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Young’s modulus of simultaneous biaxially stretched films was much lower than that of
uniaxial films with the same draw ratio. To address this problem, a theoretical approach
was carried out by using a three-dimensional model. In this model system, the oriented
crystalline layers are surrounded by an anisotropic amorphous phase and the strains of
the two phases at the boundary are identical. Young’s modulus was calculated by using
the generalized orientation factors of crystallites and amorphous chain segments
calculated from the orientation function of crystallites and that of amorphous chain
segments. The orientation function of crystallites was determined from the orientation
functions of the reciprocal lattice vectors of the crystal planes. The theoretical values of
Young’s modulus were calculated using the values of elastic compliance proposed by
Zehnder. The values were in fairly good agreement with the experimental values of
specimens with different draw ratios. Judging from the induced equations, the calculated
results provided that the Young’s modulus of simultaneous biaxially stretching film is
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attributed to the contribution from the compliance associated with shear modulus and
consequently the Young’s modulus automatically takes low values.

Keywords: Ultrahigh M; Polyethylene; Films; Young Modulus; Orientation distribution
functions

INTRODUCTION

The biaxial drawing of UHMWPE was first done by Sakai et al.
[1—3]. They studied the development of fibrillar texture and mechani-
cal properties of UHMWPE dry gel films. Further considerations of
the deformation mechanism and mechanical properties have been
published by Gerrits et al. [4—6] and Bastiannsen et al. [7] in terms
of experimental and theoretical aspects. They pointed out that
Young’s modulus and the tensile strength are not improved in
contrast to those of uniaxially drawn tapes. A detailed analysis of the
deformation mechanism was discussed in terms of crystal plasticity
on the basis of the planar orientation of the crystal planes. Among
their reports [4—9], a detailed analysis was done by Gerrits and
Young [6]. They analyzed the crystal orientation in terms of crystal
plasticity associated with both slip and twinning processes and
hexagonal and martensitic phase transformations by using 10 times
biaxially drawn films.

To give a more quantitative treatment of simultaneous biaxially
stretching mechanism of UHMWPE dry gel films, this paper deals
with the estimation of Young’s modulus of the films in relation to
the optimum concentration assuring the greatest significant draw-
ability of UHMWPE. In a previous paper [8], the deformation
mechanism was analyzed using the orientation distribution function
of crystallites which can be determined from uniaxial orientation
distribution functions of the reciprocal lattice vectors of the crystal
planes around the film normal direction in accordance with the
method of Roe and Krigbaum [9-11]. Furthermore, the ultimate
values of simultaneous biaxially oriented polyethylene films was
estimated as ideal cases with 100% crystallinity as well as the perfect
orientation of the c-axes parallel to the film surface. The function of
the reciprocal lattice vectors of the crystal planes has never been
reported for a very thin film with thickness less than 10 mp because
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of the difficulty in piling up a number of thin sheets. Much effort was
invested in the development of a small but refined instrument to
stack a number of thin sheets. In this paper, as a real system to
compare the experimental results with theoretical ones, more
complicated calculation for the Young’s modulus was carried out
by using a three-dimensional model. In this model system [12], the
oriented crystalline layers are surrounded by an anisotropic
amorphous phase and the strains of the two phases at the boundary
are identical. Young’s modulus was calculated by using the general-
ized orientation factors of crystallites and amorphous chain segments
calculated from the orientation functions of crystallites and
amorphous chain segments. The mathematical treatment in this
paper is much more complicated in comparison with that in the
previous paper [8]. Of course, the present treatment is quite different
from the method proposed by Sakai et al. [2]. There are problems in
their treatment, since the Young’s modulus obtained by them
corresponds only to the value along the direction perpendicular to
the c-axis within a polyethylene crystal unit cell. In their treatment,
no orientational effect of the c-axes was considered. Accordingly, the
calculation was carried out as a function of the tilting angle from the
c-axis.

EXPERIMENTAL SECTION

Sample Preparation

As described in the previous paper [8], the samples used in this
experiment were UHMWPE (Hercules 1900/90189) with a viscosity-
average molecular weight (M,) of 6 x 10°. The solvent was decalin.
The concentrations of UHMWPE chosen were 0.4, 0.6, 0.7, 0.8,
0.9, 1.0g/100ml. Decalin solutions were prepared by heating the
well-blended polymer-solvent mixture at 135°C for 40min under
nitrogen. The solution was stabilized with 3% w/w of antioxidant
(di-t-butyl-p-cresol) against UHMWPE. The hot homogenized
solution was quenched to room temperature by pouring it into an
aluminum tray, thus generating a gel. The decalin was allowed to
evaporate from the gels under ambient conditions. The resulting dry
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gel film was vacuum-dried for 1 day to remove residual trace of
decalin.

The dry gel film was cut into strips of 90 x 90mm. The speci-
mens were held at 150°C for 5min and elongated biaxially to the de-
sired ratio using an Iwamoto biaxial stretcher. The draw ratio
was determined in the usual way by measuring the displacement
of ink marks placed 5 x Smm apart on the specimen prior to
drawing. Immediately after stretching, the sample fixed in the stretcher
was quenched to room temperature. Unlike the case of uniaxial
elongation, no necking occurred under simultancous biaxially
stretching.

Crystallinity was calculated assuming intrinsic densities of crystal-
line and amorphous phases to be 1.000 and 0.852 g/cm® respectively
[13]. These results were reported already in the previous paper [8].

Table I(a) shows Young’s modulus and tensile strength at the
maximum draw ratio of the films prepared by gelation/crystallization
from solutions with the indicated concentrations > 0.7 g/100ml. The
data reported elasewhere [§] are shown in this paper again, since the
experimental results are very important to discuss the mechanical
properties in comparison with the theoretical results discussed later.
Young’s modulus becomes higher and the maximum value occured at
1.0 g/100 ml with increasing concentration. Interestingly, the Young’s
modulus and tensile strength of the films (7.8 x 7.8) prepared from a
1.0g/100ml solution are higher than those of the film (8.7 x 8.7)
prepared from a 0.9 g/100ml solution. This indicates that Young’s
modulus is sensitive to the number of entanglements within the
specimen, when the orientation of the c-axes increases to a certain
degree. Namely, Young’s modulus increases with increased number of

TABLE I(a) Young’s modulus and tensile strength of simultaneous biaxial stretching
films; Young’s modulus and tensile strength at the maximum draw ratio of the specimens
prepared from the solutions with the indicated concentrations

Maximum draw ratio Concentration Young’s modulus Tensile strength
(Mmax) (/100mi) (GPa) (GPa)
73 %73 0.7 2.5 0.12
7.7 x 7.7 0.8 3.5 0.14
8.7 x 8.7 0.9 4.3 0.16

7.8 x17.8 1.0 4.4 0.19
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TABLE I(b) Young’s modulus and tensil Strength of simultaneous biaxial stretching
films; Young’s modulus and tensile strength as a function of concentration of solutions
to prepare gels

Draw ratio Concentration Young’s modulus Tensile strength
()] (g/100 ml) (GPa) (GPa)
0.4 1.8 0.05
0.6 1.9 0.07
2.0x20 0.7 2.0 0.08
0.8 2.1 0.09
0.9 2.2 0.10
1.0 2.3 0.11
0.6 1.9 0.09
0.7 2.2 0.10
6.0 x 6.0 0.8 32 0.12
0.9 3.6 0.13
1.0 3.9 0.14

entanglements. Table I(b) shows the concentration dependence of
Young’s modulus and tensile strength at 2 x 2 and 6 x 6. The results
indicate that even for the specimens with draw ratio 2 x 2, Young’s
modulus and tensile strength are more pronounced with increasing
concentration. This result supports the importance of the number
of entanglements within the drawn film in Table I(a) to improve
mechanical properties.

As listed in Table I(a), an apparent problem is that Young’s
modulus and tensile strength, even for the films with draw
ratio > 7 x 7 (=49), are less than 4.5GPa and 0.2 GPa, respectively,
while the Young’s modulus and tensile strength corresponding to uni-
axial films with a draw ratio of 50 times were 25—30GPa and
0.8 —1GPa, respectively [14]. Even so, the values of the Young’s
modulus and tensile strength of simultaneous biaxially stretched
films are higher than the corresponding values of 0.1 GPa and
0.08 GPa of the commercial blown films (crystallinity 52%, melting
point 138°C).

Experimental Procedures of X-ray
Diffraction Measurements

The X-ray measurements were carried out with a 12kW rotating-
anode X-ray generator (Rigaku RDA-rA) operated at 200 mA and
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40kV. The intensity curve I,y (20p) as a function of twice of the Bragg
angle 26 was separated into the contribution from the individual
crystal planes, assuming that each peak had a symmetric form given by
a Lorenzian function of in Eq. (1), where & is the maximum intensity
of the j-th peak.

I°
1,(205) = _J 1
o20n) zj:1+(292—293)2/ﬂf W

Here f(; is the half-width of the j-th peak at half of the peak
intensity and @ is the Bragg angle at which the maximum intensity
of the j-th peak appears. Using the same process at a given 6; in the
range from 0 to 90°, the intensity distribution I; (26) can be
determined for the respective j-th plane after integrating I..(20y)
by 20y at each 6;, and consequently the orientation distribution
function 2mqj(cos#;) of the j-th reciprocal lattice vector may be
given by

5;(0))

Sy (cos 6))sin 6,d6)

2nqi(cos ;) = (2)

Orientation Distribution Function of the Reciprocal
Lattice Vectors of the Crystal Planes

Figure 1(a) shows Cartesian coordinate 0—U;U,U; fixed within
a structural unit, with respect to another Cartesian coordinate
0—XX,X; fixed in a bulk specimen. The Uj; axis may be taken along
the c-axis. Because of the simultaneous biaxially stretched film, the
c-axes have a random orientation around the X3 axis (the film thick-
ness direction) in the present system. The orientation of the structural
unit within the space of the film specimen may be specified by using
three Euler angles, ¢, 0, and 7. The angles 6 and ¢, which define the
orientation of the Us axis of the unit within the space, are polar and
azimuthal angles, respectively, and 7 specifies the rotation of the unit
around its own Uj axis. Coordinates (b) and (c) show a given j-th axis
r; within the unit, specified by the polar angle #; and the azimuthal
angle ¢; with respect to the Cartesian coordinate 0—X;X,X; and
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x, y X ‘ U

U
(a) (b) (c)

FIGURE 1 Cartesian coordinate illustrating the geometrical relation (a) Euler angles 6
and n which specify the orientation of coordinate 0 — U,;U,Uj of structural unit with
respect to coordinate 0 —X;X,X3 of specimen. (b) Angles §; and ¢; which specify the
orientation of the given j-th axis of the structural unit with respect to the coordinate
0—X;X5Xj3. (c) Angles ©; and ®; which specify the orientation of the j-th axis of the
structural unit with respect to the coordinate 0 — U;U,Us3.

specified by polar angle ©; and the azimuthal angle ®; with respect to
the 0—U,;U,Uj; of the unit.

For an uniaxially system, the orientation distribution function
w(cosB,n) of crystallites may be calculated from the orientation
distribution function of the reciprocal lattice vector of the j-th plane,
2mq(cos 6), by using a method proposed by Roe and Krigbaum
[9-11].

. 2 T
Fiy = (Pi(cost))) = /0 /0 gi(cos 0))Py(cos O;)sin G;d0dey  (3)

{E=n) 7 FonPy(cos ©j)cosn®;  (4)

F = FuoP¢(cos©;) +2
0 w00 Pe( n2£+n)

47°w(cos B, m)

1 (20+1) (¢ —n)!
§+Z—{F/OOP[/(COSH) 2Z(€+—71)|F/0n cosnn

2
()
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Here ¢ and n are even integers. P;(X) and Py(X) are the associated
Legendre polynomials and Legendre polynomials, respectively. Féo
and Fy, are the coefficients. F;O is the ¢-th order orientation factor of
the j-th crystal plane estimated by X-ray diffraction, while the
generalized orientation factor Fjy, can be determined by solving the
linear equations represented by Eq. (4), since there exist more
equations than the number of unknowns, as was pointed out by Roe
and Krigbaum [9—11].

The values of weighing factors p;, required in the least-squares
calculation, were assigned somewhat subjectively on the assumption
that the X-ray diffraction intensity is dependent upon the structure
factor of each crystal plane. Hence, in this calculation, the weighing
factors pj, as a first approximation, were assumed to be almost
proportional to the structure factor and were subsequently modified to
obtain the best fit between experimental and calculated results
through numerical calculations by computer. The calculation was
continued until the best fit was achieved within the capability of the
simplex method [15]. Using the final values of parameters, a mean-
square error between the calculated Fjéo and recalculated F]éo was
obtained using:

Z 2P [( 0ear = (F éO)recal]z
22 { %) ¢u1:|2

(6)

Figures 2~4 compare the observed orientation distribution func-
tions 2mqj(cos #;) with those recalculated for the respective crystal
planes for the films with A=1 x 1 (the undrawn film), 2 x 2, and
8.7 x 8.7, respectively, which were prepared from a 0.9g/100 ml
solution. We calculated F’éo from Eq. (4) to minimize the value of R
in Eq. (6). After that, we recalculated Féo, in turn, from the values of
F o, and further calculated 27qj(cos 6;) from the recalculated F]éo value
using the following equation:

o0
27q;(cos 0;) 1 Z — FmP; cos 0;) (7)
=
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FIGURE 2 Orientation distribution functions 27qj(cos ;) of the reciprocal lattice
vectors of the indicated crystal planes of an undrawn polyethylene film. Circles: values of
2mqj(cos ;) obtained from experimental measurements. Dashed curves: calculated with
the 21-term series. (Ref. [8]).
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FIGURE 3 Orientation distribution functions 27qj(cos ;) of the reciprocal lattice
vectors of the indicated crystal planes of a drawn polyethylene film with draw ratio of
2 x 2. Circles: values of 2mqj(cos ;) obtained from experimental measurements. Dashed
curves: calculated with the 21-term series. (Ref. [8]).

The values of R in Eq. (6) were 7.5% at A=1, 8.3% at A=2x 2,
and 8.9% at A=8.7 x 8.7.

Figures 2 ~4 were listed elsewhere [8]. However, these figures are
dispensable to discuss the accuracy of the generalized second and fourth
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FIGURE 4 Orientation distribution functions 27qj(cos ;) of the reciprocal lattice
vectors of the indicated crystal planes of a drawn polyethylene film with draw ratio of
8.7 x 8.7. Circles: values of 2mgj(cos;) obtained from experimental measurements.
Dashed curves: calculated with the 21-term series. (Ref. [8]).

order orientation factors. It is evident that fairly good agreement
between the observed and calculated distribution functions of the
reciprocal lattice vectors of the indicated crystal planes was obtained,
even for less accurately measured crystal planes with lower weighing
factors. This indicates that the generalized second and fourth order
factors needed to calculate Young’s modulus could be obtained
with high experimental accuracy. The orientation of crystallites was
discussed on the basis of the results in Figures 2 ~4 elsewhere [§] in
detail.
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Orientation Factors of Amorphous Chain Segments

In order to characterize the orientation behavior of crystallites
within the dry gel films, the second order orientation factor of the
amorphous chain segments was obtained from the birefringence as
estimated by subtraction of the crystalline contribution from the total
birefringence, assuming simple additivity as indicated in the following
equation [16]:

Atz)z‘al = XcAc + (1 - Xc)Aa + Af (8)

where Ay 1S the total birefringence of the bulk specimen, A, is the
crystalline birefringence, A, is the non-crystalline birefringence, X,
is the volume fraction of crystalline phase, and Ay is the form
birefringence. A, and A, are given by

Ao )
= (ne = na)Fagg” + (5 — 1) Fagg 9)
and
Ag = (n) = n.)Fyg (10)

where n,, n,, and n. are the refractive indices along the a, b, and
c-axes, which are given as 1.514, 1.519, and 1.575, respectively [17].
n; and n, are the refractive indices parallel and perpendicular to
an amorphous chain segment. The birefringence of (n;—n,) of the
amorphous chain segment is 52 x 10~° and is the second order
orientation factor. The two orientation factors, Fj, and F.
characterize the molecular orientation distribution with variation
between —1/2 and 1. In a simultaneous biaxially stretched film, they
are 0 for random orientation, while for complete orientation parallel
and perpendicular to the film normal direction, they are unity and
—1/2, respectively. In other words, when the molecular chains are per-
fectly oriented along the stretching direction, they become —1/2.

By neglecting Ay, the orientation factors of the c-axes and the
amorphous chain segments may be obtained through Eq. (8)—(10).
For the film with 2 x 2, F5y for crystallites and F4j, for amorphous



10: 08 19 January 2011

Downl oaded At:

88 T. NAKASHIMA et al.

chain segments are 0.0341 and —0.0779, respectively, while for the film
with 8.7 x 8.7, Fyp9 and F4j, are —0.173 and —0.341, respectively. The
preferential orientational degree of the amorphous chain segments is
higher than that of the c-axes under simultancous biaxially stretching.
This indicates that the preferential orientation of the c-axes arisen by
the rotation of crystallites around their b-axes to the stretching
direction is due to straining of tiec molecules. This process accompanies
the crystal transformation from a folded to a fibrous type at initial
draw ratio < 2 x 2, which indicates the drastic decrease in crystallinity
as described in a previous paper [8].

RESULTS AND DISCUSSION

Young’s modulus of biaxially stretching film can be calculated by
using the generalized orientation factors Fyy, on the basis of a two-
phase model assuming the homogeneous stress hypothesis for a
polycrystalline material [42, 18 —21]. This treatment based on a linear
elastic theory, is suitable for representing the morphology of the
present simultaneous biaxially stretched films as a continuous body,
since no scattering pattern was observed under Hv polarization
condition associated with the existence of the aggregation of crystal-
lites such as spherulites and rod-like textures.

Figure 5 shows the model satisfying the above concept. This model
is employed as a tool to calculate the average elastic compliance in
bulk and to formulate stress-strain field in bulk. Assuming that crystal
unit is set in this field, the crystal strains can be represented as a
function of composite mode and molecular orientation. Volume
crystallinity X, is represented by §u” by the use of the fraction lengths
6 and p in the directions of the X5 and X; (and the X;) axes. In this
model system, amorphous layers are adjacent to the oriented crystal-
line layers with the interfaces perpendicular to the X;, X, and X5 axes.
Strains of the two phases at the boundary are assumed to be identical.
This model can be constructed by the following three processes. First,
an anisotropic amorphous layer lies adjacent to the crystallite with the
interface perpendicular to the X5 axes and the resultant system is
termed as phase I. Secondly, an anisotropic amorphous layer with
fraction length 1—y is attached to the structure of phase I in a plane
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FIGURE 5 Composite model in which oriented crystallites are surrounded by an
anisotropic amorphous phase.

normal to the X, direction to construct phase II. The final phase 111
can be constructed by adding an anisotropic amorphous layer with
fraction length 1—pu to phase II. This procedure was represented
elsewhere in detail [12]. For biaxially stretched films, it is well-known
that at g =1, this model corresponds to a parallel model, while at
6=1, it corresponds to a series model. In following discussion, some
representative equations are described to shorten this paper. Compli-
cated mathematical derivation was eliminated, since such treatment
is similar to that of crystal lattice modulus reported elsewhere
[12,20,21].

In accordance with the mathematical procedure of the generalized
Hook’s law using the model in Figure 5, Young’s modulus in the
stretching direction (the X; and X, axes) can be given by [12, 20].

k1=

ol av
Sll Sll

Il Il av [ qavy2
(S13 Sll — P13 ll)

+
S§/n(1 = ST5/STS5) + $43/1 = (1 = S{5/S{iS%)
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In Eq. (11), S]] is given as a function containing S}, S¢" and p. S}; is also
given as a function containing Sj/, S7" and é in which 3/, and Si" are
the average compliance of crystal the amorphous phases, respectively.
The complicated relationship was represented by Matsuo elsewhere
[12].

The relation between the intrinsic compliance of the structural unit
and the bulk compliance is given by

3 3 3 3
ch}'{[ = Z Z Z Z<ai04ipakqaf">cvsg;qr (12)

33 3 3
g’li[ = Z Z Z Z<ai0alpakqa57'>avsz;7)ql‘ (13)

where Sk and Siie are bulk compliance of the crystal and amorphous
phases, respectively, and S¢7 . and S77 - are their intrinsic compliance.
a;, 1s, for example, the direction cosine of the u, axis with respect to
the X; axis, which is given from the geometrical arrangements in

Figure 1 as follows:

cospcosfcosn — singsinyg —cos@cosfsinng — singcosn  cos¢psinf
a=|singcosfcosn+ cospsinny —singpcoshsinng+ cos¢pcosn sin¢gsinfb
—sinfcosn sin@sinn cosf

(14)

Average values of the crystal phase in Eq. (12), (ai, ajp akq ir)av. 18
given by

2w 2w g
(diojpargar) 4,y = / / / w(8, n)ai,aparqay sin 0d0dodn  (15)
o Jo Jo

where w(f,n) are an orientation distribution function of the crystal
unit 0 — U;U,Uj3 with respect to the coordinate 0 — X;X,Xj3 in Figure 1.
On the other hand, average values of the amorphous phase in Eq. (13),
(Qio 2jp Akq Air)av. 1S given by
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2w 2w
(Giotjpaiqay) / / /wam )aio@jparga sin 0d0dodn  (16)

where w, () is an orientation distribution function of the amorphous
chain segments. The treatment is somewhat complicated but realistic.
The generalized orientation factors Fy, and F{jj of crystal and
amorphous phases can be represented by using w(f,n) and w,n(9),
respectively, in the case when both the structural units have an
uniaxial orientation around the X3 axis (film thickness direction):

27 2 pm
Fun = / / / w(6,m)P}(cos b) cos nnsin 0dOd pdn (17)
o Jo Jo

and

2r p2m
Fi, = /0 /0 /0 Wam (0)Py( cos 8) sin 0 dOdpdn (18)

The elastic compliance Sj, represented as a tensor quantity, may
be related to S, by matrix as follows:

SW Suy u and v<3
Sike = (1/2)Syy u or vz=3 (19)
Sijke = (1/4)Swy u and v=3

where (ij) and (kl) become u and v, respectively. The combinations are
as follows:

(1) =1 (22)—=2 (33)—3

23)—=4 31)=5 (12)—6 (20)

Using Egs. (11)—(20), Sy of the crystal unit may be given by

1 1 8 72
[al — vV — co . F _ F F
S1 = 5» (64>S11{<35> 404 <35) 402+<35) 400
32 Foo + 64 Fooo -+ 64
7 | Fa = | Fa00 5
S5 Fio4 + 8 F.
64 % 404 35 | Fa
Fao0 + 32 Fryp + 64 F +64
400 = a0 7 )Fa0 5

als al-

/\/—\
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3 2 1
+S§§{<35>F400 (7)1:2004-5}
1 o 1 24
+<64>(2512 S66){_<35>F404+<35>F400
(% (¢
21 JF 15
1 2 24
. 2(?0 CO F _ F
(56! w+Sss>{<3s> = (35 )P
4\ 8 \p o 112
21)72 21 )7 105
1 ) 2 24
+<16>(252(§+ ){ (35>F402 <35>F400
NEAE 8\ 112
21 )72\ 21 )72 " 05

(21)
1 1 8 24 8 16 8
= _5% Faos — ——=Faoz + —= Faoo + = Faop — = Fa0 + =
g 11{105 404~ 7053 402-1-35 400+7 202~ 200+5}
1 1 8 24 8 16 8
59 F. F. —Fa400 — =Frpp ——F -
+ 5 22{ 105 404-5-105 402-*-35 400 = 7200 — 200-1-5}

o 8 4 1
+ 853 35F4()0 —|—7F20() +5

1 1 8 16 8
— 2S S F. —F. F
—g St ){105 404 = 35 7400 7200 — 15}
+ L ase 590 2 pan = B gy 2 Fag + 2 Fao + —
+3 105 402 = 35 Fa00 + 57 Faox + 5 Faoo + 15
1 CO CO 2 8 1 2 2
2(2523+S44) 105F402+35F400+21F202 21ono T
(22)
1 8 24 32 64 64
SV = —899¢ ——Fyps — —F. — Fy00 — —F F
2= 11{105 404~ 705 402-1—35 400 = 57 202+21 200—1—15}
11 8 320 128
REVAIE {105F4°4 35F4°°‘HF2°°+F}

1 f 1 10 4 20 16
+ZS13{105F402 7 F202 = 35 Fa00 — 21F200+15}
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1
64"

21 35 21 15

o1 8 3
+— 105F404+105F402+ Fr0p + =z Fa00 + == Fa0 + 52

24 64 64 }

—15"0{ Lo 10, 4, 20, 16}
15239 o5 F402 = 57 Fao2 + 35 Fa00 + 57 Fano — 15
—&-lSw{ g Faoo — 2ono +1}
3 35 7 5
—ls""{ L it gy e Py — S F +i}
g 544\ o5 T2 + 57 Fa02 + 35 Fao0 — 57 Fao0 + 45
L ( 1 4 4 8
+§SSS{105F402+21F202 35F400+5F200_E}
7614S {1(1)5F4°“ 385F4°°+12218F20°+?§} (23)

cv _i CO l F 8 F
BT 167110 105 % 105 2

1 1 8
+§Sf‘£{ 1()5F4()4 35F400

4 5
4513{105F402 TR

Lgof Lo 8
16°21 105" ** " 105

4F +%F +§F 16
51 202 1 357400 200

21 15
40F +32
2172715
16 10 16
357400 = 57 Fa00 = 15}

4 24 8
Fa0o + == Fo02 + 52 Fa00 + 55 F200 —

16
21 35 21 15

el 4 g S 16p 10, 16
4 105 402 — 21 202 35 400 200

1 1

| 4
—53‘3'{ 35 Fa00 = 57 Fao0 — 5

21 15

}

+lS“’ 2F +1F +8F 2F 2
449 To5 " 402 202 400 = 57F200 =

21 35 15

1, f 2 I 8 2 2
— -5 F Frpp ——=F. F 24
4555{105 402 57 F200 = 35 Fao0 + 57 2oo+15} (24)

On the other hand, S of the amorphous unit may be given by

v v 1 9 1 8 1 8
sit=st = (5 )t +se{ (55 )+ (5 )i+ 5
3 2\ 1
estl (55 )rm- (5) 5 )
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i}

+
/N
N — oo =—

PR U 24 8
BTg 11{+§F4OO+§}
8
5

ao ao 3 8 am 8
)(2S12+S66){(35>F400+ <2I>F200+5}

Joastze st s -

3 am 1 am 2
35 Fio — 31 200+15

(25)

1, (24 8 4 1
T {35F433+ besu{ rme i)

8

Nl*—‘ N\*—‘ OO\*—‘

1

8 1
38 + St 35780 -

16, 8
sty + )] - P+ P~ 5 |

8 2 2
syosrsp - Sr+ 2 =)

2 2
-5 ) (26)

64 64

av ao 24 am am
]2:@‘9 35F400+21F200+15

32

1, 4
1

35

| 4
—ose{ 5P+

1 3

+35u{ S -
1 4

- 355 3578 -

1 4 .
+358{ - 5578

1 ao 8 am
_asse{ 35 Figo + 7 7 Fao0 + 75

1 8 320 128
L { S pam F%a+}

21 15

20 um+16
S 2172005

24 64 . 64
645(53{ 35 a0 + 37 o 15}

20 . 16
21F2°0 15

2 1
8 um 4
21F200+E}

8 um 4
o Fa0 = 15}

128 32 } (27)
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where the generalized orientation factors may be given by

(3(cos?0) — 1)

N —

Fap =

F0o = 3(sin’6cos 2n)

(

1
Fap0 = §(35(cos 6) —30(cos ) + 3)

1
Fan = 75 ((7cos 26 — 1) sin 6 cos 2n) (28)
Faos = 105<sin4900s477>

1
F;(’)V(l) = 5(3<Cos2e>am - 1)

1

- 3O<COS 29>am + 3)

Py = 5 (35(cos ).,
All the values obtained for the specimens with different draw ratios are
listed in Table II. When the c-axes oriented perfectly on the film
surface and the crystallinity is 100%, the Young’s modulus in bulk
specimen can be represented by the inverse value of ¢} in Eq. (21). As
described in the previous paper [8], the condition can be considered as
two ideal cases.; (1) the c-axes and the (200) plane are oriented
perfectly parallel to the film surface. (2) the c-axes are oriented
perfectly parallel to the film surface but the crystallites rotate
randomly around their own c-axis. In the former case, we obtain
Froo= —1/2, Fa00=3/8, Fr00=3, Fs0o= —15/2, and Fyo4 =105, while
in latter case, we obtain Frgg = — 1/2, F490 = 3/8, F>02 =0, F49, =0 and
Fa04=0.

As discussed before (see Eq. (11)), Sj is given as a function

containing S, S;’ and p and S is also g1ven as a function of Sj, 7

ij> ij >

TABLE II The second and fourth orientation factors of the specimens with
2 x 2 and 8.7 x 8.7

A=2x2 A=8.7 %87
Fago 0.0024 ~0.274
Fana 0.463 1.6328
Faoo —0.204 0.166
Fann 3.571 ~0.031
Fioa 4387 33.96
Fam ~0.0779 —0.341

Fam —0.0301 0.105
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and 6 and consequently Young’s modulus of simultaneous biaxially
stretching film (X; and X, stretching directions) can be obtained using
Eqgs. (21)—(28).

The problem that now arises has been how the value of the intrinsic
compliance S, and S of polyethylene can be determined theoreti-
cally. The values were initially obtained by Odajima et al. [22] and
Tashiro et al. [23] using a B matrix. However, their values of §53 are
much higher than the observed values (213—-235GPa) by X-ray
diffraction [24,25], because of the lack of inharmonic effects,
indicating that their theoretical values are useful only at very low
temperature close to the absolute temperature. Since then, the force
fields have been improved considerably, and more recent calculations
might provide much better comparison with the experimental values.
For example, Lacks and Rutledge estimated the crystal lattice
modulus along the chain direction as 285 GPa [26]. They calculated
elastic stiffness C;; except Cgj, C$3, and Cgf. Therefore, the elastic
compliance S needed in the numerical calculation cannot be obtained
by using the inverse relationship. More recent investigation by
Zehnder [27] provided the best fit between the theoretical and
measured values of crystal lattice modulus along the chain direction
by X-ray diffraction [24, 25]. Namely, the modulus (1/5%}) calculated
by using elastic compliance of a crystal unit proposed by Zehnder [27]
was 216 GPa, which is very close to our experimental value in the
range 213 -229 GPa [25]. According to his paper [27], S5 is given by

0.281 —-0.161 —0.00036 0 0 0
—0.172 0.258 —0.0041 0 0 0
g0 _ —0.00088 —0.0036  0.00462 0 0 0
" 0 0 0 0.474 0 0
0 0 0 0 0.599 0

0 0 0 0 0 0.431

x 1072/GPa  (29)

The intrinsic elastic compliance S/ of the amorphous phase needed
in the numerical calculation are not quite certain. Based on a very
crude hypothesis of a biphasic structure of crystalline and non-
crystalline phases, S% can be calculated from the potential energy of
neighbor chain by assuming that the following relation between the
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potential energy P(r) and the atomic or molecular distance r holds for
a non-crystalline chain.

c d
Pr)=——+— 30
(N =-=+= (30)
where m=9-12 and n=1 or 6 for an ionic or molecular crystal,
respectively. The elastic compliance S{{ and §%9 may be estimated by
taking the second order derivative of Eq. (30).
Then,

4
st = 538 = (;’—) 5 (31)

a
where ¢, in Eq. (31) correspond to ¢} at #=0°. Thus,

{1 = g (T + 355 + 25 + 53) (32)
On the other hand, the expansion of the amorphous phase is
assumed to occur only along the lateral direction of the polymer chain,
not lengthwise. The compliance 5§ may be estimated by assuming that
the modulus along the chain axis is proportional to the number of
chain molecules in the unit area perpendicular to the chain direction,
and that the modulus is independent of temperature. Thus we have

Pe \ e
a(): re Cco 33
(2 )ss &

According to an estimation method by Hibi er al. [28], the other
compliances can be represented as

ao __ ao odo
Sy = 5181

ao __ Qao __ ao Qao
S5 = 853 = —1355;

ao __ ao __ ao ao qao
8§53 = Siq = 2(S7] + v{35%3)

66 = 2811 (1 +vi3)

(34)

The Poisson ratios v{§(= v{4) is an unknown parameter and is set to
be 0.47 or 0.33. The former and latter values of v{§ correspond to the
mechanical properties similar to the rubber elastic state and similar to
tougher or glassy state, respectively.
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To calculate the mechanical properties according to the previous
method [29,30] the fourth order orientation factor F{j; of the
amorphous chain segments is needed. Unfortunately, this factor
cannot be obtained from birefringence measurements and therefore
must be calculated by assuming a common function as an orientation
function of amorphous chain segments [29, 30]. In this paper, the mean
fourth power of the direction cosine (cos* )., was calculated from an
inversely superposed Gaussian function G(6) as follows [29]:

G(O):exp{—w}—&-exp{—w} (35)

202 202

Using Eq. (35), the relation of (cos*#),, and (cos”6),, may be
obtained as follows:

~Jo G(0) cos” fsin 66

ng —
(cos” B)an 7 G(0) sin 0do

(36)

Using Eq. (36), the relation of (cos*#).n, and (cos®6),, may be
obtained. The values of (cos*#),, can be obtained graphically from
the experimental values of (cos2 0)am for amorphous chain segments,
since the relation of (cos*#),m and (cos®@),, can be calculated by
varying the parameter o. Thus, the fourth order orientation factor Fj,
can be obtained.

Figures 6—8 show the §-dependence of the Young’s modulus E
calculated at v{3(= v{%) = 0.33 and 0.47, respectively. The former and
latter values of v{9 correspond to the mechanical property of the
amorphous phase similar to an ideal rubber elasticity and similar to
somewhat tougher or glass state, respectively. The numerical calcula-
tion was carried out from Eqgs. (11)—(36) using the intrinsic crystal
elastic compliance S5 proposed by Zehnder [27], Odajima et al. [22]
and Tashiro et al. [23]. These calculated values at A=2 x 2 and
8.7 x 8.7 are hardly affected by the Poisson’s ratio of v{3(= v{%) of the
amorphous phases. In these figures, the relationship between § and p
can be determined by X, = 64 (X.; volume crystallinity). For example,
pis 0.752 at =1 and 0.907 at 6=0.7 for A=2 x 2 and 0.820 at 6 =1
and 0.955 at §=0.7 for A=28.7 x 8.7. Interestingly, E slightly increases
with p. This tendency predicts that even for two specimens with the
same crystallinity and degree of molecular orientation, their Young’s
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T
(@

E (GPa)

E (GPa)

FIGURE 6 p dependence of Young’s modulus calculated by using S of Zehnder.
(a) v{§(=v{4) = 0.33, and (b) v{§(= v{3) = 0.47.

moduli slightly differ, depending on the composite mode of the
crystalline and amorphous phases.

It is seen that the theoretical Young’s moduli calculated at 6 =1 by
using 8¢ of Zehnder [27] are in good agreement with the experimental
value 4.3 GPa, at A=28.7 x 8.7 as listed in Table I(b) and are in poor
agreement with the experimental values, 2.2GPa, at A=2x 2 in
Table I(b). The values calculated by using S.9 of Odajima [22] and
Tashiro et al. [23] deviate from the experimental results perfectly.
Their large deviation is attributed to the comparison between the
results measured at room temperature and the theoretical results a
absolute temperature. Although the experimental values of Young’s
modulus (see Tabs. I(a) and (b)) are sensitive to the draw ratio, the
theoretical values are less sensitive to the draw ratio as shown in
Figures 6—8 in comparison with the experimental values. This
is thought to be due to the fact that exact mechanical property of
the simultaneous biaxially stretched PE films presented as a
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FIGURE 7 p dependence of Young’s modulus calculated by using S5 of Odajima.
(a) v§%(= v{5) = 0.33, and (b) v{5(= v{4) = 0.47.

[ (@) 6=0.7 ]

E (GPa)

E (GPa)

FIGURE 8 4 dependence of Young’s modulus calculated by using S of Tashiro.
(a) v{§(= v{4) = 0.33, and (b) v{5(= v{3) = 0.47.
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polycrystalline aggregate model cannot be represented on the
homogeneous stress hypothesis by the theory for infinitesimal
deformation of an anisotropic elastic body using 36 independent
elastic compliance. Another possibility is due to the fact that although
the elastic compliance, S{] and 843, of the amorphous phase depend on
the draw ratio, the values of S{{ and S5 in Eqgs. (31) and (33) are given
as the intrinsic values of the amorphous phase. In addition to the
above problems, furthermore consideration must be done to evaluate
exact orientation distribution function of amorphous chain segment
and the decreasing effect of entropy on stretching due to orientation of
amorphous chains in order to achieve the good agreement between
experimental and theoretical values.

CONCLUSION

Simultaneous biaxially stretching was carried out by using UHMWPE
dry gel prepared by crystallization from solutions. The maximum draw
ratio depended on the concentration of solutions. The greatest
significant drawability could be realized at 0.9 g/100ml with the
maximum draw ratio 8.7 x 8.7, which is much higher than
the optimum concentration of 0.45g/100ml assuring the draw
ratio > 300-fold for uniaxially stretching. The Young’s modulus of
the biaxially stretched film (8.7 x 8.7) were much lower than that of
uniaxial film with almost the same draw ratio. To address the poor
values of the Young’s modulus, theoretical analysis was carried out by
using the generalized orientation factors of crystallites and amorphous
chain segments on the basis of a two phase model assuring the
homogeneous stress hypothesis within a polycrystalline material. In
doing so, the orientation function of crystallites was determined from
the orientation of the reciprocal lattice vectors of the crystal planes
using the method of Roe and Krigbaum [9—11], while the orienta-
tion function of the amorphous chain segments was assumed as
an inversely superposed Gaussian function. As the intrinsic elastic
compliance of a crystal unit needed to pursue the numerical
calculations, three kinds of values by Zehnder [27], Odajima et al.
[22] and Tashiro et al. [23] were adopted. The experimental values were
in good agreement with the theoretical ones calculated by using the
values of Zehnder [27]. Judging from the induced equations, the
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calculated results indicated that nobody produces high modulus and
high strength polyethylene sheets.
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