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Thermal expansion coefficients have been measured on ultraoriented polyethylene 
fibers. Samples were prepared by a solid-state (crystalline) extrusion in an Instron 
Capillary Rheometer at 136 ~ 2100 atm. and at a draw ratio of 50. The expansion 
coefficients between --150 and +50 ~ perpendicular to the fiber axis, were positive 
and of the oraer of 10-~~ - t .  Conversely, parallel to that direction, the observed 
values were both negative and small, of the order -- 10 -G ~ -1. Length changes were 
reversible and reproducible between --150 and < +50 ~ Negative coefficients were 
attributed to the presence of highly-extended and fully-aligned chains along the fiber. 
Valuable information about chain conformation, dynamics and lattice perfection can 
be obtained for the ultraoriented morphologies simply by measuring the linear thermal 
expansion. 

Exper imenta l  approaches  to  achieve theoret ica l  l imits  for po lymer  systems have 
been a cause pursued  by many  scientists. A par t i cu la r  effort o f  our  l a bo ra to ry  has 
been to  p roduce  thermoplas t i c  morpholog ies  of  the highest  possible  tensile m o d u -  
lus. The goal  appears  to have pract ical  as well as theoret ica l  meri t  since the po ten-  
t ial  so far realized has led to the p repa ra t ion  o f  polyethylene fi laments [1, 2] with 
tensile modul i  as high as glass fibers [3, 4]. The p r epa ra t i on  me thod  consists o f  a 
solid state (cystalline) de fo rma t ion  process  conduc ted  at  sensit ively-selected condi -  
t ions.  The me thod  represents  a special k ind  of  tensile d raw at high draw rat ios ,  
,-, 50, ca lcula ted as the cross-sect ional  a rea  ra t io  of  the capi l la ry  reservoir  to the 
capi l la ry  i tself  for  the solid state extrusion.  The reservoir  is 0.95 cm and the capi l -  
lary  0.135 cm in diameter .  The r emarkab le  tensile proper t ies  [4] of  the samples  
p r o d u c e d  in this  way are associated with the  u l t r ao r i en ta t ion  of  the l inear  (high 
densi ty)  polyethylene chains a long the axis of  the s t rand ext ruded th rough  the capil-  
lary. The or ien ta t ion  funct ion for the crystals,  as measured  by wide-angle X-ray ,  
is near  0.996 ___ 0.002 [5]. This cor responds  to  chain  a l ignment  to less t han  3.0 ~ 
o f  the s t rand direction.  By opt ical  microscopy,  the microf i laments  within the s t rands  
are a l igned wi thin  the s t rands  with an  average devia t ion  of  only 0.3 ~ To ta l  b i r e -  

* Present address: Pratt and Whitney Aircraft, Middletown, Connecticut. 
** On leave from Universidad Nacional del Sur, Bahia Blanca, Argentina. 

*** Present address: Diamond Shamrock Corporation, Painesville, Ohio. 

J. Thermal Anal. 8, 1975 



548 P O R T E R  et al.:  E X T E N D E D  C H A I N  P O L Y E T H Y L E N E  

fringence measurements have been made on the polyethylene strands which sug- 
gest that the residue amorphous content of about 14 ~ is not significantly aligned 
in the strand direction [5]. 

Chain extension, in addition to orientation, is a requirement for achieving a 
high polymer modulus. Nitric acid etch of amorphous chains was thus used with 
gel permeation chromatography to measure the fraction of chains extended [6]. 
The results reveal a value, consistent with other qualitative methods, indicating 
that 15 ~ of the chains are extended at least to 10 ~ • in these ultraoriented poly- 
ethylene morphologies [6]. The crystal alignment plus chain extension suggest a 
component of perhaps 15~o of what we have come to call "continuous crystals" 
[7, 8]. The continuous crystal concept corresponds to an idealized arrangement for 
polymer chains which are both fully aligned and fully extended with chain ends 
randomly imbedded in the crystal. 

A suggestion by Smith [9] and a paper on polymer single crystal contraction 
by Baughman and Turi [10] has led us to evaluate our ultraoriented crystals in 
terms of thermal expansion. The motivation is the dramatic difference in expansion 
coefficient for amorphous chains and for crystals in the different chain directions. 
For example, a negative thermal expansion has been reported from X-ray diffrac- 
tion parameters for the c-axis (chain direction) within crystals of polyethylene 
[11 - 14]. To be sure, the contraction along the chain axis of the crystal is very 
small, - 1 2  x 10-6 oC-1 from 20 to 65 ~ and corresponding to about a 2 ~ average 
twist due to rotation between consecutive planes of C - C  bonds [13]. A similar 
value of - ( 1 . 0 - 1 . 2 x  10-5)~ -1 has been estimated here from crystal lattice 
parameter measurements between -150  and + 60 ~ Importantly, heretofore the 
reported macroscopic expansion coefficients of polyethylene have been generally 
positive [10]. This is due, in good part, to the relatively high and positive thermal 
expansion for amorphous and unaligned chains, ~ + 2 x 10-4~ - 1 [10]. Expan- 
sion is marked even in polyethylene crystals lateral to the chain direction: a a = 

= 22x 10 -5 ~ -1 and a6 = 3.8• 10 -5 ~ -1 [15]. 
In this study, a TMS-1 standard thermal expansion attachment was used with 

a Perkin-Elmer DSC-1B, Norwalk, Connecticut. A 3.0 g loading was used. This 
is slightly higher than the true zero loading (~2.6 g) necessary for the probe to 
follow contraction. The zero load compensates only for buoyance of the probe. 
Polyethylene strands of various lengths were studied. The special polyethylene 
morphologies principally studied here were extruded through a 30 ~ entrance angle 
brass die at 136 ~ and at 2100 atmospheres. The sample ends were cut smooth by 
various methods including the use of a microtome. The high density (linear) poly- 
ethylene used throughout was Alathon 7050. The number and weight average 
molecular weights are about 18,400 and 58,500, respectively. Importantly, it has 
been shown by gel permeation chromatography that there is no bond rupture 
during the crystal-crystal transformation preparation process [6]. 

The results of dimensional changes on the macromorphologies of ultraoriented 
polyethylene strands are shown in Figs 1 and 2. The overall volume change on 
heating is an expansion due to the extensive dilation perpendicular to the chain 
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Fig. l, Coe~cient of expansion of ultraoriented high density polyethylene perpendicular 
to orientation 
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Fig. 2, Dimensional changes with temperature of ultraoriented high density polyethylene 
parallel to orientation 
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and strand direction in contrast to the small and negative coefficient along the 
chain-strand direction. 

Figure 1 shows the coefficient of  expansion perpendicular to the strand axis 
measured at a heating rate of  10~ up to 1 3 3 -  135 ~ Consistent results are 
given on three samples of  0.135 cm in diameter. In the range from - 150 to +90  ~ 
the diameter changes on the three samples were 3.35, 3.32, and 3.04%. A more 
rapid expansion was observed at higher temperature between 90 and 133-135  ~ 
corresponding to an additional 3.25, 3.28 and 3.17 %, respectively. Expansion co- 
efficients were determined by drawing a tangent to the thermogram at the desired 
temperature followed by the determination of the slope and division by sample 
thickness. 

Table 1 and Fig. 2 describe three samples and their dimensional changes on 
heating and cooling parallel to the chain-strand direction. These three samples are 
similar but not identical with samples 1, 2 and 3 for expansion experiments parallel 
to orientation. They were cut from the same strands as those for parallel coefficient 
measurements and they displayed similar variations in their behavior as the prior 
three samples. It  may be speculated that the one with the lowest expansion perpen- 
dicular to orientation resembles, or corresponds to, that which shows a marked 
positive expansion above + 50 ~ in the direction parallel to orientation (sample 
number 1 in Table 1 and Fig. 2). Similarly, the one with the highest expansion 
perpendicular to orientation could correspond to that with no expansion above 
+ 63 ~ in the parallel arrangement (sample No. 3 in Table 1 and Fig. 2). 

Starting at ambient, a remarkable expansion is observed on cooling and a con- 
traction on heating with all changes being entirely reversible below 40 ~ This ther- 

Table 1 

Dimensional change of ultraoriented polyethylene in the direction parallel 
to orientation 

Specimen No. 1 2 3 

Thickness (cm) 
Expansion coefficient at 
25 ~ (~ 

Average expansion coeffi- 
cient from --153 to 25~ 
(oc-1) 

Expansion ~ on cooling 
from +25 to --153~ 

Contraction % on heating 
in indicated range (~ 

Premelting behavior in the 
indicated range (~ 

Change in slope 

0.305 

- -  8 . 9  x 1 0 - 6  

- - 5 . 8 X  1 0  - ~  

0.10 

0.12 

0.356 

--9.6• 10 -~ 

- -  5 . 9  • 1 0 - e  

0.13 

0.13 
(--153 to +37) 

Expansion 
(37-- 115) 

-53  

(--153 to +53) 

Slight expansion 
(53--93) 

--52 

0.366 

- -  8 . 7  x 1 0 - 6  

- -  5 . 3  • 1 0 - 6  

0.15 

0.12 
(--153 to +63) 

No change 
(63--93) 

--49 
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Table 2 

Locus of polyethylene chain components in ultraoriented strands 

Crystalline component 
(All in extreme orientation as measured by X-ray) 
In extended chains (in "continuous" crystals and/or crystalline "tie" 

chains) 
Strand-oriented chain-folded lamellae 

Total by calorimetry 

15_+ 
71 -+ 

86-+ 

Amorphous component 
(randomly oriented as estimated by birefringence) 
Load supporting 
In chain folds 
In defects; kinks and dislocations 

Total by difference 

3 ,04 
3 % 

2 % 

< 0.5% 

< 1 0  % 

1 4 +  2 

mal reversibility indicates that the observed dimension changes are not due to 
relaxation processes such as relief of stressed tie chains. 

The length change between - 150 ~ and ambient is only ~ -0 .1  ~ .  In each curve, 
a minor break occurs at -51_+ 2 ~ which we note but reserve assignment. The 
break does occur at near the minimum in tan 6 as measured independently [6], as 
observed by Wada. Above +40 ~ and prior to complete melting, a distinction is 
observed between samples which may provide a sensitive characterization of minor 
variations in thermal history of the strands. Observations in the different cases 
indicate a marked positive to no further dimensional change up to temperatures 
for the sizable premelting expansion. 

There is a substantial difference in thermograms obtained for the directions per- 
pendicular and parallel to orientation. For the former, a continuous expansion 
can be observed up to the temperature ,,, 133-  135 ~ (under used load 3 g). Thermo- 
grams have a sharp peak followed by a sudden rapid drop indicating a total struc- 
ture collapse. However, in the direction parallel to orientation, there is, after con- 
traction, either a marked positive or no further dimensional change and then 
again ( ~ 9 0 - 1 0 0  ~ a much greater contraction. It is important to note that this 
effect in the orientation direction is seen far from the melting temperature and that 
this change is not so sharp as the change in the perpendicular direction near the 
melting point. From those three measurements given in Fig. 2. it appears that the 
most perfect sample and/or the best measurements, were the test sample No. 3. 
Here only a short temperature interval of no dimensional change prior to the accel- 
erating contraction is observed. Note also the increase of temperature up to which 
samples contract on heating from --150 ~ to + 37, 53, 63, respectively, for sample 
Nos 1, 2 and 3. This suggests that there could be even more perfect samples or 
better performed measurement (especially preparation of perfectly-flat samples) 
which will display only contraction on heating. The dependence of contraction on 
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temperature would be similar to that for expansion in the direction perpendicular 
to orientation, namely increasing rapidly in the upper temperature range. In anal- 
ogy, if we say that there is a sizable premelting expansion in the direction perpen- 
dicular to orientation, there must also most likely be a sizable premelting contrac- 
tion in the parallel direction. However, it cannot be absolutely confirmed that this 
accelerating contraction, recorded in our experiments at higher temperature 
(above 90~ is only and exclusively due to a real contraction in the chain direction. 
It could be also a consequence of sample preparation or cylindrical geometry, i.e. 
the result of softening of curved surfaces; the unlikely effect of sample weighing 
(compression), or due to the increasing mobility and contraction of polymer chains. 

Measurements on unit cell parameters have been carried on mostly in the 
lower temperature regions. For example, Davis et al. did in the region - 180 to 
+60  ~ [12]. A continuous contraction of  the unit cell in the chain direction was 
found up to their highest temperature 60 ~ . It appears that there is no reason why 
this should not continue at yet higher temperatures. Kobayashi and Keller found 
that contraction in the chain direction is actually more pronounced in the upper 
temperature range [13]. They studied unit cell parameters for single crystals (an- 
nealed at 120-125 ~ and for pressure crystallized polyethylene (4300 arm), ec = 
= -- 2.1 x 10- 5 ~ 1 for the region 2 0 -  65 ~ For  the temperature range 20 - 125 ~ 
Kobayashi reports a value c~ c -- - 2 . 1  x 10-5 ~ That means, using their values, 
that ac between 6 5 - 1 2 0  ~ is - 2 . 8 4 x  10 .5 ~ -1 - more than twice the value for 
2 0 - 6 5  ~ This suggests that ec has a similar temperature dependence as ct for the 
perpendicular directions - i.e. rapidly increasing as the temperature approaches 
the melting point. 

From the data in Fig. 2, it may be calculated that, near ambient, strand length 
changes are predominantly controlled by the chain-extended, continuous crystal 
component of near 15 ~ [6]. This conclusion adds to prior evidence by nitric acid 
etching plus gel permeation chromatography which shows there is a major ( ~  15 ~o) 
crystalline component which extends > 1000 A [6]. Using the values for expansion 
coefficients given above, we estimate a negligible amount of unoriented amorphous 
chains which can be involved in supporting the small tensile loads for measure- 
ment along the strand axis. It is perhaps necessary to state that any contribution 
by the amorphous phase to length changes should come from a series coupling 
with the extended chain component. Amorphous chains in parallel with continuous 
crystals do not contribute because of the much lower stiffness of the former. This 
has been calculated by equating the measured coefficient with the sum of contribu- 
tions for extended crystals and for an amorphous component; i.e. - 9  x 10 -6 = 
= 2 x 10 -4 X + (1 - X)(-12 x 10 -6) where Z is the fraction of unoriented amor- 
phous chains which controls the length dimension. It is thus important to reiterate 
that the amorphous content of about 14 ~o (as indicated by thermal analysis and 
infrared) is essentially randomly oriented as indicated (with large uncertainty) by 
birefringence [5]. Thus about 86 ~ of the polyethylene chains are crystalline (15 
of  all chains are estimated to be extended). Thus the folded (non-extended) chains 
are about 16~  amorphous. Added data from low angle X-ray have indicated a 
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conventional fold period of about 230/~ (5) or of about 180 carbons in the length 
of a folded crystal. If it is assured that a minimum of 6 -  8 carbons are involved in 
a fold, then the folds will account for more than 4 ~ of the amorphous content 
since all folds are certainly not an adjacent re-entry. To summarize, for the locus 
of  crystalline and amorphous (gauche bond locations) we suggest the over-simpli- 
fications given in Table 2. 

Kim and DeBatist have also recently reported a negative thermal expansion 
coefficient for polyethylene [11 ]. No absolute values are given, however, for their 
study from 100 K to ambient on a less-d~fined low-density polyethylene. For a draw 
ratio of four, we estimate from their data coefficient of expansions of ,,~ - 5 x 10- ~ 
~ -1 for 60 ~ below ambient to ambient and - 1 . 5  x 10 -5 ~ -~ for the full range 
from liquid nitrogen temperature to ambient. Their plot of length versus temper- 
ature is of similar shape as given here in Fig. 2. Significantly, they found, but did not 
discuss, a break in their expansion curve at - 5 0  ~ which is similar to the break 
reported here in different samples at - 53, - 52 and - 49 ~ An unresolved concern 
is the magnitude for their negative expansion coefficient which is 0.3 to 5 times high- 
er (depending on temperature range for calculation) than the estimated theoreti- 
cal limit for extended chain crystals [10]. 

The simply-obtained and representative linear expansion data given here indi- 
cate that valuable information can be obtained on chain conformation and lattice 
perfection for ultraoriented and chain-extended morphologies. This case of linear 
polyethylene is dramatic since the thermodynamically most stable morphology 
involves all extended chains for the planar zig-zag packing in an orthorhombic unit 
cell. The perfect morphology thus provides no basis for further expansion in the 
chain direction and a mechanism for contraction as by the theory of rubber elasti- 
city. Thus, chain rotations from trans to gauche will reduce the contour length. 

The effects here are predominantly due to extended and oriented crystals. The 
results also provide some accounting of the location of amorphous chain segments. 
The negative expansion in the filament direction is remarkable particularly as less 
than 6 ~ of random amorphous content leads to a positive expansion coefficient 
for polyethylene [10]. This suggests that a component of continuous crystals is 
extent in these morphologies and, by another nomenclature, is consistent with the 
presence of crystalline tie chains. 

Based on these concluded preliminary experiments, we would hopefully study 
subsequently the sensitivity of this expansion coefficient method to the variation 
in morphological perfection induced by changes in preparation conditions includ- 
ing pressure and temperature. 

An interesting feature of these ultraoriented morphologies is related to their 
unusual expansion characteristics. That is, the ultraoriented polyethylene strands 
simply do not melt even at temperatures well over their maximum equilibrium 
atmospheric melting point of near 140 ~ - while they are held at ambient pressure 
in the capillary used for preparation. This non-melting is because the capillary 
confines the morphology in the only direction the crystal lattice can expand. Melt- 
ing is thus prohibited because the chains are unable to change dimension in the 
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strand length dimension, i.e. at the ends of the capillary, where the sample is ex- 
posed to atmospheric pressure. 

An added significant ramification of this study involves the use of these special 
morphologies as strength members in a one-polymer system. The ultraoriented 
strands melt above the temperature of the conventional morphology of the same 
polymer by about 5 ~ . Thus the strand can be imbedded in the melt of the same 
polyethylene to form on cooling a composite of  high interfacial strength. Studies 
of  absolute and differential expansion coefficients are thus crucial to properties of 
the resultant one polymer composite. 
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R~SUM~ -- On a mesur6 les coefficients d 'expansion thermique de fibres de poly6thyl6ne 
ultra-orient6es. Les 6chantillons ont  6t6 pr6par6s par  extrusion fi l '6tat solide (6tat cristallis6) 
clans un rh6om6tre capillaire Instron, fi 136 ~ 2100 atm., avec un rapport  d'6tirement de 50. 
Entre  --150 et + 5 0  ~ les coefficients d 'expansion perpendiculaires ~t l 'axe des fibres sont 
positifs et de l 'ordre des 10 -4 ~ Les valeurs observ6es parall61ement fi cette direction 
sont, par  contre, n6gatives et faibles, de l 'ordre de - 1 0 - ~ ~  -~. Entre  --150 et > 50 ~ les 
changements de longueur sont r6versibles et reproductibles. On a attribu6 Ies coefficients 
n6gatifs ~t la pr6sence de chatnes fortement  allong6es et compl~tement align6es le long des 
fibres. On peut obtenir  des renseignements pr6cieux sur la conformation des chaines, la dyna- 
mique et la perfection des r6seaux dans le cas de morphologies ultra-orient6es en mesurant 
simplement l 'expansion thermique lin6aire. 
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ZUSAMMENFASSLING- Tlaermische Expansionkoeffizienten wurden  an ul traorientier ten 
Poly~ithylenfasern gemessen. Die Proben  wurden  durch  Fes tphasen-  (kristalliner) Extrus ion 
in einem Ins t ron  Kapi l la r -Rheometer  bei 136 ~ 2100 Atm. und einem Ziehverh~iltnis von 
50 hergestellt. Die zur Achse der Phase perpendikul~iren Expansionskoeffizienten zwischen 
--150 und + 5 0  ~ waren positiv und in der Gr613enordnung von 1 0 - 4 ~  -1. Umgekehr t  
waren die parallel zu dieser Richtung beobachteten Werte sowohl  negativ wie auch  kleiner, 
in der Gr6Benordnung  yon 10-~  oC-1.  Die L/ingenver/ inderungen zwischen -- 150 und  > + 50 ~ 
waren reversibel und reproduzierbar .  Negative Koeftizienten wurden der Anwesenhei t  stark 
gedehnter  und rol l  geordneter  Ketten l/ings der Fasern  zugeschrieben. Wertvolle In format io -  
nen betreffs Ket tenkonformat ion ,  Dynamik  und Gi t ters t ruktur  ultraorientierter  Mor pho -  
logien k6nnen  dutch  einfaches Messen der linearen thermischen Expansion erhalten werden. 

Pe3roMe~-- ~bI.rlH 143MepeHbI Koaqbqbl4IIHeHTbI TepM14qecKoro pacml, IpeHrlfl csepxynopa~oqeHHblX 
IIOYIH3THTIeHOBblX BOJIOKOH. O6pa3ttbI 6~,IJla iio~y~ieH~t BbI~IaB~Ii~IBaH14eM B TRep~oM COCTO~IHIeI14 
(Kp~4CTaJI.rI14qeCKOM) B FIHcTpoH KanH~IJIflpHOM PeoMeTpe npi, i 136 ~ 2100 aTM 14 C OTHOILIeH~IeM 
BbITarHBarI14a 50. Ko3qbqbnlmenT~i pacmrlpeH14a MeeKly - -150 14 + 50 ~ H ilepneH~14rynaprro oci~ 
BOJIOKOH 6bIJIH noJ/o)KHTe.rlbHbl 14 n o p ~ K a  10 -4 ~ O~HaKO, B cIIyqae napaJi~ieyrbHO i< 0c14 
BOTIOKOH, Ha6~ilo~aeMble 3HaqeHH~i 6bLIIH OTpI4IlaTeJIb14bI a Ma~tbl - -  nop~t~Ka - -10 -6  o C 1. l/j3_ 
MeHeHH~t ~.r/l, IHb! BOJIOKOH 6biB14 o6paT14MbI H BocnpoH3BO~I,IMbl Mex<~y --150 I4 > + 5 0  ~ 
OTp14I~aTeJlbHbIe KO3~qbHI//4eHTBI 6blJIH OT14eceHbI 3a CqeT HaY114qHa BblCOKO-pacTflHyTblX H HOJI- 
HOCTIaIO SIrlHefiUblX I~ene~ a~o~I, BOYlOKHa. ]-~eHHa~t rIHqbopMaLll4a 0 KOHdpOpMalLrtrI uenn, ~114Ha- 
M14xe 14 coBepmeHcTBe pemeTKa Mo>reT 6UT~ npocTo no~yqena ~ f l  csepxynop~;~oqeHnl, IX Mop- 
qbonorrIfi 143MepeHneM ~nne~Horo TepM14qecKoro paclunpen14g. 

J. Thermal AnaL 8, 1975 


