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Crystal twinning in simultaneous biaxial 
stretching of gelation-crystallized ultra-high 
molecular weight polyethylene 

M Y U N G  H. CHO, S A D A O  H I B I * ,  THEIN KYU ~ 
Institute of Polymer Engineering, University of Akron, Akron, OH 44325, USA 

Structure and orientation development in simultaneous biaxial stretching of gelation-crystallized 
ultra-high molecular weight polyethylene (UHMWPE) was examined by means of X-ray pole 
figures. The dry gel film exhibits a stacked lamellar structure similar to single-crystal mats with 
preferential crystal c-axis orientation normal to the film surface. The biaxially stretched gelation- 
crystallized films reveal a complex crystal orientation of (1 1 0), (2 0 O) and (0 2 O) planes. The 
detailed analysis of these pole figures manifests the occurrence of crystal twinning in addition to 
the orientation of crystallites. Crystal transformation of orthorhombic to monoclinic structure was 
not observed during biaxial stretching. The orientation distribution functions of crystallites were 
calculated assuming affine deformation. The orthogonality of crystal <~1 10~-c  axes and crystal 
a -c  axes was further assumed to be conserved during the crystal twinning and biaxial orientation, 
respectively. Model simulation with contributions of 30% crystal twinning and 70% crystal 
orientation yields the best fit with the X-ray pole figures of biaxially stretched U H MWPE films. The 
affine model appears to be valid up to a biaxial draw ratio of 1.8 x 1.8, after which the results 
deviate from idea!ity with increasing draw ratio. 

1. I n t r o d u c t i o n  
The understanding of deformation processes, in fab- 
ricated polymer parts has been of central importance 
because of the intimate relation of polymer structure 
and properties. It is theretore natural to witness nu- 
merous studies on the characterization of molecular 
orientation in relation to mechanical performance of 
the materials. In highly crystalline polymers, crystal 
orientation is often accompanied by crystal trans- 
formation and/or twinning during cold-rolling or 
drawing. Frank et al. [1] investigated deformation 
mechanisms in cold-rolled polyethylene and the re- 
suits were interpreted in terms of crystal plasticity. 
(1 00) [0 1 0] slip and (3 1 0)(3 50) and/or (1 1 0)(1 50) 
twinning were found to be dominant, whereas 
(1 1 0)[1 70] slip appeared to be a less easy mode of 
deformation compared with the above mechanisms. 
Under certain conditions, a second crystalline phase 
occurred associated with phase transformation. 

A more detailed study on the orientational pro- 
cesses occurring during the drawing of polyethylene 
single crystals was undertaken by Geil and co-workers 
[2-5] with emphasis on the twinning of the ortho- 
rhombic unit cell and a phase transformation to 
a monoclinic unit cell. Various types of deformation, 
involving different combinations of twinning and 
phase transformations, were subsequently proposed. 
The authors pointed out that when the draw direction 

is near the b axis or nearly parallel to the (1 1 0) or at 
an angle between the b axis and (1 1 0), the phase 
transformation predominantly occurred in a manner 
dependent upon the relative direction of crystal axes 
and the drawing. When the drawing is near the a axis, 
the twinning of {1 1 0} orthorhombic crystals is the 
dominant mechanism. The present gelation-crystal- 
lized ultra-high molecular weight polyethylene 
(UHMWPE) has a single-crystal mat structure with 
preferential c-axis orientation in the film normal direc- 
tion. The b axis appears to be random in the film 
plane. We now explore how crystal twinning and 
phase transformation would occur during simultan- 
eous biaxial stretching of these gelation-crystallized 
UHMWPE films. 

In a previous paper [6], we reported mainly on the 
orientation development during simultaneous biaxial 
stretching. The biaxial orientation was evaluated 
using wide-angle X-ray (WAXD) pole figures and 
infrared dichroic methods. The tensile strength and 
naodulus of biaxial films were approximately the same 
in all directions, indicating uniform mechanical per- 
formance. Moreover, these values were comparable to 
those of uniaxial films of comparable draw ratios. Our 
analysis on crystal orientation was rather qualitative 
in a strict sense. In this paper, we examine the pole 
figures quantitatively in terms of the orientation distri- 
bution function. We realize that some of the intensity 
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Figure I (a) The Cartesian coordinate 0 x1x 2 x3, (b) the principal axes  0 - u  1/,I 2 U 3 of the crystal and (c) Eulerian angles % 0 and T I specifying 
the relation between the above two coordinates. 

maxima in the pole figures cannot be interpreted 
solely by the crystal orientation. An additional process 
such as crystal twinning must be taken into account 
for explaining the complete pole figures [7, 8]. 

2. Theoretical background 
A transformation matrix aim, which characterizes the 
orientation of a Cartesian coordinate O-UlU2U3 of 
a structural unit with respect to a reference Cartesian 
coordinate O-XlXzX3 in the bulk specimen (laborat- 
ory coordinate), may be described in terms of three 
Euler angles 0, % and q: 

aim = 

[ cosq~cos0cosrl  - - c o s g c o s 0 s i n q  sin0cosq0 1 
--sin q0 sin q, --sin 9 cos rl, 

sin q0 cos 0 cos rl - sin ~p cos 0 sin q sin 0 sin q0 

+ cos ~p sin rl, + cos q~ cos I"1, 

- -  sin 0 cos q, sin 0 sin q, cos 0 

(1) 

where aim can be interpreted as the direction cosine of 
the axis Um of the structural unit with respect to the 
axis xi of the bulk specimen (Fig. 1). For simplicity, 
Equation 1 may be rewritten as 

[,1] i,ol l 12 = aim lb = | a 3 1 ,  a32,  a33 lb (2) 

13 Lie k a i i ,  a12,  a13 !~ 

where li and im are the unit vectors of the O--X1X2X 3 

and O-uluzu3 coordinates, respectively. The sub- 
scripts a, b and c stand for crystal a, b and c axes. The 
orthogonality condition of the components of direc- 
tional cosine requires that 

aZi + a~i + a3Zi = 1 i = 1,2,3 (3) 

When an arbitrary vector r~ along the u3 axis is subject 
to deformation, it changes to r; such that 

F  a31 Ia 3] rc / ~'3ca33 = r ;  a ; 3  (4) 

L L i c a i 3  a~3 

where Lie represents the draw ratio in each direction. 

2508 

Rewriting Equation 4, one obtains 

r'c 2 : r2 /A3c  (5) 

where 

A3 c = (a '23~2= ( a ' 3 3 ~ z =  (a'13 ~a (6) 
\ ) ~ 2 c a 2 3 f  \ ~ , 3 c a 3 3 f  \ ) u i c a 1 3 /  

Applying Equation 3 to Equation 6 leads to 

(~ A3~ = ~ + ~ + ~ (7) 

Similarly, one can derive the following expression 
along the ul axis: 

1 Ia l] ra |~L3aa31 = r ;  ag l  (8) 

Lki.aii a~l 

Rearranging Equation 8 gives 

( r_~a~ 2 = A l a  1 
r , /  

= = \ a;1 } 

= (;%,all~ 2 

k a'11 ] 
(9) 

Assuming that the orthogonality of a and c vectors is 
maintained during deformation, i.e. (ra-re) = 0, Equa- 
tion 9 can be rewritten as 

1 _ ( ~ l a a l l x ] 2  .~ ( a l l  ~ 2 = (}.2cL3caji'] 2 

Ala \ all  } \ L l c a l l /  \ a~l } 

2 2 sin20c~ (10) 
= )~2c)~3~ sin20,cos2q, 

Subsequently, one obtains the following expression 
from Equation 6: 

\k, lcax3/ \ a13 / 
~2 ~ cos 20' 

- cos20 (11) 

Then 

sin 20 = 1 - -  COS20 = 1 - -  (~,~c~,2cCOS20'/A3c) 

= (A3c -- )~c~,2cC0S20') /A3c (12) 



Rearranging Equation 10 gives 

cos2rl sin20 ' 
C O S 2 ~ t  2 2 �9 2 ~,2c~3cAlaSln 0 

{ sin20' ~ (  A3c 
= 2 ~ ~ _ - 5 -  k~k~cos20,  / (13) kk2ck3cAlaJ A 2 3 -  

From the second row of Equation 8 one gets 

roX3.(sin q~ cos 0cos 1"1 + cos q~ sin q) 

= r',(sin q)' cos 0' cos rl' + cos q~' cos q')  (14) 

Rearranging Equation 14 gives 

sin q~' cos 0' + cos q~' tan 11' 

taCOS ]f] , , �9 
- ,--__-77- tsmq~cos0 + cosq~tanrl) (15) 

raCOS 1] ~3c 

From Equations 9 and 10, 

(r'~ 2 sin20 cosZrl 
- = 

\ra/ sinZ0 ' cosZ rl ' 

r.cos rl sin 0' 
- (16)  

Gcos rl' )~2~Z3~sin 0 

Differentiating Equation 15 with respect to 1"1 and q'  
and substituting Equation 16 into Equation 15, one 
obtains 

taCOS 1" I 
- , cos qa sec2 rl dq , (17) cos qYsec 21"1' do '  Gcos 1"1 )~3~ 

dq _ ()~2~X2~sinO)(cos2q'~(cos~p"~ 
dr 1' \ si-i-~ J\cos2rl'J\cosq~J (18) 

Substituting Equations 12 and 13 into Equation 18 
leads to 

drl 

dr  I' s i n 0 ' / / \  ~ ! Za3c / 

// A3~ )/ /  sin20 ' ) 
X k 2 - ~ - 2  2 t 2 ~  A3~ - )~2d~3~cos 0 J\~2~)~3~Alo,] 

x s in  O' J A 1,, 

(19) 

Assuming that volume remains unchanged during de- 
formation, 

r'2sinO'dO'd(p'.r" = r2sinOdOdq)'G (20) 

rc 3 I sin OdOdqo 
r 3  - -  z13cd3/2 sinO'dO'dqo' (21) 

Finally, the orientation distribution function of crys- 
tallites after deformation, w'(cos0', ~', q'), may be 
expressed as 

sin 0 dO dtp dq 
w'(cos 0', q;, q ')  = w(cos 0, % q) sin 0'd0' dq0' dq '  

= w(cos0, q~, rl)(1/Al,,A3c) (22) 

where w(cos 0, % rl) represents the orientation distri- 
bution function in an undeformed state. 

The relationship between the orientation distribu- 
tion of crystallites, w(cos 0, % rl), and that of the j th  

individual crystal planes, q(cos0j, q)j), may be ob- 
tained through the expansion of Jacobi's polynomials 
up to the expansion coefficient l = 8, i.e. 

w'(cos 0', # ,  q ')  

8 l l 

= Z Z Z [Alm, cos(mq~' + nq') 
1 = 0  m = - I  n =  - I  

+ B~,~,sin(mq)' + nq')]Z~,,,(cosO') (23) 

where the coefficients A~,., and Btm, may be given as 

- w' (cos 0', q~ ', q ') 
.B,m. 4X2 ' = 0  ' = 0  ' = o  

I cos(mq; + nq') 
x Ztm.(cos 0')sin 0' dO' dqD' dq '  

(s in(rag/  + nil' ) 
(24) 

On the other hand, the orientation distribution func- 
tion of an individual diffraction plane may be ex- 
panded as 

8 l 
qJ(cosj, %) = ~ 

1 = 0  m = - - l  

x [A/,.cosmq)j + B/,,sinm%] 
m 

x IV[ (cos 0j) (25) 
l 

Here, the polar angle 0j and the azimuthal angle q)j of 
the rj vector are defined in Fig. 1. The coefficients 
Arm, and B,,., in Equation 24 and A],, and B[,, in 
Equation 25 may be related in terms of the addition 
theorem of Legendre polynomials 

= 2re 
Bio \25751 . , = _ ,  

x (cos | (26) 
[.Arm.sinai - Bl~.cosqbj I 

II/"(cos 0r) and H;(cos O j) are the associated Legendre 
polynomials which may be further related to the 
Legendre polynomials as follows: 

tl 

Z~o,(cosOj) = [ I ( cosOj )  (27) 
l 

m 

Z,,oo(COS 0j) = IF] (cos o j) (28) 
I 

The polar angle | and the azimuthal angle qbj are 
already defined in Fig. 1. The angles of (110), (200) 
and (020) planes of polyethylene are tabulated in 
Table I based on the orthogonality conditions such as 

T A B L E  1 The  polar  angle @j and  az imutha l  angle '  (bj of  the 
individual  diffracted planes used in the s imula t ion  

Plane  Type  1 Type  2 

(r..rc) = 0 (rb'rc) = 0 (rl lo "u = 0 

| (deg) qbj (deg) | (deg) dpj (deg) | (deg) d#j (deg) 

(1 10) 90 
(2 0 0) 90 
(0 2 0) 90 

56.3 90 - 3 3 . 7  90 0 
0 90 - 9 0  90 - 5 6 . 3  

90 90 0 90 33.7 
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Figure 2 Pole figures of (110), (200) and (020) crystal planes for the 10 x 10 biaxially stretched film. 

(020) 

r," rc = 0 and/or r b �9 r c = 0 (Type 1) for crystal orienta- 
tion and r~ ~0"rr - -0  (Type 2) for the {110} crystal 
twinning. The physical interpretation of the Type 
1 model may be the crystal orientation about the 
b axis, e.g. lamellar detwisting, and/or the crystal rota- 
tion about the a axis, e.g. chain tilting, respectively. In 
the case of the Type 2 model, twinning occurs at the 
{110} slippage plane. 

3. Experimental procedure 
U H M W P E  used in this study was kindly supplied by 
Himont Co. The viscosity-average molecular weight 
Mv of U H M W P E  is approximately 6 x 106. The 
methods of gelation-crystallization and biaxial 
stretching of the U H M W P E  films were thoroughly 
described in a previous paper I-6]. A biaxially 
stretched film (ratios 10 x 10) was used for WAXD 
studies. The WAXD pole figures of (1 1 0), (2 0 0) and 
(0 2 0) crystal planes were acquired on a 12 kW Rigaku 
X-ray diffraetometer with the aid of a pole-figure 
attachment. 

4. Results and discussion 
In a previous paper [6] we have qualitatively demon- 
strated how the pole figures of (110), (200) and (020) 
planes change with biaxial draw ratio. As mentioned 
before, the original gelation-crystallized films reveals 
some preferential c-axis orientation in the thickness 
direction (normal to the film surface). This yields the 
strong isointensity contours of (200) and (020) planes 
at large polar angles 0j. The (110) pole figure shows 
similar behaviour, as it is the composite of (200) and 
(020) planes. As shown in Fig. 2, the contour lines of 
the (200) reflection, upon stretching to a 10 x 10 
ratio, become the strongest at the centre with a minor 
peak at an intermediate polar angle. The maximum 
peak position of (020) contour lines remains fairly 
stationary at large 0j, and the magnitude also remains 
unchanged. However, a small shoulder appears at an 
intermediate polar angle around 30 ~ As a conse- 
quence, there appear two maxima in the pole figure of 
the (110) crystal plane, one being located at the centre 
and the other at an intermediate angle of approxim- 
ately 60 ~ . This result has been qualitatively interpreted 

in terms of crystal orientation in which c-axis or mo- 
lecular chains predominantly align in the direction of 
stretching, such that the a axis orients in the thickness 
direction while the b axis partly orients along the 
direction of stretching. 

In order to gain insight into the deformation beha- 
viour, it is essential to analyse the WAXD pole figures 
quantitatively�9 It should be borne in mind that the 
starting gelation-crystallized film has some preferen- 
tial orientation of a- and b-axis in the MD*, while the 
c axis aligns in the ND*. The reason for this film- 
normal orientation of crystal c-axis or molecular 
chain axis may be associated with the large free energy 
of the surface. Visually, there is some shrinkage in the 
lateral direction of the gelation-crystallized films. Al- 
though the kinematics of the shrinkage may not be the 
primary cause of the film-normal orientation, it is 
necessary to know the extent of shrinkage before 
stretching biaxially. We calculated the orientation dis- 
tribution functions of the (110), (020) and (200) 
planes based on the crystal rotation about the crystal 
a axis (rb"  rc = 0), the b axis ( r , "  rc = 0) or the ( 1 1 0)  
plane normal (rl 1 o 're = 0). A shrinkage ratio of 0.85 
in the (rl 10' rc ~ 0)  mode gives the best fit between the 
model calculation and the experimental results 
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Figure 3 A comparison of(a) experimental and (b) calculated inten- 
sity profiles of the original gelation-crystallized UHMWPE film 
before stretching. (�9 (110), (0) (200), (A) (020). 

* MD = machine direction; ND = normal direction 
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Figure  4 Simulated intensity pro- 
files for crystal orientations based 
on the models (a) r b . rc = 0, (b) r , .  rc 
= 0  and crystal twinning (c) 

r l l o - r~  = O. (�9 (110), ( � 9  (200), 
(A) (o2o). 

(Fig. 3). The value Z = 0.85 will be used as the starting 
draw ratio for biaxial stretching. 

Fig. 4 illustrates the comparison of the intensity 
profiles of the orientation distribution functions of the 
reciprocal lattice vectors (2~@) of (110), (200) and 
(020) planes based on the model calculations for two 
types of crystal orientations (i.e. the crystal rotation 
around the a axis and around the b axis) and the 
crystal twinning at the { 110} slippage plane. As a first 
step, a biaxial draw ratio of 1.8 x 1.8 was arbitrarily 
chosen in the calculation in order to see the trend of 
the intensity variation with polar angle. The first 
model of crystal rotation around the a axis (rb 'rc = O) 

shows the opposite trend as compared with the experi- 
mental intensity profiles of (200) and (020) planes 
(Fig. 3); thus it may be ruled out. The second model of 
crystal rotation around the b axis (r,.rc = 0) exhibits 
a right trend of the orientation behaviour of reciprocal 
lattice vectors of the (2 0 0) plane. In the case of the 
(0 2 0) plane, the model predicts a strong intensity at 
the polar angle of 90 ~ , but it fails to account for the 
intermediate peak at about 30 ~ As for the (l 1 0) plane, 
the model predicts very well for the peak at a polar 
angle of 60~ however, the peak at 0 ~ is too weak 
relative to the experimental result. The combined ori- 
entation models evidently cannot adequately account 

for the observed intensity profiles. This implies the 
need for further considering additional mechanisms, 
such as crystal transformation and/or twinning. 

As demonstrated in a previous paper [6], the crystal 
transformation from orthorhombic to monoclinic 
phase was not detected in these biaxially stretched 
gelation-crystallized UHMWPE films, although such 
a phenomenon was often seen in compression 
moulded [9] or cold-rolled [1] polyethylene films. 
Hence, the mechanism of crystal transformation may 
be ruled out for the biaxial stretching. In the deforma- 
tion of polyethylene crystals, {110} and {310} twinn- 
ing has been known to occur. However, only {110} 
twinning was observed during the deformation of 
polyethylene single crystals without any evidence of 
{310} twinning [10, 11]. In the present case, no evid- 
ence was again found for the {310} twins. We then 
calculated the { 110} crystal twinning and the results 
are shown in Fig. 4 in comparison with those of the 
orientation model. The crystal twinning model fails to 
explain the overall behaviour of intensity profiles. 
However, it predicts the strong intensity of reciprocal 
lattice vectors of the (110) plane at 0 r = 0 ~ and that of 
(020) at 0 r = 30 ~ These two peaks are exactly what 
the model of crystal rotation around the b axis fails to 
predict; which in turn suggests that both the crystal 

20 
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0 30 60 90 0 30 60 
Polar angle ~ O/ 

90 0 
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i , i 

30 60 90 

Figure  5 Intensity profiles calcu- 
lated by taking into account the 
relative contributions of crystal 
twinning and orientation at the 1.8 
x 1.8 draw ratio: (a) 20:80, (b) 

30: 70 and (c) 40: 60. (O) (1 10), ( � 9  
(2 oo), (A) (o 20). 
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Figure 6 Intensity profiles of the 
30:70 twinning/orientation for 
draw ratios (a) 1,5 • 1.5, (b) 1.8 
x 1.8 and (c) 2.0 • 2.0. (O) (1 1 0), 

(e) (200), (A) (020). 
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orientation (r, "re = 0) and the {1 1 0} crystal twinning 
might occur concurrently during biaxial drawing of 
the gelation-crystallized UHMWPE films. 

The relative contribution of the crystal orientation 
and the crystal twinning at the { 1 1 0} plane for a given 
biaxial draw ratio of 1.8 x 1.8 has been evaluated 
based on the affine assumption. As can be seen in 
Fig. 5, the model simulation of 70% crystal orienta- 
tion and 30% crystal twinning gives the best fit with 
the experimental intensity profiles for the 10 • 10 
specimen shown in Fig. 3. Next, we examine the effect 
of stretching ratio by fixing the contributions at 70% 
crystal orientation and 30% twinning. As shown in 
Fig. 6, for a low draw ratio of 1.5 • 1.5 the calculated 
(0 2 0) peak at 30 ~ turns out to be small, whereas at 
a high dt~aw ratio of 2.0 x 2.0 the (0 20) intensity 
oscillates about zero. The calculated intensity profiles 
for the biaxial draw ratio of 1.8 x 1.8 yields the best fit 
with the experimental data (Fig. 7). Strictly speaking, 
the (2 0 0) intensity is slightly higher than the experi- 
mental one, which may be due to the fact that the 
crystal rotation around the a axis was totally ignored 

20 

15 
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0 
0 30 60 90 0 30 60 90 

Polar angle, e/ 

Figure 7 A comparison of (a) observed and (b) calculated intensity 
profiles, based on the affine assumption with a 30:70 twinning/ 
orientation and at a 1.8x L8 draw ratio. (Q) (1 10), (e) (200), 
(A) (020). 
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in the model calculation. It is reasonable to conclude 
that the affine model with the contribution of 70% 
crystal orientation and 30% twinning is valid up to 
the draw ratio of 1.8 x 1.8, and then the calculated 
intensity deviates from ideality with increasing biaxial 
draw ratio. The validity of the affine assumption has 
recently been tested by neutron scattering experiments 
of uniaxial deformation [12-14]. The orientation of 
linear polyethylene chains appears to hold only up to 
the draw ratio of approximately 5 [13, 14]. 

5. Conclusions 
In the quantitative examination of the WAXD pole 
figures, crystal rotation around the b axis appears to 
be the dominant mechanism. However, the crystal 
orientation alone fails to account for the intensity 
profiles of the orientation distribution function of the 
reciprocal lattice vectors of (1 1 0) and (020) planes. 
{ 1 1 0} twinning has to be taken into account to ex- 
plain the biaxial deformation behaviour of the gela- 
tion-crystallized UHMWPE films. The crystal trans- 
formation from.orthorhombic to monoclinic phase 
which has been known to occur in cold-rolled poly- 
ethylenes was not observed during the simultaneous 
biaxial stretching. 
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