cell. In particular, he found that the parameter
a shows a nonlinear expansion, b a small expansion, and c is rather constant. Iohara
et al.'™! performed measurements in the temperature range —165°C to 120°C and found a
maximum displacement of the carbon atom in the direction perpendicular to the skeletal
zigzag plane and a minimum displacement in the direction along the molecular axis.

Kobayashi and Keller'® performed a line profile analysis of X-ray polyethylene
spectra in the temperature range — 165° to 120°C, where they hypothesized an actual
shrinkage of the ¢ parameter with the temperature. The line-shape analysis was also
employed to monitor the polyethylene lattice distortions in the temperature range
—269° to 67°C.""" An increase of the line width was found with the increasing tempera-
ture. An explanation for this effect is related to the stress parallel to the plane of the
lamellae produced by the differences of thermal expansion coefficients of the crystalline
and amorphous domains in the lamellar two-phase system.

The lattice parameters, degree of crystallinity, dimensions of micro-paracrystals, and
their lattice defects were studied in the temperature range 20° to 106°C by Asbach and
Wilke.®! They found that the density of the crystals decreases in steps in the measured
ranges, that the micro-paracrystals show a large extension in the b direction above
90°C, and that they are characterized by a prominent extension perpendicular to the
110-planes at lower temperatures.

The expansion of a polyethylene monocrystal was investigated by Li-Shen et al.™! in
order to determine the nature of flexible vibrations of the crystalline lattice of isolated
polyethylene crystals in the range —50° to 135°C.

Determining whether the branches are included in the polyethylene crystallites was
the subject of an early investigation of Swan,'®! who found that a polyethylene crystalline
phase may include short branches of various kinds as interstitial imperfections. Later on
Baker and Windle performed a detailed X-ray diffraction and modelling study''~'3!
on the branch inclusion. As far as copolymerization is concerned, an example of investi-
gation is the effect of propylene inclusion into polyethylene studied by wide-angle X-ray
scattering (WAXS) and atomic force microscopy (AFM).114!

A complete structural study, however, should provide information as close as possible
to actual operative conditions, i.e., conditions under which the polymer will be used. Mech-
anical stress, temperature, and effects of corrosive agents affect the polymer’s performance
and need to be investigated in detail.

In order to fulfill those requirements, a few conditions need to be matched. A fast and
dynamical data collection is advisable, although keeping accuracy in the structural deter-
mination. In this paper we approach the problem of polymer structural determination in
dynamical conditions. In particular we performed an energy dispersive X-ray diffraction
(EDXD) study of polyethylene structure as a function of temperature via Rietveld refine-
ment. The advantages of this approach are the relatively fast data collection, large recipro-
cal lattice sampling, and the easier accessibility, when compared to neutron or synchrotron
radiation equipment.

Furthermore, the prototype EDX diffractometer used in the present study is equipped
with a sealed, thermostatic sample-holder that allows investigations as a function of
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variable parameters such as temperature, reactants concentrations, etc. In this study we
focused on thermal effects and collected polyethylene spectra at 25°, 40°, 70°, and
88°C, in order to obtain information of crystallite deformation below the melting point
(134°C).

The first attempt to set up a laboratory energy-dispersive diffractometer to analyze a
crystalline sample dates back to the end of the 1960s.!">! This technique is peculiar as it
uses the unfiltered radiation generated by a commercial X-ray source. The radiation
diffracted by the specimen is energy resolved by a solid-state detector at a suitable
scattering angle. The modulus of the scattering vector, g, that depends on the energy of
the photon, E, and the scattering angle, 0, is equal to

q (E, 8) = 1.01354 Esin 6 = 4 (sin 6)/A (1)

So far, only a few studies have been published on the application of Rietveld refine-
ments to EDXD patterns. The main limitation to the application of this type of analysis
used to be the poor resolution and the need to use synchrotron sources that were
privileged.!'® =¥

On the contrary EDXD has been largely used for structural studies of low crystalli-
nity, amorphous, or liquid materials,!'*=?* or for the study of the kinetics of phase
transitions. >4

However, in a systematic investigation, the applicability of the Rietveld refinement to
EDX diffraction patterns was checked for a few materials. In particular, corundum, rutile,
and anatase nanocrystalline synthetic samples, and natural gypsum were studied by
EDXD,*> and the diffraction data were evaluated via the Rietveld refinement. The differ-
ence among cell parameters, bond distances and angles, and displacement parameters
obtained by the Rietveld refinement on EDXD data and reference data from single
crystal or conventional angular dispersive X-ray diffraction (ADXD) has been reported
to be of the order of 1-3.50.

The aim of this paper is to extend the Rietveld refinement to patterns collected by
EDXD as a function of temperature. In order to check this opportunity, we selected a
sample of polyethylene (PE) whose structural features were previously investigated™®
by means of conventional ADXD at room temperature (RT). Then, we heated the
sample to several different temperatures (40, 70, 88°C) and for each of them we reiterated
the data collection and the Rietveld analysis.

2. [Experimental

The EDXD instrument is characterised by a vertical 6/6 geometry.'*”** The components
of the instrument are:

¢ a commercial Seifert X-ray generator (x-ray source: W target);

e a collimating system composed of four adjustable (both vertically and axially) W
slits;

e a thermostatic cell located at the common center of rotation of the diffractometer
arms;

e step motors to move both X-ray tube and detector holding arms (reproducibility
>0.001° 20);

e a solid-state detector EG&G liquid-nitrogen cooled ultrapure Ge ORTEC 92X
linked via an electronic chain to a multichannel analyzer (MCA).
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Table 1
Physical properties of the
polyethylene sample

Density (g cm ) 0.945
DIN 53479

Mw 300,000

Melting point, °C 134

The sample of PE we used was the commercial semicrystalline PE-HWST, previously
investigated by angular dispersive X-ray diffraction,” supplied by SAPIG s.n.c., Rome,
Italy. The same 20 x 20 x 2 mm section used in Glazer et al.”*®! was analysed.

The physical properties of the sample are reported in Table 1. Data were collected in
symmetrical transmission mode'*” in order to simplify the evaluation of the coherent
absorption which, for this geometry, is simply expressed as

Acon (E, 0) = exp[—p. (E)tsec 6] 2

Dead time was kept to <2% throughout the measurements.

3. Data Evaluation

The scattering angle 6 of 10.8° was selected. Of the 1024 channels of the MCA, a total of
451 data points were evaluated. This is because the first 184 channels were not used as they
contain the fluorescence L lines of W (8—10 keV range), and the last 390 channels

20 25 3.0 35 40 45 50 55 6.0 65 7.0
-1
q (A7)

Figure 1. Evolution of diffraction data with increasing T.
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Table 2
Miscellaneous data of the refinements. Agreement indices
and statistic indicators as defined in Young™*

R, wR, RBrage Reduced x*
25°C 1.73 2.13 4.24 0.1688
40°C 1.62 2.03 2.29 0.1560
70°C 1.66 2.19 112 0.1862
88°C 1.72 2.27 1.57 0.1863

were not used because the counting statistics were considered inadequate. This data set
covers the range 0.85 < dpq < 2.80 A. The X-ray source operated at 45 kV and 35 mA.
A counting time of 6000 s was used. Slits apertures were, respectively, 500 x 8000
(post-Be window), 400 x 4000 (divergence), 400 x 4000 (antidivergence), and
800 x 4000 wm (receiving). Raw data were normalized to the incident white spectrum
(fitted with a sixth-order polynomial) and corrected for absorption and escape peaks.
The data were subsequently interpolated to obtain constant-6 data. Diffraction data as a
function of temperature are reported in Fig. 1.

Rietveld refinement was carried out by the general structure analysis system (GSAS)
crystallographic package.*” This suite of programs is, in fact, able to handle constant-g
data by conversion to conventional ADXD data using a fictitious, user-defined, wavelength
(MoK,; = 0.70926 A throughout this work). Peak shape was modeled by means of a
pseudo-Voigt function modified for peak asymmetry.*"! Refined parameters included:
Gaussian tan> 6- and tan 0-dependent, and 6-independent (GU, GV, and GW, respectively)
parameters, Lorentzian tan #-dependent parameter (LY), and two asymmetry parameters
S/L and H/L (constrained to be equal). The peak cutoff was set to 0.005% of the peak
maximum. The background was fitted with a nine-term Chebyshev polynomial of the
first kind. A zero-correction for detector position was also refined. As in the case of the
refinements of Glazer et al.”® the structure of polyethylene was refined in the space
group Pnam and three soft constraints were imposed, with unit weight, during the minimiz-
ation procedure: C—H1=C-H2 = 1.06(1) A; H1-H2 = 1.70(3) 10\, the C—C bond distance
and the C—C-C bond angle being unconstrained. Displacement parameters of hydrogen
atoms were constrained to be equal. The presence of texture was checked, during the last

Table 3
Evolution of cell parameters, volume, and specific volume ratio with temperature.
For comparison purposes data collected at room-temperature of Glazer et al.[*!
are reported

a(A) b (A) c(A) V(A% Vg/Vasc
Galzer et al.?®!  7.4240(8) 4.9470(6) 2.5526(2)  93.75(3) —
25°C 7424(2)  4.947(2)  2.5526(6) 93.75(7) 1.000
40°C 7470(2)  4.953(2)  2.5526(5)  94.44(6) 1.007
70°C 7.563(3)  4.958(2)  2.5501(7)  95.62(9) 1.020

88°C 7.619(4) 4.953(2) 2.5462(8)  96.09(11) 1.025
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Table 4
Evolution of relevant bond distances and angles
with temperature

C-C (A) C-C-C ()

Glazer et al.!*® 1.532(5) 112.8(6)
25°C 1.544(2) 111.5(2)
40°C 1.546(2) 111.3(2)
70°C 1.545(2) 111.2(2)
88°C 1.537(2) 111.8(2)

cycle of refinement, by means of a generalized spherical-harmonic description.”* Nine
terms up to the sixth order were introduced obtaining a significant improvement of the fit
because of a texture index, J, of 1.45. The refined coefficients of the spherical harmonic
terms at 25°C were subsequently used and kept fixed for the other refinements. The total
number of refined parameters was 36. Miscellaneous data of the refinement are reported
in Table 2, evolution of cell parameters with temperature in Table 3, evolution of
relevant bond distances and angles with temperature in Table 4, and experimental, calcu-
lated, and difference plots for the data collected at 70°C (chosen as representative) in Fig. 2.

4. Discussion

The current investigation of polyethylene structure by EDXD via Rietveld refinement is
a part of our studies on applicability of this analytical method to polymers. In a first
stage, Rietveld refinements were performed on ADXD data obtained from polymers
such as poly (p-phenylene sulfide)®* and polyethylene.”® In a second stage, the
Rietveld method was applied to diffraction patterns of crystalline materials obtained by
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Figure 2. Experimental (dots), calculated (line), and difference plots of the refinement of polyethy-
lene at 70°C. Vertical markers refer to the position of calculated reflections.
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Figure 3. Specific volume ratio variation as a function of the temperature.

EDXD."¥ In both cases the structures obtained were compared to literature data and
yielded a satisfactory level of accuracy.?>!

In the present study, the Rietveld refinement was applied to X-ray patterns of
polymers obtained by EDXD. Furthermore, we performed this investigation as a
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Figure 4. Relative cell parameters variation as a function of the temperature.
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function of temperature. The necessary first step of this investigation is the comparison of
RT polyethylene structures obtained by EDXD and ADXD. We found out that cell
parameters, bond distances, bond angles, and displacement parameters obtained in the
two studies agree within 30. Hence, we can conclude that EDXD is able to provide
reliable data in polymer structural studies.'*!

The previously-mentioned parameters are compatible with a polyethylene structure at
RT consisting of parallel polymer chains that develop along the ¢ axis. The C—C—-C angle
we found in the present study is 111.5(2)° and the C—C distance is 1.543(2) A, alsoin good
agreement with the previous ADXD study.

We performed the structural study as a function of temperature in a range well below
the melting point, in order to understand better how the polyethylene structure absorbs
the thermal stress in typical working conditions. In particular, we heated the polyethylene
sample up to 40°, 70°, and 88°C and in each case recorded the EDXD pattern, while
keeping the sample at a constant temperature.

The parameters calculated according to the Rietveld refinement give a clear picture of
the temperature-induced deformation in the polyethylene structure. The increase of the
cell volume when heating the polyethylene sample from 25 to 88°C is 2.5%. Furthermore,
the expansion is rather linear with the temperature and may be expressed in terms of

]

20°C 8
X

XN
4
B N
NN R
# 6)
LY

b

Pt
o

/ :
Figure 5. A sketch of the temperature effects on the polyethylene chains arrangement. The chains
are aligned along the c¢ direction. When heating the sample, apart for minor intrachain arrangements,
the chains get more distant from each other. This accounts for the increase of the cell parameter a.

The top part of the figure shows a [001] projection of the polyethylene chains as well as the increase
of the cell parameter a as a function of temperature.
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specific volume ratio (Vg/Vasoc: Vg = relative excess volume, V,s:c = volume at 25°C)
as Vg/Vasec = 0.991(2) 4+ 4.0(5) x 107% x T(°C) (Fig. 3). The distribution of the cell
expansion over the cell parameters is quite interesting. The expansion is almost com-
pletely taken up by parameter a. In fact, in the temperature range 25-88°C it increases
by about 2.5%. The increase of cell parameter b is very small and is counterbalanced
by a slight compression of cell parameter c¢. The relative variation of cell parameters is
illustrated in Fig. 4.

The polyethylene structure rearrangement as a function of temperature, as can be
deduced from Table 4, is not related to significant intrachain modifications, because the
C-C-C angle and the C—C bond length are substantially unchanged. The main effect
of the distortion is the increased distance between polymer chains that leads to the
increase of cell parameter a. A sketch of the temperature effect on the polymer chains
is given in Fig. 5, which describes a [001] projection as well.

5. Conclusions

Rietveld refinement was carried out to obtain the polyethylene structure as a function of
temperature by EDXD. This technique is largely employed for the determination of
liquid and amorphous materials local structure. However, several tests have indicated
that it can be sufficiently accurate in the case of crystalline samples too. In the
present study, polyethylene structure was investigated by EDXD as a function of
temperature, below the melting point (134°C), via Rietveld refinement. Four tempera-
tures were investigated, 25, 40, 70, and 88°C. In this range, the structure undergoes a
regular volume expansion that may be expressed in terms of specific volume ratio as
VE/Vasec = 0.991(2) + 4.0(5) x 10~* x T(°C). In agreement with previous studies,!*~°
we find that the variation is almost completely taken up by the a cell parameter and
results in an increased distance between polymer chains.
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