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Abstract 

The results of two Methods for studying molecular processes 

accompanying the defamation of polyethylene are described. The examina- < 

tlon of spherulite deformation by observing light scattering patterns along 

vlth measurement of the birefringence! stress and strain during the rapid 

extension of polyethylene Shows that this Initial structural deformation Is 

essentially instantaneous* Dynamic x-ray diffraction shows that this is 

followed by a slower relaxation Involving change in the orientation of the 

crystals by two processes, the lower temperature one involving slipping of 

lamellae past each other and the higher temperature one involving viscoelastic 

flow of the crystals. 

Introduction 

In a previous publication^, structural interpretations of mechanical 

properties were discussed. It was shown by combining the measurement of 

birefringence with that of stress, that the orientation of a crystalline polymer 

was time-dependent. For example, if a sample of hlgh-denslty polyethylene 

is stretched, the birefringence does not lanwdlately achieve its final value 

but continues to increase for more than 100 seconds after the sample reaches 

its final length. The interpretation of this observation is ‘•.hat the 

molecules required this amount of time to change from an unoriented state to 

an oriented one. 
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• This orientation process in a crystalline polymer is complex in 

that the molecules reside partly in crystals and partly in amorphous regions* 
i 

The crystals in turn are arranged in lamellae which participate in large 

superstructures such as spherulltes. Consequently, the molecular orientation 

depends upon the participation of the molecules in the orientation of these 

structural elements of the polymer* It has been our objective to resolve 

molecular orientation into its constituent processes by employing a number 

o 
of optical techniques • 

It was concluded in these earlier studies that the large mor¬ 

phological units, the spherulltes, deformed very rapidly, essentially simul¬ 

taneously with the deformation of the sample. The crystals and amorphous 

units within the spherulltes also underwent this rapid initial deformation. 

However, internal stresses result from this initial deformation process which 

are subsequently relieved by relaxation* This relaxation occurs within a 

longer time scale and is the process which results, for example, in the 

forementioned increase in birefringence with time. It occurs by means of a 

rearrangement of both the crystalline and amorphous regions within the deformed 

spherulite. 

In this paper, additional studies which substantiate these procestes 

are discussed. These involve (l) the observation of the time dependence of 

spherulite dimensions by light scattering during the rapid irreversible 

stretching of polyethylene films, along with the simultaneous measurement 

« of local strain, stress and birefringence, and (2) the direct measurement of 

the time dependence of crystal orientation rates by the dynamic x-ray 

diffraction techniques. 

fpn**»6“'" 
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Hlgh Speed Elongation Studies 

These studies vere principally carried out as part of a Ph.D. 

thesis by Dr. peter Ertuwdt (Present Address: Xerox Corp., Ttebster, New 

York) and are described in detail elsewhere^. The samples were stretched 

from both ends at rates up to 1*000 ln/mln using a pneumatic-hydraulic device 

3 4 
which has been described ' and which is shown in the photograph jf Fig. (l). 

The strain of the sample was monitored during the rapid extension by taking 

high speed motion pictures of lines ruled on the surface of the sample. 

Thickness was obtained from the initial thickness, and the measured change 

of length and width of the sample assuming constant volume. Stresses were 

measured using a modified BLH dynamic load *cell with an output displayed on 

a cathode ray oscillograph. 

low angle photographic light scattering patterns were obtained 

simultaneously using a laser and second high speed motion picture camera as 
* e 

has been described-'»? and is seen in Fig. (l) and shown diagramatically in 

Fig. (2). 

Simultaneous measurement of birefringence is accomplished by 

determination of the transmittance of light when the stretched sample is 

placed between polarolds oriented at * U50 to the stretching direction. 

To do this, a portion of the laser beam used for the light scattering photo¬ 

graphy is reflected by a tilted partially reflecting glass plate i-r.j a 

photomultiplier tube as shown in Fig. (2). 

A typical set of light scattering photographs enlarged r~rm 

selected frames of the motion picture are presented in Fig. 3 for a com¬ 

pression-molded film of m Monsanto experimental medium-density polyethylene 

stretched between 0° and 90° crossed polarolds (designated I+) at a rate of 

1636 ln/in/mln. and photographed at 2000 frames/sec. Tbr elongation ratios 
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in the stretching direction, ax, and the tines after stretching are indicated 

under the photographs. The deformation of the spherulite is characterized by 

the distortion of the scattering pattern. For purposes of characterizing this 

distortion, l/2 of the angle B is defined in Fig. 4, For the undeformed spheru- 

lite, 1/2 B « 45°. B increases toward 900 as the spherulite becomes deformed 

and changes from a sphere to an ellipsoid elongated in the stretching direc¬ 

tion. 1/2 B may be quantitatively related to the axial ratio of the ellipsoid 

using a theory for the scattering from deformed spherulites proposed by the 

author and coworkers7’9 and in a more approximate but mathematically simpler 

amuiner by Samuels • 

The variation of this value of l/2 B, the elongation ratio, c^, 

the stress, 0, and the birefringence A during the elongation of such a poly¬ 

ethylene füm are shown in Fig, (5)« The rapid fall-off of stress at about 

27 msec, is a consequence of sample breakage. It Is seen tha* both the spheru¬ 

lite deformation and the birefringence increase rapidly and keeps pace with the 

®*~Ä;:le deformation. Fig. (6) shows the results of a comparison of the spherulite 

elongation ratio calculated from the light scattering pattern (radius in stretch 

dlreetlon/original redius) and the sample elongation ratio. The tvo are 

approximately the same. 

Similar results have been obtained by both light scattering and 

microscopic observation during slow stretching. Results on polybutene-1 from 

this laboratory have been published recently11. 

If the sample is held at constant elongated length following rapid 

stretching, the spherulite dimensions remain constant but the birefringence 

continues to Increase at a slower rate for many seconds as previously dis¬ 

cussed. Obviously, there must be a rearrangement of molecules within this 

deformed superstructure occurring by a different mechanism and with longer 

relaxation times. The nature of this structural rearrangement will next 



be discussed 

Dynamic X-ray Diffraction Studies 

It is believed that the birefringence Increase is a consequence of 

delayed crystal orientation. The direct demonstration of this may be 

accomplished by the observation of the time-dependence of the x-ray diffrac¬ 

tion by these crystals. The dynamic x-ray diffraction technique, developed 

in this laboratory, has been described briefly12, and more complete des- 

1¾ lU 
criptions are forthcoming'. 

The difficulty in following rapid changes in crystal orientation 

by the x-ray technique is that by ordinary techniques, diffracted x-ray 

intensities are sufficiently low that it is necessary to count individual 

quanta or else average over their rate of arrival for times of the order of 

seconds. To obtain a measurement of a fairly small change in crystal orienta¬ 

tion, one must measure the intensity, itself to a precision of the order of 

1$. This would require the counting of several thousand diffracted quanta 

which would take several seconds using conaonly available x-ray sources. 

Therefore, it is not feasible to follow directly crystal orientation changes 

occurring in times of the order of seconds or less. 

An alternate approach for the determination of the time-dependence 

of crystal orientation Is to observe x-ray intensities during cyclic deforn»- 

tion as in the dynamic birefringence measurement2. While it is not possible 
# 

to measure directly the cyclic variation of diffracted x-ray intensity with 

time during a single cycle, such information can be obtained by averaging the 

results over many cycles of sample deformation* The procedure has the dis¬ 

advantage, however, that only reversible changes in orientation can be studied. 

The rearrangement of crystals within a deformed spherulite following stretch¬ 

ing is not completely reversible, so that one does not learn the complete 
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story. However, the correspondence which has been observed1'’ between 

dynamic birefringence data obtained In cyclic experiments at small (0.1$) 

strain amplitude, relaxation experiments at 1$ strain, and constant rate 

of strain experiments at up to 8$ strain amplitude Indicate, at least, 

that up to these strains, the same phenomona is seen by the various methods. 

The principal of the dynamic x-ray technique is illustrated in 

Fig. (?) and a photograph of the essential parts of the apparatus is shown 

in Pig. (8). The sample is vibrated in tension at frequencies between 0.01 

and 20 cycles/see. at a controlled temperature with a dynamic strain amplitude 

of 2.5$. This is superposed on a static strain of about 200, vhl-h is 

necessary in order to avoid the sample becoming slack during the vibration. 

Xn feet, for soples mich as high density polyethylene at room temperature, 

measurements are not possible because of the low degree of recoverable elasticity. 

A counter is set at a particular Bragg angle so as to receive 
■m m 

diffracted Intensity from a particular crystal plane* The amplified output 
■* . * 

of the counter is distributed to four counting channels (sealers) by a switch¬ 

ing arrangement operating in synchronism with the sople vibration. (Zn the 

diagram, and photograph, this Is shown as a rotating camshaft with microswitches. 
k' * 

This has now been replaced by a more satisfactory "photosvltch" involving a 

rotating optical sector wheel with r -toce 11 operated gating circuits as 

described elsewhere1'*.) Each counting channel receives the signal during a 

particular Interval of the strain cycle and does so repeatltively during the 

earns time interval over many cycles of sample vibration. In this respect, the 

apparatus icts as an "x-ray stroboscope. " 

By comparing the accumulated count In the different channels, it 

Is Pasible to calculate (l) the amount by which the diffracted intensity changes 

In the course of cample vibration, AX, and (2) the phase angle, X, between 



intensity variation and strain. A typical result is shovn in Fig. (9) for the 

amplitude of the change in diffracted intensity accompanying the cyclic strain¬ 

ing of the sample for the (110) peak of medium-density polyethylene at 30°C. 

This is plotted as a function of the azimuthal angle of diffraction, ¢, defined 

in Fig. (10). The parts of AI which are in phase (AI') and out-of-phase (AI") 

with strain are plotted. 

The azimuthal angle at which a crystal diffracts depends upon its 

orientation. If there is random orientation of crystals, the intensity of 

diffraction will be Independent of azimuthal angle. Hhe degree of the depen¬ 

dence of intensity upon this azimuthal angle is a measure of the degree of 

crystal orientation* 

When the strain of the sample is changed, the diffracted intensity 

at a particular set of angles may change for at least two reasons: (l) the 

amount of diffracting material may change, as might result, for example, from 

a change in the degree of crystallinity, or (2) the distribution of orientation 

of these crystals may change. These two possibilities can be distinguished by 

observing the dependence of the change of intensity upon azimuthal angle. If 

the intensity changes because of (1), the scattered intensity should either 

increase or decrease for all azimuthal angles; however, for an orientation chant«, 

(2), one should find the intensity Increasing at some values of and decreasing 

at others, as in the case in Fig. (9). Ibis represents an increase in the number 

of crystals oriented at some angles and a decrease at others; hence, a change in 

crystal orientation. 

Sow from the dependence of diffracted intensity upon azimuthal angle, 

it is possible to calculate a quantity called the orientation function designated 

by using procedures described elseqhere1^*1^. An f may be associated with 

any crystal plane and has the following properties: 
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For rmndoa orientation, f is zero. If the normal to the crystal 

plane is parallel to n characteristic direction of a sample (the stretching 

direction), f ■ + 1. If the normal to this plane is perpendicular to this 

direction, f « - 1/2, 

Similarly, it is possible to describe the change in orientation of 

a crystalline plane in terns of a change in the orientation function, Af, 

which may be determined from the dependence of AI upon e15'1®. This is plotted 

as a function of temperature for the a, b, and c crystal axes in Fig. 11 obtain¬ 

ed from the data of 1* Kimura in my laboratory^ • [Actually Af * is plotted 

which is the part of Af which is in phase with strain and given by (Af ) eosx ]. 

It is seen that: 

(1) Afc is positive while Afft and Af^ are negative. This means that 

u#on stretching, the c axle is turning toward the stretching direction while 

the a and b axes are turning away. This is reasonable since the e axis is the 

polymer chain axis which is expected to orient parallel to the stretching 

direction. 

(2) In the lower temperature range (below 6o°c), the amount of 

orientation change increases with Increasing temperature. The Increase in f 
* ~ c 

is about equal to the decrease in f , with a smaller change in fv. This would 

closely correspond to a rotation about the b axis, perhaps accompanied by some 

tilting of the e axis of the crystal within the lamellae. It is to be noted 

that the b axis normally lies in the radial direction of polyethylene sphe rail tes. 

Consequently, it Is suggested that this relaxation involves the twisting of 

the lamellae which lie along the radius, this occuring principally in the 

equatorial regions of the spherulite. Such twisting Involves the sliding of 
^ # 

lamellae over each other. This motion is expected to become easier with 

increasing temperature. The region between crystalline lamelles is probably 

occupied with irregular chain folds, tie chains and chain ends. The increasing 

..-- 



ease of this intercrystalline notion is probably associated with the increasing 

nobility of these types of chains. 

(?) At higher temperature (above 70°C) Afc decreases with increasing 

temperature (becomes less positive) while Af^ becomes less negative. is 

found to becone more negative. It is suggested that in this region motion 

begins and the crystals become viscoelastic , in that the crystal 

lamellae no longer preserves its identity and molecules within the crystal 

move with respect to each other. This may occur ns motion of dislocations within 

the crystal lattice or even by a melting and recrystallization. In fact, the 

Increase in perpendicular b-axis orientation with stretching in this region is 

reminiscent of the formation of row-oriented crystals observed upon heating drawn 

polyethylene samples at temperatures somewhat below their melting points. 

In previous studies of the dynamic birefringence, the strain-optical 

coefficient, K', was observed to pass through a maximum with increasing tempera¬ 

ture as shown ln Hg. (12). The present experiments demonstrate that this 

maximum InK ! is a consequence of a maximum in the orlentability of the crystals. 

Conclusions 

Äe present experiments further demonstrate that the orientation of 
...» ... ♦ 

a crystalline polymer is at least a three-stop process involving (l) an instantáneo» 

deformation of the superstructure and its constituent parts, (2) a slower 

slipping of lamellae past each other within the defonsed superstructure, and 

(3) a still slower viscoelastic flow of molecules within the crystal. The 

relative contribution of these processes to the mechanical properties of the 

polymer depend upon the time scale of the experiment and the temperature, and 
t 

are dependent upon the crystallinity and morphology. 
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The relaxation of polyethylene in this temperature region of 40 - Q0°C 

has been called the a relaxation process. Some explanations of this process 

have been concerned with the motion of the chain folds. This, for example, 

has been proposed by Sinnot on the basis of his studies of this relaxation 

of single crystal mats of differing fold period • Other workers such as 

Takayanagi have postulated an intercrystalline mechanism and have pointed 

out that this relaxation occurs at temperatures where the rate of increase in 

the a-axls dimension of the unit all is observed to become greater. 

We feel that our data conclusively demonstrate that both of these 

mechanisms contribute to the alpha relaxation, the former at lower temperatures 

and the latter at high. There has been some discussion as to whether the alpha 

relaxation is a crystalline or an amorphous process. The present experiments 

show that these contributions cannot always be clearly distinguished in that 

the low temperature mechanism Involves the onset of motion of the crystallites 

because of the onset of motion of the amorphous surface layers. 

Future Work 

The postulated origin of the alpha loss peak in terms of the two 

mechanisms suggested here points to several additional experiments : 
tj. 

(l) To what extent do the alpha loss mechanisms involve changes in 

the amorphous orientation? This might be studied by: 

(a) Quantitative comparison of the observed strain-optical 

coefficient with that calculated for the crystalline contribution from the 

dynamic x-ray diffraction data. The difference must arise from orientational 

changes of amorphous regions. Preliminary experiments18 have indicated that 

crystalline orientational changes are the largest contributor, but more precise 

experiments are in progress, 

(b) Direct study of the dynamic x-ray scattering from the 



-11- 

inorphous halo of polyethylene. The quantitative relationship between the 

azimuthal distribution of the intensity of amorphous scattering and the 

amomhous chain orientation is not clear-cut, but it is apparent that the 

azimuthal dependence of /:.1 in this region should be related to the change 

13 
in £f_. Preliminary measurements indicate that AI is small 

amorph. amorph. 

and does not differ much in phase from the strain, 

(c) Direct study of crystalline and amorphous orientational 

changes by dynamic infrared dichroism. Earlier static measurements22 and 

more recent measurements by B. Read in this laboratory25 have demonstrated 

the potential of the infrared dichroism technique for resolving crystalline 

and amozphous orientation. More recently time dependence studies2i|'2^,26 

have shovn that at longer times, there is not much change observed In crystal 

orientation. We are presently instrumenting the high-speed elongation appara¬ 

tus for obtaining dynamic Infrared (and ultraviolet) dichroism measurements in 

short times. 

(d) Direct study of the orientation of crystalline lamellae has 

27 
been made, for example, by Hay and Keller by low-angle x-ray scattering. 

The extension of this approach to time-dependence studies is desirable. The 

study in correlation of orientation of lamellae over distances in the thousand 

Angstrom range by wide angle light scattering has received preliminary attention^50 

and is currently under study in this laboratory. 

(e) The extension of the rheo-optical methods to lower temperatures 

is desirable where molecular processes associated with the beta and gamma 

processes might be examined. 

# 
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FIGURES 

1. A photograph of the high-speed stretching apparatus with laser and high¬ 

speed Motion picture camera in place for recording low-angle light 

scattering patterns, 

2. A schematic diagram of the instrumentation for simultaneously recording 

stress, strain, birefringence and light scattering for a sample subjected 

to rapid deformation; CYL is hydraulic cylinder, LC is load all, FC are 

Fastex high-speed motion picture cameras, TD is a time delay circuit, L 

is a He-Ne gas User, F. is a filter, A and E are diaphragms, B is a 

partially reflecting glass plate, P is a photomultiplier, T is a microswitch 

trigger, SL is a strobe light, BA is an amplifier, and CRO is a cathode ray 

storage oscilloscope, 

3. A series of enlarged frames from the high-speed motion picture of the I+ 

scattering pattern obtained during the rapid stretching of a Monsanto medium- 

density polyethylene film, 

4. The angle B used as an index of the spherulite deformation, 

5. B» variation of the angle, l/2 B, the stress, c, the elongation ratio, 

and the birefringence, A, during the rapid elongation of a medium-density 

polyethylene film. 

6. The variation of the spherulite elongation ratio, a., calculated from light 

scattering with the measured sasiple elongation ratio during the rapid 

elongation of a medium-density polyethylene film. 

7. A diagramatic sketch of the dynamic diffractometer. 

8. A photograph of the dynamic diffractometer. 

9. H» variation in AI, the amplitude of the cyclic change in diffracted 

intensity of the {110} peak of medium-density polyethylene upon cyclically 

straining at various frequencies at 30°C plotted as a function of the azimuthal 

angle of diffraction. 



FIGURES-2 

10. The Bragg and azimuthal diffraction angles, 0 and *. 

11. The variation of ¿f ' for the a, b, and c crystal axes of medium-density 

polyethylene as a function of temperature for measurements at 1 c.p.s. 

12. 1516 variation of the dynamic strain-optical coefficient, K', at 1 c.p.s. 

with temperature for medium-density polyethylene. 
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