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Small Angle Neutron Scattering Studies of 
Polymer Orientation & Phase Separation 
R. S. STEIN 
University of Massachusetts, Amherst, MA 01003 

Small-Angle Neutron Scattering (SANS) studies are illustrated in three recent studies relevant to 
polymer properties. These are: 

1. The study of the melt miscibility of linear and branched polyethylene. 
2. The study of the morphologies arising from the crystallization of one or both components of a 

3. The measurement of the degree of chain extension in a highly oriented polymer. 
polymer mixture. 

In all of these studies, SANS contrast is enhanced using the isotope substitution technique in which an 
hydrogenous polymer is replaced in part by a corresponding deuterous polymer. Dimensions of mol- 
ecules or lamellae are obtained from studies of the q variation of the scattered intensity (where q = 
(4dy) sin (an)), and compositions and interactions between components are deduced from quantitative 
measurements of absolute scattering intensities. The use of parallel-x-ray and light-scattering studies is 
illustrated. 

POLYETHYLENE BLENDS 

The miscibility of polymer blends has been explored using small angle neutron 
scattering (SANS). The occurrence of phase separation is conventionally studied 
by observation of a cloud point using visible light. It has been shown that a neutron 
scattering “cloud point” may also be used for this purpose.’ This has the advantage 
that sufficient contrast can be obtained if one component is deuterium substituted 
so that it is sensitive in cases like those of polyethylene blends or blends of isomers 
of the same polymer (isostatic and atactic) where the small refractive index dif- 
ference leads to low sensitivity of the optical measurement. 

Through use of the de Gennes equation fused on the random phase approxi- 
mation, the value of the Flory parameter, X, may be determined. 

Here, +i,  Zi and Pi(q) are the volume fraction, degree of polymerization, and 
single chain scattering function for component i and R(q)  is the Rayleigh ratio for 
scattering (identical with ~Ef,ldQ)~. From P ( q )  the radius of gyration of a component 
may be obtained from 

P(q)-1  = 1 + [(Rg2)/3]q2 + . . . 
119 
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120 R. STEIN 

By this means we have demonstrated miscibility of the melts of blends of linear 
polyethylene (HDPE) and branched polyethylene (LDPE) as well as HDPE and 
linear low density polyethylene (LLDE)., The values of XI, for these blends is 
small and positive but slightly below the critical X associated with molecular weights 
of the components used. It is likely that with higher molecular weights, temperature 
and degree of branching, immiscibility may be found in the melt. 

In separate s t u d i e ~ , ~ , ~ , ~  it is found that while the melts are miscible, those blends 
yield separate crystals which form mixed superstructures at the lamellar and spher- 
ulite levels. 

POLY(VINYLAD1NE FLUORIDE)-POLY(METHYL-METHACRYLATE) BLENDS 

In previous st~dies,7.~.~ it has been shown that when a miscible blend of poly(vinylidene 
fluoride) (PVF,) and Poly(methylmelharvy1ate) (PMMA) is crystallized, a mor- 
phology result is consisting of lamellar crystals of PVF, interspersed with a miscible 
amorphous blend of PVF, and PMMA. Evidence for this comes from small-angle 
X-ray scattering (SAXS) where it is found that 

1. The repeat period increases with increasing PMMA content in a manner 
related to the increase in PMMA content of the PVF;! and PMMA. 

2. The intensity of the SAXS increases with PMMA content in a manner that 
may be quantitatively related to the electron density, re of the amorphous layer. 
The SAXS invarient defined as 

can be described by 

where p:r is the electron density of the crystalline PVF, and 

where +pvF2 and +pMMA,QM are the value fractions of PVF, and PMMA in the 
amorphous phase. 

Recently, the groups of Wendorf and Yoon have postulated the existence of a 
transition layer of amorphous PVF, between the crystal and the amorphous blend. 
We find it difficult to determine whether this occurs using SAXS alone but have 
found it possible’O to do so using deuterium substituted PMMA (d-PMMA) and 
with the SAXS invariants Q,. In this case, assuming a three-phase model involving 
a crystalline (cv.) amorphous (am) and a transition‘(tr) phase, the invariants are 
given by 
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POLYMER ORIENTATION AND PHASE SEPARATION 121 

and 

where the Q;s and pT's are the volume fractions and electron densities of the three 
phase, and Ai are the neutron scattering densities. We assume that p:, and A,, are 
values for the crystalline PVF,, p& and A,, are values for amorphous PVF' and 
p&, and A,, are values given for the blend where pZm is given by Equation (5) and 
A,, is given by the analogous equation. 

where the a,'s are values for the amorphous phases and +i,am has been corrected 
for the presence of PVF, in the transition layer. It is noted that while aPMMA is 
very dependent upon whether d-PMMA or h-PMMA is employed, p&,, is not. 

Thus QN should depend upon deuteration of PMMA but Q, should not. Meas- 
urements using d-PMMA (obtained through the courtesy of E. L. duPont de Nem- 
ous, Inc.) demonstrate that while the form of the SAXS variation with of is in- 
dependent of deuteration of the PMMA, the absolute SANS intensity (but not the 
SAXS intensity does not). Thus, it is possible to fit the invariants to Equations (6) 
and (7) and solve for +,,, +am and +,,. 

Upon doing so, it is shown to be necessary to postulate the existence of the 
transition layer where +tr is of the order of 0.2 to 0.3. This is consistent with 
theoretical considerations of Yoon. It is not possible to distinguish between this 
three-phase model with amorphous phase separation and that of a gradient bound- 
ary where there is a concentration gradient in the amorphous phase ranging from 
pure, PVF, near the crystal to that of the blend. 

Orientation studies 

The measurement of anisotropy of radii of gyration has been demonstrated in other 
(Picot, Bove) and our 1aboratory.l' By measuring R(q)  vs f in the plane and 
perpendicular to the plane of stretching, it is possible to determine (R:) parallel 
and perpendicular to the plane of (uniaxial) stretching. Measurements on poly- 
styrene (PS) (containing some deuterious PS) oriented using the capillary extrusion 
technique of R. S. Porter) demonstrates that for high molecular weight samples 
exhibit affine orientation, where the (R)rms values change in the same ratio as do 
the dimensions of the sample. However, measurements on p~ lye thy lene '~ . '~ . ' ~  show 
less-than-affine molecular orientation. Also, whole P(q)  is Debye random coil 
function like for the unoriented sample, large deviations are seen, especially at 
large q. The observation of aggregation effects has been demonstrated by meas- 
urement of the molecular weight for the absolute R(0)  values for both oriented 
and unoriented samples. It is noted that a correction for slit desmearing is necessary 
for this for the oriented sample.l3.I4 
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122 R. STEIN 

It is not surprising that PE, being semi-crystalline is non-affine. The crystalline 
and amorphous regions undergo different orientation processes, and they are af- 
fected by degree of crystallization, morphology and chain topology. 

We have applied this technique to ultra-oriented polyethylene samples crystal- 
lized using the gel technique. These were prepared using 2 x lo6 molecular weight 
HDPE furnished through the courtesy of the Hinont Corp. and gel crystallized and 
oriented by P. Lemstra and measured at Oak Ridge National Lab0rat0ry.l~ The 
values of (Ri )  in the parallel direction are very large and not resolvable but values 
in the direction perpendicular to the direction of stretching are readily measurable. 
Values of (Ry)rms less than 20-30 8, were obtained. These values, only with X-ray 
orientation data, suggest that molecules are almost completely oriented and that 
the disorientation of the various layers of films of samples used to obtain sufficient 
sample thickness for measurement was large compared with that occurring within 
a single film. Thus, the real value of (R,),,, (perpendicular) is probably less than 
the values specified above. It is proposed that it is better to look at a collection of 
films which are randomized in a plane perpendicular to the neutron beam. It is 
essential that this plane be oriented precisely in the perpendicular direction to avoid 
a contribution to the perpendicular radius of gyration from the very large length 
of the molecule. In this case, the length is so large as compared with the width, 
so that the observed q variation is primarily related to the width. 

A preliminary measurement at LANSCE, at Los Alamos, is at least, qualitatively 
consistent with these results.I6 

We propose that the model of completely extended chains having imperfections 
of jogs and folds will serve to describe the perpendicular scattering data and will 
serve to characterize the defects. 

These ultra-oriented samples, stretched in the range of 25x to lOOx exhibit out- 
standing mechanical properties which vary with orientation procedures. Conven- 
tional methods for characterizing orientation involving X-ray diffraction, infrared 
dichroism and/or birefringence have little sensitivity in this regime of orientation. 
The mechanized behavior seems most related to this defect content which can be 
explored using SANS. 

Acknowledgments 

We appreciate the support of the National Science Foundation, the Office of Naval Research, and the 
Materials Research Laboratory of the University of Massachusetts in this work. We are also indebted 
to the Exxon Chemical Co. (Dr. F. Stehling), the E. D. duPont de Nenours, Inc. (Dr. Dkeda) and 
the Himont Corp. (Dr. T. Dziemanowicz) for providing samples, to Prof. R. S .  Porter for extrusion 
orientation and Dr. P. Lemstra (University Eidhoven) for gel crystallization and orientation of poly- 
ethylene. We appreciate use of the facilities and collaborating with the Oak Ridge National Laboratory 
(Dr. G .  Wignall), the National Bureau of Standards (Dr. C. Han), and the Los Alamos National 
Laboratory (Dr. P. Seeger) for SANS measurements. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
40

 1
9 

Fe
br

ua
ry

 2
01

3 



POLYMER ORIENTATION AND PHASE SEPARATION 

PHASE SEPARATION IN BLENDS 

Phase Separaffon in Amorphous Phase 

Crysrall~zation 

Both Together 

Liquid Crjwallization 

FIGURE 1 Phase separation in blends-its classification. 

LINEAR (High Densily, Low Pressure) 

BRANCHED (LowDenslly. HIgh Pressure) 
A /  

FIGURE 2 Types of polyethylene. 

Composition 

FIGURE 3 A typical binary amorphous blend phase diagram. 

123 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
40

 1
9 

Fe
br

ua
ry

 2
01

3 



124 R. STEIN 

MELT MISCIBILITY OF PE BLENDS 

0 Neutron Cloud Points (Liquid-Liquid Phase Diagram) 

o r  

I ( q i , T I  var ia t ion with T a t  a qi 

'CP 

FIGURE 4 Neutron scattering cloud points. 
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POLYMER ORIENTATION AND PHASE SEPARATION 
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126 R. STEIN 

o Interaction Parameterx 

w Modified Zimm Equation (Stein et al.) 
w de Gennes Scattering Function with FiPA 
w Extended Ornstein-Zernike Theory (Benoit et a1 . I  

FIGURE 6 Thermodynamics of phase miscibility. 

. fit the above equation with Debye functions 
(for Po (9) and P: (9)) and adjustable x 

. Limit o f  stability o f  miscible single phase: 

x I x, 

FIGURE 7 The random phase approximation approach. 
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POLYMER ORIENTATION AND PHASE SEPARATION 127 

N 
I 
0 

x 
r( 

c 

'e, - 
a 

4 

0 

x 
r( 

SANS 15.0 

HDPEILDPE 12.0 

+ 3 0 W t %  HDPE-D 9.0 

0.0 

3.0 

0.0 
0.0 6.0 12.0 18.0 24.0 30.0 

3 q 6- l )  X I 0  

1 6OoC 
HDPE -D in HDILD(50150) 

2.0 - 

0.0 
0.0 6.0 12.0 18.0 24.0 30.0 

q G-' 1 x l ~  

FIGURE 8 Typical SANS data for a HDPE/LDPE blend. 
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128 R.  STEIN 

MOLECULAR DIMENSIONS OF THE HDPE-D COMPONENT 
I N  THE BLENDS 'MEASURED BY SANS 

T (R;)? (R;)%' 
(w/w) ( T I  +5%A +5%A M t ,  

~~ ~ ~ 

HOPE/LDPE 50/50 160 265 215 218, 500 

HOPE/LDPE 50/50 180 266 216 220, 500 

HOPE-D/HDPE 10/90 160 266 216 220, 500 

* Mw = ZomH 

INTERACTION PARAMETERS OF THE POLYETHYLENE 'BLENDS 
OBTAINED BY SANS 

HDPE/LOPE 50/50 160 2.16 2.36 6.56 7.18 0.914 
(TERNARY) 

HDPVLDPE 50/50 180 2.18 2.36 6.62 7.18 0.923 
(TERNARY 1 

HOPE/LDPE 50/50 160 2.28 2.36 6.94 7.18 0.967 
(BINARY) 

FIGURE 9 Molecular parameters obtained from SANS for a HDPEILDPE blend. 

CONCLUSION 

o No neutron cloud point was observed over 150°C - 300°C. 

0 HOPE and LOPE are miscible at 150°C - 300°C range 

0 I f  UCST and LCST exist in the HDPE/LDPE blend, UCST may 
be far below melting point while LCST may exist above 
300 C o r  above degradation temperature. 

0 The components in the HDPE/LDPE blend crystallize 
separately at levels o f  crystallite and lamella. 

FIGURE 10 Conclusions from polyethylene blend studies. 
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POLYMER ORIENTATION AND PHASE SEPARATION 129 

FIGURE 11 Hierarchy of morphologies for crystalline polymers. 

Spirerufitic Morphofogy of 
Cystaff!ne/A morpirous Bfends 

Amorphous componenl excluded from spherulites. Spherulites not 

Amorphous component within spherulites. Spherulites become 

volume filling. 

volume filling. 

FIGURE 12 Spherulitic morphology of crystalline/amorphous blends. 

Amorphous compmont between cryJtslllne lamelbe 

- w 2 / P U u A ,  PcL/Pvc 

Amorphous component sagregales Into Interlmelhr 
Feeions 

- I-FWa-PS. HDPE/LDPE (above T, of LDPE) 

Results should depend upon molecular welghts and 
CrystUmUon ternporatum 

FIGURE 13 Morphology of crystallinelamorphous blends. 
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130 R. STEIN 

MICROSTRUCfURE 01: A SEMICRYSTALLINE POLYMER such a s  polyethylene is 
shown at three levels of detail. Under polarized light such polymers are usually found t o  
be made up of closely packed spherulites: sunburstlike structures formed as the polymer 
solidified and crystal growth began at nucleation points and radiated outward. Spheru- 
lites commonly grow to  diameters of between tens and hundreds of micrometers (mil- 
lionths of a meter). O n  a finer scale each spherulite is a radial assemblage of narrow 
crystalline plates oriented in many different planes. Within each of the lamellae, o r  
plates, tightly packed polymer chains fold back and forth between two boundaries; amor- 
phous regions where molecules are tangled and disarranged fill spaces between lamellae. 

FIGURE 14 The morphology of spherulites (from E. Baer, Scientific American). 

FIGURE 15 Lamellar morphology of crystalline/amorphous blends. 
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POLYMER ORIENTATION AND PHASE SEPARATION 

FIGURE 16 Evidence for lamellar morphology. 

131 

FIGURE 17 Two-phase vs. three phase model. 
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132 R. STEIN 

1 

2 

3 

MODELS 
r 

! 

FIGURE 18 Electron density and neutron scattering lengths for three models of PVFJPMMA blends. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
40

 1
9 

Fe
br

ua
ry

 2
01

3 



POLYMER ORIENTATION AND PHASE SEPARATION 

X 

W 

0.0 5.0 10.0 15.0 20.0 25 
2 0 (A-’] x 10 

FIGURE 19 SANS and SAXS data for a PVFdPMMA blend. 

MODEL I 

9OQ 
C x (SAXS) 
. 71  

BOO .. 55 .34 

700 .45  .29 

90M .72 .52 

BOM .55 .35 

70M .46  .29 

FIGURE 20 A test of the two phase model. 
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134 R. STEIN 

YODEL 9- 

900 

800 

700 

90M 

80M 

70M 

& (IW) h) 4 
.27f.08 . 10 .30f.04 .43f.08 

.24f. 06 .13 .43f.04 .33& 06 

.20f.04 .15 .56f.04 .24& 04 

.25f. 08 . 10 .32f.04 .43f. 08 

.23f. 06 .14 .44f.04 .33f. 06 

.18*.04 .13 .56+.04 .26f-. 04 

FIGURE 21 Data fitting parameters for the three-phase model. 
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POLYMER ORIENTATION AND PHASE SEPARATION 135 

A Comparison o f  Orientation Behavior 

Crystal l ine Orientation Function 

omw b t l o  

Amorphous Orientation Function 

l:l 10 
Drew Hstio 

0 10 

Draw Ritio 

50 

FIGURE 22 Variation of crystalline and amorphous orientation and tensile strength with orientation. 
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136 R. STEIN 

polymer film L-rz /” - J 
grooved bi I le t 

COMPLETED BILLET ASSEMBLY 

FIGURE 23 Split billet technique for polymer orientation (R.  S. Porter). 
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POLYMER ORIENTATION AND PHASE SEPARATION 

1. (hometry of SANS experiment and htanrity contour 
lyrtyronr. 
outar and 

lot for uxtkring from thr unorientad unorphour 
!‘ha dine- between the normalized intensity of 
thr inner contour leveb ir about 200. 

137 

Ccometay of SANS experiment and intanrity contour 
plot for ac&tehg bnn ths orisntui amorp+~l~tytne, EDR - 4.2 The difieronce betwean the n o d  bb~ity of thq 
outer and the inner contour levelm u about 100. 

FIGURE 24 SANS contour diagrams for unoriented and oriented deuterium labelled polystyrene. 
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138 R. STEIN 

RESULTS AND DISCUSSION 

A Z i m m  p l o t  o f  I - ’ ( q )  v s .  q 2  a l l o w s  t h e  
d e t e r m i n a t i o n  o f  t h e  r a d i u s  o f  g y r a t i o n  and 
t h e  m o l e c u l a r  w e i g h t  

S l i c e s  o f  t h e  s c a t t e r i n g  p a t t e r n  p a r a l l e l  
and p e r p e n d i c u l a r  t o  t h e  draw d i r e c t i o n  
were a n a l y z e d  s e p a r a t l y  t o  d e t e r m i n e  Rg,, 
and Rgi 

FIGURE 25 Determination of R, by Zimm analysis for oriented polymers. 

Radiur of gyration M a function of EDR: (0) trans- 
vend radm of gyration. (RJ,; (A) longitudinal radius of gyration, 
(R& The continuour lines repment the variations of the m&ur 
of gyration muming an affine transformation and constant 
volumr. 

FIGURE 26 Variation of R, in the parallel and perpendicular directions for oriented polystyrene and 
polyethylene. 
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POLYMER ORIENTATION AND PHASE SEPARATION 
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FIGURE 26 (conrinued) 
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Extrusion Draw Ratio 

Variation of SANS determined molecular weight with elongation for polyethylene- 
effect of desmearing. 
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140 R. STEIN 

il 
d 

Table 2. Comparison of Tensile Moduli in Order of 
Increasing Approximate Ambient Values 

Modulus, 
x 10-10 

Material dyneslcmz Polyethylene 

Bulk polymers 1-7 Bulk polyethylene 
Aluminum alloys <70 .1 
Glass filaments 70-85 Special strands 
Other polymer limits <I25 
All steels -200 1 
Polyethylene limit 240 Continuous crystals 
Carbon filaments 240+ 500 

FIGURE 28 Elastic moduli for various materials 

TIE MOLECULE 2 

nnn l lnnn - 
MlCAOFlBRlL 

I n BK 
3 

ALIGNMENT OF POLYMER CHAINS lends tensile strength to  a fiber drawn from a 
semicrystalline polymer. During the initial stretching the crystalline lamellae in the 
polymer break up into smaller blocks of folded chains, which line up end to end to form 
numerous distinct microfibrils ( I ) .  The blocks are  linked by extended tie molecules, 
which strengthen the microfibrils. More extensive stretchlng of the polymer partially 
unfolds the blocks and causes the microfibrils to merge (2). The  greater number of mole- 
cules that are  extended along the axis of the fiber further strengthen it. In an ideal mor- 
phology all the polymer chains would lie along the axis of the fiber ( J ) ,  and the fiber 
would benefit fully from the great longitudinal strength of the polymer macromolecules. 

FIGURE 29 Chain unfolding during stretching of a crystalline polymer (from E. Baer, Scientific 
American). D
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POLYMER ORIENTATION AND PHASE SEPARATION 

Chain Entanglement 
NORMFIL CRYSTFILLINE POLYMER (from melt) 

Highly entangled 
chains 

GEL-CRYSTALLIZED POLYMER (Pennings, Lemstral 

ew entanglements 
Highly Drawable 

VIRGIN POLYM YMER [P. Smith1 

FIGURE 30 Entangled and disentangled structures for crystalline polymers. 

MECHANISM OF GEL CRYSTALLIZATION 
Entangled Melt 

Crystalllzed Gel 

141 

FIGURE 31 Mechanism of gel crystallization. 
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142 R.  STEIN 

FIGURE 32 A typical SANS contour diagram (ORNL) for 50X drawn deuterium labelled gel crys- 
tallized polyethylene. 

CONCLUSIONS 

* For coex t ruded HDPE, t h e  de fo rma t ion  i s  
non-a f f i ne  f o r  draw r a t i o s  > 4 

* Rg show a l e v e l i n g  o f f  a t  draw r a t i o s  > 8 
a t  120 31.  

w For g e l -  c r y s t a l i z e d  UHMW PE. Rg, i s  much 
lower ( 40 31 1 ,  i n d i c a t i n g  f a r  more molecular 
e x t e n t i o n .  

* Molecu la r  model ing migh t  be used t o  determine 
cha in  dimensions a t  l a r g e  q r e g i o n s  by categor-  
i z i n g  t h e  v a r i o u s  cha in  d e f e c t s .  

FIGURE 33 Conclusions from polyethylene orientation studies. 
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POLYMER ORIENTATION AND PHASE SEPARATION 

Ef fec t  o f  Misal l ignment o f  Samples 
on Scatter ing Pat tern 

Completely Some Poorly 
Alligned Misallignment Alligned 

FIGURE 34 Smearing resulting from sample misorientation. 

The Solution: Randomize the Orientat ion 
(suggested by S. Rojstaczer) 
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FIGURE 35 Circular averaging for an oriented sample. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
40

 1
9 

Fe
br

ua
ry

 2
01

3 



144 R. STEIN 

d 

0 
d 
X 

2. 
CI 
. P I  
In 
C 
a, 
CI 
C 
H 

C 
1 

Theoretical Profiles 

. . . . . . 3 :  1000 

-5:1000 
- - - - - 10: I000 

\ 
\ 

0.0 24.0 48.0 72.0 96.0 1; .o 
3 Q ** 2 x 10 

FIGURE 36 Calculate scattering curves for circularly averaged samples for various values of L/W. 

Theoretically, it is possible t o  calculate 
the scattering pattern directly from the 
atomic coordinates. 

This has been done for simple defects, such 
as jogs and folds, and for short chain lengths. 
The structures were cylindrically averaged about 
the center of mass, and scattering perpendicular 
to the draw direction was calculated. 

FIGURE 37 The molecular calculation of S ( q ) .  
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POLYMER ORIENTATION AND PHASE SEPARATION 145 

Defects in  Polymer Chains 

Perfect Chain 

Jog 

loop 

-"a AA/\/ 

FIGURE 38 Postulated defects on almost completely oriented polyethylene. 

MODEL 

- x - x - x -  Z i g - Z a g  @.I 

2 
X -Fo I d  

1000.0 - 
I- 
Z 
H 

f 980.0- 

960.0 
0.0 16.0 32.0 48.0 64.0 80.0 

Q**2 XIO 

FIGURE 39 Calculated S(q) (perpendicular) curves for perfect polyethylene chains and those con- 
taining a randomly located jog or fold. 
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