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The mechanical relaxation be havior of a se t of we ll·characteri zed sa mples of polye th yle ne c rys
tallized with different degrees of la mellar ori entation is re ported . The va rious sa mples ra nged in 
morphology from unoriented iso tropic samples to ones which showed a high degree of ori e ntat ion of 
the b-ax is along the sample growth direction. The mec ha nical meas ure ments were made us ing a 
torsion pe ndulum apparatus of sta ndard design, the direc tion of shear being norm al to the b-axi s for 
the ori ented samples. The te mpe rature ra nge covered was from 100 to 400 OK. No de finite effec ts 
attri butab le to orie ntation were observed for e ither the 'Y or f3 re laxa tion process, whereas for the a 
relaxation res ults for C" indicate th at a s light decrease in peak height res ulted from th e prese nce of 
lamellar or ientation, parti cularl y on the high te mpe rature side of thi s peak. Data fo r the rea l and 
imaginary parts of the co mplex s hear co mplia nce a re also di scussed. 
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1. Introduction 

Density and morphological factors such as lamellar 
thickness and s pnerulite size are known to affec t th e 
relaxation be havior of crystalline polymers. Thi s 
dependence on morphology is oft e n very co mplicated , 
affec ting the loss measures tan 0 , Gil , and J" in different 
ways [1] 1 and ma king it difficult to de termine the 
molecular mechani sms responsible for the various 
relaxation processes observed_ 

One of the morphological variables tha t has been 
little studied is orientation , despite the fac t that in 
simpler solids, [2 , 3, 4] for certain crystal symmetries, 
and for certain molecular mechanisms, th e direction 
of the applied stress with respect to the crys tal axis 
is known to affect the r elaxation behavior. In poly
ethylene, Takayanagi [5] has reporte d striking differ
ences between unoriented samples and samples 
crystallized with prefe rred orientation of the b-axis . 
The experiments wer e in tension , the direction of 
stress being along the b-axi s. However , the two 
samples were of some wha t diffe re nt compositions of 
polyethylene , and it is not clear to what extent the 
observed diffe re nces wer e due primarily to orientation. 

In addition , Eby and Colson [11] have s hown for 
samples of polye th ylene prepared with an oriente d 
surface layer and for the sam e samples with the ori
ented layer r e moved that the mecha nical relaxation 
behavior in s hear is measurably different. 

It is the purpose of the present pape r to report the 
mechanical r elaxa tion behavior (in shear) of a set of 

*Th is researc h was carried out while the au thor was pursu ing a Pos tdoc tora l Res ident 
Research Associates hip in assoc iation with N.A.S., N. R.C. 

I Figures in b rackets indicate the lit e ra ture references at the end of th is pape r. 
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well-c harac terized samples of polye th ylene havin g 
different degr ees of la mellar ori e nta ti on , the direc tion 
of shear being normal to the b-axis for the orie nted 
samples. As will be seen , no de finite effec ts a ttribu
table to orie ntation were found for either the 'Y or f3 
relaxati on process . However , for the a relaxa tion 
the experime ntal results fo r Gil indicate th a t a sli ght 
decrease in peak height res ulted from the presence of 
la mellar orientation , parti c ularly on the high te mpera
ture side of thi s peak. 

2. Experimental Procedure 

2.1. Sample Preparation 

The samples were prepared from Marlex 60502 

polye thylene supplied through the courtesy of R. J. 
Martinovich of the Phillips Petroleum Company. 
This polymer contains a small amount of thermal 
stabilizer and has a weight average molecular weight 
of approximately 90,000. 

A quenched sample and two isothermally crystal
lized samples were obtained using a technique e m
ployed by Passaglia and Martin [1] for samples of 
polypropylene . The polymer was initially prepared 
as a fiat s trip by compression molding. The fiat s trip 
was s ubsequently placed betwe en two strips of alumi
num cut to the desired dimensions and the sandwic h 
then wrapped tightly in aluminum foil. The wrapped 
sandwic h was mounted be tween two bronze plates 
held together by slight spring te nsion . The e ntire 

2 Certa in commerc ial materia ls and equi pment a re ident ified in I his pape r in order to 
spec ify the ex pe riment al procedure adequat-ely. In no case docs s uch iden ti fi ca tio n imply 
recommendation or endorseme nt by the Nat iona l Bureau of Standa rds. 



assembly was heated in an oven to 165°C for about 
30 min. One sample was quenched in dry-ice and 
acetone. The two isothermally crystallized samples 
were prepared in a crystallization bath, one being 
held at 127.5 °C for three days followed by rapid cooling 
to room temperature, and the second being held at 
129 °C for 12 days, 128 °C for 1 day, 127 °C for 1 day, 
and then followed by rapid cooling to room temperature. 

The oriented samples were prepared according to 
a method outlined by Seto and Fujiwara [6] and a 
diagram of the apparatus used is shown in figure l. 
The apparatus consisted of a cylindrical copper 
block separated by a thin layer of transite (~ 1 mm) 
from a similar copper block which was water cooled. 
A hole was drilled down the axis of the assembly. 
The upper block was maintained at approximately 
200°C while the lower block was at room tempera
ture. The polymer sample, contained in an evacu
ated glass tube of about 2 mm I.D., was lowered slowly 
through the hole. Crystallization was restricted to a 
very narrow region in the vicinity of the insulating 
layer, and by controlling the rate at which the sample 
was lowered, samples with varying degrees of lamellar 
orientation were obtained. For this investigation 
lowering rates were varied from 19.0 mm/hr, at which 
rate a sample with essentially no orientation was pro
duced, to 0.28 mm/hr for a sample with a relatively 
high degree oflamellar orientation. 

However, inasmuch as the drop rate also influenced 
the crystallization temperature - a rapid drop rate 
corresponding to a low crystallization temperature - a 
variation in the crystalline lamellar thickness also 
resulted. That is, the lamellar thickness, or corre
spondingly the density [7], increased with an increase 
in the degree of orientation. 

Samples grown in this manner show orientation of 
the b-crystallographic axis along the sample growth 
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FIGURE 1. Apparatus Jor growing oriented polyethylene samples. 
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FIGURE 2. Wide angle x·ray photographs oj polyethylene samples: 
Sample 1, unoriented quenched; Sample 2, unoriented, grown in 
apparatus described in figure 1; Sample 3, slightly oriented; 
Sample 6, highly oriented. 

direction as indicated by the wide angle x-ray photo· 
graphs presented in figure 2 for four of the samples 
studied. For samples 3 and 6, orientation is indicated 
by arcs representing the (110), and (200) reflections 
for sample 3, and (110), (200), and (020) reflections for 
sample 6, whereas for the unoriented quenched or fast 
cooled samples (1 and 2) (the fast cooled sample was 
produced in the apparatus just described) uniformly 
continuous rings are observed corresponding to these 
reflections. 

A further indication of the orientation obtained is 
provided by figure 3 which shows photomicrographs of 
sections cut longitudinally from the same four samples 
referred to in figure 2. Here ringed spherulites typical 
of polyethylene are observed for the unoriented 
samples. However, for the highly oriented sample 6, 
the dark bands caused by the twisting of the crystalline 
lamellae no longer form rings but are now nearly 
straight lines indicating that a large fraction of the 
lamellae run parallel to the sample growth direction. 

A summary of the characteristics for each sample 
studied is given in table 1. The densities were meas
ured by the displacement technique using distilled 
water. The low angle x-ray spacings were determined 
photographically using a Rigaku-Denki low angle 
x-ray camera. The column at the far right indicates 
a rough qualitative estimate of the degree of lamellar 
orientation for each sample. 

,1 



FIGU RE 3. Photomicrographs oj polyethylene samples: Sample J, 
unoriented quenched; Sample 2, unoriented , grown in the appara
tus described in figure 1; Sample 3, slightly oriented; Sample 6, 
highly oriented. 

T ABLE 1. Summ.ary oj sample characteristics 

Sample Densit y App rox imate Degree of 
Low :.lIl::;1c s pac ings orientation 

g/c m3 I, (A ) I, (A ) 

1 (QUt'll cht'd ) 0.95 16 (24 .0 °C) 232 NOI None. 
measurab le 

2 .9623 (26.6 0c) 256 119 None. 
3 .9704 (26 .0 0c) 3 16 156 Poor. 
4 .9710 125.8 0c) 322 156 Medium . 
5 . 9730 (24.8 °C) 377 183 Good . 
6 . 9714 (26.6 °C) 385 164 Good . 
7 (I so the r ma ll y .9664 126 .5 0c) 27, 135 None. 

crys ta ll ized) 
8 (Isot herma ll y .9836 (25.05 °C) Nol 204 None . 

crys tallize d) meas urabl e 

It will be noticed, as previously mentioned, that 
orie ntation , lamellar thickness, and density all vary 
in the same direction from sample to sample_ That 
is, due to the manner of sample preparation, an in
c rease in orientation is accompanied by an increase in 
lamellar thickness a nd density_ Thi s has the un
fortunate consequence of making it difficult to cor
relate an observed change in mechanical properties 
with a morphological change. 

2_2_ Apparatus 

The mechanical measure ments were obtained using 
a torsion pe ndulum apparatus which has been de
scribed in some detail previously [8] . 

The samples were made to the proper dimension s 
so as to provide an operating frequency of about 1 
Hz_ In the case of th e qu enc hed and iso thermally 

crystalli zed samples, which were flat strips, the thick
ness dimension varied from position to position on 
each sample by up to 5 percent, while variations in 
the other dimensions were small e nough to be con
sidered negligible. Therefore, an average sample 
thi ckness determined from measure ments taken at 
10 different positions on each sample was used in 
calculati n g the real part of the shear modulus, G' _ 
F or each cylindrical rod sample, the diameter of 
whic h varied over its le ngth by up to 3 percent , six 
meas urements were made. From these an average 
diameter was determined for co mputation purposes_ 

2 _3 . Effects of Thermal Expansion 

As is customary in s tudi es of mechani cal relaxat ion 
in polym e rs, we have neglec ted dime ns ional cha nges 
with te mpe ra ture in calculatin g the mod uli , usin g the 
dime nsions meas ured at room te mperature for thi s 
purpose_ Generally thi s is justifiable in as mu c h as 
c hanges .in modulus res ultin g from th erm al expan sion 
are s mall co mpared with observed c ha nges in the 
modulu s. It is also jus tifi ed whe n rela ti ve diffe re nce 
a mong sam ples is of interes t a nd the samples are all 
iso tropi c _ Wh e n s amples of different orie ntati ons 
a re co mpared, howe ver , th e know n ani sotropy [9] of 
the the rmal expansion of polye th yle ne must be 
co nsid ered. 

The mod uli a re senslLJve to th e tran sverse dim e n
sions of th e s pecime n, be in g inve rsely proporti onal 
to the c ube of th e thi ckness for a fl a t s pecime n, and 
to th e fourth power of th e radiu s for a cylindrical one_ 
Now, it is known [9] that the a-ax is of polye th yle ne has 
by far the larges t expan sivity, and our orie nted samples 
are suc h that thi s dime nsion is prefere ntiall y normal 
to the growth direction, whereas in the unorie nted 
sa mple it has, of co urse, no preferred direc tion . 
This will cause differences in th e th erm al expansion 
of the dime nsion normal to the growth direc tion, 
whi c h in turn will cause rela tive diffe rences in the 
moduli fo r the two types of samples at any temperature 
but room temperature. Without actual meas ure
ments on our samples it is impossible to make a quanti 
tative correction for this, but usi ng the data of Swan 
[9] it can be estimated that the isotropic sample moduli 
s hould be lowered by several percent relative to the 
oriented sample moduli at liquid air temperature, 
and rai sed by somew hat less at the highes t tempera
tures achi eved_ The effect of thi s difference on the 
observed differences in the c urves will be com me nted 
on below. 

3. Results 

The experimental data for the im agi nary and real 
parts of the complex shear modulus as function s of 
temperature are presented in figures 4 and 5 respec
tively. For clarity the data for samples 4 and 5 have 
not been included, but the res ults for the m will be 
commented on when necessary. 
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In order to facilitate a more direct comparison of 
our results with other data reported in the literature 
the loss modulus Gn will be used for discussion pur
poses rather than th e logarithmic decre me nt which 
is customarily reported. From figure 4, which gives 
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the results for Gn , the three regions of mechanical 
relaxation characteristic of polyethylene are ob
served. We shall here follow the notation generally 
used and refer to the high temperature relaxation 
(- 313 OK) as the a process, the low temperature 



TABLE 2. Experimental results for th e observed a- and y· relaxations 

'Y Re laxation peak a Relaxation peak 

Sa mple Tm. , v, C' (Tm.,) C"(Tm;,,) Tm" vo C'(Tm. ,) C"(Tm,,) 

oK Hz Newtons/m l! Newtons!", 2 oK Hz Newt ofl.s/m2 Newlolls/m2 
I 152 0.840 1.75 X 10' 1.0 X 108 303 0.476 5.60 X 10' 7.5 X 10' 
2 152 1.29 2. 17 X 10' 9.8 X 10' 310 .704 5.50 X 10' 7.8 X 10' 
3 146 . . 26 2.44 X 10' 9.1 X 10' 311 .597 5.60 X 10' 8.1 X 10' 
4 146 1.26 2.40 X 10' 9.1 X 10 ' 3 11 .599 5.40 X 10' 8.0 X 10' 
5 146 1.40 2.25 X 10' 8.0 X 10' 311 .735 6. 1 X 10' 7.9 X 10' 
6 151 1.37 2.40 X 10' 8.8 X 1"0 ' 3 13 .685 5.80 X 10' 7.9 X 10' 
7 15 1 1.46 2.47 X 10' 1.0 X 10' 316.5 .727 6.16 X 10' 8.9 X 10' 
8 152 2.53 3.04 X 10' 7.4 X 10' 315 1.34 8.87 X 10' 9.29 X 10' 

relaxation ( ~ 150 OK) as the y process, and the less 
well defined relaxati on in the region from 200 to 250 
OK as the f3 process, 

For convenience a resume of the experimentally 
determined parameters for the a and y relaxation 
peaks is given in table 2 for the samples inves tigated, 
Included in the table are the te mperature of the peak 
maximum , the experime ntal frequen c y at that tem
perature, and the values of G' and G" at the peak 
maximum. Because of the rather poor resolution 
of the f3 relaxation process and also as a result of some 
overlap of both the a and y relaxations in thi s te m
perature region , the determination of a peak maximum 
is too uncertain in most cases and thus no values have 
been included for thi s relaxation process. 

It is apparent from fi gure 4 that the behavior in 
all three regions is dependent upon the morphological 
characteris ti cs of th e specimens. These differences 
are partic ularly evident in the a and f3 relaxations, 
and less so in the y. Indeed , when accou nt is taken 
of the differences in thermal expansion as mentioned 
above, only slight differences remain at the y peak, 
and these are suc h that the higher de nsi ty samples 
have lower relaxations. For the quenched and iso
thermally crystallized specimens a tail appears on 
the low temperature side of the y loss peak s ugges ting 
that for these samples relaxation mechanisms exis t 
whic h are not observed in the others. 

In the f3 region , results for the quenched and iso
thermally crystallized sam pIes (1, 7, and 8) indicate 
that the magnitude of G" increases as the density, and 
correspondingly the lamellar thickness, increases. 
For the two oriented samples (3 and 6), the densities 
of which are intermediate to those for samples 7 and 8, 
the magnitude of G" falls within the values found for 
samples 7 and 8. Therefore, it is concluded that the 
observed differences in these samples are not due to 
orie ntation, but to density and/or lamellar thickn ess 
diffe rences. 

The results for G" above room temperature reveal 
that the a relaxation is comprised of at leas t two 
peak s, one peak (a) having a maximum centered near 
315 OK, and a second weaker peak, appearing as a 
shoulder, at higher temperatures in the vicinity of 
360 OK. This secondary loss peak will be denoted 
by a'. For the unoriented samples both the a and a' 
r elaxations increase with increasing density, but the 
a' process is not observed in the quenched sample. 
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The be havior of the oriented samples, however, devi
ates to a small extent from this trend since in the region 
of maximum loss, for both the a and a' peaks, values 
for G" are somewhat smaller than would be expected 
from density considerations alone, based on the re
sults for the unoriented speci mens . This will be 
de monstrated more explicitly later for the main a 
peak. 

The data indicate no significant de pe nde nce of the 
temperature of the maximum on morphology in the y 
region , whereas the a peak is shifted slightly to higher 
te mperatures as the density increases (see table 2). 
This may be du e to the dependence of the te mperature 
of the a maximum on lam ellar thickness [10]. 

In figure 5 the data re presenting the real part , G', 
of the modulus are given. These data require little 
co mment except that over the e ntire te mperature 
range covered , G' for the unoriented samples increases 
with increasing density; and, within the experimental 
accuracy, the data below room tempe rature for the 
ori e nted samples show no significan t deviations from 
this be havior. However , a bove room te mperature 
through the region of the a relaxation G' appears to 
drop off more steeply for the oriented samples than 
for the unoriented ones. 

4. Discussion 

It is impossible from the data in figures 4 and 5 to 
ascribe unambiguously the observed differences in 
the behavior of the samples to any single morphologi
cal parameter. However, the consideration of other 
published work does permit a fairly definite statement 
about the effect of orientation. 

Illers [10] has carried out experiments employino
torsional shear stresses (- 1 Hz) on samples of un~ 
oriented polyethylene crystallized isothermally from 
the melt. His results showed that both the a and y 
relaxations involve at least two processes. That is, 
weaker secondary loss peaks were observed as 
s houlders, one being on the low temperature s ide 
of the y peak, and a seco nd on the hi gh te mperature 
side of the a peak. It was found that as th e sample 
density , or lamellar thickness, in creases, th e magni
tude of both co mpone nts of th e y peak decreases , 
whereas th e f3 peak as well as both I he a and a' re
laxation s show increases . At the same tim e values 
for the modulus, G', were found to increase as th e 
density increased. 
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In addition, investigations by Eby and Colson [11] 
and by Flocke [12], using similar techniques, indicate 
analogous results for samples of polyethylene quenched 
from the melt and slowly cooled from the melt. How
ever, in the latter two inves tigations no distinct sec
ondary maxima, or shoulders, associated with the y 
process were observed, although the data of Eby and 
Colson indicate a definite tail on the low temperature 
side of this peak, the tail being slightly hi gher for 
the quenched sample. 

Although quantitative correlation is difficult, our 
own results show the same trends as observed by 
these workers. With regard to the y and 0: relaxa
tions, it is instructive to plot the values of the loss 
modulus, Gil, at the peak maximum as a function of 
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sample density, and these plots are given in fi gures 6 
and 7 respectively. Included in the fi gures are the 
data of Illers [10], as well as our own. 

The solid lines represent a least sq uares fit to the 
data points for the unoriented samples including the 
data points of Illers. 

For the y relaxation it is seen from figure 6 that 
our own res ults for the unorie nted samples are in 
good agree ment with the data of Illers. Moreover, 
except for sample 5, the data points for the oriented 
samples show no significant deviations from this 
trend. The point for sample 5, however, does de part 
somewhat from the trend observed for the others. 
Examination of photomicrographs along with low 
angle x-ray photographs indicate that sample 6 has 
a higher degree of lamellar orientation than does sam
ple 5, although 5 has the greater density. Conse
quently, it is not certain that the lower peak height 
observed for thi s sample is a result of orientation or 
represents an inconsistency in the da ta. We would 
co nclude from these data that the magnitude of the y 
relaxation is not depende nt upon orien tation , but 
obviously depends upon density and/or lamella 
thickness. 

These conclusions may be contrasted with the 
measurements of Takayanagi [5] who, as mentioned 
in the introduction, found dis tinct differe nces in the 
region of the y relaxation, between oriented and iso
tropic samples in tension. However , the oriented 
specimen was of a different type of polyethylene from 
the isotropic specimen, and it is not clear that the 
observed differences were not due to polymer type. 

A similar plot is shown in fi gure 7 for the 0: relaxa
tion . Again, our own results for the unorien ted speci
mens , 1, 2, 7, and 8 show the same tre nd as do those 
of Illers, although here the agreement is not quite 
as good as in the case of the y process. However, the 
data points for the oriented samples 4, 5, and 6, which 
are all well oriented, fall consistently below the line 
fitt ed to the points for the unorie nted speci mens. 

It might be mentioned that if our own data alone 
are considered an alternative interpretation is pos
sible. That is, a line fitted to the points for samples 
1 through 6 will fall well below the points for the iso
thermally crystallized samples 7 and 8 . Since these 
two samples were prepared somewhat differently 
one might conclude that the observed effect was a 
result of the method of crystallization rather than 
orientation. However we see no reason to exclude 
Illers' data from consideration, especially in view of 
the fact that our own results for unoriented samples 
show the same trends as do his. Therefore, it is con
cluded that for this process, in addition to densit y 
and/or lamellar thickness effects , orientation does 
have a small effect , and in such a manner that the 
loss modulus, Gil, decreases as the degree of lamellar 
orientation increases, for the type of orientation our 
samples have. 

Concerning the two weaker secondary relaxations 
also observed, it can be further s tated that it appears 
reasonable to associate the tail , observed both from 



the present work and from that of Eby and Colson 
[11], with the loss mechanism found by Illers on the 
low temperature side of the y relaxation peak. How-

, ever, due to the as yet obscure nature of this process, 
no statement can be made with respect to possible 
orientational effects. On the other hand, the a' 
shoulder does appear to be influe nced by orientation 
since, as mentioned earlier, the loss modulus data 
for the oriented samples 3 and 6 in the region of this 
shoulder fall below that for sa mple 7, a sample of 
lower density than either 3 or 6 (see fig. 4). 

The orientation in these samples is such that the 
b-axis of the unit cell is preferentially along the rod 
axis, the a- and coaxes being randomly oriented nor
mal to this direction. Since the deformation is 
torsional and the oriented samples are cylindrical, 
the strain is such that the a·b and b-c faces of the 
crystal are preferentially sheared in these samples. 
Inasmuch as the oriented specimens show a lower 
Gil than the unoriented specimens in both the a and 
a' regions , it may be tentatively concluded that the 
relaxation is preferentially activated by shearing the 
(010), (010), and (100), or (010) and (001) faces of the 
crystal. When our results are compared with those 
of Eby and Colson [11] , it appears most likely that the 
relaxation is preferentially activated by shearing of 
the (010) and (l00), or (010) and (001) faces of the 
crystal, but the te nuous nature of the conclusion is 
apparent. 

Moreover, it may very well be that the relaxation 
is associated with some aspect of the lamellar "super
s tructure" rather than processes within the primary 
crystals. In this regard, the results could jus t as well 
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FIGURE 8. Loss compliance, J", versus temperature for polyethylene: 
Sample 1, quenched, unoriented ; Sample 6, highly oriented; 
Sample 8, isothermally crys tallized, unoriented. 
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FIGURE 9. Storage compliance, 1' , versus temperature for polyethylene: Sample 1 , quenched, un
oriented; Sample 6, highly oriented; Sample 8, isothermally crystallized, unoriented. 
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S. Other Viscoelastic Functions 

It can be seen from figure 4 that G" is not strongly 
dependent upon morphological factors, and that ex
cept in the f3 and (l" regions all the samples are nearly 
the same. It has been pointed out [1] however that 
the relationship of extent of relaxation to density and 
other morphological factors depends upon whether 
the various samples are compared at constant macro
scopic stress or macroscopic strain. This c?mes 
about because crystalline polymers are mechanIcally 
composite systems consisting of a reasonably. well
ordered crystalline phase and less well-defined mter
lamellar regions which may partake of some of the 
characteristics of an amorphous phase. In the case 
of polypropylene [1], for instance, one can come to 
opposite conclusions about the site, if not the nature, 
of the relaxation process depending upon whether one 
compares samples of different morphologies at con
stant strain by considering the behavior of Gil, or at 
constant stress by considering J", the shear loss 
compliance. 

We have, therefore, shown in figures 8 and 9 J" 
and J' for samples 1, 6, and 8. All the other samples 
fall within the two extremes represented by samples 
1 and 8. It is to be noted that whereas on the Gil plot 
(fig. 4) the curves were nearly coinsident in the (l' and 
y regions but separated in the f3 region, the opposite 
is now true. The curves are more nearly coincident 
in the f3 region but separated in the (l' and y regions. 
Moreover, whereas on the G" plot the curve for sample 
8 was higher in the (l' region but lower in the y than 
for sample 1, it is now lower throughout the whole 
temperature range. 

Finally, it should be mentioned that, although not 
shown, an effect due to orientation is also reflected 
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in j" if the data for all the samples are considered. 
Unfortunately however, j" does not show a definite 
peak in the region of the (l' process as in the case of 
G", and the relaxation appears only as a small shoulder 
on a rapidly increasing background. Consequently, 
no conclusions can be drawn from the J" data as to 
how the relaxation peak varies with variations in the 
degree of lamella orientation. 

It is clear that if one were to consider this behavior 
on a simple two-phase model, one could again come to 
quite different conclusions regarding the site of the 
relaxation process. In actual fact Illers [10] has shown 
that no "amorphous phase" is necessary for the pres
ence of a and y relaxations and any explanation of the 
behavior of the curves in figures 4 and 8 must await 
the solution of the complex mechanical problem in
volved in the deformation of a crystalline polymer. 
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