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INTRODUCTION

Polyethylene, which appears at £irst glance to be the simplest of polymers,
displays properties which are surprisingly complex. One reason for this is
tha high degree of crystallinity in this "semicrystalline” polymer. This
paper, which 1s a portion of s larger study (1), describes the compressive
strain-rote/temperature behavior of highly linear, high density polyethylene
and the success of an analysis of this behavior based upon techniques used
successfully for other crystalline materials.

EXPERIMENTAL

Two highly linear, high density polycthylene resins were studied: Morlex 6009
(Phillips Petroleum Company, Bartlesville, OK), a high welght-averagc molec-
ular weight (195,000), medium molecular-weight distribution {13,5) blow-
molding resin, and Alathon 7050 (E. I. duPont de Nemours and Co., Inc.,
Wilmington, DE), & medium weight-average molecular weight (55,000), narrow
molecular-weight distribution (3,1} injection-molding resin., To avoid
anisotropy the polyethylenes were compression-molded into slabs which were
annealed to raelieve molding strosses, yielding materdals which tested to be
substantially isotropic., Cylinders having an aspect ratio (length/diameter)
of 1,5 were machined from these slabs, with intermediate anneals used to
maintain isotropy. Compression testing was done using a hydraulic servo-ram
testing system, Temperatures from 23°C to 130°C were controlled by a
resistance~heated, ligquld-gas~cooled temperature chamber. In addition, the
temperature gradient between the compression platens was controlled to less
than 0.2°C. Barreling and other nenuniform deformation were successfully
cantrolled by careful lubrication between specimen and platens, Strain rates
vanged from 5 % 10~7 to 107! s~1. The majority of the tests were performed
at constant applied engineering strain rate. About 20% of the tests,
however, were conducted at constant applied true strain rate, meaning that
the compression rate was programmed to be continuously reduced as the overall
specimen length was reduced.?* In addition, some applied-true-gtress (creep}
testing was done.

RESULTS

A representative stress/strain curve is shown in Fig. 1. The curve is for
Marlex 6009 tested in uniaxial cempression, under applied true strain rate,

%Pregsently at Advanced Research and Applications Corporation,
1223 East Arques Ave., Sunnyvale, CA 94086,
“##%"Engineering” strain 4s the change in length divided by the initdal
length: e = Alg/%y. "True" strain is the instantaneous change in length
divided by the instantaneous length:

g
E= AL/R ® de/% = In(&/8) = In(l + e), where e i1s positive in tension

and negative®in compression. Similarly, "engineering" stress ig the load
divided by the initial area: § = L/A,, while "true" stress is the load
divided by the instantaneous area: o = L/A = 5(1 + e).



at 88°c,  The behavior for Alathon 7000 iu similar, except that at this
tempoeratury the Alathot stvens level s alipghtly higher.  As can be seep
from the [igure, A constant geress fo attained afcer an Initial bardening
period,  Ar moderate tepperatures and straln rates, whore Fallure docs pot
sntervene (2) oud in the absence of severe barroling, this strege remolns
constant te trae strains as high as 200%, This behavior is analopgous to
thist of most metals and other polycrystalling matevials, and tlws this
streas will be veferred to as the "steady state flow stress," with the
aymbol  agy.

The rypleal behavier ebtnined upon o change in true strain rate is also
shown in Fig, 1. In the steady scate flow region n change in strain rate
first produces n short translent and then a new constant stress, which is in
faet the steady state flow stress for the new strain rate, As demonstratoed
in Fig. 1, a large change In strain rate (a factor of 5) produces a small
change in atress (a factor of 1.1), Because of this strain-rate insensi-
tivicy, the materlal is also very stress sensitive, Thorefore, in applied
atress testing (creep) o smoll deviation or change in stress produces a
large chinge in stroly rate. Begouse of this amplification of errer in
creep testing, appliad-scrain-rote tosting was chosen as the primnry mede of
testing in this investigatfon, However, sufficlent creep testing wos done
te confirm the relatlonship between applied-gtraln-vate and applicd-streass
testing.s This was determined by tests where the steady state flow stress
resulting from n given appliecd true scraln vate was applied to another
specimen in compressive ereep. 1t was found that, as for other polycrys~
talline materiala, within the uncertalnties in the data the minimum or
"steady state' creep strain rate actnined in tha creep test was the same as
the applied true strain rate in the firat test, Thus it was assumed that
the “atendy state” results of ercep and applicd-strain-rote tcaLs are oqulv-
alent and reflect basie material behavlor.

The velationshlp botween applied stress and resultlng crecp strain rate
as o function of temperature, or conversely the velatlonship batween applied
sttaln rate and vesultlog steess, ave important to the understanding of the
mechanical response of a materfal, A legorichmic plot of applied true strain
rate versus steady state flow stress for Morlex 6009 at various temperatures
is shown in Fig. 2. Statistical ficting indicates that in almost every casa
the data of Fig. 2 are well fit by a "broken" straight line changing from a
slope of about 28 at low strain rates to u slope of about 10 at high strain
rates.

Alnthon 7050 exhibits similar behavior. At temperatures of 70°C and
below the resulcs for Alachen 7050 ave stacistically the same as those for
Marlex 6009, At higher temperaturcs, however, the resulbs for Alathon 7050
ave shifted dncrensingly te higher stresses., Furthermove, when the logavithm
of true strain rvate is plotied versus the logavitlm of stress at 5% ov 10%
true strain, the rvesult ls ddentical to Fig. 2, except that the stresses are
shifted to lower levels, Thus, we assume that the behavior for Marlex 6009
in the steady state region 1s generally ropresentative of the behavior of
polyethylene both in the steady state region and at strains as low as 5%,

ANALYSIS ARND DISCUSSION

The strain reglon of this study was Ear higher than the Iipearity limit fon
polyathylene, or for any other semicrystalline polymer (53,4). While a number
of rheories of nonlinear viscoelasticibty have been developed, most of these
have no physical sipnificance (5) and would thus contribute little to our
uwnderstanding of behavior., As an alternative, we will compere the behavior
of polyethylene to the behavior of metals amnd other polyerystalline
materials, Here cveep has heen demonstrated te be o thermally activated
process which can be described by an Arrvhenlus velatlon of the form (6):

€ = flo,2) exp(~Q./RT) 1
f o

[ %]
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where + Ly the pteady state ereep rates £ dn gome funvtlon of applicd
steead, o, ound one ar more unspeeliled varlables, w3 Gp Lo the activatlen
encrgy for Tlows R Ls the walversal gas constant; and T 18 the abselute
temperature.  Furthermove, fop most polyervatalltne wetals and many alloys,
at low to moderate styesses and at tempoeratures sbove half the abesolute
melting temperature, the stress dependepce of the ereep vate has been shown
to obey a “power law" (6), namely:

é x gh (-’-)

whore n Ls the Mstress exponent,” Although the stress exponents observed
for polyethylene ave much higher than those of most homogencous alloys
{reflecting the unusunlly high stress sensivivity of this materdial), slmllar
high exponents have Lean observed for metal-base partlenlate composites
(6,7,8) and for dispersion-strengthencd aslloys (9).

Combining Eqa. (1) and (2) we get a sernin-rvate/streas/tomperature
relatfon of:

£ = K o oxp(-Qp/RT) (3)

where K 48 o constant and is not a fupetlon of stress. I K Lls nlso not
a funetion of temperature, the actlvacion energy for flow will be propor-
tional to the slope of lines at constant stress on a plot of the logarithm
of strain rate versus inverse tomperature, Such a plot for Marlex 6009 is
given fu Fig. 3 for various values of stress, While theovetical bascs for
stress-dependent actlvaclon energles have been offered by other authors
{10,11), the dependence seen here, where the activatlon encrgy increases ns
the stress decreases, ls opposlée to any theoretical expectatlon. Conse-
quently we will axplore other possible explanations for the behavior shown
in Fig. 3.

Flgure 3 indicates thot the low stress data are asscclated with higher
temperatures than are the high stress data, and further that some of the
datn show a tendeney to upward curvature rather than constoant slope bLehavlior,
This might indicate that the asctivation energy for flow s temperature rather
than stress dependent. For lincar polyethylene, n sccondary transition
region known as the a-tronsition, is encountered at about 75°C, with the
exact temperature region depending on the speclfie polyethylene resin, ics
processing, and other such factors. Tt has long been recogulzed that as n
trapsition veglon is approached, either from higher or lower temperatures,
acpeivatrion energles inerease rapidly (12), and in fact the activation encrgy
waximum is one dofinltion of the "transition cemperature.’” Howover, because
oven che lowest metivation nnergics obtained for polycthylene in Fig. 3 ave
very high, this explanation seems unsatisfactory,

Another possible explanation for the observed behavior is that the
"eopstant” K in Eq. (3) is tomperaturce dependent. Tor many metals and
alioys K has been obsepved to be somewhat influenced by temperature through
its dependence on the migrostructure of the materinl, Inclusion of the micro-
structure influence gives ug a straln-rate equation of the form

e = £{a/x) exp(~Qp/RT) (4)

whare ¥ 18 a toem reflecting the temperature~dependent structure of the
material, IE the stress dependence 1s of the form of Eq. (2), we then have:

€ = k(o/x)" exp(~Q./RT) (5)
where k  is a constont. It has further been found that Eow pure polycrys-

talline metals the structure term % is preportional to the elastic wmodulus
of the mecal (13). ’



e Bt tomale behimb o stracture tern fs thet beaperatnne=dependent
chappen o intersal materfal structure van ot tueace the rate ot Lhe varfon:
mechandung of detormation.  In Fip, 2 we would presume that the tae veplons
of dilferinge streys exponents Indicate that twoe ditterent sechailsan tor
flow are vate controlbing, Thus, 1f a structure toem soele tsod Lo roove
the temperature dependence of the pre~expenential conntant in Iy, (3, we
might espeet that at all cemperaturens the change from one mechanism to
another would vevur at the same value of "structurcscempensated seress,”
Such belavior has In act been observed with orhey matevrials (7,9,14),  Thin
would be the cage 1f the strueture cterm, x{I), were propartional to the
geroess at which the change 1n slope veewrs I the constast-temporaturce 1ines
of Flg, 2, o Flg, 4 we show a logardtimie plot of true astralp rate versus
Matyraciure=compengated stress" at various temperatures,  Stracturescompensatod
gtress la taken an the steady vtate Flow stress divided by the atress=-
dar=change, v, whieh 18 the stress al whtieh the stress exponent chanpes from
J8 to 10. Data nt 23°C and 130°C were omitted since we could not determine
an aceurate v,  for those temperatuves, By definition all of thoe ehanges
in alope naw vecur at o structure-compensated stress, oy, /o., equal te one,

The activatlon energy for flow, taking into aecount this structure~
compengation, can s be detevmined from . {5) by plotting the loparichm of
true stealp rate versus inverse temperature o4t constant gnggjguyfggwuﬂguwﬁpﬂ
atreas.  Such a plot s shown in Flg, 5 for Marlex 6009, Remavkably,
the slopes of the curves are nill approximately che same, inddeating a
constant activation ecnorgy For flow over the [ull rvange of stress amd
temperature, In other weords, Hg. (5) appeara to be valid, with neither the
activavion energy For flow wor the constant k as n functlon of stress or
temperaturc, The activotion energy, whieh avernges 64 kdfmel (15.3 keal/mol),
is constant even in the region of the o secondary trapsltion, and its value
{8 low enough to be reasenable for a physleal process ln polyothylone,

Using the structure-compensated stress and the activiation energy value
of 64 ki/mol wa ean now construct a "Master Curve" for Jeformation of
polyethylene, Rearranglng Eq. (4) we pot:

¢ exp(Q/RY) = £(o/x) (6)
If we substitute cu,, where o 1s o constant, for x, and then assume thatt
F(a/eoe) = Flo/og)
wo hava:
£ exp(Q/RT) = Flafag) {n

whore ¢ oxp(Q./RT) Ls the "aetivation-energy-compensated strain vate," and
J/qc i the "Btrueture-tompensated stress.' A logovicthmie plot of
pctivatlopn-enorgy-compensnted strain rate versus structure-compensated
(steady state flow) stress for Marlex 6009 is given dn Fig. 6. Results of
gimilar form ure obtained for Alathon 7050 and for streosses at scrains of

o and 10%, This "Master Curve" vepresents the deformation behovior over
the strafn-rate vange from 5 % 107 o 10-' 8! and over the temperature
rupge from 39°C to 126°C., The coverall flow behavier can be vepresented by
the relacion:

& expQp/RY) = k' (elog)" (8)

where Q. 48 64 klfmel, k' Iz a coustant, and n changes from 28 o 10 at
an activition-energy-conpensated strain rate of 1ot g-l,

While the above results are analogous to the findings for metals, the
structure compensatlon effeet {3 large for polyethylene and gmall Lov motals,

Jl
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while the activation enerpy compengation s smill for polycthylene and larpe
tar metalu,  Phe fmplication fs that towperature affects che Internal
atructure and henee the rate of the deformation procegsen for polvethvivne

Lar more chan 1t does cthe basie vate-controlling stepts) of the [low proces.
For metals the oppesite is trae, [t {8 of fuether Interest o note that the
temporature depesdonee of the structure~compensition cerm, oy, s slnilar to
that of the dvnomic elastie modulus of polyethylene, Indleating that as for
netals the elantie madulus may peflece the internal wtructure of the materdial.
(In fact, for ereep of PMMA strocture-compensatdion using cthe dynasile elaacle
rodilus was found to yleld a conncane actlvatlon energy for [low and o master
predictive relatdon (1)) Por mecals, the actlvation onergy For flow obrtained
after strueture eompensation 48 found to be equivalent to that for relf-
diffuplon, Similavly, the activaclon energy value for Marlex 6009 (and for
Alachon 7050) of 64 kJ/mol Is comparable to the values of 64 to 71 kJ/mol
found for self-diffuslon ov diifusion of almilar specles in polyolefins
(15,16}, 1t would seem that the predictive velotlons derived for metals

ad other crystalline materials pive sdgnificant insight fnto the deformation
behavior of polyethylene ag well,

CONCLUSIONS

We have successfully onalyzed the compresalve strain-rate/cemperature behaws
lor of high denstity polyethyleone In terms of the prediccive relations devel-
oped for other crystalline waterlals, The resulting nctivation energy fov
flow was found to boe constant over the temperature range from 39°C te 126°C,
even though a secondary transition of pelyethylene oceurs nt about 75°C, The
success of this appronch Is significant iy that 1t Jmplies a greater
“aimilurdicy than has been generally reocognized between the deformation
behavior of polyethylene aud that of other erystalline materials,
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