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The melfing temperature of linear palyethyvlens has been obtained as a functicn of the

titoe apd temperature of orystellization.
melting propadure,

Reorystallization was mintmizad

by a wpecisl

By ioterprating the malting pololz o characteriatic of & given Lomellar

thickness, it was found that the thickness of oryatels of epprediable Bge inzreased linearly

with the logarithm of their {ime of existenga.
be azsuimad to hava clther exizted for only a ahort period of time,
owth in the chain direction, and they were found to have

in & gﬁven apecimen ma

or to have been impeded in their

he Ipwest melling {i.e., thinnet) lamelisa

&n estimated thickness cloge to that predicied by recent kinetic theorles of polymaor eryaial

grawth with ohain [olding.

1. Intzaduction

_ Linear polyethylene is known to crystaliize from
ita melt mto lamellar structures which range in
thickness from less than one hundred to several
hundrad ﬂjﬂtmm i-4]1. The extreme thinnesa of
these Jatn. crystals causes their melting points to
be deprasasd below the eciluﬂ_ibrium melting tmn}i,er-
ature, TL, by amonnts which sra sssily measurahic,
Thus, one ¢an use the observed range of melting
temperatures t0 obtain information concerning the
distribution of lamellar thicknessas in a crystallized
apecimen.

Theoretical studies [6, 7] have indicated that the
lamellar thickness (“step height'™) of a growing
polymer crystal should initislly be equal te I, the
thicknees of the ecritical-size nucleus for maximum
growth rata. Sinca a crystal with thie dimension
would mmelt only ah"ightly above the crystellization
temperature, T, and since polyethyleno is known to
melt appronmetely midway between I% and T2 [8],
one concludea that the crystals have thickened sub-
gequent to their original formetion from the woelt
[9]. The exaect relationship between ! the siep
Lkeight of & mature lamells, and I; 15 of interest in
connection witk an extrapolation method for obtain-
ng T [8] us well as for & detailed underatanding of
polymer eryvstal growth as controlled by nucleation
mechanisms.

In thie paper, the meifing temperntvres of the
lamelias, or portions t_hare:n, in 8 Clven specitnen,
AT ried a9 & function of the time and termpera-
ture of crystallization. By assuming that the malt-
ing temperature of linear polyethylene depends f)ﬂ-
marily on the lamellar thickness, one may corralate
an observed melting point with the thickness of a
lamella. which wae formed at & known temperature.
However, in doing this, certain precautiona must be
taken to minimize changes in the crystal geometry
prior to actual melting. Some of the factors that
may affect the observed melting range of o sampla

! Fignres In brachela indbcata the literators rofonar oy pt the snd of this papet,

are mantioned in the next section, and the extent to
which these factors influanea the choice of n melting
procedurs i3 indicated.

2. Factors AHecting the Obgerved Meliing
Temperature

2.1. Recoyetallization

The melting of unstable erystallina regiona of small
gize followed by the erystallization of the newly
formed melt on existing stable nuclei is tcrmed
recyystallization in this paper. The occurrence of
reerygtallization makes it very difficult to obtsin the
completa distribution of melting points which charac-
terize the erystals presant in & given sampls [10].
Polyethylene samples that are crystallized by quench-
ing or slow cooling from the melt to room tempera-
tura will heve crystallized to a considerabla extent at
hizh degreee of undercooling from FZE. Since crys-
tﬁiz&tiﬂn at low growth ternperatures produces very
thin lamellae, such snmplea will contain & large frae-
tion of low-melting crystals. Theae low-meltin
eryatals will produce much erystallizable liquid an
myriad nucleation sitas if the specimens are warmed
dlowly through the melting range. Simultanecus
melting and recrystallization at high growth tem-
peratures will bins the obeerved melting curve toward
the higher melting temperatures [8, Ilnﬁ As pointed
out by Chiang and Flory [12], tecrystallization in
polyet?;ly]ena 1= minwnized by crystallizing at ele-
vated temperatures. L .

The need to avoid recrystallization, or continyed
isothermal crystallization after a fixed time, has led
to the adoption of & melting procedure wherain the
sampla is transferred from I: directly into a bath at
& higher temperature where the spherulitic growth
Tate is negllliglh!ly slow. In selecting this tempera-
turs, one should bear in mind that reerystallization
can more rapidly produce erystalline materisl than
can ordinery isothermal erystallization from the melé
at the same growth temperature. This has heen
clearly demounatrated by Gubler, Rabesinks, and
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Kowvacs [13] and probably i3 a result of the larger
number of nuclei (unmelted regions of the lamellae)
thet are present in & sample undergoing recrystal-
lization.

2.2. lacthermal Thickening of the Lamellae

The inereasa of the lamellar thickness of poly-
nthylene cryatala that may ocenr on storsge at con-
stant temperaturs iz called {sothermad thickening., It
is presumed to take place withont previons melting
of the erystallites and, to s first spproximation, not
to incremse the wvolume of the crystal but only
ita thickness. A similar slow-thickening o83,
wherein the lamellae are not melted, can of course
toke place while a spacimen is being wormed.

Since the crystals of polyethylene do not possess
a Ininimum surface free energy per unit volume when
they are first formed during a crystallization process,
there iz a thermodynemie driving force which tenda
to increase the thickness of the ervstala and thereby
minimiza the totsl free energy.  The minimum total
free energy ol a single cﬂnlyathylcnc cryatal of speci-
fied volume could be achieved only if the lateral ares
of the erystal were about eight times as great as the
chain-fold surface area {the ratio of the surface ener-
giea is about four to one [3]). No macroacopic single
eryatals have been oheerved having  shape approach-
ing the equilibrinm shape; thus, one may assume that
the tendency for inereasing the step height cxists at
all temperatures below the melting point, including

As a result of an incranse in thickness, the melting
point, T, of & crvstal will be raised. Thug, one ex-
pects to tind higher values of T, for samples which
ure isothermaliy erystallized for longer periods of time
if the thickening process can take place at T in an
ohaervable interval of thne. Information on the
temperature and time dependence of the thickenin
process hag been obtained in this study.  Details o
the molecular motions mvolved in the thickening

rocess are nob dealt with here.  This has, however,
E{.‘EH dizsenssed by Renekor |14], who proposes that
the requisite chain motion is accomplished by the
diffusicn of point dislocations along the chain.

By warming polyathylene very slowly, othor
investigators [12, 15, 16] have attempted to form
crystals that melt at or very near to Fj. Buch a
procedure utilizes the processes of reerystallization
and izothermal thickemng to attain thick lamellae,
and thus high melting points. However, poly-
ethylene’s extremely slow erysisl growlh rate ut
temperatures abova about 132 *C {where the growth
nucleus is large) litnits the sffectivensss of recrystal-
lization in producing high-mealting material, wnd, as
will be seen in section 5.1, isothermal thickening
tends to becoms inereasingly ineffective with longer
annesaling times becausa of a logarithmic time
dependenca.

2.3. Rate of Heat Transfar

Another factor that must be teken inta considera-
tion in devising the melting procedure is the heat
tranafer rate in the particular specinens at hand.

TIME, min
[ 2 & oo 20 d 7O 19D
ol

E
ik
]
S oaal
i
'3
3
=
_r
[=] 20

& I

o I z

LG TIME, mim

Frcvae 1. Rofe of melting of o ca, %7 polyethyplene mmgé

crpstallized tn mercury dilatomeler in 1250 °C bath for
wein and then brataferred fo g P850 *C balk,

With the nearly zpherical 3 g samples uzed in this
atudy, more thun one hour i3 needed to achieve u
atutie wolume when a highly crystallized s:ur‘H:-le is
transferred from T to a tempersture st which almost
all of its crystalline regions will melt,  Figure 1 shows
the rate of melting of a sample eryvatallized in &
125.0 *C bath for 125 min when it s transferred into
a hath at 13520 °(!. Temperature messurements
with o thermoeoupls in the sample have shown that
thermal equilibriun is not achieved until the material
wttnine & constant volunre. The principal causes of
the long titne needed to reach tamperatare equilibrivin
in the sampla are the high heat of {usion and low
thermnl conduclivity of polyethylene.

[f the melting of o specimen 18 accomplished by
heating it through its mclting range at & given raie,
the temnperature inside the ssinple will lag bahind the
Tath temperwiure by an amount dependent on the
sample size and geometry, the rate of heating, the
degree of crystallinity, and the disiribution of melt-
ing points. When uging the melting procedure
given 1n section 3, the rate of heating was the most
eritica] factor far o given anmple, the error in T,
being approximately 27 min times the warming rate
in degreea per minote for any rate lesa than 0.040
degfrin.

'ossibly heat tranzafer is not the only reason for the
slowness of the mealting at a fized temperatura near
the maximum melting point.  If one allows sufficient
time for the achievement of n static volume part way
through the melting range and then rpises the temper-
ature alightly, one finds that melting continues for a
considersbly longer inlerval than should be necessar
in order to reach thermal equilibrium.  Matsoe [17],
Chiang and Flory [12], and others have noted the
same effect.

2.4, Other Factoms
Tﬁa phenomene mentioned thus far all tend to

cause the observed melting temperature to be greater
than it should he for the proper characterization of
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the original crystallization conditions. On the other
hand, twoe [actors may he mentioned which could
enter during the course of an investigation and cause
the melting points to he lower than the corteet vaiues.
{ne is the absorption of solvent. This difficulty was
avoided in the present case by the use of mercury-
filled dilatometers. The other in decomposition of
the polymer. Evidently there was enough anti-
oxidant present in the waterial studied to prevent
degradation in spite of repeated heating to 177 °C.
No change in the liquid volume oecurred with time;
nor was there sny significant shilt ol the crystalliza-
tion izothermn alter Tepeated melting runs, Thus,
barting decompositon and dilueny absorption, the
procedure which gives the lowest T for a given
eryatallized specimen would seem i be the hest one
to reflect the size of the erystals as formed under the
initisl growth conditions.

Whether or not the presence of linear polyethylene
of low molecular weight affects the distribution of
observed melting ponis is not known, It appenrs
from the work u% (l;hiﬂ,ng und Flory [12] that unfrac-
tionated Marlex 50 does have a larger proportion of
low melting ery=islline regions than docs a fraction-
ated specimen. However, it is possible that much of
this difference resulis from the different times and
temperatures required to crystallize the various
pamples to a high degree.

3. Experimental Detadl

The materinl used in this investigation was an
unfractionated lnear polyethylene (Marlex 503,
obtwined in the form of small pelleis from the
Phillipe Chemical Company of Bartlesville, Okla.
It was used as received except for washing with
water and acetone and drying. ) ]

Crystallization and melting wore carried out in a
typical mereury-filled dilatorneter. About § g of
materin]l wera used in & 5 ml spherical bulk. The
dilstometer capillary was nominally 2 mm in
diameter and the heipht of the meniswurs wus esti-
meted to the nearest 0.1 mm.

Three Silicone oil bath thermostate were utilized
for any given experiment. One bath was for the
initis]l melting of the sample. A temperature of
177 °C for & period of 10 min was found to be
sufficient to remove all meazurable erystallinity from
the sample. No change in the crysiallization iso-
therm wae observed ss a result of varying the initial
melting temperature between 150 and 200 *C.  (The
crystallization is almost entirely of heterogenecus or
peeudohomogeneous  origin.  After melting the
sample, the dilatometer was tranaforred to a crystal-
lization bath maintained at ;4002 "C by &
mereury thermmorerulator. Time was measured slter
the sample bad heen in the ¥, bath for 5 min.
Alter enough time had elapsed 1o produce the desired
crystullinity, the ssniple was transferred directly to
the melting bath which wesa conirclled to o =et
temnperature +£0.01 *C! by a thermistor connected to
a bridge circuit.  Generally, the melting expetnnent
was begun at s starling temperature just slightly

(0.1 to 0.8 °C) below the anticipated melting point
in order to avoid recrystallization. A period of 1 hr
was allowed at the starting temperature se that
nearly all of the crystals which were unstable at
that temperature wonld be melted. Therenflter, the
lemperature was raised in increments of (.158% each
30 min until the sample was completely melted.
Variastions fromm this scheme were occasionally
employed in order to study particular offects,

he teinperatures of the hatha ware measured by
# celibrated platinum resistance therimometer.
Mercury-in-glass thermometers were found to he
unsalisiactory for measuring the bath temperatures
because of condensalion of the mercury in portions
of the capillary sbove the bath higuid level.

The range of erystallization tempcratures em-
ployed was 125.0 Lo 130.0 "C axcept for n few iaolated
experiments.  The extremely long time required to
achieve higbh crystallinity limited the number of
experiments above 130 °C. By the use of a differen-
tial thermocouple in one of the dilalometers, it was
found thati self-heating of the circe 3 g sperimen
during crystallization prevented extensien of this
rangs to lawer temg.)emtures. Table 1 gives the
wagnitude of the seli-hesting near the center of the
dilstometer at varipus times during the crystal-
lization,

The degree of crystallinity, x, was obtained from

the specific volume of the sample, ¥, by using the
relation x={V,—V){/{(V;— V) where 7,=1.1484+
038 x 14 {*(Mis the measured liguid specific volume
and T.=0.904043.18<107°T(%C'} i= sn sapproxi-
mation to Swan's crystal specific volume s ohtained
fromn X-ray studies il &].

TaBLE 1. Seif-hecting during crystalifzalion o crea 3 ¢
pofyelbylene apectmend {4 merrury difaiomefer
Hath DhiTersntial | 71ime afcrys- | Domese of
tapipersture | teniperatire | isllisstioh | eratailinity
ki L min
125,00 0. B 12 10
u .05 s ] L&
[T LW .
126, 45 L w  H
L 1.} i
N i !
127 by o g | T
= 158 o
Y o | i
12576 . ) T 1%
08 | T

« Msabounl difletentinl tebhpetatore sdubbg e
erpatnTilsarion.

4. Results of the Melting Studies

The melting temperature eustemanly reported
for a polymeric sample ia the highest obeservad
melting point in the distribution of nelting pointg—
the last detectable melting point.  Obvicusly, the
temperature obtained by this method will vary with
the sensitivity of the detector used to observe the
presence of crystallinity. When one is interested
in determining the effect of crystallization time on
the distribution of melting points, the last detectable
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melting point should not be ueed; sines, for & given
distribution in a sample of very low x, the last
detectable melting point will be much nesrer to the
median point than 1t will be in & eample of high x.
In order t¢ prevent the fixed and finite sensitivity
of the measuring instrument {rom biasing the melting
points for samples of different x, it has heen found
td be convenient 0 normalize the distribuiion of
melting pointe. This may be accomplished by
eomparng melting points whare the sama iraction,
. of ongnelly crystallizad material remains
unmelted. When melting points ure bemg obtained
from plots of sample 'm%ume against temperature,
the most aceurate T, (@) correspond to p=0.0l.
Very low values of p d¢ not give precise melting
peints beeauzs the sample velume asympiotically
approaches the liquid velume. ge p melting
pomts have to be mvoided, especislly for sanmples
eryatailized at low T, since recrystallization ms

oecur and significantly &alter the fraction meltod.
In addition, when larzer amounts of crysial ara
undergoing fusion, the temperature of the material
15 nonuniform, and it is difficult to determine the
exact temperature of the crystallites melting at a
zivan inptang. .

Typical melting runs for ohisining T, l:ip, for
#=10.01, using one dilstometer at one crystallization
temperature, are zhown in figure 2, As may be
seer, the sccuracy of eelecting the melting point
when 1 percent of the originally formed erystals
remain uyomelted drops somewhat at low
{see left-hand curve in fig. 2). Tha Ty (0.01) values,
correeted for melting rate by the ralation given in
apction 2.3, are reported in fable 2 and are plotied
in fieure 3 ss a function of the legarithm of the
crystallization time in minates. These T, (0.01)
melting points clearly show that the high-temper-
ature aidI;o of the disiribution of melting points 1=
digplaced to higher temperatures as the crystalliza-
tion time js increased. ) )

A compatison of the time scale in figure 3 wath that
in fipure 4, where the crystallization isptherms are
plotted, reveals that the change of slope in T
{0.01) versus log ? (stage l1—sstage 2} occurs at
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[LLR.] 1340 134 5 11%.0 (L) 1540

TEMPE RFATURE =t

FieUne 2 Typioal meliing curwes Jor mmples crysfallized
« bath of 15685 °CL
tiom b =0=8 mlo, =J—7 win, ——30 min, and
-—-E]ﬂriwmmﬁ ’me mhnm ammlj the n?al.tin: ?am:mmﬂm whébo ooe pu{iuant
of kb origioa] crypta]jlnlky mmalng (5 =010,

TABLE 2. The ohicreed tiefling lewperature of polyelbylene
tohen 1 percent of the onpinal erystalizndly ncmm;;;-a

Crystalllzatioe | T{me algys | Warming Fu 00,00
e b e tallizn|om i
= g degfmin i
125, (- 126, 15 120 . (0t L4 T
1, By K 13808
30, &0 ] 13k 10
124, 25-177. 02 H K. 131
| K 134 O
&5 . g 13444
T K 134. 50
1 K 13443
5 K 134, 12
5 R 135 4
3,620 e 135 =1
o, el R 135. a1
3. M e 135. M
124, S={in.a = g 134 55
RE ik 134 &2
[E33 L 1313
171 e 1M M
at G 135.
a0 L 195 55
1,048 L iy 115+
1. 48 My 135 H
.50 g 195,74
125, T 1T {84 O 135. 325
T , g 135, 55
T i 136, 5
L] T} 135. 72
oy ] TG VK, 73
1,400 A 146, 3
£ am A bl
13000 X, 50 K 1 04
2,430 R L. £
A,500 g 13,17
4, 330 -y 136, %7
4, 330 - L3k 2
5, 25 a1 134 a2
5, 390 . 13 34
#, 880 . G 13844
1, 850 . ok 1312
1,810 -y 138 87
0, 2N R 138 M
19, 20d 212 13T
21,70 e 133 W

roughly the sarce time that the ieotherrm reaches
A, the beginning of stage II or secondary crystalliza-
tion. Howarar, it is not certain that the onset of
stage IT in & crystallization isotherm, which is a
result of massive impimgement of sphernlites [8], is
actually closely connected with the onset of stage 2
in tha ¥y versus log ¢ plot. The ap(fuarent. increase
ol the slope for ssimples eryetallized o stage 11
{dashed lines in fip, 3) with an merepse of 7. was
confirmed by crlf*at.&]hza.‘ tion of a sample at 125.0 °C
For 120 min followed hy annealing at 120.0 *C for
variomz leagths of time. The rate of increase of
Fa (001} with log time of erystallization was found
to be 0,05 deg/decade at 120.0 °C, which is almost a
factor of 4 emalier than tha rate measured at 125.0 *C
for samples cxystalitzed into stage II. o

In order to abtain the variation of To{p} with time
of cryatallizetion for spme values of p gresier than
0.01, the antire melting renge of saveral eamples
crystallized at 130.0 *(7 was recorded. Heating of
the hath was carried out ab an average rate of 0,010
deg/min. Thie high crystallization temperatore
minimizes interfersnce from recrystallization and
permite the melting to take place in a short period
of time relative to the time st 7~ Two of the
normmalized distributions of obgerved melting points
are shown in figura 5, where corrections have been
m:]de t{l}r the heating rate and the amount of material
meltad,
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Fiauvrs 5. Nemalired disfrifedions of the observed stefing
temperciures of Do somplas eryrfollized af 330.0 7L for (2]
380 mier (x="00081) and (B 15,806 mer (=0.8858),

5. Interpretation and Discussion of T,
5.1, Estmaticn of Lamellar Thickneas

The depression from T2 of the melting point of a
highly. crystelline linear polymer of higﬁ molecular
weight has heen atiributed penerally to imperfec
tionglin the eryetals. These may ba interior defects,
or high anergy surfaces, or both. Ono the agsumption
that the predominant cause of the depreasion s the
high surface-to-volume ratio, which iz known to
axist as a resylt of the lamellar habit Pone meay esti-
mata the ztap height of mature erystals which malt
at Ta. Therelation between the melting point depres-
sion, T4 — T, 8od the thickness, I, is given by the
thermodynamie formnla [6, %, 19]

o 20T% N
BT B =T ¢
where =, i5 the free enercy of formation of the lamellar
surface and Ah, iz the bulk heat of fusion. In deriving
thia relation, the assomptions are made that [a)

the other two dimensions of the crystal are |
compared to ! and (b} the heat capacitias of liguid
and eolid polyethylene are approximately equal in
the region of observed melting points.

In order to apply eq (1) to ealcuiate { from T,
it is ne to estimate Th and s Ak, Values of
T of 141 and 143 °C have recently been obtained
EI{ other investigntora [20, 21, 22] w%m axtrapolated

& meltinglpuints of the normal paraffina to infinite
chain length. A value of T} eqgual to 142 °C i= n=ed
in the following analyeiz. Eby wnd Brown’s messura-
ments [21, 22] of the low angle X-ray spacinegs and
corresponding melting pomits of sew. Marlex 50
gpecimene provide an estimate of o« /ak.  Thi=
quantity comes from the slope of a plot of T, against
1/l according to a rearrangement of eq (1}, A value
of ¢ /Ak, equal to 2.043107F ¢m was obtaibed from
the reﬂuita of their measurementa, using the smaller
of the two low angle spacings as a measure of the
lamellar threkness. Geil has showm that this mmaller
spacing corresponids to the actual Jamellar thickness
as measured by electron microscopy 15, 23). {Using

i
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Quinn and Mandelkern'e value of Ah, [16], as revised
in reference [12], we have Al =280 10° crefem?,
which gives ¢,=357 crg/em® from the previous ratio.}
The work of Eby and Brown on Marlex 50, which
directly relates 7, sand I, thus quite directly perinits
melting point data to Le trensiated mto velues of
the lamallar thicknegs.

00 T T T T

o

00 em
i
x
T

1
1 2 3 4 L
L etk i

00 L

Fiouee 6. FHaimelted famellar thicknese 04 o funclion of the
i‘%ﬂ;‘m of tha time of crpsioflizefion of fhe sample {alags
k.

Melting pofioly slaym in fEtrn 3 wWerp i, wilh o [ Lo yhiakn fha estimetos
of 1. The cerstallisation bath temDerabures wem —O—1004°, —fo= 12764,
—C]— 125, —<—13000°, prwd —T— L3014 1o 1330 90,

Estimates of i(p) for p=.01 have been obtained
from the T, {01} Listed in table 2. Figure & shows
aplot of the {{01) #s a function of the time of erysialli-
zation. Only values from atage 1 on a T, versus
log ¢ plot are given in the figure. {One ndditicnal
point 13 included from an eight-month erystallization,
tluring which T; incressed from 131.5 to 133.0 °C.
At the time of melting, x had reached about (.30.3
Here the induction time, £, for the ﬁpfpeuranm of visi-
hle cryztallinity has been subtracted from the crystal-
lization time a5 measurad from the time the sample
reaches ita liquid voluma at T For apecimens with
g crystallization time of less than 200 man, it was
necessary {0 make a small correction for the change
of lamellar thickness which occurred subsequent to
the crystallization time and prior to the time of mejt-
ing at T (0.01), This correction will ba considered
in section 5.3,

The E(ip] values for p=0.01 were obtained by using
a valuo for o, /ah, which was caleulated from melting
point snd low angle X-ray measurements on mature
polyelhylens erystals. I the value of #, {equal to
49 ergfemn® [9]) derived {rom kinetic studies on the
nucleation and growth of -:nlji:ath}flﬁne sphernlites
had heen used to obtain ¢, then the estimated I
vilues woold Lave been 14 percent amaller.

As figure 6 llustrates, the values of { vary linearly,
to a good approximation, with tha logarithm of the
tirne of crystallization. Hirai et al. [24] and Fisler
and Behmidt [25] bave fonnd by X-ruy diffrsction
that the long period of polyethylene single crystals,
which wera grown from soluticn, increases in a similar

manner during annealing. The latter authors also
found a similar logarithmic time dependence jor the
thickening of lamellae in quenched bulk polyethylens
which had been annesled at various temperatures,
These observations imply that there was itially &
rather rapid increase in the thickness of both the
melt-grown and solution-growin crystals that oc-
curred prior to the experimentally measured time.

5.2. Model for the Thickening Process

Hirai et al. [24] have proposed u nucleation-type
model for the thickening of lamellae that leacds to an
spproximately linear increase in £ with log . They
make the ohaervation that a nucleation harrier mnst
be surmounted in order for lamellar thickening to
lower the free energy of & crystal of given fixed
volume, Below we sumimarize this spproach in
slightly revised form. Takineg the dimensions of a
surface nuclens to be z on each side and g in height,
one has for the change in free anerey of w eryatal of
thickness £,

AF=d4xge —2q0.fl (2)
becange of the local incresse in thickness gt the nu-
cleation site and egrecaponding local deerease in basal
area. Heare & is the free snergy of formation of the
lateral swifare per unit erea. The lovsiion of the
nuinimum in the free energy surface, AF'*, is inde-
pendent of g but its value 15 proportional to g; thus,
the ineresse in I should be accomplished by steps of
only 2.54 A at a time.! After s critical velue of z
has been exceeded, the incresse in thickness is as
sumed to Le pm]iaguted rapidly over n tather large
agren.  Jusi how large an area moght depend on ex-
ternal impingements, strain terms, or other complex

factors. By differentiation of AF with respect to
x, one finds
AFt=2g0" e M=(T (B}
Thns, as an clementary approximation, one haa
'fH__ —ik T
d—t—fle . {d}

{Hirei of al. caleulate that #ffdft=4" expf-CT2ET),
but, by & more ricorons derivation baged o the
tnethod of Turobull and Fisher [26], Luauritzen [27]
hus{ E;hjuwn that the correct exponent 18 given by
eq (4).

At this point we rmention that an eguation wlenlical
in form to eq (4} has been obtained by Peterlin (28]
on the assumption that there exists an energy barrier
of height ».F for the lengthwise translation of a chain
of n ecarbon stomnz 0 an adjacent erysial lattice
gite, 'The rate at which thiz motion could cceur ia
dnfdi=A" exp{-nER&T). Sincel!=1.2710""alcm),
thiz pquation ia similar in form {o eq (4). Hirai

3 Thisazuos. L bh e toanslgLion of ,08 % iy ras chain in padee to refgan
the fold wilh Lhe suie ceanflioegliony Bhal ik haal presiogsly. A irgnalsticny of
Tipld Lhly eovpunt 103y b puﬂihlu Bk wiudld procuee & Ngbry emecgy Tohl
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fssymes that the barrier to lengthwise translation is
inidepandent of the erystal thickness. (This point
will ba re-examined lateor )

Integration of aq (4) gives

=B log GptBlog t—tetrd,  (8)

where B=23 2T/ and r={k T AC) axptitCieT).
It i= supposed that a crystal born at time 2 initially
has & thickness egoal to ¥, When ¢—¢ is larpe
ecompared to w—which ia the case m the exper-
mentally accessible time rehge—then

234

BB log “55+ B log (1~ 1), (6)

or alternatively

It B log Y0

T

(6a)

_ Eguation (6) may be put in terms of the crvstal-
lization time, rather than the existence time, of the
cryatel by neting thai the age of any fraction, p, of
the crystales in & piven sample crystallized to x, at
time #, {equal to £—{,) i grester than or egusl to
t,—1s, where b i= the fame at which y=xp=px. If
there iz u monotonic dependence of melting tanipera-
ture on age as & consequence of isothermal thicken-
ing, then the crystuls that melt at temperntures
higher then T.{p) will have formed earlior ther
time fr.  Thus, t,—t0 is Lhe estimated age of a crystal
melting at ,(p). To n good appreximation the
isotherms in figure 4 are given hy the equation [20]

X=Xy [L—e " Flmet itm], (7)

where Z is a constant {or a given isotherm. This
corresponds to the growth of hetprogeneously nucle-
ated spheres.  From this equation

ty=g'?,, (&}
whers g=log {1—xp/X.) log {1=x/x.),
Subatitution for £y in aq (6) gives

l=Blog 2504 Blg 0~ 4B log 1. ()

gince i, iz the erysiallization time. A slightly poorer
but more convenient approximation resnlts if the
“free growth rate,” y=2Z(t—¢)3, is assumed in place
of eq (7). In this case,

=B log %Jrﬁ log (1—p¥)+ Blog £, (i0)

Average values of the parameters 4, B, and &
may be caleulated fron: the plot in figure 6 by use of
e (10, The slope gives B=43.3>{1l]'“ cn; A 15

found fo he 7.23107° canfsec: and (7 iz 2941077
ergiem for =400 °K., Teking s as equal to
2.543107% em, one may obtain rife,=5.8 erglom’
from the mpgmitede of €. This valne of 5% for
o’{o, may be compared to the value of 3.0 that has
bean obtained from parameters for the nucleation
snd growth of polyethvlene erystals [3]). Variouos
sssuraptions can be advanced to account for the
difference in o’fs, valuea, for example: {a) other
barriers {o the formation of the nuclens, such as that
pr:]poaed by Poterlin for the lengthwize translation
{“*aliding diffusion') of the cheins, (b} the sxistence
of restraints on the thickening process (see section
5.4), and (¢} the fact that the lateral eorface of
the nucleus, which presumably rises only 2.54
sbove the surrounding crystal, is not typical of the
latera! aurface of either s primary mmclens or a
growth nueleus. The extent to which these factors
may be operative is not known, but it is likely that
the barrier for lengthwise translation of the chains
is dependent on Thiz translation barrier will
probably be more temperature dependent than the
meleation barcier: if it were, it could explain the
strong temperature dependence of B that Fisher and
Schmidt 25{] observed. “They jound that the
magnitude of B increased by a factor of 3 in the
range 120 Lo 130 % The date in figure 6 also
indicate a_positive temperature coefficient for B.
The 130 *(? points give a value of B=864X107% cm
{(effo,=3.9 argfem® and A=8.5310"" om,sec when
treated by themselves. When both the nuclention
and translation bacriers aro controlling the thickening
rate, the quantity B is given by 292k Te,/(108Fs,
+2.54 g o). If E decreases with increasing tetn-
Eera_t.ure as the lattice expands, then the nucleation
wrrier wonld he the limiting rate controlling factor
at high temperatures while the translstion barier
migkLt be the limitiog factor at very low temperatures.

5.3, Change of During Malting

Of necessity, samples erystallized at T, and then
melted using the procedura followed here, contain
eryaials that have existed for & eranter time interval
than that meapored at 7. Tn order 10 determine
the amount of lamellar thickening that oecurred
during the meiting process, a palyethylene sample
wes crystallized in s 126.25 “8] bath for 42 1in,
then transferred to o bath at 13384 *() where it
was ztored for a time intervel £, and then mclied at
o rate of 0,006 deg/min. By repeating the procadure,
the data given in table 3 were obtained. Values of

Tavre §. Meliding lsgpﬂruﬂum of polyethylene semple eteved

at 18384 "G for vartous lenpths of fime =
Time of ‘Total meltlng Correeted L0}
SR, i time, ¢ w Tu (1.0}
mn i} L]
{nat gtormdy LTl 1310 M, O 0
= It -2 18
143 = 3 f TR
Lir] 43 [RIN: TR e ]
9. pies 10, &L 134. 14 Ml
» The e was [oitdally cppstalliped noa 12625 70 bath [or 42 win.

b Ty (000 alpsepved mloln 018 °C Jseatinp vage someellon.
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{ {0.01) were derivad from the T3, (0.01) by uesa of
g {1). These values are plotted in fizure 7a Bs
& function of the Jogarithm of the total time of
erystallization plus melting, .. This plot it not
suitable for determining the change in ! durin
melting. A probable explanaiion of the sbape o
the eurve in figure 78 may be found from a coneidera-
tion of the effect of & change in the parameters
A end B as the temperature 15 changed from T, to
one neer 7. (0.01)., Assuma that & lamella is
erystellized at T for o time (f,—fn) where the
thickening rata is

ol

g =g 7B Rl R, {11)

After this time the crystallite iz transferred to a

higher temperature where it thickens st a rate
eff gt 3
rranti L =8, 121, (12}

When eqs {11} snd (12} are integrated and combinsd
one obtains

f=—f=B; log {14-x{t—t;)} (13)

where v (2.34:/B,)[(2.34,/B,) (s — o+ 70)] 2% and
n=(B,/2.34,) axp 2.304/B,

which 15 negligible compaored to ¢, —1s

According fe eq {13), aBPlut. of { versus log (1—1,)

ill give a curve whose elope approaches .ﬁz when
t—t, > >0, Such a plot is sﬁnwn in ficure b
where H, has been eatimated to he about 653 10-¢
cm. When B: is known, « may be estimated from
& plot such as that given in figure 7¢. The data
iraply & x of abomt 0.0015.  Once B; and « lisve been
determined, aq (13) may be used to obtain the changa

in! (0.01) that ceeurs during the melting procedurs
{by successive approximation until B, i& known).
In this way corrections wers applied to the 1{0.01)
which were cryatallized for less than 200 min, as
was mentloned in section 5.1. The mazimum
eorrection was 7.554107% em.

All of ths gquantities in x have been estimated
except for d;. Using «=0.0015, Bj=43%10~¢ cm,
By=6510"°F cm, and A, =7.8%10"% cmfsec, ope
finds that 4;=24%10"°% e¢mjsec. Thizs i= abhout
the sane change in A with temperature that Hirai
et al. have found for the annesling of polyethylene
singla crysials [24],

5.4, Tha Distribution of Skep Heights and Restraints
to Issthermal Thickening

The puclention theory of lamellar thickening
suceeselully accounts for the time dependence of the
values of { estimated from the T, (0.01); however,
it does not, in itself, provide & complate explanation
of the distributions of melting g)omta shown in figuro
5. This may be shown by obtaining the i{p) for
=0, .1, .2, . . ., L0 from the entire melting eurves
and the corresponding values of i —#; from the 130.0
" crystallization isotherm, mssuming a perfect
positiva correlation between age and melting tem-
perature. These { volues are plotied in figure 3.
{Thoy have been ad%ust.ed slichtly so that the {0.01}
fall exactly on tha { versus olg ¢ curve of figure 6.)
According to eq (6} all of the {;;ifpninta should fall
on the samecurve. This curve should be ezeentially
# atrpight line, when t—#7>100 min, baving a
glope £ aqual to 43.22{107% em. I has been drawn
az a solid line in figure 8 and is labeled p=0.01.
Threo pointa of interest are apparent in the plot:
(i} about 80 percent of sampls {8} bas I{Iﬂ'. which

ive & slope similar to the 7(0.01) but which are
ﬁisplaced to lower values {sea dashed line}; (1}

the H{) points imply & much greater elope than
T T T $}=.l:'.
-

] 4
£
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do the £{0.01) pointa; and (iil) the {(#)} for sampla
%r} fall much below the solid line except for 2{0).

hese affscts are thought to be the result of tws
factors which have pot been treated in derivln%
ag (8); namely, the existence of & disiribution o
stap heiphts around I when crystals are first formed
from the melt and tha existence of restraints to
acrmal lamellar thickening.

Layritzen and Hoffman [, 27] have considared
the distribution of step heights of growing chain-
folded crystalz and have found that the probability
distribution may be represented by

Fl=y @ —ln)e it {14
to an approximation sufficient for the present
urpose. Here l,,=2c/Af whare Af is the bulk
rea energy of fusion, y=2bw/kT (which is taken as
& constant), and & is the width of a chain. By
assuming that crystals are generated wecording to
Xx=Zt—L)? with a distribution of step heights
given by eq (14}, Lauritzen [27] has found ike
following relation for crystals that have thickened
according to eq (4) in & sample cryatallized for time
tr=i—t, when { = 7>r,:

3 ‘. - &
1=210g 242200 fTL‘{__ =B log (14+2)]
T A e T AR
8’]"3+3m'!h+4#1-11’+1213
(A% 200 {y+3a0°

+I’E_B ]'D‘g Tu"‘EIﬂg Ef.

+a?

{15)

Here ) equals™ 2.3/B. This equation holds for
$<~0.02 and may he compared at low p with a
modification of eq {10}, namely,

1=B log (1 —p"“}-[-%-luim—ﬂ log ry+ B logt,.  (16)

The mote detailed treatinent by Lawritzen showe
that 2(0.01) should be essentinlly & linear function
of log (t—i) as has been observed in figure 6.
Howevar, eq (15} shows a stronger dependence of J
on p than does &g (16} for low values of . In order
to demonstrate n qualitative agreement bectween
the {{p} values for low p shown in fipure 3 and those
values predicted by eq (15}, we note that the dila-
tometers used in thiz study have & fized limit of
sensitivity of about 0.25 mg of polyethylene crystal.
This 1= equivalent ta & d of erystallinity of sbout
0. 00008 and means that the so-called “p=0" valueain
fizure 8 actually sre »=0.0000%/0.081=0.001 and
p=0.00008/0.635=0.00013 for samples {(a) and (h),
respoctively, Now cne inay compare the change in
the {(p} predicted by eqz (15} and (1) with that
obsarved experimentally. This is done in table 4
by computing {(p)—{(.02} for several values of p.
It iz soon that the variation of I with p shown b

sample () aprees well with that predicteg by eg (L5},

TasLe 4. Compariaon  of Wp—I00.02 obscrved  wnih Lha
predicied by eqs (15) and (18

|

haervnd [ @il 0]
Tpa-—3000} '.-

o g —iC0z)
by eq (16 § by g (18]
Enmple (n} '! {hl
fo] £ -] ]
(R} 4% 101 1.4 181 PR W0 104
018 0.1 4.0 1.5 e ——
LS e F] e A1) [

a=""0" o paniphe ()
uﬂ-"u"mr .am]gl.e IEI:].

From the fﬂrefgoing consideration of tha effect of a
distribution of atep heights on I{p} in a erystalline
specimen, one may suppose that in a low X sample
the T, 338} for large p generally reflact the meliing

of erystals initially formed near the aversge of the
steén- eipht distribution. At lower valuss of p, fewer
and fewer crystala remain in the sample so that the

observed melting points correspond to the larger
erystala in the origine]l distribution. The strong
dependance of f on g for low values of 5 thus explains
the strong upswing in I{p) for p< 0.1 that i3 seen in
figure & and which 1= a resolt of Lhe “tail” on the
melting curves (sce figure 2). This “imil” on the
melting curva near the liguidus 15 due primarily to
the corresponding tail on the high end of the F{J)
distrtbution, which persizts at sll ages.

The [act that the /() for high p n sample (b} fall
appreciably below the p=-0.01 curve may ba inter-
preted as showing the existence of restraints to
pormel isothermal thickening of the lamellae. These
restraints ara probably of varving degree, but they
may al=o vary with ¥ (the st.ﬁ,Ea of development of
the ‘“‘apherulites’}. They can be visyalized to cceur
ag the result of externsl impingement of adjacent
larnellae, which may be most severe in regions of second-
ary surface nucleation, branching, spiral dulocstion, or
nnerous interlomellst tie molecules; andfor they mn
result from internal build-up of strein asscciated wi
thelarge mass fransport required oy lameliar thicken-
ing nt constant volume. Irrespective of the cavae, the
extetenca of restreints to normal thickening would
destroy the prefect correlation between age and
malting point which was assumed in obtaining the
caordinates for the points in figure 8. Because of
the possibility of residual restraints on tha thick-
cning process, the true value of B-—estimated pre-
ﬁougljr from the slope of #(0.01} versus log t—may
be greater than that shown in figure 6, but the simi-
lurity of this slope with that defined by high p-values
of { for sample (n) suggests that B iz not appreciably
bisged by roatraints.

From the foregoing, it is reasonable to guppose that
the transition from stage 1 to stage 2 on n T, or !
versua log ¢ plot (compare fige, 3 and 6) is a vesult of
retardation to thickening in the ¢ crystallopraphic
direction of the older lamellae in the apherulites.
Converzely, the transition from stage 1 to stage 11
in a crystallization isotherm is thought to result
from retardation to growth in tha o and & directions,
e.g., impingements of lamellae at spherulite bound-
BTIEE.
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5.5. Estimates of I} from T..(1.0}

Of parficular interest iy the fact that the smallest
estimated values of I, which were obtained from the
complete melting curves of sanples erystallized at
180.0 °C, are close to the value of {f predicted by
theories for polymerie crvatal growth with chain
folding |6, 7] if the “'thermodynamie’ velue of the
surface frea energy iz employed {s,=57 erg/em?),
Similar observalione have been made for other
crystallization temperatures as are shown in table 5.

TABLE 5. Cwrtparisor of 11,00 with the theoretion! ralue of o
grotth nuelens of ceiffon! wies, 1,

Cryatallizatlon | i of crya- (1.0 [
lenaperatiore Lallizarion
LA iR (2. «m
126, 0-124, s 1] 1131 1-117% 18-
[Ex) 10y [4-bt)
LN .1] [1ei]
1240, Juc 1= | LA
L] (L] (L)
T, Kl n
131, 60-133. () g, 0 bl E 174158
[145-183)
e TR LT

< Tl valueq l:ll'l: are cakeukated ﬂ::=m|-;
i ™

eHer Latidkpen end OoRmun [8], wlere L iy Boltzmeno's constant aod b 1= the
width of » cham. The valnes TS =415 *HE, r.=50 orgfon?, oml2 engesd 9],

anrm AR I erglemd, el fo=4, L0 cin wora usxl, Tho renge of & ¥Aloes
risrwn refors to i tempergtun: range in the Arst colemo.  Simllar reselts aee

obtained uang Pri='s fwenoletbon of & |7]. Yalues b parentless calmibated
R o T AR At 1 bk Ty, 0,090

Eb were Wbkl 12 & preeeding aatipibes! Hoonely, 0,080,
0,080, Eard 0,190 Hgrmair.. pruseiling Aarip e

The discrepancy that appears at the hivhest crys-
tallization temperature could imply that some
thickening of the {(1.0) has occurred during the
va?r long atorage at T3,

le crystals melting at T(1.0) are assumed to
be the thinoest (and therafore lowest malting) of
all thoze in the apacimen becanse of & short time of
existence andfor a very highly impeded thickoning.
It iz conceiveble that they vl::i:.uulrfJ be low melting
because of a defactive internal structure as a resull
of the incorporation of short branches into tho
erystal. Bot Keith [30] ha= found that branched
structures tend to be rajectad at the Erowing hounda-
ry. The stals in samples that have been crys-
tallized slowly to u low x should be especially free
from internal defects. )

There is a strong implication from the logarithmic
time dapendence of the lamellar thuclmess, togethar
with the valuez [ound for (1.0}, that polyethylene
erystals arc initially formed in o growih process
having & thickness near thet of the theoretical
critical-size prowth nucleus, I;. This thickness evi-
dently increases ve mpidf}f ot first, at & rais
mveracly porfional to (fHatra), and eventnally
givea & thiekness of approximately 2 ¥ in the region
that iy experimentully accessible for study by low-
angle Xray diffraction or by elsctron mictoscopy of
aurface replicas.

55. Fxtrapolation of T, Vemmus 7, Te Oblain T2

The experimentally messured incresse in T,
with inerensing crystallizution time, when interpreted
a8 In increase of lameallar thickness, helps to elucidate
the extrapolation procedure 7E:r+::-|_::|~n.:'snz« ky Hoffman
and Weeks [8] for obtaining 75, In the a][(:plica,tinu
of this method one assumcs that the thicknesses of
the larger mature lainellae {in samples crystallized
to o given value of ¥ and then melted without re-
crystallization) are dependent only on the cryataliizu-
tion temperature and may be closely approximated
by Al¥ where 8 iz a constunt and £ is equal to
4g,/4F. AR an example, if one obtaina the crystall-
zation times of samples crystalized to a x of 0.10
fromn the isotherme in fipure 4 and determines the
corresponding values of { from fizure 6, then one
finds that § inereases from 0.98 to 1.04 in the tem-
peraturs range 176.5 to 13G.0 “C. A similar changs
in A pocurs using (D) instead of 2{0.01) values, The
increasing value of # eause= an appreciable error in
the eatimate of Fl=1455 °C that is obtnined by
hnear extrapolation of (0] versus T, to the inter-
saction with the line T{0)=T,.

It appears that, for :gn]yel;hyle:w, a better extrup-
olation for oblaining 2 than the one suggestad by
Hofftnun and Weeks 1= ane based on eq (1), where the
observad melting point is plotted a5 a function of the
reciprocal of the lamellar thickness. When Eby and
Brown's data [21, 22] are plotted in this manner, onc
obtaine & value of 7% of about 143.5 °C by extrap-
alation of either of the two long spacings which they
repott. If 5=0.50 melting ponts are nsed instead
of the last detectable meliing points, then the
catitmate of T2 1z about 1.5 degrees lower. The T,
{0.500 probably correspond mora closely to the £z
obtained from low-angle X-ray diffraction than do
the lu=t detectable melting pointa. This is con-
gistent with the value T2=142 %! used in the pre-
ceding sectione and corresponds well with the value
obtained from extrapolation of paraflin data.

E.7. Summary of the Analysis

Eby and Brown's (21, 22] experimental verification
of eg (1) has shown that the pnncipal cause of o
aamgle‘s melting below T3 is the thinness of Jts
lamellar crystals. Their measuraments provide &
value for o Ak, but other estimates of o, [5] and
&k [16] could have bean used just as well for estimat-
ing lamallar thickness from the melting point. A
study of the melting tempersture of a]ml ethylene
specitnens has shown that isothermnal thickening
occurs and that it has a logarithmic time dependence.
On the basis of & nucleation model of the thickening

eas, about hall of the observed rate of chanpe of

iz necounted for between 125 and 130 *(,  Another
contributing factor is prasumed to result from n
barrier (to the lengthwise translation of the chains)
that depends on ehain length [28]. There iz evidenee
o show that this barrier decreases with increasing
temperature, allowing substantially more than one
half of the rate of change of ! to be explained by the
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nyclestion model nesr and above 133 *(. When
the theory iz extended by the inclusien of a distribu-
tion of step heights around £§, one can quantitatively
attribute the entire distribution of melting points,
cbaerved for u sample of low x, to differences in the
ages of the crystallhites. Howover, as the depree of
crystallinity increases, it is evident thatb something
restrains a fraction of the crystals from thickening nt
their normeal rate. This impeded fraction increases
with the time of crystallization uutil, for the samples
crystallized into stage IT, even the last one percent
of the crystals exhitnt a diminished thickening rate.
Values of {F cloge to those predicted by recent theories
of growth with chain folding are obtgined from T,
(1.0) date. An estimate of TE (equs] to 142 Y
haa heen obtained from Eby and Brown’s data by the
uee of eq (1}.

The author thanks Dr. J. D. Hoffman for sug-
gesting a =study of the ]ne]tin?- temperature of
polyethylene and slso for his helpful eriticism of thia
manuscript. Appreciation is expressad to Dr. 4. 1.
Laurrtzen, Jr., for permission toe use zome of his
unpublished derivations and for his interest in many
aspects of the theory.
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