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Use of a thermomechanical anaIyzer, TMA, affords a rapid, precise method for 
determining linear expansion coefficients and linear expansnn - -ties of cross-linked 
polymeric insuIation material. Completed cabfe samples were dissassembled and 
insulation specimens were cut IongitudinalIy and examined with repeated temperature 

cycling: ethylene-propylene copolymer rubbers and tiIIccI and unfilled crosslinked 
polyethyienes. The TMA rest&s indicated that ail specimens were oriented, likely 
incurred from extrusion processing The facility of TMA for investigating potential 
anisotropic behavior from prior orientation is ilhrstrated by examples of TMA 
measurements on radiaI specimens, similarly free of mechanicaI constraints_ 

INTRODUCnON 

Thermomechanical analysis, TMA, is a method of determining the change in 
length of a sample as a function of temperature. A sample is placed in a furnace with 
a temperature controlhzr that can be programmed to raise or lower the temperature at 
a series of tied linear rates. An eIcctrical transducer is used to provide a signaI that is 
proportional to the change in Iength_ The 1 -nstrument is calibrated by running 
samples of known expansion coe&ients. The temperature and change in length & 
recorded on an X-Y pIotter l*‘_ A DuPont 941 thermomechanicaI analyzer was used 
throughout this work. 

In 1969, WiIhams et al’ discussed the importance of the thermal expansion and 
_ contraction of erosslinked polyethylene in joint design In Fig I7 of that paper, it 

was shown that on initial heating there was a contraction at about 98°C Upon 
coohng and reheating, this contraction disappears and the material behaves normally_ 
In the discussion following the paper by Williams et al., BIodgett et al. aIso presented 
data given as Fig 21 on expansion and wmraction of a nuder of polymers inciuding 
both G&d and unfilled cro~Iinked polyethykzne. 

l Ckrrakt address: Unirgyal, Oxford Research Cknter RG-20, Middlebury, Corm. 06749, U. S. A. 



A number of theorcticaI aspects of the thermal expansion and contraction for 
poIymers have been given by Maudeikern*. He conduded that a crosslinked polymer 
shouid have a greater erpansion coefficient than a non-crosslinked polymer of the 
same composition Since the advent of modern TMA equipment, which permits 
precise rapid measure meut of the linear expansion coefficient on sma!J samples, there 
does not appear to be any studies reported on crosslinked polyethylene, 

EXPERBENT.. 

Samples for the TMA were cut with the ends JJat and paraJJe1 from sections of 
large cable insulation_ The ends were then polished with a fine grit to make them 
smooth_ The sample length, parahel to the conductor, was between OS and 1.0 cm. 
When the specimen was cut perpendicular to the conductor. its length was Iess than 
0.5 cm, The sample length is determined using a micrometer- 

The TMA was operated in the expansion mode which uses a probe with a flat 
end, O.IOOin_ in diamenz The weight tray used in penetration mode studies was 
removed from the instrument to minimize loading and a beJI jar was used to protect 
against drafts- The- entire DuPont 941 TMA was placed on a vibration table to 
eliminate externaJ vibrations 

To determine the glass transition temperature of samples I and 2 the run was 
started at - 120°C Many of the other runs were started at 30°C and run to 130°C 
Liquid nitrogen in a Dewar which surrounds the furnace was used as a coolant for 
low temperature runs_ The heating rate was 5°C min- ’ with a usual Y-axis Scale 

0.08 mV in.- *_ A complete run consists 
5% min- ’ to below the gIass transition 
130°C. 
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DmNmOSS AhW CALCULATIONS 

A polyethylene specimen, iihxstrated in Fig_ I, is formed by being drawn 
pamIle to the X-axis while being constrained in the Y direction_ The letters a, b, 
and c, refer to the distribution of crystaI axes around XYiL Single crystaJ linear high 
density polyethylene, in an oriented form, has been shown to have three different 
linear thermaJ expansion rates depending on the direction of the crystalline axis’_ 

Considering Fig- 1 as an exampIe, the folIowing definitions hold for the general 
case of an anisotropicaIIy expandiug solid- The linear temperature coefficients are 
given by equations of the form 

In this equation axT is the linear expansion coeJEcient in the X direction of the 
polymer &r is the length of the poiymer at a given temperature, T. for a given 
direction. aLxr is ihe partial derivative of the length for a given direction at a given 
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Fig_ I_ Coordinates of a polyethylene spccimm showing diration of preferred alignment of crystal 
axes. 

temperature and aT is the partial derivative of the temperature_ Simiiar expressions 
are used for zY7 and -zZT- 

The linear coefficients of expansion can readily he determked from straight 
line portions of the thermogram where the thermal expansion is linear with respect to 
temperature_ For portions of the thermo_cram which are curves, an equation must be 
developed to iit the curve_ A computer pro- to fit a polynomial to a curve was 
used_ 

The more commonly measured quantities are thermal expansions averaged over 
some selected temperature range- These are referred to as linear thermal strain or 
linear expansivity_ This paper will refer to expansivity rather than strain. 

Linear expansivity, Ex, for an anisotropic solid can be defined by eqn (2): 

where Ex. is the linear expansion in the X direction. &, is the length at a temperature 
T cut from the X direction of the polymer. bx, is the lensh at a temperature of 0°C 
cut from an X direction of the polymer_ 

Table I Iists the samples and their properties. Values in the first column of 
Table 2 are the change in expansion from 40430°C divided by the sample length at 
room temperature_ The second column is the same quantity Iisted for a second heating_ 
A plus si@ indicates expansion, and minus sim shows contraction_ On the first 
heating, sampIes I and 2 expanded_ The crosslinked polyethylcnes contracted on first 
heating_ All samples expanded on second heating. The results indicate that the 
samples which are along the conductor are under tension, which one can assume 
occurs in the fabrication process, Sampks’designated 3-R and 4-R were prepared 
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TABLE J 

SAMPLE IDENTlFICATJON 

3 A J5kVcabkmadebyManti~ A insxdated with o mineral JiUed cross-linkai 
po~yetbykoe- 

4 A 15kVabJcmadcbyManufaanrcr c insuJated with IIrlfiIIcd cros!sJticd poly- 
dylcoe 

with their fang axis in a radial direction pcrpendiarkxr to the conductor_ Both the 
initial and second heating expanded in contrast to the contraction exhibited by the 
IongImdinaI sampIes on lirst heating- The magnitude of the change on first and 
scamd heating is significantIy greater for the radiaI samples than for the IongitudinaI 
samples- This wonId be consistent with the crosslinked poIyethyIene being under 
camprcssion in the radiai direction. 

T3c rcpatability improves on the second heating. It is possible that the some- 
what larger variation in rest&s on intial heating is reaI and a function of the Iocation 
at which a sampIe was taken A smidcal waltration of the TMA based on rcpIicate 
runs on the initial poIycthyIene Wore crossIinking showed an average reproduciiiIity 
of + 3%_ 

TabIe 3 gives vahres for linear expansion coe5cicnts at 125’C for ethyfcne- 
propylene robbers and at 12YC and 60°C for crossIinked poIyethyIenes_ These values 
am average vaIucs based on the mnhiple mcasnre ments of TabIe 2 

Thetemperatnrcs 60 and 125°C were chosen to be far enough from the melting 
transition in polyethylene as to be unaffected by it. The ethylene-propylene rnbbers 
did not have a crystaIIine melting 

The EP robbers are both under tension during the first heating reIative to the 
second heating The fongitudinaI cro4inkcd poIyet.hyIenes are under tension in both 
the solid and rubber states on first heating relative to second heating. The radially 
cnf! crosslinked polyethyIenes are under compression on 5st heating at 60°C but only 
sample 4-R shows this behavior into the meIt 

TI=gIass tranGtion of a w&-behaved polymer is easiIy determined by TMA. 
ThltTMAtEZCCShOWS~d&litebreakbetwetn two straight line portions of the cnrvc 
The straight Iine portions are cxtrapoIatecI and the interxction is the gIass transition 
temm Thecm&nkaI polycthyhxtes are not wdI behaved in this sense and 
their 7”,‘, was not detcmGnai_ Samples I and 2 am w&I behaved and their TS vahte of 
--51_7~1_6”C was the same within 95% confiba limits_ 



TABLE 2. 

LINEAR ExPANskTIES FROM TMA 

i=EXpUShl; - -cQnclaction 

-Pk AL (%) Is2 hear AL (%I 2nd bun 
40430% 10-130% 

i -I-LOS 

1 +0.8x 
1 +0.71 
I to.97 
1 +1.11 
1 +0.86 
2 f0.66 
2 +0.22 
2 i.O.50 
3 - 0.49 
3 -0.55 
4 -1.99 
4 -1.83 
4 -1.17 
4 -1.49 
3-R +&20 
4-R + 13.04 

i-130 
+131 
i. I.26 
+153 
+ 1.43 
+1.35 
.c1.20 
i-1.39 
+1.48 
+29s 
+282 
+4.41 
+4.28 
+ 4.05 
+ 3.97 
+ 5.45 
+5.08 

‘Itkcmpbskdtbattbe!xvaIuesrrprewntthe~onspedmcm free of the mechanical con- 
strainfs of the compktai ubte; whose design. proask& and assembly pIay a major role in detcr- 
mining expansion behavior of the end artick. 

TABLE 3 

AVERAGE LINEAR EXPANSION COEFFICIENTS 

Sac ako footnote to TabJ.e 2 

Sample atSO*C(XZlP~ a 6O’C (X lo’) a ZLS’C (XI@) aZZS’C(XZ01) 
Zsr hear 2nd hear ZSZ heat 2nd hear 

I 1.21 1.47 
2 0.97 133 
3 0.88 283 1.49 I.63 
4 271 4.03 204 265 
3-R 6.98 4.10 274 273 
4R 8.42 3.94 4.59 3.29 

B The co&icia~t of linear cxparsion of the first sample, first heat at 125 ‘C is 1.21. IO-‘/‘C. 

The melting transition is ako a break between straight line portions of the trace. 
This is especially dramatic for crosslinked polyethylene on first heating as shown by 
the TMA trace of sample 4 in Fig. 2. Table 4 lists the average crystalline melting 
points on f?rst heating defined as the temperature of the mid point of the expansion 
or the contraction and the percent charge in length during the transition. 



Fig_ 2. sampcc 4-oL. beata!. CooLed, and reheared al. 5’C min- I showing a contraction near the 

tcmsitioa temperature on the first heating; 

TABLE 4 

TRANSITION TEMPERATURES FROM TMA 

+==n, - =contfMtiOn 

Sampkk CrysraHine ar.<rl 
t?dIiRg (‘C) rlIprinB rrtmsiriiwa 

3 -155 
4 967 -zso 
3-R 9x0 f4.17 
4-R 97_3 +a98 
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