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Effect of Morphology on Biaxial Stress 
Rupture of Polyethylene 
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Synopsis 

The relationship between biaxial stress-rupture behavior and polymer morphology 
has been investigated for a series of compression-molded disks of linear polyethylene. 
Rupture data were obtained over a range of temperatures on polymers of several melt 
indices that had been bolidified a t  two rates. Two failure mechanisms were observed: 
one a t  high stress levels, which was ductile; the other a t  low stress levels, which was 
brittle. The stress level a t  which the mechanism changed from ductile to brittle de- 
creased as the measurement temperature increased, as the melt index of the polymer 
increased, and as the rate or solidification decreased. It was shown that initial pressuri- 
zation of the disks causes the formation of microscopic surface fissures along spherulite 
boundaries as well as within individual spherulites. The extensive growth of these 
fissures at high stress levels sufficiently raises the stress on the sound portions of the 
polymer to cause large-scale macroscopic drawing of the spherulites. At low stress 
levels the initially formed fissures grow by a localized drawing process at their ends. 
A macroscopic crack forms by a chance coalescence of a number of individually growing 
fissures. This process is more rapid in disks of polymer that form large spherulites when 
cooled slowly from the melt. The spherulite size in disks of polymer of low melt index 
is much smaller under the same conditions of cooling and is less sensitive to the cooling 
rate than in disks of polymer of high melt index. Annealing of rapidly cooled disks 
whose microstructure contains relatively small spherulites reduces the stress at which the 
failure niechanisrn ciranges witliout appreciably altering the spherulite size. Oxidation 
of the polymer also reduces the transition stress. 

INTRODUCTION 

The physical properties of crystalline polymers have been shown by a 
number of investigations to depend on the morphology developed during 
fabrication.'P2 Properties such as impact strength, yield strength, and 
ultimate elongation have been correlated with the size of spherulites present 
in the test samples. Spherulite size has been shown to depend on the 
thermal history of the material both during and after fabr i~at ion.~ Bryant4 
and, more recently, Keith and Padden5 and Y u arid Ullman6 have studied 
the deformation behavior of spherulitic films of polyethylene subjected to 
teiisile stresses, which give rise to  large plastic flow. Little attention has 
been given, however, to the influence of morphology on time-dependent 
mechanical propertics such as stress rupture uiider biaxial stresses. 

The short-time biaxial stress-strain behavior of polyctliyleiie is iiot 
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significantly different from its short-time uniaxial behavior in that, in both 
cases, several hundred per cent elongation is achieved prior to rupture.' 
But BragawD and Richard, et al.,9 using polyethylene pipe in studies of 
biaxial creep, have observed ruptures occurring a t  elongations of less than 
10%. Similar ruptures of biaxially stressed polyethylene in the presence 
of surface-active agents is an important problem which may be a special 
case of this general phenomeiiori of stress rupture. In this paper, the re- 
lationship between thermal history, morphology, and biaxisl creep rupture 
are reported. 

EXPERIMENTAL 

Four linear polyethylenes with melt indices of 0.2, 0.8, 1.8, and 3.6 were 
used in this study. The density of the four materials, in the form of 
molding shot, ranged from 0.953 to  0.957 g . / ~ m . ~ .  Rupture disks, 4.0 in. 
in diameter and 0.125 in. thick, of the materials were prepared by com- 
pression molding. The thermal history of the disks was varied by heating 
the disks in thin-walled brass molds above the melting point of the polymer 
(137°C.) in a vacuum oven operated at lo-* mm. Hg. A temperature of 
175°C. for 30 min. was maintained to "erase" any prior thermal history, 
and then solidificatioii was carried out by rapidly transferring the mold 
either to  an oil bath a t  125 f 0.2"C. or to a Dry Ice-alcohol mixture a t  
-77°C. The cooling rates as determined by measurement with embed- 
ded thermocouples, in the vicinity of the melting point achieved by the two 
procedures were 23 "C./min. when the sample was placed in the hot oil bath 
and 125"C./min. when the sample was placed in the Dry ice-alcohol 
mixture. To achieve reproducible measurements of creep rupture with the 
samples cooled through the melting point a t  25"C./min. the disks were 
allowed to remztiii in the oil bath for 6 hr. before being cooled with watcr 
over a period of 5 min. to ambient temperature. 
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Fig. 1. Biaxial streas-rupture apparatus. 

Stress-rupture data for the disks were obtained under conditions of equi- 
biaxial (1 : 1) stress as shown schematically in Figure 1. Under pressure, 
a bubble formed in the disk so that the principal stresses could be calculated 
as 

S = Pr/2t (1) 
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where P is the pressure, r the radius of the bubble, and t is the sample 
thickness. The temperature of the sample was maintained constant to 
*2”C. in a circulating-air oven, which was also equipped with a cooling 
unit.. The time required to  rupture the disks a t  different stress levels was 
recorded automatically to  0.1 hr. by means of a pressure-actuated switch. 
The times reported in this paper are the averages for five samples. 

The microstructure of thin microtomed sections of the materials was 
examined before and after rupture in bright-field and polarized light and 
recorded photographically. Before microtoming, the samples were em- 
bedded in a polyamide-epoxy resin in a weight ratio of 60:40. A sliding 
microtome was used to  prepare sections l/z in. long X 1/4 in. wide X 20 p 
thick. A comparison of serial sections taken with the microtome knife a t  
different orientations with respect to the sample and with the sample a t  
different temperatures showed that no gross distortion was introduced into 
the structure by the cutting process. 

RESULTS AND DISCUSSION 

Temperature Dependence of Stress Rupture 

Figure 2 shows stress-rupture data a t  different temperatures for linear 
polyethylene of melt index 3.6 solidified a t  the slow rate of 25°C./min. 
The ruptures occurring to  the left of the ‘(knee” were accompanied by a 
reduction in sample thickness of several hundred per cent. To the right 
of the “knee,” however, less than 10% thickness reduction took place. 
The transition time, defined by the intersection of tangents drawn to the 
curve above and below the “knee,” was used to  characterize the material. 

the lower temperature, some difficulty was experieiiced i n  determining 
the transition time as the “knee” became less distinct. These general 
features are similar to the data obtained by Richardsg on extruded poly- 
ethylene pipes, so we may conclude that the extrusion process and the 2: 1 
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Fig. 2. Effect of temperature on biaxial stress-rupture of linear polyethylene. 
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hiaxial stress system of the pipes are iiot solely responsible for the traiisitioil 
phenomenon. 

The linearity of the data above aiid below the transition suggests that 
the theoretical treatment of Colemanle or Bueche" may be applicable. 
In both treatments, the slope of the stress-rupture line is inversely pro- 
portional to the displacement volume generated by chain segments in 
moving to new equilibrium positions under the influence of the applied 
stress. The change in slope in the transition region is then attributable to 
a decrease in the displacement volume. The decrease could be brought 
about by a decrease in either the size of the segment or the distance between 
equilibrium positions or both. Similarly, the decrease of the slope with 
temperature in the brittle regions implies an increase in either the size of 
the segment or the distance, or both. This dependence of the molecular 
parameters on temperature appears to be unique to the biaxially stressed 
polymer as it is not found in the uniaxial stress-rupture measurements. 

Transition time is an exponential function of temperature, indicating that 
the change in mechanism from ductile to brittle failure is an activation 
process. An activation energy of 7 kcal./mole is calculated for the process 
in the customary manner. 

Influence of Melt Index and Solidification Rate 

Figure 3 shows the stress-rupture data a t  33°C. for disks prepared from 
h e a r  polyethylene of melt index 1.8 which were solidified a t  different rates. 
The transition time is increased by a factor of three by the fivefold increase 
in solidification rate. The magnitude of the transition-time difference 
decreases as the temperature a t  which the stress-rupture measurements are 
made is increased. For example, a t  40°C. the transition times differ on13 
by a factor of 1.5. Diminution of the effects of cooling rate on mechaiiical 
properties at higher measurement temperatures appears to  be a general 
phenomenon, as it was also found in the measurement of uniaxial proper- 
ties.12 The higher resistance to biaxial rupture a t  high stress of the morc 
slowly cooled polymer is also in agreement with the observation that 

I2O0t  b, 
1 I 1 1  I I I l l  

0. I 1 .o I0 100 
1000- ' 

Time, hr. 

Vig. 3. Meet of solidification rate OII stress-rupt,ure behavior. 
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Fig. 4. Influenre of melt index on transition time. 

:tnnealed samples have a higher yield strength. A decrease in the melt 
index of the polymer also diminishes the influence of the solidification rate. 
For example, the polymer of melt index 0.2 gave a difference in transition 
time of only 5% for the differently solidified samples. 

Figure 4 shows the influence of melt index on transition time for disks 
cooled a t  the same rate. This parameter appears to  have the most in- 
fluence in determining the ease with which brittle failures can occur. 

Morphology 

Figures 5a and 5b compare the transverse microstructure obtained by the 
different cooling rates for polyethylene of melt index 1.8. The spherulitic 
structure is well defined in the quenched sample, the spherulites being, on 
the average, smaller and more compact than in the annealed sample. An 
accurate comparison of the spherulite size distribution is difficult because 
of a lack of definition of spherulite boundaries in the annealed sample. 
The surface structure (Fig. 5c) consists of a row of columnar grains. 
Figure 6 shows a microtomed section taken from the surface of the disks 
after being stressed but prior to rupture. The initial deformation opens 
fissures both a t  spherulite boundaries and also within spherulites. This 
behavior is common to both rapidly and slowly cooled samples. In some 
spherulites the nucleus appears to have disintegrated. After a prolonged 
period of low stress, a macroscopically visible fissure forms and runs com- 
pletely through the sample. The 
fissure is created by a charice coalescence of several smaller fissures, most of 
which have a curved trajectory. In  Figure 7b, two small fissures in 
proximity are shown just prior to joining. Even these smaller fissures 
appear to have a compound nature. The opposite edges of the fissures do 
not match, indicating that material may be lost when fine fissure networks 

One of these is shown in Figure 7a. 
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Fig. 5. Spherulitic texture of (a) rapidly solidified polyethylene (70X ); ( b )  slowly 
solidified polyethylene (70 x ); (c) surface texture of slowly solidified polyethylene 
(140X ). 

meet. Here, the 
fissure appears to  be growing by a localized drawing mechanism. This 
mechanism is more dominant in quenched samples and, in general, is 
observed in samples that rupture near the transition time. Propagation of 
the fissure through the thickness of the disk takes place by both the chance 
coalescence and the localized drawing mechanisms. 

Ruptures at high stress are accompanied by gross alterations of the 

Figure 8 shows the advancing tip of another fissure. 
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Fig. 6. Effect of pressurization on microstructure; ( a )  brightrfield light (40X); ( b  
cross-polarized light (2OOX ). 
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Fig. 7. Low stress failure (a) fissure formed by coalescence of smaller fissures (1OOX): 
( b )  fissures before joining (400X). 
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Fig 8. Low stress failure: fissure growth by localized drawing (400X ). 

microstructure, as can be seen in Figures 9a and 9b. The initially formed 
fissures have greatly increased in size, so that the stress on the remaining 
material increases, resulting in extensive drawing. The drawing process 
often causes the fissures to become highly elongated in the direction of the 
draw, which gives the rupture area a delaminated appearance. The drawn 
microstructure is similar to  that observed by Keith and Paddens in the neck 
region during uniaxial line drawing of polyethylene. However, in the de- 
formation process observed here, the sample thickness decreases contin- 
uously from the base of the bubble to the tip of the rupture. Failure of the 
material to  form a stable neck may be due to  large voids in the drawn 
material, which greatly reduces the effective cross section carrying the 
stress. A further deterrent to the formation of a stable neck is the rapid 
rate of elongation just prior to rupture. At very high rates of elongation, 
the process becomes adiabatic, and the local temperature becomes high 
enough for melting to  occur. 

Figure 10 compares the microstructure of polymers of high and low melt 
index. The spherulite size is very much smaller in polymers of lower melt 
index, even though the materials were prepared under identical conditions. 
The microstructure of the polymer of lower melt index does not vary as 
sigiiiiicantly with cooling rate as does that of the polymer of higher melt 
index. 

Brittle failures appear to occur more readily in large, well-developed 
spherulites that interleaye well with their neighbors; such a structure re- 
sults from the slow cooling of high melt index polymers. Size per se, 
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a 

b 
Pig. 9. High stress failure: ( a )  moderate elongation of spherulites and fissures ( 1 O O X ) ;  

( b )  extensive elongation of spherulites (400X ). 
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of melt index 3.6 (200X). 
Fig. 10. Spherulitic texture of linear polyethylenes ( a )  of melt index 0.2 (200X); (b!  
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however, does not completely control transition time, since annealing of 
quenched polymers at 128 “C. for 15 hr. considerably reduced their tran- 
sition times without producing microscopically visible changes in their 
microstructure. Changes in annealed structure, seen by electron-micro- 
scopic e~amination,’~ have been reported to  result from the refolding of 
polymer chains within the lamellar crystals comprising the spherulites. 
During such a process, it is possible that  the numbers of chains incorporated 
in adjacent lamellae is decreased. This would make the initiation and 
propagation of fissures less difficult and hence shorten the transition times. 

The change in the slope of the stress-rupture curve in the brittle-failure 
region as the temperature increases appears to be too large to  be explained 
solely on the basis of recrystallization so far below the melting point. An 
additional explanation is possible based on the known influence of oxidation 
on polymer morphology. For example, van Schooten14 has shown that 
oxidation produces large numbers of cracks in the spherulites. Therefore, 
at the higher temperatures, the chance coalescence of fissures produced by 
biaxial stressing may be facilitated by the presence of oxidation cracks. 
Incorporation of antioxidants in the polymer shifted the transition time a t  
44OC. from 1.8 hr. to  7.0 hr. This change is not wholly brought about by 
the increased oxidation resistance, as the antioxidant also reduced the 
spherulite size. 
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Resum6 
On a Btudi6 la relation qui existe entre le cornportement 1 la rupture par Btirage biaxial 

et la morphologie du polymkre pour une s6rie de disques romprimes de poly6thylkne 
lineaire. Les resultats de rupture ont 6th obtenu sur toute une gamme de temperatures 
et sur des polymkres d’indices de fusion variables, et qui ont Bt6, en outre, solidifib 1 
deux vitesses diff6rentes. Deux mecanismes de rupture ont Bt6 observes: un B des 
niveaux d’6tirage Blevbs, correspondant B une rupture durtile, l’autre 21 des niveaux 
d’6tirage faibles caract6rises par une rupture “cassante.” Le taux d’6tirage auquel le 
mecanisme change de caractkre, dBcroit avec 1’616vation de la temperature, avec l’aug- 
mentation de l’indice de fusion et avec l’abaissement de la vitesse de refroidissement de 
1’6rhantillon. On montre que la mise sous pression initiale des disques cause des fissures 
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iilicroscopiques B la surface et B l’intbrieur des spl16rulites. La croissance rapide de ces 
fissures aux niveaux d’6tirage 61ev6s augmente suffisament la tension sur les parties 
vierges du polymkre pour produire un Btirage macroscopique des sph6rulitea. Aux 
niveaux d’6tirage plus modestes, les fissures initiales croissent par un processus d’6tirage 
localis6 B leurs extr6mit6s. Une fissure macroscopique a une certaine probabilit6 de se 
former par la rbunion d’un certain nombre de microfissures en croissance. Ce processus 
se produit plus rapidement dam les disques de polymkre refroidis lentement qui contien- 
nent des sph6rulites plus volumineuses. A vitesse de refroidissement similaire, la taille 
des sph6rulites dans les disques de polym6res de faible indice de fusion est plus petite, e t  
est moins sensible ti la vitesse de refroidissment que dans les disques de polymkre ti 
indice de fusion 6lev6. Le recuit de disques trempb, contenant des sphgrulites relative- 
ment petits, diminue le taux d’6tirage auquel se produit le changement de m6canisme 
de rupture sans alt6rer pour autant la taille des cristallites. L’oxydation du polymbre 
r6duit 6galement le niveau de tension B laquelle se produit le changement de m6canisme. 

Zusammenfassung 
Die Beziehung zwischen dem Bruchverhalten bei biaxialer Spannurig und der Poly- 

mermorphologie wurde an einer Reihe von gepressten Scheiben aus linearem Polyathylen 
untersucht. Die Bruchdaten wurden an Polymeren mit verschiedenem Schmelzindex, 
die bei zwei Erstarrungsgeschwindigkeiten erhalten worden waren, in einern grosseren 
Teriiperaturbereich bestimmt. Zwei Bruchniechanismen wurden beobachtet-zaher 
Bruch bei hoher Spannung und spriider Bruch bei niedriger Spannung. Die kritische 
Spannung, bei welcher des zahe Bruch in den spriiden uberging, nahm niit steigender 
Messtemperatur, mit steigendern Schmelxindex des Polymeren und mit abnehmender 
Erstarrungsgeschwindigkeit zu. Es wurde gezeigt, dass die anfangliche Druckbelastung 
der Scheiben die Bildung mikroskopischer Oberflachenrisse entlang der Spharolithgren- 
zen und innerhalb der Spharolithe verursacht. Das grosse Wachstum dieser Risse bei 
hoher Spannung fuhrt zu einer genugenden Erhiihung der Spannung am unverletzteri 
Teil des Polymeren, um einen makroskopischen Zug an den Spharolithen in grossern 
Massstab zu verursachen. Ein riiakroskopischer Sprung entsteht durch zufalliges 
Zusarnnientreffen einer Anzahl fur sich wachsender Risse. Dieser Vorgang erfolgt 
rascher in Polynierscheiben rnit grossen, bei langsanier Abkuhlung der Schrnelae gebilde- 
ten Sphiirolithen. Die Sphiirolithgriisse ist bei Polymeren niit niedrigern Schiiielziridex 
unter gleichen Abkiihlungsbedingungen bedeutend geririger und gegeii die Abkiihlungs- 
geschwindigkeit weniger empfindlich als \lei Scheiben mit hohein Schrtielxiudex. Tern- 
peruiig rasch gekuhlter Scheiben, deren Mikrostruktur vertiiiltnisrniissig kleirie Sphiiro- 
lithe enthiilt, setzt die Spamiung. bci der sich der I~ruc:hriiecha~iis~~ius iindert,, ohiic: 
weseiitliche hderurig der Sphllrolithgriisse herat). Auclt eiiie 0xyti:Ltion cles Polynieren 
verringert die Uiiiwaiidluiigsspanriung. 

Received September 30, 1963 


