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Abstract

This study comprises a detailed morphological study of cold-drawn polyethylene materials by Raman spectroscopy and other techniques.
Cold-drawn polyethylene is recently being used as a model material for studying and characterising the environmental stress cracking
resistance (ESCR) behaviour of polyethylene grades. The cold-drawn structure was shown to be highly oriented and a large decrease in the
Raman orthorhombic crystallinity was observed. Also other Raman and i.r. vibrational split modes pointed to the orthorhombic crystallinity
decrease. No corresponding crystallinity changes were seen using the i.r. activébe@Hing doublet or DSC. WAXS and Raman did not
give evidence for large scale phase transformation from orthorhombic to monoclinic or triclinic. The results suggest an ill-defined ortho-
rhombic crystalline structure with dislocations and disrupted crystals formed by cold-drawing, probably as a result of molecules being pulled
through the crystals. In situ Raman straining experiments were carried out on the cold-drawn material at 240 K (in order to suppress
molecular relaxation). Further orthorhombic crystalline disruption was evident with strain. No disruption was seen in fibrils created during
environmental stress crack resistance (ESCR) tests carried out at 348 K. Temperature was confirmed as an important factor in determining
the crystalline phase recovery of the orthorhombic crystallinity and disappearance of the monoclinic phase occurred when the cold-drawn
structure was anneale® 1999 Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction However, the tests are time consuming for materials with good
ESCR and often do not fully describe the real-life failure of the
Polyethylene has been one of the most extensively polyethylene at ambient temperatures. A more rapid test,
studied macromolecules in polymer science, principally performed on cold-drawn material, was developed by
because it is both chemically simple and it has an increasingCapaccio et al. [1,2]. The creep rate deceleration factor
number of applications. High density polyethylene (HDPE) (CRDF) was determined for each material and the CRDFs
is used extensively in environmental applications, such ascompared favourably with bottle stress crack (BSC) results.
piping, packaging, containers, bottles and geomembranesThe controlling mechanism of ESC was proposed to be the
One current research area is environmental stress crackingamount of creep to failure of the earliest ESC fibrils.
(ESC), where the presence of long-term small loads under Cold-drawn polyethylene is the product of constant rate
environmental conditions often results in premature failure uniaxial deformation of an undeformed polymer. As the
of the polyethylene. ESC failure is characterised by the pre- polymer is initially deformed, the cross-sectional area
sence of macroscopic ‘cracks’ in the material and often micro- decreases uniformly as length increases [3]. At the yield
scopic fibrils are found around the fracture surface and crackpoint, the cross-sectional area decreases more rapidly and
tip. environmental stress crack resistance (ESCR) tests havea neck will appear along the gauge length. The neck con-
been developed in order to simulate and accelerate the ESQinues to grow (this is termed cold-drawing) and when the
failure, using aggressive detergents at elevated temperaturepolymer is fully necked, it is defined to have reached the
natural draw ratio (NDR). All the materials in this work
* Corresponding author. were drawn to their NDRs and are defined as cold-drawn.
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Further deformation results in strain hardening and the
stress increases until fracture.

Many models [4,5] have been proposed to explain the
molecular rearrangements with deformation and all agree
that a highly oriented structure results. However, the
detailed molecular configuration of the amorphous and in

particular the crystalline regions, has caused many argu-
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-CH,- bending modes between 1400 and 1470tm-
sensitive to chain packing (the 1415 chband is assigned
to orthorhombic crystallinity).

The application of group theory to the vibrational modes
of crystalline polyethylene predicts the splitting of the fun-
damental vibration into two components with different sym-
metry because of the two polyethylene chains per unit cell

ments (e.g. the Takayanagi model and the Capiaty and[24]. The effect is termed factor group splitting [17,25,26]

Porter model and the continuous crystal model by Ward
et al. [5]). Rheo-optical techniques have shown that other
structural changes, in addition to chain orientation, can
occur during deformation of PE, such as molecular stress
[6—9], crystalline distortions [10,11] and, when under small-
amplitude oscillatory strains, reorientation of particular
groups [12].

The crystalline phase of polyethylene is primarily ortho-
rhombic [3], although monoclinic structures have been
claimed to coexist in certain conditions, including uniaxial
deformation [11,13-15]. Wide-angle X-ray spectroscopy

(or Davydov splitting or correlation field splitting) and is
thought to split the -CH bending vibrations of the ortho-
rhombic lattice to give rise to the 1415 and 1440¢m
Raman bands (although some questions remain about the
latter assignment [27]). The 1415 ¢mband @) is thus
thought to be a direct measure of the orthorhombic crystal-
linity in the material and is used by Strobl and Hagedorn
[28] to determine the structural phases of isotropic poly-
ethylene. The method determines the orthorhombic crystal-
linity phase, amorphous phase and intermediate phase by
curve fitting the observed spectrum. The calculation of

(WAXS) showed a monoclinic modification of the ortho-
rhombic cell by means of a transition mechanism similar to
that of twinning, i.e. the martensitic phase transformation
[16]. Later work [17] described the phase as triclinic (based . o
on some alkane crystalline structure). The vibrational char- %Orthorhombic crystallinity=
actfarise_ltion of t_he monoclinic phgse Wr?ls_based i_n rheo-  100x [11419(11205+ 1305+ 1269 X 0.45)] (@)
optical i.r. experiments [10,11] and in static i.r. experiments
on single-crystal mats [18,19]. Raman spectroscopy wasWwherel i4sis the 1415 cmi* Raman band area (orthorhom-
also applied [20] but no definitive conclusions were drawn. bic crystallinity band)] 12951305+ 1269)iS the area of the inter-
Over the past two decades, Raman spectroscopy has beenal standard band group, and 0.45 was found through
widely used to characterise polyethylene and the assign-experiment.
ments of the main Raman bands are well known (see At liquid N, temperatures, factor group splitting of the
Table 1). The internal normal modes between 1000- orthorhombic unit cell can also be observed for the 1060 and
16000 cnmi* are frequently used to study morphological 1295 cni' Raman bands [29]. The presence of monoclinic
structure (e.qg. crystallinity, orientation and molecular stress or triclinic structures in the cold-drawn structure would
which are discussed later) and can be divided in three vibra-consequently influence the factor group splitting of the
tional areas [22,23]: the C—C stretching between 1000 andorthorhombic bands, and it has been shown that
1200 cni! — sensitive to molecular orientation, stress reduction—absence of orthorhombic crystallinity results in
and conformation; the -CH twisting vibrations around  the elimination of the 1415 cni factor group split band
1295 cm* — can be used as an internal standard; and the [17,29].

orthorhombic crystallinity, shown in Eq. (1), is well
accepted although arguments remain on the amorphous
and intermediate phase [23]:

Table 1
Fundamental vibrations of interest for the semicrystalline orthorhombic polyethylene

Vibrations Wavenumber (cit) Type of symmetry
LAM (first order) 5-30 Ay
Asymmetric stretching vibration of the C—C bond 1060 (crystalline plase) Bog + Bag

1080 (amorphous phase)
Symmetric stretching vibration of the C—C bond 1130 (crystalline piase) Agb + By
Twisting vibration of the CH 1295 (crystalline phasg) Bog + Bag

1305 (amorphous phase)
Likely the Fermi resonance between €bending vibration and the 1415 (orthorhombic cryst.) Ay

first overtone of the Chirocking vibration
1440
1460

4t is believed that the existence of a certain number of following chain trans conformations might also account for the intensity of these beystsliine
addition to the pure crystallised material. Therefore, in this study we will called to these bands as sensititrang @miblecules fractions [21].
PFor the 1130 criit Raman band, only the symmethy-type has been unambiguously detected in the Raman spectrum.
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The 1130 cm' Raman band A, + possibly B,y is
thought to arise from the C—C symmetric stretching of the
all-transpolyethylene chain segments [21]. It is thought that
a few consecutive C—C bonds have to betelhsbefore the
vibration can occur. However, fully extended segments with
few gauchebonds will also contribute to the band intensity.
Naylor et al. [23] detail a method for determining the quan-
tity of all-trans sequences in isotropic polyethylene from
which Eg. (2) is derivable:

%All — trans sequences:
100X [11130/(11205+ 1305+ 1269 X 0.80)] 2

where |13 is the 1130 cm® Raman band area (aflans
sequences),i29s+1302+1269) IS the area of the internal stan-
dard band group, and 0.80 was found through experiment.
A qualitative method for determining the molecular
orientation, using the ratio of the 1130/1060 thRaman
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Table 2
Density?, short chain branches (SCB) and molecular weight of materials
used

Sample code Density SCB/1000C M, M

w
(gem™) (x10% (x10%
Sample A 0.958 0.3 (E) 11 200
Sample B 0.954 0 48 385
Sample C 0.955 0.5 (E) 17 150

(E) ethyl branches
*Measured on conditioned compression moulded sample using a density
column.

at 463 K and 200 kN, cooling to 308 K at 200 kN). The
samples were removed and allowed to cool down to room
temperature (RT). Dumb-bells with 28 0.5 mm gauge-
length and 4.0+ 0.1 mm cross-section were cut from the
PE sheets. The dumb-bells were conditioned to remove resi-

bands, has been published [30]. The bands have differentdual stresses and impurities, by boiling water during 30 min

vibrational symmetriesBszy + B,y and Ay + Bayq for the
1060 cm* and 1130 cm® bands, respectively) [30,31].
Under certain polarisation conditions tidg symmetry is

and subsequent cooling down in water for 16 h. The cold-
drawn material was obtained by drawing the dumb-bells
with a Zwick 1455 stretching device, at a constant rate of

active and the otheB,q + B,y symmetry is inactive and 10 mm min, until the full gauge length of the dumb-bell was

in this geometry, if the molecules are oriented in a preferred necked. Further experiments were carried out on cold-drawn

direction, then the 1130 cm band becomes stronger with samples that had undergone environmental annealing (wet

respect to the 1060 cm band. annealing) by boiling at 373 K in water for 1 h. In some
Raman spectroscopy has also been used previously tacases we performed experiments on real ESCR fibrils

detect molecular stress during deformation of both isotropic formed during an ESCR test on a notched PE sample and

polyethylene [6] and highly drawn polyethylene fibers [7,8]. described in Ref. [33].

The change in C—C bond distance, which results from mole-

cular deformation, shifts and broadens the skeletal modesy 2 Raman measurements

(1060 and 1130 cmt) in frequency towards the lower

wavenumber side. _ . The Raman experiments were carried out using three dif-
~ In this paper we use micro-Raman spectroscopy in con-ferent instruments. The stepwise straining experiments, at
junction with mechanical deformation to study the structural 240 and 160 K, on cold-drawn material were carried out

changes that occur in cold-drawing polyethylene to the ysing a Jobin-Yvon U1000 Raman spectrometer (see Refs.
materials NDR. Further studies examine the effects of addi- [34,35]). An in-house-made stretching device (strain accu-
tional deformation on the fibrillar structure of the cold racy of + 0.01 mm) was attached to the micro-Raman
drawn material. In addition, the changes in the factor prope with low temperature control (using liquid )N
group splitting due to molecular stress are examined. Low goth x 50 short and long working distance microscope
temperatures (240 K) were used in order to hinder molecu- objectives, with 514 nm excitaton (20 MW on the
lar relaxation processes [32] and even lower temperaturessample), were used. Spectra were recorded with both the
were used to observe the factor group splitting of the ggg grooves mm* (spectral resolution of 6cnt and
1060 cm* band [29]. With this study, we hope to establish 1800 grooves mni (spectral resolution of 2 ci) gratings.

a better morphological insight into the structure of cold- Ty polarisation geometries were employed; parallel—
drawn polyethylene. parallel ('l;) polarisation geometry obtained by aligning the
incoming polarised laser beam parallel to the sample defor-
mation direction and the polarisation analyser to pass only
scattered light with a polarisation parallel to the sample
deformation direction, and parallél) polarisation geometry
using the incoming polarised laser beam parallel to the
sample deformation direction but with no polarisaton
Three high density polyethylenes (HDPEs) were used analyser present.

2. Experimental

2.1. Samples

(see Table 2). The cold-drawn and isotropic materials
were prepared by hot pressing PE pellets to p@0sheets
(between aluminium foils, 5 min at 463 K and 60 kN, 5 min

In order to provide highly depolarised laser lightFa&-
Raman instrument (Bomem series MB 155) with a
scrambled light®1) depolariser (CVI DPL-10-1060) was
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used. Excitation was obtained with a near-infrared, diode- A. A melting enthalpy of 290 Jg" was taken. Approxi-
pumped, solid state Nd:YAG laser operating at 186 mately 3 mg of sample was used, the sample was heated
The laser power and the laser size at the sample werefrom 303 to 473 K at 5 K min®.
300 mW and 20@:m, respectively. Further details can be
found elsewhere [36].

Longitudinal acoustic modes (LAM) were recorded with 3. Results
a Dilor XY800 triple spectrometer configured as a double
subtractive and a single spectrograph. Excitation at 514 nm3.1. Molecular orientation from isotropic to cold-drawn by
(20 mW at sample) was performed using an"Aon laser Raman
(Spectra Physics, 2020). The 8—100¢nspectral range
was examined, using macro-collection optics (50 mm objec- The polarised”lu) Raman spectra from sample A, taken
tive). The spectra in the cold-drawn samples were taken before and after cold-drawing (to NDR), are shown in Fig. 1.
with both parallel—paralle(”lu) and perpendicular—parallel  In this polarisation mode, it can be shown that if the mole-

(1)) polarisation. cules are oriented in the drawing direction, only modes
possessing, symmetry are active. For the drawn structure
2.3. WAXS measurements (Fig. 1b), the 1130 and 1415 c‘rJnAg bands are very intense

and, therefore, the PE chains are highly oriented along the

The WAXS measurements were taken with a Statton drawing direction. The undeformed material (Fig. 1a)
camera, using a pinhole collimator. The radiation was showed all Raman bands, indicating that the material is
generated with a Philips PW1729 generator operating atisotropic.
40 kV and 50 mA, equipped with a Cu-LFF tube and
Ni-filter. The camera was evacuated during exposure to 3.2. Cold-drawn material and ESCR test fibrils, do they
reduce air scattering. The diffraction patterns are photo- compare? A Raman study
graphically recorded with CEA film at a distance of
54.8 mm from the sample. Equatorial scans were carried In order to compare the molecular structure of ESCR test
out using a texture goniometer (Siemens D500) in transmis- fibrils, cold-drawn material and the effect of a high tempera-
sion mode. The diffracted beam is registered with a counter ture environment, a polarise{'ﬂu) Raman microscopy study
using several receiving slits. the X-ray beam was generatedwas carried out on cold-drawn sample A, on wet annealed
with a PW1730 generator and a Cu-LFF tube operated atcold-drawn sample A (in 373 K boiling, 1 h) and on a
40 kV and 50 mA. The radiation was monochromatized broken fibril formed in sample A undergoing an ESCR
with a Ni-filter in the primary beam. The primary beam test (taken just before total sample failure). The spectra

was collimated with a point collimator. obtained are shown in Fig. 2 and are normalised to the
1130 cm* band. The main spectral differences occur in
2.4. Mid-i.r. measurements the -CH,- bending region (1400—1500 ct) where the

spectrum of the cold drawn sample is considerably different

Infrared measurements were carried out using a Bruker from the spectrum of the wet annealed and the spectrum of

IFS66 spectrometer [37]. Spectra were collected using boththe ESCR test fibril. Question is whether these differences in
polarisation parallel and perpendicular to the sample the 1400—1500 cit range are due to differences in orien-

stretching direction. Sample thickness was cau20for tation or to differences in orthorhombic crystallinity.

the isotropic sample and %Bn for the cold-drawn The molecular orientation in the applied strain direction

specimen. for the various samples can be compared by calculating the
ratio of the 1130/1060 cit band area ratio in tH‘eH—spectra

2.5. Spectral data processing (see Table 3). The molecular orientation clearly increases

from isotropic to cold drawn material, but there appears to
The spectra were processed with the fitting routine in the
GRAMS Research 2000 software package (Galactic Indus-
tries). Voigt line shapes (convolution of Lorentzian and Table 3
Gaussian band shapes) and linear baselines were used‘l:h_e 1139/1060 and 1515/1130 chiRaman band ratios fr_orHI() spectra _
Band positions, widths and areas were derived from the of isotropic, cold-drawn, and annealed cold-drawn materials and for a failed

" . . .~ fibril in the DSM ESCR test at failure time (9.9 h) of the sample A
curve fitting routine. The band position accuracy was esti-

Isotropic material 2 0.33
2.6. Differential scanning calorimetry (DSC) measurements Cold-drawn material (CDM) 20 0.37

After annealing CMD 20 0.6

Failed fibril at 9.9 h (failure time) 19 0.52

A Mettler (Greinfensee, Switzerland) thermal analysis

o in the DSM ESCR test
system was used to measure the DSC crystallinity of sampltnIn © s
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Fig. 1. Parallel-parallel polarised Raman spectra of sample A (a) before, and (b) after the cold drawing procedure up to the natural draw ratio (NDR).

be little difference in orientation between cold-drawn shown in Fig. 3. The 1130/1060 cthband area ratio, a
material, the wet annealed material and the failed ESCR measure of the molecular orientation, was found to be 1.4
test fibril. Therefore, we conclude that the differences in for the isotropic sample and 1.8 and 1.75 for the cold-drawn
the -CH- bending range are probably not originating and annealed cold-drawn samples, respectively. Clearly, the
from differences in molecular orientation. As will be ratio is not the same for these samples and, therefore, the
shown later, the 1415/1130 cthband area ratio in thQ—:IH influence of molecular orientation has not been fully
spectrum is independent on the molecular orientation andremoved and consequently the Strobl and Hagedorn
gives information about the orthorhombic crystalline formalism can not be directly applied. The Raman crystal-
fraction of alltrans sequences aligned in the drawing linity of the isotropic sample could be calculated (using
direction. These ratios are also shown in Table 3. The Eq. (1)) and was 60% (see Table 4). For the highly oriented
1415/1130 cm* band area ratio shows only a small systems we devised a new method to correct for the residual
difference between isotropic and cold-drawn material orientation effects in the drawn samples. We assume that the
whereas the wet annealed and failed ESCR test fibril 1060 cm* band and the 1300 cm band group (internal
show a larger ratio. Clearly changes in Raman ortho- standard) possess the same symmery { Bsg). This is
rhombic crystallinity (1415 cm* Raman band) may be  only strictly true for the 1295 cm' component as the other
occurring and, therefore, more thorough crystallinity bands are amorphous with random symmetry. Further, we
measurements were carried out (see Section 3.3). Furthemssume that the 1130 cthand 1415 cm* band showA,
studies showed that the same effect was observed for thesymmetry or variations with onlyA; symmetry (see
other samples under study. Table 1).

Therefore, it can be derived that:

(|113(/|1060)isotropic: KX (|1130/I lOGO)n

=K X (I141911300groupn

gé?;].qtliaman crystallinity calculations for cold-drawn =K X (1131 1300gr0un 3

The Raman orthorhombic crystallinity calculations for whereK is a constant factor for correction of the residual
isotropic, cold drawn and wet annealed cold drawn material molecular orientation between the two different sym-
from sample A were initially attempted using the Strobl and metries, i.e.A; and B3 + B3y, andn = cold-drawn or
Hagedorn method [28]. ThET-Raman system with depo- wet annealed cold-drawn. The factlr is the same for
larised @I) laser light was used (at RT) to try and eliminate 1113dl1060 | 1414 1300gr0up @Nd fOr I 113¢/1 13004r0up PECAUSE it S
orientation effects in the drawn samples. The spectra arethe result of a division of bands with same symmetries.

3.3. The Raman orthorhombic crystalline phase in cold-
drawn material
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Fig. 2. (A) Parallel-parallel polarised Raman spectra of (a) cold-drawn; and (b) annealed cold-drawn sample A. (B) Parallel—parallel polarisgzBtean
of (a) annealed cold-drawn sample A and (b) failed fibril of sample A just before total failure in the DSM ESCR test.

Table 4
Percentage Raman orthorhombic crystallinity, DSC crystallinity, and percentage Ramemslrolecules (by 1130 and 1295 chRaman bands),

percentage Raman dhans molecules in an orthorhombic environment and Raman crystallinity band position for isotropic, cold-drawn and annealed
cold-drawn specimens of sample A

Sample A % Orthorh. % Crystallinity % All-transmolecules % All-transmolecules % All-transin an ‘1415’ band
crystallinity by DSC using ( 1130 1300group X using orthorhombic position (cni %)
(100/0.8)x K 100 X (I 12041 1300gr0u) environment using

100 X (114191 1130600 X

(0.80/0.45)
Isotropic 60% by Eq. (1) 70 69 67 87 1417.1
Cold-drawn  40% by Eq. (4) 68 68 65 60 1418.0
Annealed  67% by Eq. (4) 70 70 68 97 1417.0
cold-drawn

(373K, 1h)
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Fig. 3. (A) FT-Raman spectra recorded with depolarised incident light (scrambled light) in: (a) cold-drawn; and (b) annealed cold-drawn samigle A. (B)
Raman spectra recorded with depolarised incoming light on: (a) undeformed; and (b) cold-drawn sample A.

Eq. (4) is derived by introducing Eg. (3) in Eq. (1): the 1295 cm* (ratio of 1295 band and 1300 band group)
. L Raman bands. The orientation correction routine (intro-
%Orthorhombic crystallinity=(11415/1300gr0uph ducing Eqg. (3) in Eq. (2)) was used for the cold-drawn
X (10000.45) X K 4 samples. Both methods give comparable results and the

fractions of alltrans material crystallinities do not appear
The true Raman orthorhombic crystallinities can now be to vary much for cold-drawing or wet annealing. Clearly
determined; 40% for the cold drawn and 67% for the cold drawing decreases the amount of Raman orthorhombic
annealed cold drawn sample A (see Table 4). crystallinity, but does not affect the amount of atns
The amount of molecules in ditans sequences were material. Wet annealing restores the orthorhombic crystal-
calculated based on two bands, i.e. the 1130 [Eg. (2)] andlinity close to the isotropic value. Further, by combining
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Fig. 4. 1000—1500 cm Raman range recorded at 240 K on sample A at 0% strain (thin) and at 10% of strain (thick).

Egs. (1) and (2), the fraction of ditans molecules in an was heated to 373 K at 10 K mifh held at this temperature
orthorhombic environment can be calculated (see Table 4).for 1 h and then cooled back to RT. An increase in the
Clearly by cold-drawing, the fraction of atansmolecules relative intensity of the 1415 cm band was observed.
in an orthorhombic environment decreases significantly, but Further, the band position at 373 K shifts approximately
recovers by a subsequent annealing step. 1cm™ to the high wavenumberside and broadens upon
The sample crystallinities were also measured by DSC annealing, compared to cold-drawn at RT. This effect is
(see Table 4). the DSC values agree remarkably well with probably due to the thermal activity in the factor group
the alltrans amount, but rather poorly with the Raman splitting. Cooling to RT results in a shift of approximately
orthorhombic crystallinity. DSC crystallinity does, there- 1 cm™ to the low wavenumberside, compared with cold-
fore, not see any substantial difference between the threedrawn at RT and the band becomes less broad. After anneal-
samples. ing of the cold drawn structure, the spectrum suggests a
The position of the 1415 cit orthorhombic crystalline  higher interchain interaction leading to a stronger factor
band is shifted 1 cm more towards the high wavenumbers group splitting, i.e. 1 cm® more in the value of the splitting
for the cold-drawn specimen compared with the isotropic and higher intensity of the band.
specimen (see Table 4). For the wet annealed cold-drawn
specimen this band is located at the same position as for the3.3.3. The effects of macroscopic strain on the Raman
isotropic specimen. The band around 1440 ¢is located crystallinity band in cold-drawn material at 240 K
at the same position for all three samples. Thus, as aresult of The effect of strain on the orthorhombic crystallinity of
the cold-drawing both the intensity and position of the cold-drawn material was examined. As discussed in the
1415 cm* orthorhombic crystallinity band are observed introduction, the samples were deformed to the NDR. It
to alter. This will be discussed later on. was anticipated that further strain will result in chain defor-
The orthorhombic crystallinity of the broken fibril was mation rather than additional molecular orientation. Raman
also determined. Since depolarised light (settled in the spectra were recorded from cold-drawn sample A strained at
FT-Raman equipment) could not be used in the Raman-0% strain and 10% strain and are shown in Fig. 4. The
microscopic mode, we used tH'dq‘ spectra. The 1415/  experiments were carried out at 240 K in order to minimise
1130 cni* ratio for the®| spectrum of the fibril was extra-  stress relaxation during the collection time 80 s). Parallel
polated from thélu and®| spectra for the cold-drawn and polarisatior(”l)to the strain direction was used. The spectra
wet-annealed cold-drawn samples. This resulted in an esti-were normalised to the 1295 cthband. From Fig. 4 it can
mated Raman orthorhombic crystallinity for the fibril of be seen that the relative intensity of 1415¢mband
57%. decreases upon application of the strain. Using the formal-
ism discussed previously, and assuming that both the all-
3.3.2. The effect of dry annealing on the Raman crystallinity trans fraction and the Raman scattering cross-section
band remain the same, an estimated losscaf 22% of the
Sample A was dry annealed in air. Changes were fol- Raman orthorhombic crystallinity band at 10% strain is cal-
lowed using Raman spectroscopy. The cold-drawn material culated by using the 1415/1130 cfrband area ratios. Fig. 4
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Fig. 5. X-ray diffraction experiments on: (a) isotropic; (b) cold-drawn; and (c) annealed cold-drawn specimens of sample A.

also shows that both the 1060 and 1130 ¢rhand areas  from the orthorhombic unit cell. No monoclinic or triclinic
decrease in relative intensity after straining, in addition to reflection can be seen. Again the crystalline phase appears to
both broadening and shift towards the low wavenumber be oriented and the amorphous phase isotropic. The results
side. These effects can be explained as a function of theobtained with equatorial scans for the cold-drawn sample
strain on the C—C bands and will be discussed in a separateand the annealed cold-drawn sample are shown in Fig. 6a

paper. and b, respectively. The cold-drawn sample shows two
strong reflections at2= 21.5 and 2 = 24°, which arise
3.4. Monoclinic phase, a WAXS study from the orthorhombic unit cell. A further peak af 2=

20.5, characteristic of the monoclinic [39] or triclinic

Wide-angle X-ray spectroscopy (WAXS) was used to cell, can be seen. The annealed cold-drawn sample shows
examine the effects of drawing and wet annealing on the the two strong orthorhombic unit cell reflections. The cold-
crystalline structure in order to further elucidate results drawn sample shows broader orthorhombic reflections than
observed by Raman spectroscopy. Isotropic, cold-drawnthe annealed specimen, suggesting that the crystal size and
and wet annealed cold-drawn specimens from sample Aperfection may be less for the cold-drawn specimen. No
were examined at RT, the results are shown in the photo-features from a monoclinic phase can be seen under the
graphs in Fig. 5a—c. The isotropic sample gave two intense orthorhombic reflections from the wet annealed cold-
reflections (Fig. 5a). The reflections originate from the drawn sample.
orthorhombic unit cell. No molecular orientation was seen
either in the crystalline nor amorphous fraction (both phases 3.5. The study of the crystalline phase in cold-drawn
gave a full circle around the beam stop). The cold-drawn material by other Raman and i.r. bands
sample shows three reflections (Fig. 5b). Two of the reflec-
tions originate from the orthorhombic cell and the reflection At room temperature factor group splitting can only be
at a lower scattering angle is characteristic of either the observed in the -CH bending modes, i.e. the Raman bands
monoclinic or triclinic unit cell. This second crystalline at 1415 and 1440 cnt. Previous work on isotropic poly-
phase is usually associated with polyethylene under stressethylene at low temperatures [29,40] has shown that also
[14,38], although not always [39], and can be thought of as a splitting of the asymmetric C-C stretching band at
lattice modification of the orthorhombic unit cell, e.g. viaa 1060 cm* (symmetry B,y and By [40] and the -CH-
martensitic transformation [14]. However, it appears here astwisting band at 1295 cit (symmetry B,; and By
a remanent stable phase even though the samples had bedd0] is present. Spectra were recorded at 160 K, with
removed from the stretching rig for over a week. Both crys- 1800 grooves mm' gratings (as opposed to the normal
talline phases are highly oriented whereas the amorphous600 grooves mm® gratings). Spectra from the isotropic
phase is isotropic. The annealed cold-drawn sample showsand cold-drawn materials from sample B are shown in
two strong reflections (Fig. 5¢). The reflections originate Fig. 7. Factor group splitting can be seen in both the 1060
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Fig. 7. Raman spectra taken at 160 K in two different spectral ranges on undeformed (thin) and cold-drawn specimens (thick) of sample B.

and 1295 cm! bands. Thd,,component in the cold-drawn  orientation andA, is the absorbance of the spectrum
material appears to decrease with respect to the isotropicpolarised perpendicular to the sample molecular orientation.
material. The components splitting, in chwas the same The -CH,- rocking region of the i.r. absorbance spectra of
for undeformed and the cold-drawn specimens, i.e. 3.1'cm isotropic and cold-drawn specimens from sample B, are
for the doublet at 1060 cit and 2.3 cm™* for the doublet at shown in Fig. 8a (at RT). The spectra show a clear differ-
1295 cmit. Also for other samples, similar effects are ence in the relative absorptions of the splitting components.
observed. The splitting separation was identical, i.e. 10.8 ¢rand the

To further investigate the factor group splitting, Infrared band positions of both components were shifted 0.5%tm
experiments were carried out. The crystalline -£bending towards the low wavenumber side in the cold-drawn
(1463 B,,) and at 730B3) cm™) [40] are the i.r. bands of  material. The -CH bending region of the i.r. are shown
interest and are doublets because of factor group splitting ofin Fig. 8b (at RT). The spectra show much smaller
the orthorhombic unit cell. Orientational effects in drawn intensity differences, although the 1463 chrtomponent
samples can be averaged by calculating the structural absormay have decreased slightly for the cold-drawn material.
bance [A + 2A,)/3] [11,41,42], wherd\, is the absorbance  The splitting separation is 8.3 cth for the cold-drawn
of the spectrum polarised parallel to the sample molecular sample and 9.3 cnt for the isotropic sample, resulting in
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a 1cm* lower splitting separation for the cold-drawn shifts are observed for the 1060 and 1130 ¢mands. The
material. observed bands are asymmetrical in shape and the
In addition to the strain experiments performed at 240 K 1060 cm* band splitting seems to be lost after a few per
and presented before, also strain experiments were percents of strain. The band shifts are quantified by free fitting
formed at 160 K. Raman spectra of the C—C stretching Voigt profiles with linear baselines. Three peaks are used to
vibrations from cold-drawn sample B, at 0 and 7% strain fit the 1060 cm* band, two to account for the factor group
level, are shown in Fig. 9 (thick prophiles). Strain induced splitting and a third for the low wavenumber side to account
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Fig. 9. Curve-fitting of the spectra recorded at 160 K on cold-drawn sample B at 0% (top) and at 7% strain (bottom). Thin lines are a result of curve-fitting

for the asymmetry. Two peaks were used to fit the 3.6. Factor group splitting in the vibrational spectrum

1130 cmi? peak, one for the main peak and an additional

peak to the low wavenumberside for the asymmetry. Changes in relative intensity and the splitting separation
Another peak was added at 1080 tmo account for the  of the doublets we attribute to changes in the unit cell on
amorphous phase band. In Fig. 9, also the fitting results aredrawing. Intensity reduction was seen in all the factor group
shown. The spectra show that the relative intensities of the split bands (although smaller for the i.r. active -EHend-

two components of the 1060 cthband change with defor-  ing around 1470 cmt), the splitting separation was only
mation, the high wavenumber component decreases in rela-unambiguously observed to reduce for the 1415-
tive intensity with increased strain. All the bands broaden 1440 cm®' Raman doublet and the i.r. doublet around
with deformation and the amorphous band at 1080tm 1470 cm™. The most obvious reason for not observing
decreases slightly in intensity with increased strain. The any changes in the Raman splitting separation is that the
latter effect might be a result of conformational changes effect may be too small to be seen for the other bands.
from gaucheto transin the amorphous phase due to strain- It is suggested that the reduction in intensity of a compo-
ing. The asymmetrical component shifts to lower wave- nent in a factor group split doublet occurs because some of
numbers and increases in relative intensity with strain. the crystals are excluded from contributing to the factor



2582 J.M. Lagaron et al./Polymer 40 (1999) 2569—-2586

group splitting and the reduction of the band separation of a B3, symmetry) and the 1130 cm and 1415 cm' bands
doublet is related with alterations in the unit cell of the (Ag). In the course of the work it was established that only
crystals. Thus for the i.r. active -GH bending doublet, symmetry typeA, could unambiguously be observed in the
which showed the smallest change in relative band intensi- 1130 cm* band and, therefore, can be related to the
ties and the largest band separation reduction with cold- 1415 cm* band. Consequently for uniaxially drawn
drawing, it would appear that most crystals in the sample material, the 1415/1130 ratio is independent of the molecu-
must contribute to the factor group splitting for this band lar orientation and dependent only on the amount of all-
and the large change in band separation suggests that larggans chain sequences crystallised in an orthorhombic unit
unit cell alterations occur with cold-drawing. cell. The molecular orientation was estimated by calculating
Different crystalline vibrations giving factor group split- the 1130/1060 cit ratio with parallel—parallel ”(H)
ting (interchain interactions within the unit cell) can show polarisation.
totally different sensitivity to unit cell alterations as we have  Although the Raman orthorhombic crystallinity was
observed. For instance, while for the 1415-1440tm observed to drop with cold-drawing, the DSC crystallinity
Raman doublet part of the crystals does not show factor and the alltrans content remained relatively constant,
group splitting (do not contribute to the sample crystalli- which suggests that alternative types to orthorhombic crys-
nity), for the i.r. doublet at 1470 cnt they almost all tal structure as calculated by Raman might be present. The
show the factor group splitting albeit largely altered. So Strobl and Hagedorn method is valid in isotropic lamellar
the i.r. crystallinity given by this band is expected to be material where crystals are in an orthorhombic environment.
higher than the corresponding Raman one. From the results However, with cold-drawn material the crystalline structure
it turns out that the 1415 cnd Raman band (giving the  has not yet been fully determined and, for instance, debate
Raman crystallinity of the sample) is very much sensitive continues whether the ordered structure consists of folded
to alterations in the unit cell and, therefore, defective chains, fully extended chains or a mix of both [31]. The
crystals may not be included in the calculations of the crys- LAM experiments in this work showed that the presence
talline fraction, even though undeformed specimens are of regular well-defined lamellae in the cold-drawn material

considered. is unlikely and because of the doubt in interpreting the
changes in the Raman orthorhombic band, the origins and
3.7. Lamellar thickness. A LAM study assignments of the band, were revised.

The 1415 cm?® band arises from factor group splitting
LAM experiments were carried out on isotropic, cold- where the two polyethylene chains packed in an orthorhom-
drawn and annealed cold-drawn specimens from samplebic unit cell, cause the -CjHbending crystalline vibrational
C. The spectra are shown in Fig. 10 and were taken with modes to split. The 1440 cmband is likely the other com-
parallel—parallel ”QH) and perpendicular—parrallel* ) ponent [28]. Changes in the crystalline phase, for example
polarisation. The isotropic material shows a strong LAM as a result of cold-drawing, could affect the factor group
around 15 cm?, which following Capaccio [43] or Porter  splitting since a regular and ‘perfect’ structure is likely
[44] suggests the lamellar structure is about 20 nm thick. No required in order to give the proper unit cell interactions
polarisation experiments were carried out for the isotropic as is the case in the isotropic material. Previous work on
sample as a random molecular orientation is expected. Asn-paraffins [29] showed that a non-orthorhombic unit cell,
previously reported in the literature [45], no LAM was e.g. triclinic and hexagonal, only exhibits the 1440¢m
observed in the cold-drawn material. The wet annealed band, no crystal field splitting apparently occurs and conse-
cold-drawn structure gave a broad LAM ranging from quently the 1415 cm' band is not seen.
10 to 20 cm'}, only with ”I” polarisation. Since no corre- The WAXS results showed that the monoclinic or tri-
sponding LAM was found with the |, polarisation and the  clinic phase was present in the cold-drawn material. How-
LAM symmetry isAq [46] (active only undeVIH polarisation ever, the amount of monoclinic or triclinic material,
condition for oriented chains), the lamellae appear to be determined by WAXS is rather small and can not account
oriented in the deformation direction. for a reduction of 33% of the 1415 cthRaman band inten-
sity observed for the cold-drawn sample.
A possible hypothesis for the alterations of the ortho-
4. Discussion rhombic Raman band with cold-drawing, is the creation of
an ill-defined orthorhombic crystalline structure containing
The Raman orthorhombic crystallinity calculations were dislocations, disrupted crystals, phase transformed crystals
based on the Strobl and Hagedorn method [28]. As a con-and some chain unfolding. This type of structure would
sequence of the oriented nature of the cold-drawn material, explain the change in 1415 cthRaman band both in inten-
the method needed to be corrected for the residual polarisa-sity and in position. Large alterations of the orthorhombic
tion effects still present in the depolarised spectra of the lamellar structure would lead to a reduction of the Raman
drawn samples. The correction was made by relating the crystallinity band, since the phase transformed crystals,
1060 cm* band and the 1300 cmi band group By + highly distorted crystals and unfolded material do not
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Fig. 10. (a) First order LAM study in isotropic and in cold-drawn specimens of sample C. The isotropic specimen (top connected spectrum) was recorded
without polarisers. Raman LAM experiments in cold-drawn sample (bottom spectra) were carried out under two polarisation conditions, i-gagpaliallel

(")) (solid) and perpendicular—parallel I() (dashed). (b) First order LAM study in annealed cold-drawn specimen (top spectra) of sample C. Raman LAM
experiments were carried out under two polarisation conditions, i.e. parallel—pd‘rl@)lekcﬁlid) and perpendicular—paralléll() (dashed). The spectrum of

the isotropic specimen is shown below shifted in intensity for comparison purposes.

contribute to the signal in the same manner, the interchain show a broadening of the orthorhombic crystalline patterns
interaction is no longer effective in these cases. The reduc-for the cold-drawn material with respect to the annealed
tion in splitting (by 1 cm*) between the components sug- cold-drawn material, which suggests that crystal size and
gests the orthorhombic unit cell of the crystals accounting to crystal perfection is reduced with deformation [3].

this effect has slightly different lattice parameters, altering  Surprisingly, the number of atkans sequences deter-
the interchain interaction, due to for instance dislocations or mined by Raman remained the same for isotropic and
the presence of small crystals. The WAXS experiments cold-drawn material and further, the WAXS results did
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not show any evidence of amorphous phase orientation inobservations cited earlier for the static samples are occur-
the cold-drawn material. One possible alternative explana- ring during cold-drawing. That is, the ill-defined crystalline
tion for decreasing the orthorhombic crystallinity was structure creation suggested by the splitting alterations
thought to have been an increase in the 1130%cband observed in all the experiments on cold-drawn material is
(all-trang), with respect to the 1415 cmband, as a result  caused by cold-drawing (molecular stress at low thermal
of orientation of the amorphous material (tie-molecules level).
from gaucheto trang), but no observations in the current Dry and wet annealing of the cold-drawn material
study support that explanation. removes the ill-defined orthorhombic phase and the mono-
The orthorhombic crystal disruption model is further sup- clinic or triclinic phases, resulting in a well-defined ortho-
ported by studies performed at 160 K, where Byg com- rhombic phase. Dry annealing shows a broadening, intensity
ponent was observed to decrease as a result of cold-drawingise and shift in position to higher wavenumbers of the
for both the 1060 cm® and 1295 cm* bands. Disruption of  orthorhombic band when studied at 373 K. The intensity
the orthorhombic crystallinity would explain this effect increase is believed to be due to the increase in orthorhom-
whereas other possible mechanisms, such as changes ibic crystallinity as a result of both the recovery of the dis-
molecular orientation in different directions to the chain rupted crystals and the loss of the monoclinic phase. The
direction, can be dismissed. Hendra et al. [40] could only band shift (+ 1 cm* going from RT to 373 K) is believed
obtain relative changes in tfis, andBz, symmetries inthe  to be a consequence of a decreased factor group splitting.
1060 cm* and 1295 cm’® bands, using different polarisa- Increased thermal activity of the crystalline chains is
tion geometries, for ‘single crystal texture’ polyethylene. In thought to lead to a decrease in interchain interactions,
this study the material is obviously only orientated in one and consequently alterations in the unit cell will reduce
direction (chain direction ‘c’ lattice axis) and isotropic inthe the factor group splitting. The crystal field splitting was
others [47]. restored with cooling to RT and almost all the &fns
The mid-i.r. spectra also showed the factor group splitting fractions (chain conformational sequences of minimum
in the 730 (-CH- rocking) and 1470 (-Ck bending) cm* energy which are able to crystallise) of the sample were
crystalline bands. One of the components of the observedfound to be crystallised in an orthorhombic unit cell. The
doublets is seen to decrease, particularly the 730'¢By,). annealing effect suggests the cold-drawn crystalline
The monoclinic band at 718 cthwas not observed [11,13] material may be a frozen ordered structure with large
in the cold-drawn sample although this may be because theamount of small, defective, pseudo-crystals and a small
band could not be resolved with the spectral resolution usedamount of phase transformed monoclinic crystals, with
(4cm™. A large reduction of the band spliting was high order in the deformation direction and many defects

observed in 1470 cit doublet for the cold-drawn material.
No reduction in the band splitting in the 730 chdoublet

in the lateral dimension. Annealing eliminates the defects,
thereby increasing the crystallinity of the material and

was seen for the cold-drawn material. These results stronglyrestoring the crystal field splitting.

point to different interchain interactions within the unit
cell between rocking and bending modes leading to
different factor group splitting responses. The -£H
rocking split mode seems to match better the Raman
splitting results, i.e. largely reducing the intensity of a
band component of the splitting and therefore excluding
ill-defined crystals.
The DSC crystallinity and the attans 1130 cmt

The re-appearance of the LAM mode, as a broad feature,
after annealing confirms the increase in perfection. LAM
arises from crystals with regular chain folding (e.g. lamellae
in isotropic material). Therefore some crystalline
material, with a sufficiently regular short chain, must exist
in the annealed material. The LAM was much broader in the
annealed material, suggesting a large variation in the chain
folding length. The re-appearance of the LAM with anneal-

Raman band measurements did not show any significanting may also indicate the presence of irregular length chain
changes with drawing or subsequent wet annealing. Thesefolding in the cold-drawn material, but no LAM modes are
experiments suggest the alknsfractions are in the crystal-  observed in this material because the crystalline chains con-
line phase but not all are in a ‘perfect’ orthorhombic state. tain numerous defects, preventing the accordion vibration.
Straining experiments on cold-drawn material, at 240 and It has been suggested [20] that cold-drawing can result in
160 K, respectively, showed a further decrease in the the local molecular temperature rising close to melting point
Raman orthorhombic crystallinity and a decrease in the as a result of stress. In this process, melting and recrystalli-
intensity of theB,, component of the 1060 cm factor sation would occur in situ during cold-drawing. The results
group splitting with deformation. This effect by no means presented here suggest that such a process does not occur, as
can be assigned to molecular stress, because moleculaa perfect crystalline structure would result at the high tem-
stress effects are rather seen as band shifts towards theerature (annealing) and no factor group splitting alterations
low wavenumbers and band broadening preferentially in would be observed.
the C-C chain modes. Consequently, the fact that in situ The molecular orientation of the cold-drawn and wet
real deformation at low temperature produces immediate annealed cold-drawn material and the fibril (from an ESC
effects in the factor group splitting shows that the sample close to failure) compared favourably. Further
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studies on the molecular orientation of ESC fibrils and the processes are operative at different temperatures, but they
relationship with ESC mechanisms will be presented in a rank the materials in the same order. This issue falls outside
separate paper. The orthorhombic crystallinity of the fibrils the scope of the present paper and will be developed further

(57%) was closer to the wet annealed cold-drawn material
(67%) than the cold-drawn material (40%). The ESC fibril,

in future publications.

therefore, appears to be closer to the wet annealed cold-

drawn material in morphology rather than the cold-drawn
material. As shown in this work, wet annealing at 373 K
reduces orthorhombic crystallinity disruption and, there-
fore, a similar effect is expected at 348 K in the ESC test.
The differences in crystallinities could be explained by the
25 K difference between wet annealing and the ESC test.
At ambient conditions, the orthorhombic crystalline dis-
ruption of polyethylene may occur as a releasing mechanism
of molecular stress induced by drawing. At this temperature
the a relaxation is impeded [4,5], molecular motions are
relatively slow and the process may only play a limited
role in stress relaxation. The presence of the ill-defined
crystalline structure in the cold-drawn material suggests

that the deformation induced disentanglement process

occurs through the crystalline regions, producing lattice dis-
tortions (ill-defined crystalline structure and monoclinic or
triclinic phase), when the molecular motions are relatively
frozen (i.e. below thex relaxation).

5. Conclusions

We carried out a characterization of the cold-drawn
material structure by means of mainly Raman spectroscopy.
During cold-drawing an important disruption of the ortho-
rhombic crystals was found suggesting for the cold-drawn
material an ill-defined orthorhombic crystalline structure.

This structure was recovered by subsequent annealing.

Therefore, the Raman crystallinity band or the crystallinity
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