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Abstract

The structural characterisation of a broad series of commercial branched polyethylenes in both unoriented and uniaxially drawn fibre
sample forms is described, using differential scanning calorimetry and X-ray diffraction. The influences on the crystal structure of poly-
ethylene of branch content, type and distribution, and also uniaxial fibre drawing, have been determined. As well as providing a compre-
hensive analysis of the effect of branching, this paper also forms the basis for two further papers on this series of polyethylenes. These
associated papers examine more intricate aspects of the structure of polyethylene: a partially ordered component and the accommodation of
the short chain branches within the crystalline structure.

To enable direct comparison between all structures, the unoriented samples were prepared under a common set of conditions and the fibre
samples were drawn from these unoriented samples. Fibre drawing reduced the three crystal unit cell parameters for most grades and for all
grades an increase in crystalline density was seen. The unit cell parameters of the fibre samples spanned broader ranges than the unoriente
samples. Regarding branching parameters, for both unoriented and fibre sampéeanthzunit cell parameters increased with branch
content, although with considerable scatter. Some of this scatter in the fibre samples was found to be explained by differences in the branch
distribution of the grades: for similar branch contents, randomly placed branches generally produced higher unit cell expansions than
heterogeneously placed branches. For ethyl and longer branch types, it is generally believed that for a given concentration, there is little
if any effect of branch type on the extent of expansion caused. In this study, however, different degrees of expansion were apparent in the
longest unit cell parameter (tligparameter) of the fibre samples, where the range of values seen across samples was largest. In these samples,
for similar branch contents of ethyl, butyl, isobutyl and hexyl branches, hexyl branches caused the most expansion and ethyl branches the
least expansion® 2000 Elsevier Science Ltd. All rights reserved.

Keywords Polyethylene branch content, type and distribution; Crystalline structure; Uniaxial fibre drawing

1. Introduction (heterogeneous). New catalyst systems are still emer-
ging, the most important in recent years being the
The diversity in structure and properties of polyethylene metallocenes in 1991.

is achieved by copolymerisation of the ethylene monomer The structural variations which exist between different
with a low concentration of one or severalolefin como- grades together with the vast number of grades make poly-
nomers, producing branches off from the main polyethylene ethylene an ideal and unique system for studying the effect
backbone. Further variations are possible by changingthat small changes in structure at the molecular level have
the polymerisation process conditions and the choice on the polymer’s larger-scale structure, and thereby its
of catalyst. These factors can affect, for example, the physical properties. To date, however, structural studies
average molecular weight and its distribution [1] and concerning branching in polyethylene have generally been
the branch content and placement along the polyethy- confined to investigating the influences of branch content
lene chains [2], whether uniform, random, or clustered and branch type on the structure [3—18] whilst the possible
influence of branch distribution has largely been ignored

- and not treated objectively. In this study we present an
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carbon atoms (SCB/1000C) along the polyethylene 2. Methods

backbone, including the carbon atoms of the branches them-

selves. This description neglects how the branches are2.1. Materials

arranged along and between the chains, namely intramole-

cular and intermolecular heterogeneity. The positioning of ~ Fifteen grades of commercial polyethylene were examined
thesea-olefin branches is difficult to control although it is and details are given in Table 1: three grades of unbranched
known that the catalyst and process conditions used areHDPE (high density polyethylene) referred to as homopoly-
important factors. Heterogeneity in branch distribution mers, two grades of lightly methyl-branched HDPE, two
affects the crystallisation behaviour and material properties grades of LDPE (low density polyethylene), seven grades of
of the polyethylene [19,20]. Amongst commercial LLDPE (linear low density polyethylene) and one grade of

grades, LDPE is an example of nearly random branch VLDPE (very low density polyethylene). Molecular charac-
placement because of the free radical polymerisation terisation data for the 15 grades are listed in Table 1 as well as

process used. LLDPE, which forms the basis of this Sample identifiers which will be used hereafter. For all grades
study, contains both intermolecular and intramolecular e€xcept LDPE, the branch contents were known to an accu-
heterogeneity. racy of at least-0.5 SCB/1000C from*C NMR and ranged

In previous studies of the effects of branching on poly- from fewer than 0.5 SCB/1000C for the HDPE homo-
ethylene structure, the influence of branch distribution has Polymers (assumed in all data analyses here to be 0 SCB/
been ignored, primarily because of the lack of a technique 1000C) to 30.5 SCB/1000C for the VLDPE. The branch
known to assess heterogeneity satisfactorily. Analytical types ranged from methyl to hexyl. For LDPE, the complex
temperature rising elution fractionation (TREF) has since branching present, including long chain branching, hinders
evolved and is capable of parametrising branch heterogene-analysis by*C NMR [27]. For the two LDPE grades used
ity [21]. This technique is based on the principle that for a here the branch content was estimated from previous studies
polymer sample in an ideal solvent, the chains will crystal- on similar samples [28—30] to be 12 SCB/1000C (various
lise over a range of temperatures according to differences inolefin branches although mainly ethyl and butyl).
molecular structure [22—24]. In the case of polyethylene, Fourteen of the grades were supplied as pellets and were
the crystallisation temperature of each chain for a given hot-pressed into unoriented mats. One homopolymer HDPE
molecular weight will be determined by the longest gradehom_¢ was supplied only in fibre form and another
sequence of methylene units between branch points inof the homopolymer gradeshom_a would not draw
that chain,N. In TREF, the distribution of branch points ~successfully because of its low molecular weight. Thus 14
within a sample is referred to as the methylene grades were examined in unoriented form and 14 grades in
sequence length distribution. It is defined as the ratio fibre form, 13 of the grades being common to both sample
of number(N,) and weight(N,,) averages ofN, namely forms. The sample forms examined for each grade are
N,/N,. This is analogous to the molecular weight distri- Shown in Table 1 by the symbol type used for that sample
bution parameteM,,/M,,. in all graphs throughout the paper: the absence of a symbol

In this paper we investigate the effects of branch content indicates that the sample form for that grade was not
and branch type on the crystal structure of branched poly- available.
ethylenes using an unusually large set of samples, in both
unoriented and uniaxially drawn fibre sample forms. In 5 5 Sample preparation
addition the effect of branch distribution is examined for
the first time. Samples were characterised by differential  The unit cell parameters of polyethylenes depend on crys-
scanning calorimetry (DSC) and their crystal structure para- tallisation conditions, annealing treatment and deformation,
meters determined by X-ray diffraction. The crystal struc- as well as branching parameters [17,31-33]. In order to
ture parameters were analysed with respect to molecularfocus on the influences of branching and fibre drawing, all
structure parameters determined fréi@ NMR and analy- unoriented samples were made under a common set of crys-
tical TREF. This paper is the first of three investigating the tallisation conditions, without subsequent annealing treat-
structure of these 15 branched polyethylenes. The secondment; the fibres were drawn from these unoriented
paper [25] presents evidence from the X-ray diffraction samples. An exception walsom_c which was supplied
patterns for a partially ordered component. The third ready-drawn into fibres. The overall consistency in sample
paper [26] investigates the location of the short chain preparation allowed confidence that any variations observed
branches (exclusion versus inclusion) by combining the between the structures would relate primarily to chemical
X-ray diffraction data with molecular modelling studies. differences between the materials, such as the branching,
Together the sequence of three papers presents a compreather than to differences in thermal treatment.
hensive and original examination of the structure of The unoriented samples were produced by hot-press-
branched polyethylene, linking new methods in X-ray ing at 180C, 2500 psi, with a cooling rate of
diffraction pattern recording and analysis to molecular 15°C min~! to a sample thickness of either0% + 0.03
modelling. or 080=x 0.03mm Uniaxially oriented fibre samples



Table 1
Characterisation data for the 15 grades of branched polyethylene

Sample  Material Branch typeBranch conc. Branch distribution [TREF] Density Mol wt M,/10° Mol wt distribution Unoriented sample Fibre sample Fibre drawing
ID [NMR] (SCB/1000C) [NMR] (kg m™® [GPC] (MW/M,) [GPC] graph symbol graph symbol

Ny/Np Random (r) or Temp. /C Draw ratio >
hetero geneous (h) ﬁ
hom_& HDPE Olefin <0.5 - - 962 66 4.4 & - S
hom_B HDPE Olefin <0.1 - - 960 130 7.6 & * 90 10.0 5
hom_¢& HDPE Olefin <0.5 - - 960 100 6.2 * 125 40 >
meth_4  HDPE Methyl 4 - o - - - v v 90 11.7 T
meth_5 HDPE  Methyl 5 - or - - - v v 90 10.3 =
eth_16 LLDPE Ethyl 155 1.39 r 920 128 4.0 @) [ 90 9.9 3
eth_18 LLDPE Ethyl 18 1.73 h 919 124 4.8 @) [ 90 10.2 3
eth_31 VLDPE Ethyl 30.5 1.62 h 905 134 3.8 @) ® 75 9.7 o
isob_14 LLDPE Isobutyl 13.8 1.66 h 918 96 3.2 O | 90 9.8 %
but_15 LLDPE Butyl 15 1.85 h 918 119 3.7 O | 90 10.0 g
hex_12 LLDPE Hexyl 12.4 1.92 h 922 - - A A 75 8.3 ~
hex_14a  LLDPE Hexyl 14 1.44 r 920 128 4.8 A A 90 9.4 »
hex_14b  LLDPE Hexyl 14 1.36 r 920 111 4.0 A A 80 9.2 S
ldpe_a LDPE  Olefin 12 - r° 920 92 5.4 X + 90 6.2 E
Idpe_b LDPE  Olefin 12 - ° 920 96 5.6 X + 90 6.4 o
N
2 ‘hom’ is an abbreviation for ‘homopolymer’, or unbranched HDPE. In practice polyethylene homopolymers do contain very low concentrationssaflefiniduanches, here0.5 SCB/1000C. For é
simplicity, all data analyses in the paper assume a branch content for these three homopolymer HDPE grades of 0 SCB/1000C. a

® The methyl-branched HDPE and LDPE grades were not suitable for TREF evaluatfgy/pvalues are not available. Nevertheless, the branch distribution of HDPE is approximately random whilst that
of LDPE is almost ideally random. The samples used in allNRéN,, branch distribution analyses are the seven LLDPE grades; the HDPE and LDPE grades feature only qualitatively in Fig. 8.
¢ Estimated from Refs. [28-30].
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were drawn from dumb-bells cut from the unoriented was raised at 2C h™* from 22 to 130C and the eluate
samples. The nominal draw ratio was 10, at analysed simultaneously by a Miran infra-red detector
50 mm min ! in an air oven, at a temperature between tuned to 3.48m, the C—H bond stretch frequency. The
75-90C. The actual draw temperature for each grade branching distribution parameters were calculated using
was set to approximately 40 below the melting point  the method of Bonner et al. [21].
(determined by DSC, see Fig. 3) to ease some of the Table 1 listsN, /N, values for some of the samples. A
structural distortion. An exception was made for the N,/N, value of 1.0 indicates uniform branch placement and
LDPE grades because their low melting temperature of empirically, N,,/N, values around 1.3 have been found for
around 110C and consequently low draw temperature grades known to be essentially randomly branched; higher
compounded with the presence of long-chain branching values indicate increasing levels of heterogeneity. Accord-
meant that breakage of the fibres occurred before aingly, the grades are classified in Table 1 as random ‘r’ or
draw ratio of 10 could be reached. Therefore, for the heterogeneous ‘h’although this sample labelling is not used
LDPE samples, a temperature of°’@was used to obtain  in any of the data analyseN,,/N, values were not available
a draw ratio as near to 10 as possible. The effects of drawfor the two LDPE grades, nor for the lightly methyl-
ratio and temperature on the structure and morphology of branched HDPE grades. Nevertheless, the branch distribu-
polyethylene have been well-researched although theytion of methyl-branched HDPE is believed to be approxi-
remain controversial [34—39]. A draw ratio of 10 was mately random whilst that of LDPE is almost ideally
chosen here to orientate the crystallites sufficiently for random and so ‘random’ labels are assigned in Table 1.
fibre diffraction whilst minimising disruption to the struc-  All the N,/N,, branch distribution analyses, however, use
ture [40]. Table 1 shows the actual draw temperatures usedonly the seven LLDPE grades; the HDPE and LDPE grades
and the draw ratios achieved which were in the range 9.2—feature only qualitatively in Fig. 8.
11.7 for the HDPE, LLDPE and VLDPE grades (except
hom_csupplied ready-drawn) and 6.2—-6.4 for the LDPE
grades. The fibre thicknesses obtained were in the range2.4. DSC
0.32-0.38 mm.
Samples with mass in the rang®8 + 0.50 mg were cut
2.3. Analytical TREF from the unoriented and oriented samples. A Perkin—Elmer
DSC 7 calorimeter was used, with heating and cooling rates
An estimate of the heterogeneity in branch distribution of of 16°C min~* over the temperature range40—150C. The
the grades was obtained by the TREF method of Bonner etramp rate of 16C min~* was chosen to minimise structural
al. [21] although TREF has some limitations. TREF is valid reorganisation during heating whilst ensuring that reliable
only for relatively highly branched polyethylene grades melting temperatures could be obtained [41]. The sub-ambi-
(>10 SCB/1000C) such as LLDPE and VLDPE whéte ent start temperature was used because of the broad crystal-
the longest sequence of methylene units between branchisation range in branched polyethylenes [42]. The degree of
points in a chain, is less than or equal to the chain fold crystallinity in each sample was calculated from the heat of
length. Also, neighbouring or very closely spaced branches melting of the first heating run, to enable comparison with
which produce nil or very small methylene sequence lengthsthe value calculated from X-ray diffraction. The melting
are not accessible. TREF is better suited to assessing interendotherms were determined by fitting a sigmoidal baseline
molecular heterogeneity since this rather than intramolecu- to each DSC trace; the heat of fusion for all the polyethylene
lar heterogeneity is the more influential factor during the grades was assumed to be 292 3[¢3]. For calculating the
TREF process. Where intramolecular heterogeneity is melting temperaturd,,,, from a DSC trace, there are several
present as well as intermolecular heterogeneity, this leadsmethods with varying degrees of sophistication [44]. Here a
to some uncertainty in interpretation of th&,/N, par- consistent, simple method of estimation was required and
ameter value obtained. In spite of these limitations, TREF was taken to be the peak position of the highest temperature
nevertheless allows a quantitative estimate of the relative endotherm, since this endotherm represents melting of the
degree of heterogeneity in branch placement betweenrelatively highly crystalline material within the sample. The
samples and is the best method currently available for this melting temperature was then used to estimate the lamellar
purpose. thickness of this component via the Thomson—Gibbs equa-
The TREF data collection and analysis were performed tion [45] (with values of the equilibrium melting tempera-
by BP Chemicals, Grangemouth. A 30 cm TREF column ture of an infinite crystalT,, as 146.0C; the surface free
was packed with inert support material to provide maximum energy of a crystallite (upper and lower surfaces), as
surface area for crystallisation. Samples were dissolved in60.9x 1072 J m 2, and the heat of fusion per unit volume
1,2,4-trichlorobenzene at 14D to a concentration of  of crystal, AH., as 288% 108 I m 3). Corrections such as
0.002 gcm?®, introduced into the TREF column and for heating rate and sample size were not considered neces-
allowed to cool at 1.%C h™*. 1,2 4-trichlorobenzene eluant sary nor justified because assumptions implicit in the Thom-
was then washed through the column whilst the temperatureson—Gibbs equation (for example of thermodynamic
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equilibrium) were known not to be met by the DSC The Lorentz and polarisation factors were applied, also on
conditions. a point-by-point basis, via the analysis software used:
Philips PC-Rietveld Plus v1.1B [55]. The polarisation factor
2.5. X-ray diffraction from unoriented (powder) samples ~ used included a contribution from the secondary graphite
monochromator used in data collection [66] (see Fig. Al).

X-ray diffraction patterns from the unoriented samples  The X-ray diffraction patterns were fitted using the Riet-
were recorded from 10—689 in reflection and transmission  veld method, a whole pattern fitting structural refinement
modes at 40 kV, 40 mA using a Siemens D306 vertical process [56,57]. It was used as a consistent method of fitting
diffractometer with 2.2 kW sealed tube source (copper the diffraction patterns with the aim of refining cell para-
target) and secondary Soller slits. Transmission scans haveneters and peak intensities. The two dominant reflections,
poorer resolution and poorer counting statistics for a given (110) and (200), were excluded from the fitting procedure
counting time and were used only for comparison of peak because they were believed to be affected by the presence of
intensity ratios with the reflection mode data as a test for a partially ordered component, as described in the following
preferred orientation in a plane normal to the plane of the paper [25]. Fitting was therefore performed within the range
samples. This comparison revealed that most of the sample28—6026, covering 16 reflections. Culk and Cukx,
had very slight preferred orientation with theaxis of the wavelength contributions were included in the fitting
orthorhombic crystal structure of polyethylene preferen- assuming an intensity ratie/a; = 0.5. The diffraction
tially oriented normal to plane of the samples [46—-48]. peaks were fitted using the pseudo-Voigt profile, a flexible
The preferred orientation was more noticeable in the thinner profile commonly used for fitting the relatively poor quality
samples (0.8 mm). Flat-plate X-ray transmission photo- diffraction patterns from polymers [58]. Peak widths were
graphs demonstrated that all samples were unorientedfitted using the Cagliotti equation [59] which, although
within the plane of the samples. All analyses described intended for neutron diffraction data, is still in widespread
here were applied to the reflection mode data. For theseuse in X-ray diffraction profile analysis [57] because of the
scans, parafocusing geometry was used with a secondaryack of a more accurate yet simple enough expression. It was
beam monochromator, a divergence slit of°0i%vo anti- not found necessary to refine the atomic coordinates of
scatter slits of 0.3and a receiving slit of 0.X5 Primary polyethylene [60]. The amorphous scattering was fitted to
Soller slits were additionally used in some reflection scan two broad peaks [39], one from inter-chain interactions, at
data sets, to maximise resolution although no significant 19.6'26 and the other from intra-chain interactions, at22
improvement was noted. A step size of either G280or [61]. A background of the formyi, = ¢ + k6 was used. The
0.0526 was used. Silicon powder was used in early trials to March model [62] was used to account for the low levels of
confirm and test the reproducibility of alignment of the preferred orientation detected in some of the samples as
surfaces of the samples with the goniometer axis. mentioned earlier.

Degree of crystallinity estimates were made by uncon-
strained fitting (i.e. without crystal structure information) of 5 g X-ray diffraction from uniaxially oriented (fibre)
the data below 226 since this region contains most of the samples
coherent scattering from polyethylene. The intensity data
were fitted to the two crystalline reflections (110) and  The fibre X-ray diffraction patterns were recorded in
(200) near 22260, the amorphous halo centred around symmetric transmission mode using a novel fibre diffract-
19°26 and a linear background. The crystallinity was calcu- ometer based on a scanning CCD camera, recently designed
lated as the ratio of the sum of the areas of the two crystal- and built in our laboratory [63,64]. CuK radiation at
line peaks to that of the sum of the two crystalline peaks 40 kV, 55 mA was used, with a germanium primary focus-
with the amorphous halo. More refined methods have beening monochromator. The principal attributes of the system
devised [12,49-53] although the different estimates are notwere the ability to access all the diffraction data available
consistent one with another. Since crystallinity values were from a fibre sample and to map the data into cylindrically
of only peripheral interest in this study, we preferred to use averaged reciprocal space to produce an undistorted image.
the method outlined above which had the merit of Each complete, composite fibre pattern out tG280was
simplicity. mapped from approximately 200 separate images at differ-

A correction to the X-ray diffraction patterns was made ent reciprocal space positions. Before mapping, each image
for sample transparency, according to the method of Lang- was corrected for non-uniformity of the detector response
ford and Wilson [54] as well as for Lorentz and polarisation by dividing it by the image recorded under uniform illumi-
effects. Correction for sample transparency is rarely made in nation of the camera surface by an americium beta source
X-ray diffraction studies; the correction and its importance with copper target. Silicon powder was used as an internal
relative to Lorentz and polarisation factors are described in standard.
Appendix A. The sample transparency correction was In contrast to the unoriented diffraction data, Lorentz,
applied to the raw reflection mode diffraction data on a polarisation and transparency corrections were not applied
point-by-point basis, as shown in Appendix A, Fig. Al. forthe following reasons. For the Lorentz factor, uncertainty
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Branch type

The fibre diffraction patterns were fitted using the CCP13

25% o ethyl fibre diffraction software (Daresbury Laboratory); this
Y " E;;’;Ob refined the cell parameters and reflection intensities but

2004 did not include full structural refinement. As for the unor-
iented samples, the two dominant reflections (110) and

=4 (200) were omitted from the fitting procedure because
150 they were believed to be affected by the presence of a
T B partially ordered component, as described in the following

. - . N paper [25]. Fitting was performed on the five equatorial

1001 T e reflections in the range 28—2& and the first seven reflec-

10 15 20 25 30 tions along the first layer line (out to 829) i.e. 12 reflec-

b SCB/1000C tions in total. Unlike the unoriented sample data, only a
2.0 - single peak of weighted average wavelength was fitted to
194 & 4 increasing each reflection, representing both Gukand Cuka, contri-

1.8- - . heterogeneity butions. The broadness of the reflections from the polyethy-
1.7 he ® - lene fibres because of crystal size/strain effects meant that
164 - . the presence of two contributions to each reflection could

Z. s not be detected and that fitting of two wavelength contribu-

= P tions was not meaningful. The amorphous scattering contri-
147 ra® random bution was fitted as part of the background scattering.
1.31 Separate refinements using both Gaussian, Lorentzian and
1.21 mod. 2 Lorentzian profiles were performed and compared.
1.14 uniform A dependence was noted betweenRHactors for the fits and
1.0 . - v v the category of the polyethylene: the Gaussian fit was signifi-

10 15 20 25 30 ;
SCB/ 10000 cantly better (loweR-factor) for the lightly branched grades

(homopolymers and HDPE) but was slightly worse (higRer
Fig. 1. Analytical TREF data showing the variation in distribution of factor) for the more highly branched grades (LLDPE and
branches in the seven LLDPE grades (branch contents around 15 SCB/VLDPE). For consistency, all structural data presented here
1000C) and one VLDPE grade (31 SCB/1000C). (a) The number and for the fibres were taken from the Gaussian fits.

weight average methylene sequendsg,(solid symbols) andN,, (open .. .
symbols), respectively. (b) The branch distribution paramiiigi,. The True crystallinity vaIue; could notbe cglculated for the fibre
possible values ofl,/N,, range from 1.0 (uniform branch placement) up ~ patterns but a related estimate was obtained, referred to here as
through 1.1-1.3 (random branch placement) to higher values which indi- the crystallinity index, which was internally consistent
cate ilncrgasmg '_e"e'f] of h‘;te“’g%”e“};,i”dbganch P"i‘cemfm [69]. !”h(b) the petween the fibre samples. The problem was that in fitting to
sample data-points have been identified by téirN, value as either o fihre diffraction patterns, the fit to the amorphous halo also
approximately random (r) or approximately heterogeneous (h) in branch tained the fit to the i h t back d tt d
distribution. The data-points in (b) additionally identified by * indicate ~CONtAINEA the fit To he Incoherent background scatler, an
grades where, from DSC, the main melting endotherm of the unoriented could not be separated from it. Therefore the intensity of the
s_an_1p|e was divided into threg p_eak_s (refer to Fig. 2). Thgllinear regression amorphous halo was over-estimated. Accordingly, using the
fits in (a) are shown by a solid line if the slope was significantly different crystallinity estimate method described earlier for the unor-

from zero P < 005 ttest), dotted otherwise. As expectdd, andN,, iented samples, the fibre crystallinity estimates, termed crys-
show a decrease with increasing branch content. No relationship is seen

between the distribution of branches and the number of peaks in the meltingta”inity indexes, were considerably under-estimated. In

endotherm. reality, fibres are anticipated to have higher crystallinity values
than the equivalent unoriented samples [67,68], and this was

exists in its form for fibre diffraction: it is usually assumed to indeed seen from the DSC crystallinity values obtained.

be the same as for a rotating single crystal under the sameNevertheless, the fibre crystallinity index values provided an

conditions. However, separate expressions for the factorinternally consistent means of evaluating crystallinity varia-

depending on the type of reflection, whether equatorial tions between the fibre samples, for comparison with the unor-

(hk0), meridional (00l) or generahkl), have been arguedto iented samples. The limitations of the fibre crystallinity

be more satisfactory [65]. Regarding the transparency error,estimates, however, cannot be overstressed.

the fibres were considerably thinner than the unoriented

samples, which meant that the necessary correction factor

for the symmetric transmission mode used [66] at260 3. Results and discussion

normalised with respecttothat at’20 (the range of 2 values

where polyethylene reflections were analysed) was nearly 13.1. TREF: the variation in sample branch distribution

(0.92). This ratio contrasts with the more influential ratio of

0.57 (see Fig. Alb) for the transparency correction calcu-

lated for the unoriented sample diffraction data.

The branching distribution parameters obtained from the
TREF analysis, vizN,,, N, andN,,/N, are shown in Fig. 1.
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unoriented the VLDPE grade as heterogeneous in branch distribu-
tion, as labelled in Fig. 1b and Table 1.

Ideally, in order to investigate the effects of branch distri-
bution on the structure of polyethylene, model series are
required where samples have fixed branch content and
chain length and differ only in how the branches are distrib-
uted along the chains. Such model series were not available
for this study and there are no reports in the literature of
investigations into the structural effects of branch distribution.

1Y

Heat flow

25 50 75 100 125 150 However, examination of Table 1 shows that the branch
Temperature (°C) contents of the seven LLDPE grades were in the relatively

b fibre narrow range of 12.4—18 SCB/1000C whilst thg,/N,
— 1stheat parameters were in the relatively broad range of 1.36-
- -~ 2nd heat 1.92 indicating near randomness to strong heterogeneity in

branch distribution. In the circumstances, it was felt accep-
table to treat these seven LLDPE samples as having the
same branch content in order to obtain a preliminary study
of branch distribution effects via use of ti&,/N,, para-
meter. It was necessary in the analyses to assume the
1 seven LLDPE samples differed only in branch distribution:
L effects of differences in molecular weight, for example, or
I the type of branch placement heterogeneity, whether intra-
molecular or intermolecular (as discussed in the Introduc-
_____/,//\__ 9 tion) had to be ignored. We hope that as model polyethylene
ranges become available, further, more complete studies of

It ch W 3 branch distribution effects will be possible.
25 50 75 100 125 150
Temperature (°C) 3.2. DSC

Heat flow
2Wg
—

Fig. 2. (a) The three types of DSC trace found in the unoriented polyethy- 3.2.1. The number of melting peaks
'r?“et Safmpt'ﬁs ézf;tehtifgé (br)agz: Ej;;ﬁﬁi ‘E’ac;mchk’rLZSt(fif:tla’;]‘é r?}?)C?)Td DSC scans of the unoriented samples revealed three types
eats) 1or the . : - . . . . . .
mer a)nd HDPE grades; 2: EDPE and some LLDPE grades;yg: other LLDIOPEy of meItlng curve, as illustrated in Fig. 2a. A single melting
grades and VLDPE. The arrows in (a) mark the approximate position P€aK existed for the HDPE grades, whether homopolymer or
(50°C) of the additional weak endotherm seen in curve types 2 and 3 methyl-branched (trace 1 of Fig. 2a). An additional small
(unoriented and fibre samples). peak around 5 appeared for all LDPE, LLDPE and
VLDPE grades (trace 2), and two further peaks in the region
The branching distribution analysis method is valid only of the main melting peak (i.e. a total of 3) were seen for four
for cases where the maximum methylene sequenceofthe LLDPE grades (eth-16, isob-14, hex-12, hex-14a) and
length between branches in a chain is less than thethe VLDPE grade (eth-31) (trace 3). Branching in the poly-
equilibrium crystal thickness under the conditions used ethylene samples therefore produced additional broader and
[21]. The acceptable range for this [21] N = 25Q smaller endotherms at lower temperatures. This could imply
satisfied by all the seven LLDPE grades and one a multi-modal distribution of either crystallite size or crys-
VLDPE grade examined here, as confirmed in Fig. la. tallite structure. In polyethylene the former explanation is
Fig. 1a shows that, as expected, both the number andgenerally accepted, namely that each peak represents a
weight averages of CHunits between branch pointsl, different population of lamellar thickness [45]. From the
and N,,, decreased significantly as the sample branch positions of the highest melting peaks, the lamellar thick-
content increased. Fig. 1b shows the variation in branch nesses were estimated from the Thomson-Gibbs equation
distribution parameteN,,/N, for the samples. A rise in  to be in the range 60—230. A might be anticipated that the
Nw./N, from the lower limit of 1.0 indicates a gradual number of melting peaks in the LLDPE grades may be
transition in the distribution of branches from uniform related to the extent of heterogeneity in branch distribution.
(1.0), through random (in the range 1.1-1.3), to increas- To test this, the data points in Fig. 1b are identified accord-
ing levels of heterogeneity (values higher than 1.3) in ing to the number of melting peaks: the grades which
the branch placement [69]. Fig. 1b demonstrates a wide showed three melting peaks are identified with an asterisk;
variation in the placement of the branches and to a the other grades showed a single melting peak in the region
reasonable estimate, three of the LLDPE grades canof 125°C. However, this reveals no relationship between the
be described as random and the other four grades andwo characteristics. Instead the two types of melting curves
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hom indicated longer crystal lengths after drawing [70,71]
LDPE consistent with the presence of strained tie molecules [72].
s For the LDPE, LLDPE and VLDPE grades, the first heat
but/isob melting endotherms were broader, less clearly defined and
hexyl the melting peak position was often depressed slightly rela-
tive to the equivalent unoriented sample; in addition the size

of the small endotherm at around®&0was enhanced. The

melting point depression phenomenon persisted for the
X second heat. The more highly branched grades, which in

X unoriented form had shown a single melting peak around

0 5 10 15 20 25 30 the melt region, developed an additional peak on the low
b SCB/1000C temperature side of the endotherm (see curve 2 in Fig. 2b),
130 indicating that drawing had caused an additional population
of thinner crystallites to develop. Those grades which
had shown three peaks in unoriented form did not
—~ 126 h develop extra peaks upon drawing; the peaks generally
8 o remained in the same positions and the lower tempera-
1244 . ture peaks merely became more intense (see curve 3 in

A Fig. 2b). The two categories of fibore melting curves, for
1221 the HDPE grades and for the more heavily branched

grades (LDPE, LLDPE, VLDPE), may be a reflection

1201.2 14 16 18 20 of the different lamellar deformation mechanisms
N, /N, proposed under cold drawing conditions for these

random —» heterogeneous materials [73].

unoriented
140+

0

P OO 4 X ¢

130

T.(°C)

120+

110

*
128- 0 oh

Fig. 3. The melting temperatur&,, from DSC of the unoriented samples as .
agllunction of (a)?)ranc?l cont&t and (b) branch distribution (thpe seven 3.2.2. Meltmg temperature .

LLDPE grades only). The data-points in (b) identified by * indicate grades ~ 1n€ dependence of the melting temperatlife(and thus
where the main melting endotherm was divided into three peaks (refer to also lamellar thickness, from the Thomson-Gibbs equa-
Figs. 1 and 2). The estimated error barsTgmwere of a similar size to the tiOI’l), on branch content, type and distribution for the unor-
symbols. The slope of the linear regression fit in (a) was significantly janted samples are shown in Fig. 3. The plots for oriented

different from zero P < 0.05, t-test). The plots show a decreaseTin - .
with increasing branch content but no evidence of a dependentg af samples (not shown) were similar to those for the unoriented

branch distribution is seen. Those samples which showed multiple melting samples. Fig. 3a reveals a significant decreasgyimith
peaks in the main DSC endotherm are seen to have highiivan samples increasing branch contenP (< 0.05, t-test on regression
which showed a single melting peak. slope). Fig. 3a also indicates a possible dependendg, of
on branch type, seen within the LLDPE samples around 15
for the LLDPE samples could possibly be ascribed to differ- SCB/1000C. For similar branch contents, longer branches
ences in polymerisation conditions. produced a loweT,,. The two LDPE samples show consid-
The DSC scans from the oriented samples relative to erably lowerT,, than expected from their branch contents,
those from the unoriented samples can be compared ineven allowing for a wide margin of error in their estimated
Fig. 2b. This shows that the DSC scan from the fibres on branch content. This is probably caused by the long chain
the second heating run correlated closely with that from the branching (heptyl branches and longer) known to be present
equivalent unoriented sample in Fig. 2a. This confirms that, in LDPE from its polymerisation mechanism.
as expected, most of the uniaxial orientation was lost during  Fig. 3b shows no evidence for a relationship betw&gn
the first heat into the melt. The range of lamellar thickness in and branch distribution. However, for the three LLDPE
the fibre samples, indicated by the melting peak positions grades which showed a single melting peak (data points
using the Thomson—Gibbs equation, was 60—260-4r without an asterisk; data points with an asterisk had three
many samples, particularly those with higher levels of melting peaks), where the peak temperature could be
branching, the DSC traces from the fibre samples were notmeasured with greater precision, an indication is seen of a
as well defined as from the unoriented samples and this waspossible increase iif;,, with increasing heterogeneity. An
attributed to progressive relaxation of the unrestrained fibres effect of branch distribution o, has been proposed before
during heating. as an explanation for the range f values found in poly-
Overall, the DSC traces from the fibres fell into two cate- ethylenes with similar branch contents which had been
gories. For both homopolymer and methyl-branched HDPE produced by different polymerisation processes [74,75].
grades, the first heat melting endotherms were narrower andThe corresponding trend of a tentative increase in lamellar
elevated in temperature relative to the unoriented samples thickness with increasing heterogeneity is plausible because
as shown by curve 1 in Fig. 2b. The higher melting points of the longer methylene sequence lengths which exist
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Fig. 4. The crystallinity values from DSC (open symbols) and X-ray diffraction (solid symbols). The values are shown as functions of branch @r&ent in
(b), and branch distribution in (c) & (d). Unoriented samples are shown in (a) & (c) and fibre samples in (b) & (d). The linear regression fits are shown by a
solid line if the slope was significantly different from zef® € 0.05, t-test), dotted otherwise. The label ‘X-ray index’ for the fibre samples refers to the fact
that the X-ray crystallinity values from the fibre samples were not true estimates of crystallinity: they were under-estimates but are intsistzify.cbime
plots show a significant decrease in crystallinity with increasing branch content but no evidence of a dependence on branch distribution is seen.

between some of the branch points in more highly hetero-
geneous polyethylenes.

3.2.3. Degree of crystallinity

The degree of crystallinity values calculated from the
DSC traces for the unoriented samples are shown in Fig.
4, as functions of branch content (Fig. 4a) and branch distri-
bution (Fig. 4c). The equivalent plots for the fibre samples

61 —— unoriented 1| (110)
- - - fibre |
(equatorial !
44 section) :
1
1

Intensity (arb. units)

Fig. 5. The (110) and (200) reflection regions from the X-ray diffraction
patterns of a LLDPE (eth-16, 16 ethyl SCB/1000C) in unoriented and fibre

forms. The fibre data are taken from an equatorial section through the fibre

are shown in Fig. 4b and d, respectively. For comparison
with the DSC crystallinity estimates, the crystallinity values
calculated from the unoriented X-ray diffraction patterns are
superimposed in Fig. 4a and c, as are the crystallinity index
values from the oriented samples in Fig. 4b and d.

Comparison of the DSC crystallinity values demonstrates
that crystallinity was increased by the drawing process,
probably from strain-induced crystallisation in the amor-
phous component [68]. The X-ray crystallinity values do
not reproduce this trend because the values calculated
from the fibre diffraction patterns were not true estimates
of crystallinity. As described earlier, from their method of
calculation they were known to be an under-estimate of true
crystallinity and were accordingly termed crystallinity
index values. However, in comparing the values between
branch types, the crystallinity trends from the different tech-
nigues are self-consistent.

All crystallinity estimates in Fig. 4 show that crystallinity
dropped considerably as the level of branching increased.
No clear evidence of a dependence between crystallinity
and branch distribution is found in Fig. 4c and d although
a dependence has been previously proposed [76]. A possible
effect of branch type is seen in Fig. 4c and d: the hexyl

diffraction pattern. The drawing process is seen to broaden and shift the two Pranched grades generally show higher crystallinities than

reflections.

the shorter ethyl, butyl and isobutyl branched grades. The
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Fig. 6. The unit cell parametess b andc and the unit cell basalb, respectively, calculated from the unoriented and fibre X-ray diffraction patterns (using
reflections in the range 28—8& i.e. excluding (110) and (200)), as a function of branch content. The error bars were of a similar size to the symbols for the
unoriented samples; error bars for the fibres were not available. The linear regression fits are shown by a solid line if the slope was signifieanttputiffe

zero P < 0.05, t-test), dotted otherwise. The plots show a significant increaagtimndab with increasing branch content, from both unoriented and fibre
samples; a decreasedris indicated from the fibre samples. The boxed area in (b) identifies the seven LLDPE grades which feature in Fig. 7.

disruption of crystallinity in LLDPE samples has been content and distribution, respectively, and affected by fibre
reported to be independent of the branch type [16]. Overall, drawing; the effect of branch type is shown in the figures by
it is generally reported that crystallinity is sensitive to different graph symbols. The three effects of branch content,
branch content, independent of branch type and may bedistribution, and type are discussed separately in the follow-
affected by branch distribution [20,75]. ing sections.

3.3. X-ray diffraction
3.3.1. Effect of branch content

The general effects of the drawing process on the X-ray Fig. 6 shows a general increase in the unit cell parameters
diffraction pattern of polyethylene can be seen in Fig. 5. of both the unoriented and fibre samples with increasing
This compares the region of the (110) and (200) reflections branch content; an exception is th@arameter. The values
from the unoriented diffraction pattern of one of the LLDPE from the fibre samples covered wider ranges than from the
grades, eth-16, with the corresponding equatorial sectionunoriented samples and so the fibres were more sensitive for
through the fibre diffraction pattern. After drawing, the detecting influences of branch content, type and distribu-
(110) and (200) reflections are broadened, indicating tion. The increase in tha andb unit cell parameters with
increased strain and/or a reduction in crystallite size, andincreasing branch content is well known for unoriented
are also shifted slightly in position from the unoriented polyethylenes [3-15,17] and has also been reported for
sample, indicating a change in unit cell parameters. Theseoriented polyethylene [17]. Regarding theparameter, for
two reflections were actually omitted from the fitting proce- the unoriented samples in Fig. 6d, no dependenceafthe
dure because they were believed to be affected by thebranch contentis seen, although in the fibre samples a possi-
presence of a partially ordered component (see following ble decrease inwas seen in moving from the homopolymer
paper [25]). HDPEs towards higher levels of branching. The constancy

The results of pattern fitting from both unoriented and in thec parameter for unoriented samples has been reported
fibre samples are summarised in Figs. 6 and 7. These figuresdefore [6], but the decreasedrfor fibre samples is less well
show for all the grades how the three unit cell parameders known [17] and is thought to be related to the negative
b andc and the basal arezb (refined by pattern fitting using  thermal expansion coefficient of tlveaxis [77]. The effects
reflections in the range 28—%&¥) were related to branch  of branching and temperature on the unit cell parameters of
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Fig. 7. The unit cell parametess b andc and the unit cell basal aresb, respectively, calculated from the unoriented and fibre sample X-ray diffraction
patterns (using reflections in the range 28=260.e. excluding (110) and (200)), as a function of branch distribution. The seven grades featured are LLDPEs
with similar branch contents, identified by the boxed area in Fig. 6b. Error bars are shown for the unoriented samples in (a) and (b) whereas ith@y and (d)
were of a similar size to the data point symbols and are therefore not shown. Error bars for the fibre sample data were not available. The linaditsegressio
are shown by a solid line if the slope was significantly different from zBre:(0.05, t-test), dotted otherwise. The fibre samples are seen to have been more
sensitive to the influence of branch distribution. The plots show a significant decrdasétinincreasing heterogeneity in branch placement, for the fibre
samples; a similar decrease is indicated byahenit cell basal area.

polyethylene have been previously recognised to be similar content has frequently been assumed to indicate incorpora-
[6,78]. tion of the branches into the crystalline material (see for
Regarding the effect of drawing on the unit cell para- example Ref. [6]). An alternative, less common, explanation
meters, Fig. 6a shows that for the homopolymer, HDPE for these unit cell parameter expansions is stress on the
and LDPE grades, drawing reduced ghenit cell parameter ~ lamellae surfaces caused by branch rejection [17,79].
whereas for the more highly branched LLDPE and VLDPE However, the unit cell parameters have also been shown
grades drawing had the opposite effect. Fig. 6b shows thatto vary inversely with the lamellar thickness [31,77]. This
for all grades, thd unit cell parameter values from the fibre effect is not generally recognised and has not been
samples were considerably lower than from the unoriented accounted for in such investigations of branching, yet it is
samples. The cumulative effect of the changes iand b widely known that branching reduces the crystallite thick-
parameters on the unit cell basal ar@la,(equal to twice the  ness of polyethylene, as confirmed here by Fig. 3 (from the
effective cross sectional area per chain) is illustrated in Fig. Thomson—Gibbs equation, the crystallite thickness is inver-
6¢c. This shows a consistent reduction in basal area with sely related to the melting temperaturg). The magnitude
drawing for all grades which was greatest for the grades of the variation in unit cell parameters anticipated from the
containing few or no branches i.e. the homopolymer and known reduction in crystallite thickness was estimated here
HDPE grades. The parameter, like thé parameter and  according to the work of Davis et al. [77], as outlined below.
the productab, showed a reduction for all grades upon Application of the Thomson—Gibbs equation to the
drawing. Thus the crystalline density was increased by data of Fig. 3 indicates that the lamellar thicknesses of the
drawing. The opposite trends of an increaseaimnd b unoriented samples lay in the approximate range 60— 230 A
cell parameters and a decrease in crystalline density withand a similar range was found for the fibre samples (60—
drawing have been previously reported [17,33] although this 260 A) From the data of Davis et al. [77], this variation in
may be related to the difference in drawing conditions used. lamellar thickness of about 200 ghould at room tempera-
The increase im andb unit cell parameters with branch  ture produce a difference &b of 0.3 A2 From Fig. 6¢, the



662 A.M.E. Baker, A.H. Windle / Polymer 42 (2001) 651-665

fibre and were shown from molecular modelling to be consistent
4.944 o with the incorporation of some branches into the crystalline
random o material. The additional unit cell expansion seen is therefore
4.92] h probably explained by .the inclusion of b.ranches rather than
< « hom by the branches affecting the structure in some other way.
< + LDPE
4904 "°* v methyl 3.3.2. Effect of branch distribution
. heterogeneous ¢ gm/yi'sob Fig. 7 examines the relationship between the unit cell
- s hexyl parameters and the distribution of branches, for the seven

LLDPE grades with similar branch contents shown within
the boxed area in Fig. 6b. The scatter in the data points is
severe and the only change, which reached statistical signif-

0 5 10 15 20 25 30
SCB/1000C

F_lg. 8._Theb unit cell param_eter values calculated from the flbre_ X-ray icance, was a decrease in thenit cell parameter from the
diffraction patterns as function of branch content. The data-points are

labelled according to whether the samples were approximately random fibre samp_le_s with |ncrea5|_ng_he_terogene|ty in branch place-
(r) or approximately heterogeneous (h) in branch placement. The slope of M€Nt. A similar decrease is indicated by thie basal area
the linear regression fit was significantly different from zelPo<( 0.05, t- values in both the unoriented and fibre samples. The possi-
test). Randomly branched samples tend to lie above the regression fit andp|e decrease in some of the unit cell parameters with higher
heterogeneous samples below. levels of heterogeneity is plausible because heterogeneity is
. consistent with a broader distribution of methylene
actual variation across the unoriented samples was 6.5 A sequence lengths and thus the presence of some longer
and across the fibre samples was 10 Phus the expansion  methylene sequence lengths, with the potential for thicker
in the unit cell basal areab with increasing branch content crystallites. The presence of thicker lamellae with more
was not likely to be attributable solely to the reduction in heterogeneous branching distributions was independently
lamellar thickness. As described in the final paper in this indicated by the DSC melting temperature data in Fig. 3b.
sequence [26], changes were found in some of the reflection To investigate this tentative effect of heterogeneity
intensity ratios measured in the X-ray diffraction patterns, further, Fig. 8 replots thé unit cell parameter values as a
function of branch content from Fig. 6b for the fibre samples
(the only unit cell parameter versin,/N,, trend in Fig. 7
which reached significance). The samples are classified as

a fibre

7.551 e ethyl
m  but/isob
4o hexyl

< 7501
(]

7.45

//

being random ‘r’ or heterogeneous ‘h’ in branch distribution
according to Table 1; the line shows the regression calcu-
\§ lated across all points. The scatter in the cell parameter
values in Fig. 8 is clearly seen to be explained by the varia-
tion in the distribution of branches: randomly distributed
./. branches enhance the extent of cell parameter expansion
/ over heterogeneously distributed branches for similar
branch contents.
10 15 20 Returning to Fig. 7, most of the unit cell parameters,
b SCB/1000C particularly those from the unoriented samples, indicate
7.55- no change with heterogeneity although this may be because
of the few data points. A statistically significant decrease is
seen in thé unit cell parameter from the fibre samples with
increasing heterogeneity and a decrease is possibly indi-
“ cated in theab basal area too. When the branch type of
the samples is taken into account, thanit cell parameter
from the fibre samples indicates a possible increase with

< 7.501
@

/

7.45

T T —

1.4 16 1.8 2.0
N, /N,
random —— heterogeneous

increasing heterogeneity. This is shown more clearly in
Fig. 9.

3.3.3. Effect of branch type
Fig. 9a shows the unit cell parameter from the seven
LLDPE fibre samples as a function of branch content. It

Fig. 9. The effect of branch type in tizeunit cell parameter of the LLDPE demonstrates that for the similar levels of branching present
fibre samples as a function of (a) branch content and (b) branch distribution.

It appears that for similar branch contents, hexyl branches cause more!N these samples (lﬁ 3 _SCB/lOOOC)' h_exyl branches
expansion than butyl or isobutyl branches and least expansion is seen byProduced a larger expansion than butyl or isobutyl branches
ethyl branches. which in turn produced a larger expansion than ethyl
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a unoriented less clear in the unoriented samples. Remembering the rela-
37.57 tively weak effect of branch placement on unit cell para-
meter expansion seen in Figs. 7 and 8, it is unlikely that the
larger expansion in the methyl branched samples could have
° been caused solely by a higher degree of randomness in

< 370 o7 + hom branch distribution compared with the LLDPE and LDPE
G x LDPE grades containing longer branches. The LDPE grades
v g}ﬁ;ﬁ‘y' (containing mainly ethyl and butyl branches) are known to
o butlisob be the most ideally random category examined here and
36,5 ' ‘ . _ - fjeXyl ‘ even allowing for inaccuracies in their branch content esti-
T 0 5 10 15 20 25 30 mate, the methyl-branched HDPE samples showed larger
_ SCB/1000C expansions than expected on the basis of their branch
b fibre contents.
[ ]
37.01
~ 4. Conclusions
< v + hom
T 36.5- + LDPE The effects of branch content, type and distribution on the
T gﬁtﬁy' crystal structure of polyethylene have been examined using
. = but/isob X-ray diffraction and differential scanning calorimetry
26,018 ‘ s hexyl (DSC). A broad range of polyethylenes was used, in both
Y0 5 10 15 20 25 30 unoriented and uniaxially drawn forms: the drawing was
SCB/1000C found generally to cause a decrease in all three unit cell

Fi . . parameters. The effect of branch distribution is seldom
ig. 10. Theab unit cell basal area as a function of branch content for (a) . L .

unoriented and (b) fibre samples. The slopes of the linear regression fitsconsidered but here a quantitative analysis was made: a
were both significantly different from zerd®(< 0.05, t-test). The plots parameter describing heterogeneity in branch distribution
indicate that for a given branch content, methyl branches cause higherwas derived from analytical TREF data using the method
expansion than longer branches. of Bonner et al. [21]_

From DSC of the polyethylenes, an increase in melting
branches. In Fig. 9b, all three branch types appear to indi- temperature was indicated for samples with higher levels of
cate an increase in expansion with increasing heterogeneity heterogeneity in branch distribution. No relationship was
for similar branch contents but this cannot reach statistical found, however, between the number of peaks in the melting
significance with so few data points for each branch type. endotherm of a sample and its extent of heterogeneity. Crys-

Furthermore, even the overall trend in thenit cell para- tallinity values estimated from both the X-ray diffraction
meter of the fibre samples as a function\yf/N,, failed to and DSC data were found to be determined primarily by
reach significance (see Fig. 7a). the branch content, showing a reduction for higher branch

This apparent dependence on branch type of unit cell contents. No dependence on branch distribution was found.
expansion in polyethylene for ethyl and longer branches An effect of branch type was indicated by the LLDPE
has not been reported before. Instead it is widely reported samples: for similar branch contents, grades containing
that for any specific branch content, methyl branches causelonger (hexyl) branches showed higher crystallinities than
more expansion than longer branches, with the longer grades containing shorter (butyl, isobutyl or ethyl) branches.
branches all causing similar amounts of expansion. Fig. 10 Regarding the crystal structure, branch content was found
replots the expansions in thab unit cell basal area as a to be the most influential parameter, with significant
function of branch content as in Fig. 6¢ but in Fig. 10 the increases in the and b unit cell parameters and thab
y-intercept of the linear regression lines are forced through unit cell basal area with increasing branch content. From
the midpoint of the homopolymer values, unlike the free fits the fibre samples, a decrease was seen incthait cell
in Fig. 6¢. This has been done because the homopolymerparameter. Considerable scatter was evident in all the
grades were considered relatively reliable: there was little data-points. The increases in theb and ab parameters
potential error in their branch content values (since these could not be accounted for fully by the reduction in crystal-
were very close to zero). Unfortunately, higher methyl lite thickness determined from the DSC data but could be
branch content polyethylenes were not available for exam- accounted for by the crystalline incorporation of some
ination, nor were lower branch concentration polyethylenes branches (the focus of one of the following papers in this
containing longer branches. The methyl branched samplessequence [26]). The scatter in data-points was found to be
do, however, indicate a higher than expected expansion.explained by the variations in branch distribution between
Within the longer branches, the hexyl branched fibre the samples: more unit cell parameter expansion was seen
samples show unusually high expansion but the effect isfrom a random distribution of branches than from a
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heterogeneous distribution. Regarding branch type, most

unit cell parameter expansion was seen by methyl branches, a 101 \\ _ _ _ Lorentz
as has been reported previously. More unusually, a differ- § 8- N e Polarisation
ence between ethyl and longer branches was revealed by the s AN Transparency
fibre samples, where for tha unit cell parameter most T 6 AN
expansion was seen by hexyl branches and least by ethyl 3 e
branches. £ 4 T~
Finally, X-ray diffraction patterns are routinely corrected % o Te—
for Lorentz and polarisation effects but in polymers the g
addition errors incurred by transparency of the sample to O 9
X-rays are seldom considered. Following the method first
proposed by Langford and Wilson [54], it has been found b
here that, using data collection conditions not atypical of @ 1.09
those generally used for polymers, correcting for sample % 0.8-
transparency in polymer X-ray diffraction work is compar- £
able in importance to the correction for polarisation and - 0.6
should therefore be routinely applied. 8
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CCP13 suite of programs (CCLRC Daresbury Laboratory) V(sin2sinf). The polarisation factor is given by (1+
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divergence slit (0.3, » the receiving slit (0.19, u the
Appendix A linear absorption coefficient (in the range 3.845gém
[HDPE] to 3.645gcm* [VLDPE]), R the goniometer
The usual correction factors applied to X-ray diffraction radius (200.5 mm) and the Bragg angle.
data from polymers are Lorentz and polarisation factors. The magnitude of the correction was then compared with
However, the low-mass absorption coefficient of polymers that of the Lorentz and polarisation factors [66] to deduce
causes diffraction to be recorded from throughout the thick- the relative importance of the correction. The three correc-
ness of the sample, incurring additional errors. Assuming tion factors are shown in Fig. Ala and normalised in Fig.
perfect surface alignment, the diffraction data collected Alb where the relationship between the correction factors
from polymers represent undistorted data from the sample and the observed and corrected intensitigandl,, respec-
surface superimposed on distorted data from the internaltively, is
sample layers, the diffraction from each layer being
weighted in intensity because of attenuation by absorption |, = LPF(p, o)l (A2)
through the sample. A comprehensive analysis and correc-
tion procedure for this has been presented by Langford andwhereL is the Lorentz factorP the polarisation factor and
Wilson [54]. The sample thicknesses examined here wereF(p, o) the transparency factor. Fig. Alb reveals that for the
sufficient to suspect data distortion by transparency effectssamples and conditions used here, which were not atypical
and so this correction procedure was applied. For the X-ray of the X-ray diffraction conditions generally used for poly-
diffraction conditions used here, the effective depth of pene- mers, the Lorentz correction was the most important to
tration was less than the sample thickness and so the releapply and the correction for transparency was comparable
vant transparency correction factor was [54] in importance to the correction for beam polarisation. Both
1 Lorentz and polarisation factors are considered essential and
Fp,0) =1-p “sinhp exp(—0) (AD) are routinely applied for accurate X-ray diffraction work.

wherep = auR cosec 3 ando = wuR cosec &; « was the Correction for sample transparency in polymers is in
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many instances therefore also likely to be important,
although it is seldom considered.
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