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Network Stretching during Tensile Drawing of Polyethylene: A Study
Using X-ray Scattering and Microscopy
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ABSTRACT: Because of the limitation that many semicrystalline polymers are not transparent, one cannot always
study the network stress by optical methods. We suggest to use another tool in such a case. By measuring the
azimuthal intensity distribution of the amorphous halo with wide-angle X-ray scattering experiments, one can
determine the amorphous chain orientation induced in the strained network, which then results in the network
stress. Experiments were carried out for a low-crystallinity polyethylene. They yield the relationships between
the orientational order parameter associated with the halo, the birefringence produced by the amorphous chain
parts, and the stress. The X-ray scattering results also show that the orientation of the amorphous segments under
uniaxial drawing is comparable to the degree of orientation of the crystallites.

1. Introduction 100
H . . . . ---- PE27, 4. =76%
The chains in the amorphous regions of semicrystalline | |- FM1570, ¢, = 38%
polymers are entangled and form a network which acts together 80 || 77 LEVa1s &2 5o
with the skeleton of lamellar crystallites; both together hold the —— PEVA27, 4 = 15%
applied force. The thickness of the lamellae is usually in the sol
range of several nanometers, and they are arranged in spherulites® hardenin
. . . - . o g
with sizes in the micrometer range. The properties of both =
compounds show up at the measured strefsin curves. o 40| softening
Figure 1 presents as a typical example true strase strain .
curves of polyethylene and some copolymers with various 20k
crystallinity ! All of the curves have a common shape. The initial
part, which varies with the crystallinity, is determined by the
crystal skeleton, and the final part with a constant shape relates Q k=
! . 0.0
to the entanglement network. Stresses at first show a softening
and then at higher strains a hardening. The mechanical changes €

are related to the structural changes. At pd&ra cooperative Figure 1. Relation between the true stress and the true strain for the
sliding of the crystal blocks composing the lamellae sets in five samples under study, obtained by video-controlled stretching
resulting in a plastic deformation of the crystal skeleton. Point €XPEriments at a constant strain raje= 0.005 s'. Measurements

itical . hich th I blocks beqi were carried out over similar ranges, away from the points of fracture
C represents a critical strain, at which the crystal blocks begin (from ref 1).

to be destroyed and a fibrillar structure forms. It was found

that for all polyethylenes under study the strains at B and C ypperlike amorphous network with crystallites as fillers.
were constant, witle(B) ~ 0.1 anden(C) ~ 0.6. The critical  pjotting the quasi-static stressA&— 1/4, the measure of strain
strains are also invariant when varying the strain rate and the¢s, 5 rubber withi denoting the elongation ratio, the shear

temperaturé.On the basis of this fact, the deformation properties 1,oqulus of the network could be determined from the asymp-
have been addressed as being strain controlled. totic behavior at large strairis.

The stress, as observed in tensile stretching tests, can be \ye glso searched for a means to directly measure the network
considered as being composed of three contributions: (i) the syretching and thus the network stress. As described in this
forces transmitted by the skeleton of crystal bloaks (ii) the contribution this can be achieved by X-ray scattering experi-
force brought up by the stressed amorphous netwarkand ments. As demonstrated firstly by Pick et#éhr a noncrystalline
(ili) viscous forces,or, which might come from the sliding  holymer, the orientational order shows up in the intensity
between the crystal blocks, from the sliding between polymeric gstribution of the amorphous halo. We used this approach again
chains, or from the rotation of molecular units. for a semicrystalline polyethylene and carried out a comparison

We applied stress relaxation measurements to separate theuith results obtained by birefringence measurements in a
viscous stress from the total applied stré3e stress which  polarizing microscope. As it turned out, drawing results in
remains after the subtraction of the viscous stress representssimilar degrees of orientation of both crystallites and the
the sum of the network stress and the skeleton stress. A seconéimorphous network.
step in the decomposition was based on the assumption that at
high strains one can treat a semicrystalline polymer as a 2. Experimental Section

2.1. Sample.The studies were carried out with various poly-
* Corresponding author. E-mail: hong@physik.uni-freiburg.de. ethylenes (PEs). Materials were supplied by BASF AG, Ludwig-
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Table 1. Properties of PE Samples under Study; Melting Points and Crystallinities Were Derived from DSC Scans

melting point  crystallinity

sample type source (°C) (%) counit content

PE27 linear polyethylene Hoechst AG, Frankfurt 138 76

FM1570 poly(ethyleneo-octene) Dow Chemical Europe 112 38 7.5 wt % of counits
PEVA12 poly(ethyleneso-vinylacetate) Exxon Chemical Europe, Machelen, Belgium 93 33 12 wt % of counits
PEVA18 poly(ethyleneso-vinylacetate) Exxon Chemical Europe, Machelen, Belgium 88 25 18 wt % of counits
PEVA27 poly(ethyleneso-vinylacetate) Exxon Chemical Europe, Machelen, Belgium 52 15 27 wt % of counits

shafen (PE27), Dow Chemical Europe (FM1570), and Exxon at high strains also a monoclinic crystal form develops. With
Chemical Europe, Inc., Machelen, Belgium (PEVA12, PEVA18, WAXS measurements one can study the orientation of the
and PEVA27). The samples are listed in Table 1 with some crystallites in semicrystalline polymers based upon the azimuthal
characteristic properties indicated. The crystallinities were derived intensity distribution along the scattering circles. The X-ray

from the heats of fusion. Samples for the measurements wereg. itering patterns for the unoriented PEVA27 and for five
prepared as follows. From ®t8 g of pellets was sandwiched . : . T
elongations are presented in Figure 2. Starting in the non-

between two Teflon sheets. The sandwich was then placed into a ' . o Y :
press, heated (polyethylene to 180 poly(ethylenezo-octene) and deformed state with the isotropic intensity distribution, the first

poly(ethyleneso-vinyl acetate) to 160C), compressed to a sheet  Visible changes in the WAXS pattern occur fgr~ 0.1-0.2.
form, and maintained at this temperature fe20 min. The plates ~ Four maxima at oblique angles show up for the 110 reflection.
of the press were then cooled to room temperature in a slow processPeforming the sample further tey > 0.6, the 110 reflection
From the resulting polymer sheet samples were stamped out, whichshows maxima at the equator. It is known since long time that
had the standard “dog-bone” form. The thickness of the samplesthe c-axis of the polyethylene crystal is gradually turned into
was 0.5-0.6 mm. ) o ) ) o the stretching direction as the polyethylene is elongatddre

2.2. Microscope.Using a polarizing microscope with a tilting = regyits are presented in the upper part of Figure 3, which gives
compensator, one can measure the birefringence. The viewing f'eldthe azimuthal scans of the intensity distribution of the 110

is dark when the polarizer and the analyzer have crossed orienta- . . : . S
tions. The sample is then placed between the polarizer and thereflectlon. In the p.Iot the diffuse intensity originating from the
amorphous parts is subtracted.

analyzer so that the stretching direction of the sample is atal5 . ;
the axis of the polarizer. The incident polarized beam of lightis AN orientational order parameter proposed long ago by
split into two beams: one vibrating parallel to the stretching Hermann8is often used to express quantitatively the degree of
direction and the other perpendicular to the stretching direction. orientation of a set of lattice plandskl in uniaxially oriented
Since the refractive indices parallel and perpendicular to the tensile samples. It is defined by

direction are differenty, = ng, the beams have different velocities

and thus develop an optical path length differericelt can be 3o D 1

easily determined with the aid of a tilting compensator. The Sﬂd:f 3
birefringent compensator plate is tilted until the object appears dark
in the center of the viewing field. The birefringence index of the

sample,An = n, — n, then follows from Here the angledny denotes the angle between the stretching

direction and the normal vector of ttel lattice plane. The
An=T/d 1) value of the order parameter of the 110 lattice ple®g, can
be derived from the azimuthal intensity distribution function
whered is the thickness. I(«) along the respective circle by use of the Polanyi equation
The crystallinity of PEVA27 was checked by the DSC tests
subsequent to different tensile deformations. The results showed C0S¥;,9= C0SO;,,COSU (4)
that the crystallinity variations were only small, below 3%, and
could be neglected. Thus assuming a constant volume during theThe equation relates the azimuthal angl@long the Debye
stretching, the thicknesswas related to the extension rafipby circle to the angleb110 between the stretching direction and the
normal vector of the 110 lattice plané:{o denotes the Bragg

d, scattering angle).
d= 7 ) The results for the orientational order parameters of the 110
reflection are given in the upper part of Figure 4 as a function
whered; is the original thickness. of the imposed strain. Note that for a perfect orientation of the
The microscope used in this work was an Ortholux Il POL-BK, |attice plane with its normal in the plane of equator, the
Leitz AG. orientational order parameter would &0 = —0.5. This

2.3. WAXS. Wide-angle X-ray scattering (WAXS) experiments

were carried out in order to determine the azimuthal intensity
distributions of both Bragg reflections and the amorphous halo of Monar and Habenschuss found that for polyethylenes the

deformed samples. Employing a Mini-Instron (Rheometric Scientific amorph‘?us halo position ,Sh'fts to larger scattering aqgles with
Mini Mat 2000), samples could be kept under stress during the decreasing tem_peratLﬁé'.hls temperature depen(_jence indicates
exposure. We used a rotating Cu anode generator (Fa Schneideﬁ;hat the ha|0 fII’St Of a” Ol‘lglnateS from the Interm0|ecu|al’
Offenburg) and registered the scattering intensity distributions with scattering. This was also suggested by other researtHario
an image plate detector (Fa. Schneider, Offenburg). Scatteringemphasized that the amorphous halo appears in the range of
diagrams were obtained within minutes. smaller scattering angles {2< 20° for Cu Ko) where
intermolecular scattering is stronger than the intramolecular
3. Results contributions. Therefore, with WAXS measurements one can
3.1. Degrees of Orientation Determined by WAXSBased study not only the orientation of crystallites but also the
on the regularity in the chemical structure of polyethylenes, an orientation of the amorphous chains based on the azimuthal
orthorhombic crystal lattice is formed in which the chain has a intensity distribution of the halo. In this work we studied the
planar zigzag conformation. During the tensile drawing the intensity distribution of the halo in the rangé 2= 19—20°,
crystallites retain to a large part the orthorhombic structure; only which is well away from the 110 reflection. As shown in Fig%ﬁ)v

limiting value was not reached.
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Figure 2. PEVA27: WAXS patterns measured for the indicated strains. The fiber axis is oriented in the vertical direction.

2, the uniaxial elongation of PEVA27 causes the amorphous the azimuthal intensity distribution functidu) by use of the
halo to become anisotropic. Deforming the sample the scatteringPolanyi equatioh

intensity concentrates more and more on the equator. Detailed

results are presented in the lower part of Figure 3, which gives COSVy,40 = COSO),,COSU (6)
the azimuthal scans of the intensity distribution of the amorphous

halo. The background intensity as determined at215° is The angledhao NOW denotes the Bragg scattering angle of the

subtracted. , _ halo. The results obtained for the order parameter of the halo
Again Hermanns' orientational order parameter can be used 5.4 given in the lower part of Figure 4 as a function of the
to express the dggree of orientation, now referring to the halo. imposed strains. When the amorphous chains would be fully
Denoting itShaio, it follows as aligned, the order parameter would §g, = —0.5.
Figure 5 presents the orientational order parameter of the halo
_ 360 Uhadd— 1 as a function of strain for the three samples PE27, PEVA12,
alo ™ 2 ®) and PEVAZ27. The curves of all samples agree with each other.
Hence, the imposed strain is taken up by the amorphous parts
wherednao describes the angle between the stretching direction in equal manner, independent of the crystallinity.
and a vector perpendicular to the local direction of the  3.2. Comparison with Birefringence MeasurementsSemi-
amorphous chain. The values g, can be again derived from  transparent PEVA27 pieces were uniaxially stretched undébel
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-0.4
birefringence produced by an aggregation of crystallites with a
05 . . . certain orientational distribution. Using Hermanns’ order pa-
0.0 0.4 0.8 1.2 1.6 rameter, Stein derived the birefringence which results for a
£, distribution of optically uniaxial crystal%, as being given by
Figure 4. PEVA27: orientational order parameters associated with 3t (m -1
the 110 reflection and the amorphous halo as a function of the imposed — o — o
strains. $cAn, = AN 2 PANS, (8)

o _ _ . 0 is the angle between the crystalline chains and the stretching
polarizing microscope. Using a tilting compensator, we mea- djrection, and[IJ denotes an average over all crystallites.
sured the optical path length differencBsfor the samples  Hermanns’ order paramete;, characterizes the orientational
induced by the uniaxial stress. With the thickness of the order of the crystallites referring to the stretching direction. The
measured sample the birefringente was calculated for the  pjrefringence Ang of a single polyethylene crystal was set
different imposed strains. The results are presented in Flgureequa| to the birefringence of crystals of thgaraffin GgHzs, 13
6. . o . _and the value is 0.0572.

The experimental birefringence includes two parts. One is  \we now can use the order parameSef, derived from the
produced by the oriented crystallites, and the other is induced x_ray scattering pattern for a determination®fand thus the
by the stretched amorphous network chains. Following Taylor, pirefringence of the crystal part. Applying an equation derived
we treat the birefringence contributions of the amorphous phase,by Ogorodnik* to perform a transformation between orienta-
An,, and of the crystalline phasén., as additive. Then the  tional order parameters related to different sorts of lattice planes

total birefringence is for uniaxially oriented sampless. and Sy can be related by
An=¢An;+ (1 — ¢)An, (7) 3o yI- 1
S =P(n)§=— 2 S )

whereg. is the volume fraction of the crystalline material. A

single crystal has a well defined birefringence, which we denote Here,y is the angle between the normal vector of ktkélattice

Ang. The crystallites in semicrystalline materials are not plane and the chain directionP{y) is the second spherical
uniformly oriented. Therefore, we have to ask about the harmonic.) CDV
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Figure 7. PEVA27: relationship between the birefringence of the
stretched amorphous chairs),, and the orientational order parameter
of the amorphous halGae

Since the normal on the 110 lattice plane of a polyethylene
crystal is perpendicular to the chain direction, we have

Sio= ~0.55 (10)

Combining egs 8 and 10, insertigg = 0.15, the birefringence
contribution from the crystals becomes

—0.017165,,,

AN, (11)
Subtracting the crystal birefringence contribution from the
experimentally obtained total birefringence, we obtained the
birefringenceAn, produced by the stretched amorphous network
chains alone. The result is also presented in Figure 6.

Figure 7 compareaAn, with the order paramete, Of the
halo determined by WAXS. One finds a linear relation

Snalo
—-0.5

An, = 0.040 (12)
It indicates that for fully oriented amorphous chain sequences
a limiting value

An;=0.040 (13)
would be reached.

Shalo Can be converted into the orientational order parameter
of the amorphous chains
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Figure 8. PEVA27: quasi-static stresstrain dependence presented

in a plot ofo vs the rubber measure of stréih— 1/1. The broken line
represents the network stress1¢c)on.
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Figure 9. PEVA27: birefringenceAn, and order paramete$aio
originating from the stretched amorphous chains as a function of the
network stresg,. The slope of the broken line gives the stresptical
coefficient, Copt = 5.9 x 1072 MPa%.

Equation 17 is known as the “linear stressptical rule”” The
proportionality constantC,; is called the “stressoptical
coefficient”, and its value describes a characteristic property of
each polymer.

We measured the stresstrain curves of the sample and
subtracted after stress relaxation measurements the viscous part
or. The result was the quasi-static stregs: + (1 — ¢c)on. A
separation inta; and o, was achieved by a plot of the quasi-
static stress vsi?2 — 1/4, as suggested by Haward and
Thackray!® Figure 8 presents the result. The dotted line which
determines the stress at large strains is representative for a
Gaussian network with a shear modulus@®®= 0.74 MPa as
given by the slope. With this modulus we calculated the

(4 now denotes an average in the amorphous regions only)dependence of the network stress on the stgitWheney is

3o o] — 1
= (14)
2
by
S’lalo: _O'Ssa (15)
using again eq 9. This leads to
An,= AngS, (16)

in analogy to eq 8.

3.3. Stress-Optical Law. For all polymer melts as well as
stretched rubbers, the birefringend@ is proportional to the
tensile stresg:1516

An,=Cyy0 17)

replaced by the birefringenctn, using the data in Figure 6,
Figure 9 is obtained. The slope of the dotted line at the origin
yields the stressoptical coefficient; the value i€qp = 5.9 x
103 MPa ™.

Obviously, the stressoptical law holds only for a limited
range. Abover, = 2 MPa @2 — 1/A ~ 3, e4 =~ 0.6), the network
stresso,, deviates from the initial linear increase.

4. Discussion

In Figure 4 the amorphous orientation for all imposed strains
seems to be somewhat lower than the orientation of the
crystallites. However, this could be a wrong impression. Just
consider that the halo is still expanded in meridional direction
if the amorphous chains are perfectly oriented, which woe&l
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result in an experimental valu® i, which is still above the The limitation of the stressoptical law to the range of lower
limit —0.5. Hence, even if the intermolecular contribution is strains is not surprising. The birefringence will always saturate,
dominant for the amorphous halo, an intramolecular part always while the stress continues to increase. The behavior is well-

exists. An analysis led Pick et ‘ato the equation known from the literature. Trelo#r showed that only below
en = 1.4 A2 — 1/A = 16) the chains of a rubber are not yet
Shao= a(—0.5)S, (18) stretched tightly, so that chains can show the Gaussian proper-

ties. Also, Janeschitz-Kriedélpointed out that the coefficient
wherea is a factor with a constant value below unity. Therefore, Cqp is only constant up to a tensile stress on the order of
the amorphous orientation under stress could well be comparablel MPa. Matsumoto and Bogthestudied the stress birefringence
to the orientation of the crystallites. for a uniaxially elongated rubberlike polystyrene. They again
This conclusion differs from that reached by Seguela ét al. found that for stresses above 1 MPa the linear relationship
based on birefringence measurements exclusively. They claimedbetween the stress and the birefringence ends.

that S, is much smaller than the degree of orientation of the )
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