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Melting Process and the Equilibrium Melting Temperature

of Polychlorotriflucroethylene
John D. Hoffman and James J. Weeks

(October 2, 1961}

A new method of estimnating the equilibrinm melting teu(l_ﬁrntune, T, of & polymer iz
deaeribed, and applied to polychlorotrifluorcethylene gP FE). Experimentally de-
terininad values of the so-called observed melting point, T2 (obe), are plotted s a funetion
of the isothermal eryatallization temperature, T'.. When freed of sccondary effects, sueh as
recrystallization, the dats Bt a atraight loe of positive elope on a T, (obe) veraua T l}'lut., T,
being the ahecigea.  This Une is thon extrapolated to ite lotersectlon with 1he line T {obs)
=1T,. The temparaturo at this fnterseetionia 'y, This Intersection s at 224 °C for PCTFL,
and Ty s quoted as 224+ 1 70, {The higheat melting point actuslly attafned for s specimen
was 218.2 ") The valus of T, estimated wsing the extrapolation procedurs i commpanad
with thet estimated wsing the customary method of slow atepwise warming.

A theoretical justificetion in piven for making the type of plot mentioned sbove, The
meoat important assumption used m the theory is that one of the dimensions of the growing
orystal retaing & value rather close to thet of the appropriate growth nucleus during an ise-
thermal tallization, the other two dimensions being large in comparison. Comhination
of this with the fact that the relevant dimengion of the growth nuclews will very aa the re-
ciprocal of the degree of supercocling leads to the predietion of melting;}mintﬂ thet increass
linearly with ocrystellizetion tempersture. The assumption that ooe of the dimeosiong of
the oryatal retains s valoe feirly olose to thet of a growth nucleus cen readily be justified on
the basie of polymer crystal growth with ohein folds. Its justifietion in the case of the
eustomary bundlelike mode of ervatallizetion iz leas clear. Tt 13 demonstrated experimentaliy
that aven the largest deteetible orystals in FOTFE are only about TO pereent thicker than a

primary nucleus, when eecondery effecte are minimized,

The application of the theory to syatems other than POTFE ie discussed briefly, and
some preliminary messurements on polyethylens mentioned. Some points relsting to the
shape of the melting curves of highly eryatalline polymers are alee brought out.

1. Introduction

The present investigation was bhegun largely be-
cauge ¢of our interest in learning more about the
factors that influence tha me%ting behavier of
polychlorotrifluoroethylene (PCTFE} specimens that
were crystallized in bulk, Siuch factors as the rato
of heating used in the melting run, the initial degree
of crystallinity, and the temperature of the origimal
crystallization were studied,  One basic fact emerged
early in the work: the temperature of the orizinal
erystallization had an important influence on the ex-
perimentally ohserved melting point. Under ap-
pr:lpriata experimental conditionz, the observed
melting point, Ty {obs) increased markedly and near-
ly linearly ae the crystallization temperature, T,
was ineressed. It naturally oceurrad to ue that such
data might be amapulatef in such & way as o per-
mit tha equilibrium melting temperature, 7., to be
det-ermina?i. The concept that Tplobz), T, and
T, might be simply related to one ancther was
apparently first mentioned by Lauritzen and Hoff-
mat [1]',  For a simplified model, they showed that
To{oba)={Tp+T:}f2. A somewhat more general
derivation is given in the prezent peper. The melt-
ing point date on PCTFE are extrapolated to ob-
tain an estimate of T, A number of seeondary
effects, such as the r tallization that may occur
on slow wuming, are discussed.

1 Plgures o beackels indlcets the Heeratire references af the and of this papar,

It is of interest to know the equilibrium melting
temperature of a polymer for & number of reasons.
Among thesa is the fact that this quantity is required
in the analysis of crystal growth rate data in order to
establish the degree of supercooling AT=Tn=— T
The results of our studics on the izothermal growth
of spherulitic ﬁfsml]jmtinn in POCTFE st verious
temaperatures will be reported shortly [2].

e aguilibrium melting temperature of a polymer
may be defined as the melting poini of an assembly
of crystals, each of which is =0 large that size (i.e.,
surface) affects are negligible, with the provision that
each such large crysial is in equilibriom with the
normal polymer liquid. (Small eryetals will iend to
melt well below %n}. A further provision is that
the eryatals ab the melting point have the equilibrinm
degree of eryatal perfection consistent with the
minimum of free energy at 7., The melting
phenomena may take place at too high a temperature
if the liquid polvmer is oriented to an appreciable
extent,

The above defmitien of T, for o polymer is in
principle similar to that for the true meft?:]g int
of a pure compound of the noupolymeric type, wheth-
er it be & molecular, ionic, or metallic eryetal. How-
ever, the formation within & re&son(;ﬁe period of
timo of polymer crystals that are sufficiently large
to meet the requirement that surface effectsa be
n?ﬁ]jgibla presents & most difficult practical problem.
P ers as they are ordinarily crystallized tend to
melt oot well below 7, becanse the crystals are




small, and perhaps somewhat too imperfeet. The
result is that an attcmpt to make s direst messure-
ment of T for o polytmer is not neceszarily rewarded
b% a reault that is sufficiently free of cryeial size
& eBnt? i .
elore going on to

of the data, it 18 useF
way the point of view that will be taken concorning
tho cnmﬁination of drcumstances that () causes
the observed melting poini of & Hnear polymer of
high molecular weight to incresse with increasing
erystallization temperature and (b} renders it im-
probakle that the equilibrium meliing temperature
can actually be aitained in & real polymer specimen
in an expenment of reasonable duration,

From niclestion theory we know that weréann
x of either o primary or sseondary (growth) nucleus
will vary as 1/{aT). If the nucleus grows on all its
faces, a large crystal that will melt extremely closa to
the true melting point will form. This is evidently
what occurs with ordinary crystals. On the other
hand, if some restriction on growth exists for one
dimension, so that the resultant erystallite continues
to maintain this dimension at a smsall value close to
» while growing to large size in the other two, the
eryatal will mﬁt out well helow F,. Thus, if one
dimension of a polymer erystal persisted at or ncar
the value appropriate to a nucleus during the growth
process, it ia seen that the observed melting point
would be distinetly higher the graater the tempera-
ture of erystallization. As noted earlier, P E
exhibitas such behavior. (Preliminary work reveals
that similar bebavior occurs for polyethylens) The
first syatematic study showing an increase of melting
point with an increase of erystallization temperature
was that of Wood and Belkedahl on natural rubber
[3,4].

Even if one dimension of a polymer crystal re-
mained at a value & near the primary or secondary
nuclens size while growing to gize in the other
two dimensions, it is readily seen that a large and
high melting ervatal would in thesry be formed iP’Y
ourrying out the erystallization wery near to T'w
where AT in small. However, crystallization of
polymer specimen within a few degrees of Ty, 20
that it wounld be cortain to melt within say 1 or 2 *C
of T, will generally be prevented by kinetic factors.
The growth rate of polymer crystals is nucleation
rather than diffusion controlled anywhere near to
T, with the result that the rate o?mtal]izatiun
becomes exponentially slower as the crystallization
temperature iz raised. Depending on polymer,
the rate of isothermal crystallization generally ba
comes excessively slow somewhere between 5 and
20 °} below even the nominal melting poiot. Om
thiz basis, one must axpect to be fregquently con-
fronted with the problem of the depression of the
observed melting point well below true equilib-
rium melting temperature because of small erystal
size. In » slow warming run, certsin secondary
mechanisms, to be discussed in some detail later,
may operate in such a manner as {0 permit & further
increase of tal size. However, these ceffects
{melting out followed by rcerystallization; chain

va the theory and the analysis
1 to indicate in & preliminary
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mobility in the crystal) will tend to be increaringly
ineffective the higher the teraperature. Hence, 1t
is to be expected that even the slowest of the warm-
ing rates useful in practice may not lead to a speci-
men which actually melts at %‘m even though the
dependence of Ty (;:rbsj on T, will be more gubdued
than with mare rapid warming.

A clow stepwise warming technique has been
advoested by Maoodelkern [56] as & method of
attaining or closely approaching 7', in a real polymer
specimen. From an operational standpoint, this
method places emaphasis on secondary processes euch
as the recrystallization that occurs with very slow
warming as & method of obtaining large ervatals
and 4 melt.ing[h];oinl; in a spacimen, rather than
on initially erystallizing at the highest practicable
temperature to achieve the same end. The question
pnaturally srises as to how close the resulta obtained
with the slow stepwise warming technique, as it is
applied in practice, are to bcrtE the T, value ob-
tained by the extrapolation method, and the aetual
meltgﬁnﬁ] points of specimens obtained with initial
cryetallization at a high temperanture, In order to
obtain information on these points, a slow stepwisa
WAITLITE TN Was carried out on POTFE. Data on
polyethylena are also discussed in comnection with
thiz problem. Evidencs is cited that suggests that
the slow stepwize warming technique, as it has been
employed in practice, gives melting points that are
at lesat a fow d helow Ty

The data on %%FE analysed in this paper lead
ko the definite conslysion that one dimensicn of the
cryatal is stmall and close to that of & nueleus.  (The
preliminary data on polytheylene lead to a similar
conclusion.) A discussion is given concerming the
origin of this phenomenon. One of the models
discussed is that of polymer tal growth with
chain folds, and the other is the famibiar bundlelika
model of polymer aystal growth. It is indicated
that the retention of one dimension of the grown
crystal near that of & growth or primary pudens can
be defended on theoreticel grounds for a folded
crystal, but that difficulties arise in the case of the
bundlelike eystern, On this and other grounds, it is
concluded that it is highly probable that the meltin
behavior of POTFE 18 to be explained in terms o
the modal with ehain folds.

2. Theory
2.1. Crystals With Chain Folds

The principal objective of this saction is to deriva
an expression relating the observed melting point
Tilobs} of a polymer with chein folded crystals to
the erystallization tempecature I and the equilib-
rium melting temperature T,. The general type
of axperinent t¢ which the theory applies is the
following. A specimen 18 tallized isothermally
at T after baing cooled from the melf. The melting
point I (obs) relevant to Ty is determined by warm-
ing the sperimen st & epecified rate by « method
which locates the temperature at which the last de-
teetible trace of erystallinit dilalaéspeam. The ex-
periment is then repeated for different T: walues.



The development given mentions the theoretical justifi-
ontion for assuming that one dimensicn of & folded
crystul retains a vﬁue close to that of o primary or
growth nuclous, Counsidoration is alzo given to the
secondary mechanisms, auch as reeryetallization, that
may cocur in experimental studies snd allow some
increase in this restricted dimension. The shape of
the melting curves is also discussed.

Consider the frec chergy of formation of o erystal
with chain folds of the type shown in fizure La,
Define the dimension | as the step height of the
crystal, and denote the other two dimensions a and
b. Let o and o, be the lateral and end surface free
etergy, respectively.  Then the free energy of forma-
ticn of 4 erystal may he written as

Ad.=20be,12alo+2blc—abl(Af), (1)
where (Af) is the free encrgy differcnco between
the supercooled liquid phase and the bulk orystal
phase, The latter quantity may be written

A f:@i‘!%iﬁﬂ=fﬁﬁﬂ (Ty— T

= ®

to a sufficient approximation.® The quantity (ah)
iz the heat of fusion in erg cm™®. The quantitiesd
a, b, and | arc in cm, and the surface free energies
are in erg em”%  Thus Ay is given in ergs for the
whole eryatal.

By setting A¢,—=0, one finds

T;.(1}=T,.{1—Ejﬁi}

for the melting point of & folded
amall cormpared to & and b [1,7]. The equilibriom
melting tewmperatore iz seen to correspond o

tal that has very large a, b, and 1 dimensiona.

ven in the case where a and b are only seversl
times larger than I, eq (3) is a fair approximation
hecause o, will in general be substantially larger
thah o, The ratio »/e, will usually be within &
fartor of 2 or a0 of 0.1 [7]. Tha quantity e, will
usually lie between 25 to 40 erg am™® to perhaps
150 to 175 erg em™, depending on the work required
to make a fold, and the crosssectionsl ares of the
polymer molecule [7].  Thus, the terms —4a/{ak,)a
anc{ —derf(Ah b which appear In the cxuct form
of eq (3} v.rifl be lesa important than the term
—2a,f{Ak)] even if & and b are only o few times
larger than 1. In the case a’>">1 and b™-">), eq
{3) may be regarded as exact.

For completoncas, tho terms 4a¢+t4he where e i3
the edge freo cnergy i erg cin™' could have heen
jncloded in eq (1), bot this would not have affacted
the result for Ti). The edpe fres energy raflecta
the extra work that may be reguired to cause a fold

(3)

stal where 1 i3

3 The expresabon & f=[(ahy) (4T Tl [ Tef Tul which thkea seoumt of th Tk
that the enbeno FETICE E;etwe-m the superomeled Hould and et
Talla below dfg.f'!". when Fp< T\ 1§ pomewhat moye asongate thai oq (2).  (Hea
Rel §T). However, we mbed oot coroplimis the snalyeks sk this b By walng
the mote accorsie sxpresalon for {afl I it b8 unde that = may
e Uipe muedifcatbon i T - falls mivah balow ok 0.9,
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Frauer 1. Muodale of pelymer erysiols.

(s) Lamellay erystal with chain folda,
(b} Bundlelike e¢rystal,

to lie on a flat surface in from the fold plane, rather
th.?,n 1;1 the plane of tha chain foldz or even outside
it [1,7).

The sesymption Ad~0 is equivalent to the state-
ment that the melting of eryetals of finite size occurs
when the free energy of the crystal, surface energy
incleded, is the same a8 that of the supercooled

ligud.

%Va mnst how pauge and ask if it is reazonable to
nagpme that 1 remaing at a sieall value while the
foided crystal grows to large dimensions in the 8 and
b directiona.

There iz a strong theoretical Justification for this
restriction of 1 in the case of ;}\ulymer erystals prown
in the ¢chiain folded pattern, This has been discusaed
in detail in & series of three papars by Levritzen and
Hofman [1,7], and Lauritzen [8]. Reference [1
deals ma.inlg' with the formation of chain fold
platelets in dilute solution. Relorence [7] deals with
theformation of chain folded erystala in bulk, and how
aggrogates of such crystals can form typical lamellar
sphermilites. Heference [8] treata the problem of tha
Auctuation of step height within a given folded
crystal ag it grows in the & snd b direction. The
following is a summary of a humber of pointa releavant
to the present diseossion concerning crystallization
with chain folde, The original papera should be
congulted for details.

It can ba shown that at a given degree of auper-
cooling the step height of the growth nucleus will
ok fn?l helow 2o, /{Af), becwuse no increase of sta-
hility even with extended growth n the & and b
directions iz achieved thereby. (It iz earily seen
from eq (1)} that Ad, always has a positive value
when 1=2o,/{Af) no matier what wvalues are as-
signed to & and b. Thus a stable erystal with this
stap height, i.0., one with Ag, hegative, cannot be
formed). If the edge fres enerpy ¢ 18 included in
the caloulation, this lower limit becomes l= (2ot
e/b,)/{4f), where b, im the thickners of the mono-
molecular growth layer, .




The explanation of why the 1 dimension of the
ﬁ;mwth nucleus will not increase markedly as the
olded crystal prows to a size in the & and b
dimeneions is basad on the fact that the maximum
gteady-state growth rate in the & and b dimensions
refers io a certain value of 1. The value of 1 theat
leada to the mazimum growth rate is [1,7]

e {(2a,+sfh,) |, £T

=T@D The

boo (4a)

The quantity k7/b,e will generally run from 140 to
30A. Ii | {or a given crystal becomes temporariiy
larger than I}, the activation barrier becomes high,
this redueing the rate of crystal growth in the a and
b directions. For & relatively large walue of ¢, oq
(4) will be

i,

"

where I% is the step height of a primary (homo-
geneous) nucleus. Crystals with values of I in
excess of those given by eqs (4a) and (4b) will
occasionally accur, but these will not grow as rapidly
in the & and b directions as those with & atep height

£

I3

Ii=

(4h)

I¥. Once a chain folded tal iz formed, it will not
tend to grow rapidly in the I direction becausa of
the folds* Through fluctustions, a step height

that is too large will graduslly tend toward 1} as
rowth in the a and b directivns takes place [3).
he tendency of the step height of a folded crystal
to maintein itself close to that of the growth nueleus
ia aleo predicted by the theoretical studies of Frank
and Toei [10] and grice [11).
At a supercooling of 20° (0, eqs {4} predict values
of I} in the neighborhood of roughly 50 to 500 A |7).

There is no restriction to such & small value iTnplicit

in the model for growth in the a and b directions.
Thug, there iz o theoretical justification for the
sssumptions &7 7>l and b=+l wsed in the deriva-
tion of eq (3) for & polymer crystal formed on the
chain folded pattern,

The considerations outlined above provide a
reasonable theoretical justification for the assumption
that the mean value of the step height 1 of a foldad
crystal will maintain itself at a value close to that
of & primary or growth nuelcus, while the other two
dimensions  hecotne much larger, The various
factors that can lead to & pred_]g?gderance of erystals
with chain foldys over bundlelikke cryatals during
crystailization from the supercooled bulk phase are
discossed in gome detail in reference [7].

From an experimentsl standpeint, there is ample
reyson to consider polymer crystalz with chain folds
for material crystallized from dilute solution, Keller
[12] has clearly demonstrated that the platelets
formed under these conditions are chain folded when
removed from the aﬂluﬂ%ﬂ ﬂ{nlnd dried, and that ]]t]l]l;
step height increases wi ecreasing supercooli
a8 anuifgd by eqa {4a) aod {(4b). ¢ question of

tin pome cases, diffodlon wachaoisms invol ving chale robillty in tha

may sllow & dual ineresse o1 In & prowa erystal with the passspe of
Thmaﬂec:iag:mmd 1ater in the paper,
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whether chain foided erystals exist in polymer
cryctallized from the supercooled bulk phase has
proved to be more difficodt to answer, Recentl
however, (lail has demonsirated that chain fo
must exiat in polypropylena crystallized from the
melt [13]. This work provides strong experimentsl
confirmation of the wiew that the lameliae in spheru-
lites consist of chain folded crystals (ef. ref. [7]).
Any chain folded structures formed in bulk will
doubiless possese some chaine protruding from the
plane of the chain folds, and chaine of & similar
character forming interlamellar links.

Woa return now to the question of the application
of ag (3} to melting point data. The melting point
T2 (ohe} is defined operationally as the temperature
where the last detectible trace of crystallization dis-
appearz, For crystals at the melting point defined
in this way, the value of 1 that is relevant in eg (3)
is not the average value of 1, but rather a somewhat
larger value that represents the thicker and therefore
the higher melting crystals in the aystem. In this
gituation, it is convenlent to asaume that

Vi
si=t{ @) ©
where 1) is given by (4b) and & 15 s constant. This

stetes aimply that the mean step height of the
crystale that melt out last, i.e., those eorresponding
tor ) (ohs), is B times aa a8 the mean step height
of a primary nucleus, or the mean step height of a
growing crystal with {eirly large e.

Some diseussion of the expected valucs of § and
the implications of this approximation iz necessary.

The theory of chain folded nueleation and prowth
augﬁfsts a rather narrow number distribution of etep
heiphts mi{l) of the general type shown in fi 2 by
the dashed line. J%ﬂ]:ua particular distribution illus-
trated was calculated on the assumption that the
grown lamellas have the same step height distribu-
tion as that of the primary (homogeneous) nncle:

nit} vill)

]

1
Al '

[
Fin unite LT

Fraurt 2. IMeribution of lomellor Mickness for orysfals
with chofn Foldy (schentatic).
— — — = dengtes number distribution nil).
dengtes volume distribution vil).
%, ¥, and g indicate ineranslng g with {ncreasing detectos
genaltivity.




[1, 7]. This corrcsponds to the case where the
growth nuclcus haz 4 large ¢.  The assumption that
the step heipht distribution of the grown lamellne is
the same as that of the primary nuoelei is crude.
However, a detailed caleulation [8] of the distribution
of step heights formed in the growth process within
a given lamella, and the deviation of the average
height of each lamella compared with the rest, gives
a distributzon which for the present purpose has
similar properties, Hence our general conclusions
concarning 8 will not rest on the ssaumption of
homogeneous initiation.

It 15 seen in figure 2 that there is a rather sharp
mazimum in B} at V=4 fiaf). However, some
erystals are thinner than 1§, and u significant number
are thicker. It is the melting of these thicker
crystala that will he observad near the melting point
ag it has been defined. However, for the purposa
of anslysing melting points obtained from specific
volume-temperature (v — T curves, we muet really
usk what the volume of eu crjrstais is, rather then
the numbar. We may in general expect the thicker
cryetals to have a larger volume, thus shifting tha

ighthand side of the volume distribution fvnetion
¥{l} slightly te the right in the plot shown in fipure 2
{see solid enrve). us, for the case where the
mean step height of the growing crystal is 1¥=4a,f
(Af), wa must expect 8 to be somewhat in axcess of
unity. Further, the sensitivity of the detector will
have an mmfluonce on the observed value of . This
is shown in figure 2 at pointz x, ¥, and =, which
correspond 1o shightly different 8 values, Thus, in
the case of large ¢, we may expect 8 to ba near or
elightly greater than unity. In the case where e is
negligible, # may be axpecied to be somewhnt below

umty.
Insertion of {5) Into (3) givea

T2, (obs) =T (1—1fzm+§—;;- ©

This equation describes a family of straight lines
on & plot of Tolobs) sersus To. The equilibrium
melting temperature 15 the infersection of one of these
Lines with line Ty {obs)=T,. A schematic plot
%f Trfobe) against T, for some § values iz shown in

ure 3.

gThe expreseion Toloba)l= {Tu+T)f2 given earlicr
[1] eorresponds to the eaze g=1.

The depression of the observed melting point he-
low the equilibriurn melting temperature predicted
by eq {(8) for even the h'fher range of g is quite
Inrge. Erquation (6) was derived on the basis that
no secondary processes enter and cause | to inereaze
as the polymer ia stored, or while it i3 being warmed
during the melting run. BSuch precesses can he
imagined, and thair effect iz discuzeed below.

Melting out of Thin Crystals foflowed by
Reerystaifization

According to eq (3) 2 given chain folded lamella,
or portion of a lamella, will melt cut as the polymer
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iz heated. The thinner lamellae, or sections theraof,
will melt out first. The {possibly somawhat oriented}
supercooled liquid produced by 2 melting crystal at
T} during the warming process will tend to recrys-
tallize at TA(I), forming a rrystal with the 1
value of | characteristic of this bigher crystallization
temperature. This new and thicker lamella will have
8 higher T.(I) valua than the one originally meited
out. The recryatallizetion will tend to be a%wer the
higher the temperature because it involvea a nuclea-
tion mechanism.! As a consequence, for a specified
warming rate, the I,{obs} values chtained for high
T. values are api to be more nearly correct than
thosa obtained for low T, values, hue & & value
obtained under econditions whers recryatallization
occurs during the warming process will tend to be
too larpe. Also, the ue of T, obtained by
extrapelation of melting dats invelving recryeialliza~
tion 18 apt t0 bhe somewhat low. These iwo fentures
are llustrated sehematically in figure 3 in conjunetion
with the case §=1 (see doited line),

The effect of recrystallization after melting out
can be lessened by increasing the rate of warming
during the melting run.

Posribility of Isothermal Ineresse o
Jrom

In the devivation of eq (6), it was a=msumed that
the etep height 1 remained at a certain value, orig-
inally determined by the crystallization tempera-
ture, until ii was melted out. This assumpiion
impiies that the polymer chains comprising the folded
crystel have insuilicient mobility to permit the
mthe:l complex rgﬁrmngm'genlﬁ fat ;nfinliﬂg ha i:l‘

uired to permit the step height of a folded crye
& inerease while atill in the erystalline atate. This
agsumption is probably correct in at least soma

1 Resulting
Chain, Mobility in o Folded Crystal

1 Dstatled 1nveglﬁ;unna of the reor yetall st poesses (aerled ot
pnd eoworkird werlly chds somctsant (irdwd commondcatico rem

b&m
. W
Eovars, Birarbarg)

=
Tm
T, tobs)
ad S Tmtobs)=T,
Tin
~

%

FigueE 3. Thesrelicel Toleby) rersur T, plel.

x—x—3 denotes T,{oba) veraus T, for varions 8 valuesin
exporimentsally aceeasible range (no secondary effeats assumed).
iMluatrates type of effect cansed by reeryatallisation
ar chain mobility eflecty for f=1 lina.




cagea, hut in others the mobility of the chains

ight permit an isotherinal increase of the step
height on prolonged storage. The driving {force
for the increase of the step height will always exist
below T, for a lamellar cryetal as it iz formed
in the kinetic crystal growth process. (It should
be recalled that a folded crystal possesees a amall
and temperature-dependent mean step height I3
because a crystal of this step height has the max-
mum rate of growth in the & and b directions, and
not because s crystal with thiz siep height 13 the
most stable at  the crystallization temperature
from a thermodynamic viewpeint [1,7]). In view
of the faet that a thin chain folded ellar eryatal
could increase its stability (and henee, its mlgging
point} by hecoming thicker, through complex
chaim rearrangements fostered by chain mohilit
in a crystal, it seema uzeful to indicate how thiz
would affect the present analysis, Rencker has
suggested some interesting mechanisme involvin
defecta such as point dislocations that could lea
to a slow increasa of 1 for folded ervstals [14].

If gradus] thickening due to mobihiy of segments
in a folded eryatal occurred, the melting points
correaponding to various T values would all be
raisad somewhat, the effect on T {1} being least at
the higher ecrystallization temperaturea hecause
of the greater thickoess of tho ]ia.me]la.e. In this
sense, tho offect of mobility would rezemble the affect
of reerystallization (increased 8, low extrapolated
T, walwe), There is, however, one Iimportant
difference between the two effects: thickening of
a lamella due to chain mohility in the crystal (if it
occurs at all) could take place anywhere in the
interval T, to Tq(l}, whercas thickening of a lnmella
due to melting out followed by reorystallization
conld gecur only after a lamella had been heated
to To). Thus, if the observed melting point
S:E;t 8 given warming rate) depends markedly on
tha residence time at T, isothermal thickening of
the lamellas duo io chain mobility should be sus-
pected. If the cobserved melting points are in-
senzitive to the residence time at T, but are do-
pendent on the melting rate, then the existenoe
of simple melting cut followed by recrystallization
iz indicated. (This does not pracluda some increase
of step height due to chain mobility effacts at low
r. vﬁues at rcsidence times shorter than thoae
that are experimentally practicable.}

From this standpoint, the maost reliable melting
point data for the gﬂtrﬂl'ﬂliﬂﬂ-tiﬂﬂ of T, and g for a
polymer where either or both effects oceur to a
measurable extent would be obtained on specimena
where the mital crystallinity was low (short resi-
dence tima at T), where fairly rapid melting rutes
were used, and where the grestest reliance is placed
on T (obs) data obtained g:f high T. values.

The effect of orientation of the polymer liguid
will be to increase the T.(obs) vsflfes, Such an
affect may ocenr in samp’i'es where orientation ia
initially present due to severe stresa applied to the
melt phase, but this can generally be circumvented.
Also, the crystallization process itself may locally

orient the supercocled liquid phase of the polymer
gomewhat, Where a fast ting run iz found to
be nace to minimize recrystsllization and la-
mallar thickening resulting from chain mobility,
some residual effect of orientation may appear,
but this should be minimized by making measure-
ments on specimens of low initinly erystallinity.

In its simplest interpretation, the process we
kave termed “melting out™ refers to the conversion
of a crystal of a specified step height at & cortsin
temperature given by equation (3) to a thermo-
dynamic state of identical free energy and a molecular
state similar to that of the normel supercooled
liquid st the sams temperature. Whila the chain
moleeulez in the nortnal supercocled liquid may
well be somewhat alined Iocaﬁe]: this interpretation
cartainly impliez a considerable disorientation of
the chans during the “melting out’ process. (This
does not necessarily imply, however, that any
ensuing recrystallization process will lead to a crystal
with & different cryztallographic orientation than
tha ens originally melted ocut. For example, the
pragence of undestroved nuclei in the form of un-
melted lamellae, or portions of & lamella, could
aagily lead to the same orientation for the newiy-
formed crystal.} A more complex process than
thiz might actually cccur when at & certsin tem-
pernture the free energy of a lamells, or portion
thercof, becomes equal to that of the normal super-
cooled liquid. For example, a thin {and
nearly unstable) crystal might, when heated shightly
find the route te a larger step heipht more repid
through the chain mobility mechanism than through
the melting out with discrientation—recrysialliza-
tion mechanism. In this case, the distinction we
have deawn beiween the melting out—srecrysialliza-
tion, and the increase of step height through chain
mobility, mechaniems wonld Eemma rather artificial.
Nevertheless, for a crystallization conducted Eairly
closa to Ty, where the stap height is darge, one must.
expect the disappearance of the crystals on warming
o correspond to the formation of hquid-like polymer
in a state of disorientation at least {airly simlar in
nature to the normal supercooled liquid.

Deapite the posgibilities for an ineregse of step
height after the formation of a folded ervatal, it
iz commonly to be expected that a sysiem of chain
folded crystals will exhibit & marked dependence
of melilng point on the original erystailization
temperature., In the limiting case where zecondary
effocta resulting from recrystallization and chain
mobility are minimized by appropriate experimental
techniques, values of 8 ranging from somewhat
below to somewhat above unity should be found,
and a reliable value of ¥ determined by the extrap-
olation method. When these secondary effects en-
ter, @ will be larger than normal, and the extrapolated
T value will be somewhat low.

Shitpe of the Melling Curpes

The theory indicates that the sherpness of the
malting procesz near 77, will increase as the erystalli-
zation tomperature is increased, This is a natural
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conaequence of the fact that F.{obs) approaches
Tm less rapidly than does T, 'This is illustrated
schematicaﬂy in fipure 4 for the caze f=1 on the

asaumption that no recrystallization or chain mebility
effects oceur during the melting run, The actyal
shape of the melting curve was drawn in such a
manner Bs to conform to the type of distribution
function for ¥{I) shown schematically in figure
2. The sma]l wing on the right-hand side of the
o) distribution may in some ceses manifest itaelf
ns & small “tail” on the melting curve near the
liquidus line as shown in the inset in figure 4.

t con be shown to s first approxitmation that the
bhreadih of the melting process, 232y a3 measured by

the funetion JTfdV somewhat helow T.(obs}, will
vary approximately as AT. Recrystallization and
chain mobility effccts will in geuerﬁst-end to sharpen
the melting curves,

The foregoing discussion indicates from a theoreti-
cal standpomt that one way te achieve & very sharp
melting point for a polymer of very high molacular
weight, 1e., one that raproduces lt-.{m typical sharp
firat-order phase transition characteristic of the melt-
ing of pure non-chain molecular ¢rystels,® would be
to crystallizo the polymer at very low supercooling.
Howaever, the rapidly decreasing rate of crys
tion as T, is approached {which culminates in a rate
thut iz zero at IE:,]I, together with the tendency of the
step height to maintain itzelf, must be expected to
defeat the actual attainment of either the equilibrium
melting temperature or the very sharp equilibrium
melting curve, The meiting of each individual erystal
of step height 1 at T () 18 proper. regarded as &
sharp first-order phaass transition. The melting curve
of a real polymer with a distribution of I is repre-
sented hers as the sam, of a vast numberofsuch events,
and mary be designated as a “diffusa” or “unsharp"
first-order transition {ef. remarks of Mandsalkern on
the melting of linear homopolymers [15).

2.2, Bundlelike Crystals

The model is illustrated schematically in figure 1b,
The length is demoted {, and the other two dimensions
aand b. The end surface free energy ia called o,, and
the lateral surface free en is called o. (Note that
bold face symbols are used for chain folded erysials,
and ordinary facs t¥pe for bundlalike crystals).

The free energy of formation of a bundlelike erystal
may be set down in a manner ahalogous to eq (1),
Ut?ing steps similar to those noted in gection 2.1, one
obtaImns

2e
=T 1—— 7
a0=T { 1G5, o
ag the melting point of a bundlelike crysial that has

large @ and & dimensions and a small { dimension.
Tha sarne rasulf is obtained if the erystal is assumed
to be & eylinder of revolution about the I diraction.

b An oberwable depression of the obseryed melting pomt below Tiadeo
coursd to be e for opdinary molesubsy arystaly Iﬁhay are aOA saongh,
Becanss the growih of meot zoch ryataln 2 Bhwrehtly Eheei-dimemaingl, they
benome Lagpe, and the de dmmwhm&ﬂmufﬂntypathninmup—
tmhm itilir& Pl s to e meagured 10 genthy (o thansandehe af 6 degree, rathey

BETed,

FraurEe 4. Thearetival meliing curves (schemalic).

The rurves are based on the type of distribution showno in
fgur: 2. Increseing T. sherpeos melting process. Toset
showa “tail'* that mey sppesr near ligoidus line,

The length of a homogeneons nucleus for such a
cryatal is

ar, .
(Af}

B=

(8)

The length of & coherent lateral growth nucleus is
B=2¢,/(af). These results are in gencral similar to
thoge obtained for tha corresponding folded erystal,
Both 2% and & vary with temperature as 1/AT,

Omne could proceed from eqs (7) and (8} to derive an
expreszion for a bundlelike crystal formally aquiva-
lent to eq (8) ondy in the case where it is reasonable to
define _Belc)ly tha relation (=85, Recalling that we are
interested in explaining cases where T, (obs) iu elearly
well below T when T iz in the practicable cryetalli-
zation range, 1t follows that 2 must retain a value rea-
sonably close to that of either the primary or growth
nuclens lenﬁt.h, i.e., # must he ressonably close to
unity. (Values of 8 betwesn 1 and 2 are found
in tha preeent study.) To the best of our knowledge,
the assumption that the [ dimenszion of a bundle-
like cltgs will retain & value fairly close to I or
I* as the crystal grows te large size in the & and b
directions has never been justified on theoretical

undy. If the assumption I==5I% cannot be justified
or the bundlelike moda of growth, then it would fol-
low that the melting behavior of & polymer that con-
formed to an expression of tha form of eq (6}, with g
in the stipulated range, would most. a pmpriatelﬂ be
interpreted in terms of the chain fold maodel, where
such a @ value can readily be justifiad.

Wo have considared saversl concaptions of how the

wih of a bundlelike crystal might be much slower
in the [ direction than in the ¢ and & directions. The
result is that it appesrs to be difficult to defend the
apsumption =5l with 8 annjj;where near unicy for a
bundlelike Sfdystai The following describes the ap-
proaches used:

+




{1} A calculation of the growth rate in the { direc-
tlon, and in the & and & dircctions, was made using
classical pucleation theory. The effect of entangle-
ments was ighored, and it was assumed that no cumu-
[ative strain existed at the bundle ends. This model
impliee & more rapid growth rate in the 7 direction [7],
since the end Burt};m ree energy of a polymer crystal
is generally agreed to be mucﬁargar than the lateral
sutface frea energy. This modcl evidently does not
carrespend to the eryatal habit exhibited by inost real
polymers, which generally grow most capidly in the
two directions tranverse to the chain axes, rather
than in the chein axis direction.

{2) The assumption that the cumulative strain
that may oceur in the diffuse end surface of a bundle-
like crystal might abort growth i the ! direction was
expmined [7], In the bundlalike system, polymer
chain molecules actually paes through the »&mdy sur-
faces, and conpect the erystalline and supercoclad
liquiél phases together. Since there is a density dif-
forenice boatween the fwo phaszes, cumulative strain
may exist in tha end of the bundle. This model raisesz
a serious question concerning whether a {erge hundle-
like ¢rystul can be formed at all, and definitaly roles
vut of existence a strictly bundlelike ecryatal with o
flat end surface where the chains are perpendicular to
this surface. The concept of cumulative strain does
not imply that the restriction on growth in the I di-
roction would be such as to allow I to be even approxi-
mat?ll]}' proportional to & or If. Crystals aborted by
ecumulative strain would in general tend to melt quits
elose to the eryetallization temperatura. Rather than
giving a clue a8 to tha melting%eehaviur of bundlelika
crystals, this model suggests one important reascn
W tals with chain folds form instead. Crystals
wi cg:in folds effectively evade strain resmultin
gercuoled Lieyui

]

from the density difference of the au
w chains pass

and tal phasea, since relatively
through the end (folded} surfaces.

{3) The concept that chain entanglements cause
a bundlelike crystal to cease growth in the  direction
once it has reached the nucleus length was ezamined.
This special assumpticn does not appesr to be readily
justiﬁapbla. The same type of entanglements that
one must assume are continvally resolved as the
eritieal-sized nucdens i= being built up would have to
suddenly become exceedingly effeciive just as the
length {f was attained. Recalling that & is strongly
dependent on temnperaiure, such a mechanizm for the
persistence of the one dimension of a bundlelike
erystal near & seemms improbable.

On the basis of the above, it i# regarded as un-
likely that the interpretation of the melting bha-
havior of a polymer conforming with eq (8) with 2
values in the ganera.l vicinity of unity is to be hased
on a bundlelike model. To derive the analogue of
eq (6) for the bundlelike model, the arbitrery as-
sumption =3 with §~1has to be introduced, and
this apparently has no clear justification.

As noted previously, the typical lamellay strue-
tures 50 often zeen in polymers crystallized from the
unoriented melt ate moet readily explained in terms
of growth of a substantially chain folded character

a0

Thus, in cases where it is known that the
meltingaﬂrﬂc&ss refers 10 the disappearance of typi-
cel lamellar spheenlitic structures on wamming, }Ee
chain fold model discussed in 2.1 is clearly more
appropriate than the snalogoua treatment with the
bundlelike model.

3. Experimental
3.1. Materials

The specimans of POTFE, — (CFOFC),—, that
were vsad in this work were laboratory smnples of
Kel-F grade 300 polymer that ware kindly supplied
to us by the Minnesota Mining and Manufacturing
Compeny. The vumber average molecular weight
was stated to be sbout 415000, The polymer was
supﬂmd in the form of malded sheets about 2 mm
thick. When ervstaliized 2a deseribed below the
polymer is highly spherulitic.

3.2. Melting Buna With High Xy.u,, and Moderately
Slow Meltin

g

The okjective of this part of the study waa to de-
terming, with moderately slow warming, the melting
point of POTFE specimens that had been isother-
mally crystallized to a high degree of erystallinity, x.

A sample weighing from 1 to 3 g was first heated
in an air bath far ebove any possigle value of T, to
» tecmperature denoted 7, in order to establish a
reproducible thermal history. {7, was usuoall
305 *(C.) Then it was quickly suspended in a sili-
cone oil bath which was operating at the crystal-
lization temperature, T, and an isothermal crystal-
lization carried out to the desired degree of crystal-
linity. The temperature of the sample in the bath
was kngwn to better than 0.1 °C,

Melting data were obtained on such specimens
by warming them in the silicone oil bath, und plotting
the specific volume—temperature (-7 curves,
The specific volume data were precisa to within
00002 em®l, This waz sufficient to datect a
melting point 7T.(obs} corresponding to the disap-
pearance of all but the last feur tenths of a percent of
crystallinity. Details concerning the apparatus used
have bean given elsewhere [16]. The 7% (ohs) values
cited are acenrate to within about 0.2 °C.

In carrying cub the melting run, the sample was
firet, warmed rapidly from T to about 205 °C in an
attempt to rminimize reerystallization. The melt-
ing point I (oha) was then determined with moder-
ately slow warming above 205 *C. Counting from
the time 205 °C was reached, most of the melting
runy were earried out within 4 to & hours, but 4 few
were carried out over a period of many daye in
order to check the affect of the rate of heating, In
all these runs, most of the time above 205 ‘% was
spent in corefully approaching the melting point.

be degree of Grjstnﬂmity at the begioning of ench
warning run, Xwww, wes caleulated m  the
specific volume nsing the erystallinity scale estab-
lished by Hoffrnan and Weaks [18].
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T, values from about 170 to 200 °C were practi-
cable with the sbove procedure. It is difficult to
carry out an isothermal cryatallization much balow
170 °C on o sample of convenient size because of
self-heating attending the repid erystallization,
Above about 200 °C, the rate of crystallization be-
comes intolarably slow.

In a few cases, the meliing points were determined
by mounting the crystallized specimens on a hot
stege on a polarizing microscope, and observing the
temperaturo st which birelvingence dissppearad.

For most of the runs, the samples were cooled to
room temperature afier erystallizing at T, and then
rewarmed and the melting curve obtained. It was
demonstrated that this did not alter T (oha}, as it
relates to 7., by carrying out similar runs without
firat cooling to room temperature. The hierarchy of
small erystals introdoced below T, on cooling to
room temparatura gimply melt out first when the
sample is rawarmed.

The ipitiation of the erystals in the samples is
principally by hetarogenecus nucleation. The bulk
crystallization isotherms follow the Avrami relation,
x=1-—exp[— 217, whers ¢ is time, with #=2 to #=
3, for the first 30 to 50 percent of the crystallization.
The cryetallization becomes much lers rapid az the
termnperature ie increased. Thus the rate constant
Z has the strongly negative temperature coefficient
charucteristic of a nucleation ¢ontrolled growth mech-
anistn. The n=3 exponent resnlis {rem threa-di-
mensional growth, mainly ephernlites in the body of
the specimen horn at or near #=0. In thin samples
with a large amount of surface, an # =1 component
dus to surface nucleation causes the overall bulk
isotherm to tend toward #=2. Above x=0.4 to (0.5,
the erystallization rather abruptly elows down with
the eonsequenee that long periods of time are re-
quired to attain high x valuaa.

3.3. Melting Runz With High X and Fast Melting

After conducting the investigation deseribed above
and analysing tha data, it becama apparent that
racrystallization and other secondary effects had
almost certainly increased somea of tha melting points
somewhat.

In ordar to redues recrystallization and other
secondary effecis during the melting process as much
as possible, and therebhy obtain Ti(obs} values that
retlocted the T, values more precisely, a rapid meli-
mg pracedure was adopted.

Specimens ware heatad to T and then tallized
at T, as deacribed in section 3.2. Then they were
placed {without first cooling to room temperaturae)
i & silicone o bath operating quite close to the
antisipated melting poing, {e., 1 or 2 °C below the
Tt (obe) value obtained with s moderate warmin
rate. It was then determined, usually by the vol-
ume-temperature {¥—T) techonique, whether or not
the sample had melted ont when it came to the tem-
perature of the bath. By sucecssive cxperiments
with bathe at closely spaced temperatures, T iobs)
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could bo rather closely bracketted. This procedure
is aquivalent to a melting run of about 20 minutes
durstion, most of this nterval being spent very close
to To, (oba). :

3.4, Melting Runs With Low X0, and Fast Melting

Thege runs wera carried out primarily with tha
aim of determining the effect of storage time on the
melting points for o given rate of melting,

The runs wers ¢arrisd eut in the same manner g3
those deseribed in section 3.3, except that the speei-
mens were not allowed to crystellize as long prior to
heing melted out.

Asnoted in section 3.2, the runs with high yuap
values (x=04G to 0.85) and moderate malting rates
were cartied out on specimene about 2 mm thick
and weighing about 3 g.  In these experiments, and
n the ]iigh ¥mis TUnd with rapid melting, the
V— 7 method detects the disappearance of all but
the last 0.4 poroent of crystals. However, in this
oW Ypuw Fung (x=0.05 to 0.11) the sensitivity was
less, partly becauss somewhat smaller samples wera
use&, but mostly hecauss of the lower crystallinity.
The sensitivity in these runs was such that the
ohserved melting point corresponded to 3 percant
crystallinity in tho specimen. After some mvesti-
gation of the slopes of the V— T curves in the meltin
range, it wos Emnd that adding 96 °C to eac
ohservad melting tEl::rint- gave 4 Tmlobs) value that
corresponded to the disappearsnce of all but the
last 0.4 percent of the eryatale. This correciion ie
actually somewhai smaller the higher T, but adding
the eonstant valee 0.6 “C gives results accurate to
ghout 0.2 °C in the experimental rangs, which ia
pufficient for the mteoded purpose,

3.5. Melting Point by the Slow Stepwise Warming
Method

A specimen of POTFE was mitially crystallized at

180 ”86,] {The melting run was carried out with the

gpecimen suspended in silicona oil so that the specific

volome eculd ba measured.) Yt waa then warmad

to a higher tempeoratuers and allowed to stand until

the specific volume appeared to settle down to &
“rost” value. Then the temperature was raised

in, and the process re&e&ted. Tha total duration

of the melting part of the run was 35 days. The

averap: rate of warming was 5 °C par day up to

205 “C, 1 °C per dey up to 210 *C, and 0.5 "'C}Jper
day up to the melting point.

Point of Specimens Crystallized ot

3.6, The Meltin
High %empemtum TUsing Seeds

The objeetive of thiz part of the work was to
obtein the highest actnal melting tamperature for o
apecitnen of IECTFE using the general concapt that a
high isothcrmal erystallization temperature will lead
to & high mejting point.




Ag indicated in section 3.2 the rate of clgat.a]]iza-
tion becomes s0 slow around T.=200 °C in the
normal runs that it is not convenient fo carry out
izothermal erystallizefions at higher temperatures.
Therefore seeds from a previous cryatallization were
veed te sccalerate the crystallization process.

Tha sead crystal run was carried out in the follow-
ing manner. Fitst, the specimen was heated to 305
"é and then erystallized isothermally at 180 °C to a
degree of orystallinity of over 0.5, Then it was
u.iflanned toa T 'l-'all.}.ﬁ t{];f 215.6;1(';‘. This melt&ad out
the vast majority of the crys present, ond gave
a apectfic volume that was indistinguishable from
the liquidus. However, numerous seed crysbals
were present. (The presence of seed crystals was
indicated by the fact that the subsequent erystel-
lization at s specifisd value of T. was considerably
mora rapid than the erystailization would have been
at tha same ¥ in & normal run.) The sample was
then transferred from the T bath to another bath
opernting at F:, and the crystallization carried to a
fairly high x valne. _Then the melting point was
determined from a V—7 ecurve with & modernta
warming rate a3 deseribed in section 3.2,

4. Results

Three typical melting curves for PCTFE of the
type that were used to obtain tha TLfobs) versus
: dato are shown in figure 5. The particular ones
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Figurr 5. Melling curver of PCTFE pbloined for runy with
Righ % inigor entd wederale melting rode.

Note iocresse of T.(obs) snd incresse of sharpness of
malting process with riging T..

ghiown refer t0 the high yepue: funs with moderate
melting rata, The melting point relevant to each
T value e seen b0 be clearly defined within narrow
limite, and the definite cheracter of the increasze of
T {obs) with increasing 7T, is also clearly evident.
The other types of rung yield mealting curves (not
shawn] that also lead to clearly discernible melting

s,

The T (obs) versus T: data for cach of the three
types of runs mentioned in sections 3.2, 3.3, and 24
gre given in table 1, fogether with certain other
information. The data are plotted in figura 6.

TABLE ). Tliobs) veraus T doig for POTRE »
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x Unlean noted otharwise, the To{obe) dats wene ohtabnad trom T onrre.

b In these tables the directly obeerved T2, fots) dats sra glven, and refer to tha
i pypiurivtacd OF wil DL Kt Tank 0.4 perceot of cryaknla,

« ‘Tha T_{oba) data glvan e this tabde have sll bean lnarassed by 06 50 abora

the value actoally cheerved In arder to comeapond to the disapresrance of all
bt the Ieat 0,4 peroent f weyatals  The vaiues actoally ohoareed velevned b Kb
disapponaoce of il bab it Bowsl ¥ peretnt of erysialinlty.

Table 2 gives the results of the runs mentioned in
pactions 3.5 and 3.6 where, with previous seeding,
crystallization at the higheat precticable emper-
ature was used to attain high melting pointe” for
PCTFE. Aleo shown in the same table is the result
for the slow stepwise warming run on PCTFE,
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————=—= phowa best streight [ine that fts data in experi-
mentally ascesaibhle region, — — — — shows eatrepelation to
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The upper diagram shows data where recrystallizetion
effects are minimized eacept where noted by dotted line.
The lower diagram shows data that are strongly affected
by recryatallization, except at the higheat T, values.

Poiot mfa aped erystal yun feom table 2,

Tanre 2. Additional meliing pafnd dolg on PCTIE
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5. Analysis and Interpretation of Melting
Data of PCTFE

5.1, Preliminary Observations on Tiohs) Versus
T: Data

The optically determined melting point, and that
obtained on & portion of the samne specimen from
V—T curves, are very nearly the same. This is
evident from certain entries eiled in table 1. This
result was also confirmed in & number of other
studies not specifically reported. This provides a
useful check of the data. However, the opticsl
melting pointe have not been uszed in the analysis of
8, or in estimating 77, by the extrapolation method,

It is evident from table 1 that heating to the T
values in the range indicated for & given type of run
erascd the previous thermal history of the specimen
so far ay the dependence of Ty [3;3} on I; iz con-
certed,

Although tha main point of this paper is not that
of differentiating between the effects on the melting
peint of melting out followed by recrystallization on
worming on the one hand, and any isothermal
increnze of eryatal size on etorape at Tr due to chain
mobility effects on the other, it will prove usefy] to
comment briefly on this prior to undertaking tha
main analysie. Orientation effecta are aleo discussed.

It is readily seen from table 1 and figere & that in
the rapid melilop runs there i3 & small effect of
residence time at 75: the high yyp000 Ton is from 0.5
to 0.8°C abova the data for low Xyip. This
implies that & small inerease of the amallest erystal
dimension due to chain mobility may have oconrred
issthermally at T, in the high xpgu. run, where
the residence time was substantially longer. Some
of the inerease of T (oha) in the rapid melting run
with high e may be a result of residual liquid
phase ¢rientation nrising from tha alalitzation
process itsalf, but this is not conaid likaly (gee
balow?.

The Tii{ohs} data for rung with high ¥jas. and
modemte warming rates are well above any of the
rapid melting run data for T valuee in the ranpe
170 to ~185 “C. (Compare upper and lower dia-
grams in fig. 6. Some D}] this axcess in the meltin

int values for the moderate melting rate runs cou

e due Lo an lnerease of corystal mzo of the same
genera] character that takes place on isothermal
storage, but the preater part of it is probably o
result of melting out followad by recrystallizetion
during the warming part of the Tuns. andelkern
and coworlars have clearly demonstrated in certain
polymers (zec for example {i]} that an incremental
ineresse in temperature from T to T leads fivat to 2
distinet increage of volume at T followed by & slow
decrease. This was int.Brpmt&cf a3 melting out of
small crystels followed by recrystallization to form
larger crystals. The initial mcresse of volume ab
T noted by these workers 12 in gur opinion much
too large to be ascribed solely to chain mobility
effects: an increase of step height due to chain
mobility leads, in the first approximation, only to a
change of the shape of a crystal, and not its total




volume. 3imilar volume changes were noted in
PCTFE in zpecimens warmed rapidly from room
temperature to a fixed temperature fairly near the
melting point, showing that melting ont of amall
crvetale followed by recrystallization can in fact
occur in this polymer.

Near and afyove T.=198 °C, all three types of run
f;iva very similar melting points, showing a general
ack of sensitivity to heating rate and residence time.
Even the sged crystal rom in tahle 2 iz consistent in
this respect.  Our general conclusion from the above
is that, for T, values above 198 °C, the 7, {obs) dats
a6 obtained are easentially free of significant reerya-
tallization and chain mobility effecta.

Between & Ty of 185 and 198 °C, each rapid melting
run iz evidently w simple linear continuation of the
Tiobs) versus T, points above 195 *, wherse the
data are evidently mostly free of secondary effecta
a8 noted above. Aecordingly, we conelude that the
melting Eoints obtained with fast melting from
T;=185 °C up to the highest ¥, values employed
ara most represcitative of the original crystallization
mechanism.

When considered az o whole, the pregent evidence
for POTFE indicates that meit-i.ug out followed by
recrystallization is a substantially more important
eause of an increase of step height {and hence E{uhs’]}
after the lamella 15 originally formed than the chain
mobility effect.  Inaceord with the expectations cited
in section 2.1, all the secondary affects are minimized
at high temperatures for s wide range of atornge
times pnd warming ratea. The fact that recryatalli-
gation is minimized at lower temperatures by rapid
melting is alzo in accord with expectation.

Fimﬁ]y, wi mast concarn ourselves with the possi-
hility thet almormal ligluid orientatien effects have
artificially raiged the T{ob2) values, First we indi-
eate that the specimens exhibited no marked bira-
fringenes after melting out at Tiloba). It was
concluded from this that thers was never any serious
degree of orientation in the specimens on a macro-
soopic scale. Aoy liquid orentation would have to
be on & loeal scale, presumably induced by the cr%@-
tallization process. From the standpoint of T (oba)
versugs T, data, one would expeci orientation
of this type to manifest itseld in the following way:
under equivalent conditiona of imitial erystallinity
snd crystallization tempersture, a fast melting run
should give a higher 75 (obs} than & slow run because
of the greater opportunity for randomizetion of
ovientation in the glow run. Just the reverse ocours
in PCTFE.

5.2. Determination of §

Tha T.{ohs) versus T ploig used to determine
fi arc shown in figure 6.

A ]easb—sx()iuarﬂs fit of the data in the straight line
region yielde the following equationa whera the
temperature is in °C:

Talobs)=187.17°4-0.1486 T,

{180.2 to 199.6 °C for high xwurs:
moderate melting rate)

(9
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T.{obs)=163.22°+0.2700 T, (10)
{185.0 to 149.5 °C for high ¥54,, fast meling)
Talobs}=157.80°+0.29527, {11}
f185.9 to 201.5 °C low ¥, fast melting),
Tasre 3. Esfimaley of T by extrapolotion mehod and ralues

of B for PCTFE
r Temmmum nt intamecton of sobw-
Enn I E:a Tajobe) wersts T, lns and
Triloba) = Ty
-
LOW xlaluisl, Bt DOBREOE, - L 280
High xiemiss 280 making. ... L35 2254
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L5 &1 T I - X (210 3)

The value of g obtained from egs {8-11) using eq
{6) are shown in table 3,

The value §=1.69 obiainad with the fast melting
run with low xauar 18 in ressonable spreement with
the theoretical expoectations mentioned in section 2.1.
This result means that even the largest detectible
crystals in the system are only about 70 percent
thicker than the mean value of a primary nucleus
(or a growth nueleus with large ). The rapid melting
run with high ¥, . gives g=1.85, which is etill not
far from theoretical expectation. The slightly
greater # value in this case may be » result of chain
maohility effects due to the longer residence time at
I.. (Theron with high xu . and modezate meltio
rate is known to hs stroug]f; affected by rec:r;,*st.&E
lization at low T, and i3 included principally to show
how abonormally large 8 values will be found when
such dats are analysad.)

We rd the remarkable tendency of the step
heipht rt?fggvmr the largest observable crystals in the
gyatem to maintain valnes elese to the nucleus dimen-
gion during the erystallization process in PCTFE as
baing most readily understood in terms of the eryatals
with chain folds. As discussed in section 2.1, a 8
value running from somewhat below to somewhat
shove unity can be given & reascnable divect theoret-
ical justification for w system of chain folded crystala,
but no =such justification seems to have been given
for the bundle-like model. '

Further evidence that the chain fold model is
appropriate to the case of melting phenomena in
PUTFE is as follows. PCTFE crystallized in bulk
15 koown to be sphamlitic [2, I7], snd dofluite evi-
denece is available showing that the spherultic toxtures
in this polymer ia distinetly lamellar [18, 19], O
microacopic observations have shown that melting
pointg obtained from TV—T curves may be closely
identified with the disappearance of the last vestige
of the lamellar spherulitic erystallinity. Sincs the
bagsic featurea of l-l"mlua'allar apherulites are most raa-
sonahly interprated in terms of structures poesessing
chain folds [7, 13], it follows that the meliing bebavior
deseribed for POTFE is most appropristely inter-
preted i terms of chain folded {erst-alg.




5.3. Estimate of T, by Extrapolation Mathod

to the extra-

The general situation with re ]
: data to the line

gglati-:)n of the T.(ohs} versus
miobs)=T, iz shewn in figure 6.

Table 1 brings out the enormous increase of crys-
tallization time that is incurred by raising T,, This
places an upper limit on the Z(obs) value that can
be achieved in a run of reasonable duration. An ex-
amination of figure 8 showa thet to obtain an ob-
served melting point of 220 °C, the crystallization
would have to be ecarvied out close to 210 °C. Our
studies of the kineties of crystallization of PCTFE
2] indicate that withoot seeding it would take at
least one year to achieve a urystaﬁinity of 10 percent.
at this temperature. (The rate constant £ men-
tioned in eection 3.2 varies approximsately as axp
[—aH*/RT) exp [— K, /T*{AT)], and the latter term,
which has a strongly negative temperature coeffi-
cient, is dominant anywhere near T, Heanes there is
& very rapid increase in the time required to achieve
a given degree of crystallinity as the eryetallization
temperature ia reised.) Seeding micht be used to
shorten the time, but long crystallization times
would still be needed.

The data obtained with a long residence time at
T: (high x ) and moderate melting rates lead to
an intersection at '=219.5 °C (table 83, This may
be safely regarded as a lower limit for T, since
recrystallization is known to have raised T, (oba) at
the lower T, values, and thus artificially lowered the
point of intersection.

Asa noted previously, the most reliable value of T,
ghould be found with data obtained by rapid meiting
of apecimens with low xu.., 8ince recrystailzation
and chain mobility offecta are then minimized.
Also, in fast melting runs, the effects of residual
orientation shonld be minimized by employing low
initial erystallinites. The ron with low . and
rapid melting pives T,=224.0 °C., The rapid
melting run with high wyp. gives the practicslly
identical result F=223.90 *C. One pathers from
this that any orientation, chain mebility, and
recyrstallization effects that occurred in the high
¥wpw N 8z compared with the low gy rapd
melting run were either compensatary or small.

Accordingly, the “best” wvalue of the equilibrium
melting temperature of PCTFE as obtained by the
extrapolation method is quoted as

T.=22411 °C. (12)

The standard deviaticn of each of the fast meltin
runs is only 0.5 *C at Ty, The larger error of £1 °
is used to allew for other fuctors, for cxumple un-
detected carvature in the To{obs) versus T, lines
uzed in the extrapolation,

Note that the estimated value of T, is about 6 #0
above the higheat melting point actually ebtained
on any PCTFE specimen {see T'=218.2 °C run in
table 2). It will be seen subsaquently that thia state
of affairs 18 not unique to PCTFE,

The present study provides 2 simple explanation
for the ﬂ;w meling points in the range 212 to 215 °C

that have been reportad in the past for PCTFE.
When PCTFE samples of ordinary size, say 2 to 5
mm thick, are heated well above %B melting point,
and then allowed to cool in sir, most of the erystal-
lization tends to take placo between 165 and 175 #C.
This happens because the crystallization is rapid in
this region, and because the heat evoived is sufficient
to maintain a epacimen of the eize mentioned in this
range fora time. (The heating and cooling procedura
deseribed corresponde to the molding — cooling pro-
cedure often used in practice). A ggianm at table 1
shows that a sample crystallized in this range will
melt hotwean ahent 212 and 215 °C, depending on
the meltitig Tate.

5.4, Shape of Melting Curves

Some evidence was obtained suggesting that the
breadth of the melting process diminishea ss the
crystallization temperature increases, ie., as AT
decreases, as shown achematically in figure 4. An
example of thizs behavior is seen in figure 5: The

wantity 4 T/dv near the liquidus is elearly larger for
ghe T.=171.3° curve than it is for ihe T,_= 1g0.0 *C
curve. Te a rough approximetion, d¥/d Vv for these
Tuns appears to vary ns AT, However, there was
considerable scatter in the 7V data for these
high ¥ rung with moderate melting rates.
It aeems probable that mueh of this scatter was due
to the secondary cffects that cccurred during the
melting process. No d7/dv data of the required
acruracy were obtained with fast warming rates.

A number of the melting curves for igh X 1inltinl
with moderate melting revealed a small “iail” of
the type depicted in the inzet in figure 4. This tail
corresponds to the melting out of something lesa
than the last one or tweo percent of tha crystals and
usually oceurred over s range of less than one degree.

6. Discussion

6.1. Comparieon of Extrapclated 7. Value With
Thatoﬁsﬁmutad by the Slow Stepwise] Warming

It hes been recommended that the equilibrium
melting temperature of o polymer be measured by
slow stepwise warniny [5, ). The pelymer may be
initially erystallized under any of & oumber of con-
ditions. The stepwise warming e to be carried out
3¢ that the speeific volume setiles down to its “rest™
value after each incremental increase of temperature.
The method avidently relies in large part on melting
out followed by recrystallization and other secondary
cffeete to achieve large and Ligh melting cryatals.
This method of estimating T, is diseussed below in
the light of the present work.

In the case of PCTFE, it appears that the “7T."
value of 2164 °C obtained by the slow stepwise
warming method is somcwhat below the true equi-
librinm melting temperature, This statement holds
even if one questione the T, value of 224 *( obtsinad
by the extrapolation method, sines specimens
melting 8t 218.0 to 218.2 °C can be mada rather




easily by eryatallizing the polymear at high ternpera-
tures (tahla 2). Thus, the mamg point obtained b
the slow stepwise warming method is at least 1.6
low. If the extrapolation method is valid, as the
present stndy suggests, then the melting point
ohtained by the stepwise warming method 13 about
7.5 °C below T,

The slow atepwise warming mun caried out on
POTFE may not be a completely fair test of the
methed. Some gilicone oil was taken up by the
specimen, uhd some discoloration possibly mndicative
of elight. degradation was observed. -On this basis,
the meiting point of 2184 ?C might be thought to be
lower than that which would be found in a more
idesl stepwice warming run of the same duration.
Note, however, that the irothermal iun of 34 days
duration mentioned iz table 1{A) does not lesd to a
melting point that is out of line with those found in
much ghorter runs, (The specimens in the shorter
tuns did not become discolored or take up any sig-
oificant amount of silicons oil,)

In order to check further on the relative valve of
the stepwise warming method and the extrapolation
methc-:f, we initiated a study on linear polyethylene
{Marlex 50}, Here the T value founmd from =
T.loba} versus . plot was compared with (a} the
value T,=137.5+£ 0.5 °C found by Quinn and Man-
delkern for Marlex 50 by the stepwise warming
mathod [6], and (b} the convergence temperature
of the orthorhombic form of E: n-paraffine aa
determined by the careful analysis of Broadhurst
[20], which mcludes new data on nCuHpw. A
detailed ceport of both the Ti(obs) versus T
studies (2till in progress) wnd the convergence
temperature worlk ‘m]fr be given eisewhers, but the
following brief summary is relevant hare.

The observed melting point for polyethylena
increases markodly with increasing T, correapondin
to f2=21 in oq (8). At thizs writing, the extrapelste
value of T, 12143 42°C. (Asomewhat mors preciss
value may ba expected when the work iz complated.)
This comparea favorably with the econvergence
terapaerature of 141.14-2.4 °C found by Broadhurst.
The latier may ba taken as an independent estimata
of T, since the crystal structure of pu]gct.h}rlane ia
orthorhombie. As in PUOTFE, secondary effects
attributahle to recrystallization and chain mobility
in the eryetal ware found. A specimen eryatallized
at T>=130.0 °C for two weeks (hieh xp e, moderate
warming rate) gives T (obs;=137.7 °C, which is
practically idenfical to the result obtained by Quion
and Mandelkern using the slow stepwise warming
technigue,

The T_(obs) versus 7 plot egniaining the point
Tuloba}=137.7 * C has a delinife positive slope
similar to that found in PCTFE, and gives a strong
irmpression that crystallization at & higher tempera-
ture would pive a significantly higher melting point.
This would, of course, take o long time to verfy
bacause of the rapidly diminighing erystallization
rate, but the implication remains clear.

From the above, it seems improbabla that Ty, is
below 140 °C' for linear polycethylene, suggesting
that tho slow stepwise warming method, as applied

in thie case, pave a melting point that was at least
2,5 °C below T,. Our present hest estimate is
that T for polyethylene is about 3.5 to 5.5° C above
the melting point given by the slow stepwise warm-
ing method, 1.e., Ty is betwaen 141 and 143 *C.

t i3 conzidered thet the value f==1 found for poly-
athylene implies that crystallization with chain folds
oceurs in thiz polymer,

Bome further discussion of the slow stepwise
warming method iz of interest.

The stepwise warming technique has & tenden
to yield ths same melting point ‘Ilur olymer crystal-
lized in a variety of waye and at diffcrent tempera-
tured priot to the stert.of the slow stepwise warming
mun, Thiz result i8 readily undemstandable in terme
of the eoncepts outlined in thia paper,

Assume for the sake of discussion that two apeci-
men? aTe at hand, and that the one consists mostly
of small cryatals formed at high supercooling, snd
the other u?:mdium-sized erystals formed st moder-
ate supereocling, By the tane that both specirmens
have been warmed to & temperature suffcient to
melt out the medinm-eized crystals, tha amall onea
will slso have melted out. Then the recrystallization
and other sacondary effects ucuurrinﬁ in both spect-
mens on sufliciently slow warming will tend to ceour
under conditions of equivalent supercooling, Thua,
the larper crystals fortned at these hizher tem-
peratures muet be expected to eventually develop
a quits similar size distribution in each case. Then
ai some temperature near (but still below) T,
the negative temperature coefficient of the recrystal-
lization and other secondary mechanisms will in
the allotted time affectively grev&nt the formation
of etill la cevetals, and the melting point con-
gistent with the patience of the investigator will
have been reached. Because of the similarity in
cryatal size, hoth specimens will melt cloge to the
pame temperature, hut this temperature will be
somewhat below F,. Interestingly, tha sameness
of the observed melting point with slow stepwise
warming for a polymer initially erystallized in
various waya has been cited as evidence that the
melting temperature a0 found waz in Iact the equilib-
rium melting temperature. Such evidence could
actually mean merely that the largest crystals in
the preparstion were of roughly the same size,
a?% ia not adequata as & proof of the attainment
of T,.

In view of the foregoing, it i2 considered improbable
that the slow stepwise warming technigque, as it
haz been applied in practice, actually gives the
equilibrium melti‘;lc’imtempemture. The slow step-
wise Wharming t ique has tha advantaga of
simplicity, and obviously minimizes oriettation
effects, but the presently available evidence is that
maltin ints obtained in this way are apt to be
sewm]g eprees below T,

The present work pregents an alternative to the
alow stepwise warming techniqua if the abjeetive
is to obtain the highest melting point for a resl
specimen in a given period of time. The bulk of
the allotted time is spent in an isothermal erystalli-
zation at tho highest temperature where a reasonable




amount of crystallization will develop. Then the
spacimen js warmed and the melting point deter-
mined. The latier step would moat wisely be
carriad out on severn]l specimens for a series of
mederate and fairly elow warming ratos. Seeding
may be used fo achleve an increased rate of erystalli-
zation at high F. valves if feasible, Thiz general
procadure forms large crystals in the epecimen in
the beginning, and does not rely largely on secondary
mechenisms to achievo the same end. The present
evidence augpests that this method iz at least as
efficient in producing a high melting point In »
gpecimen in a given period of time as the slow
stepwise warming technique, It should he under-
atood that 7T, cannot actually be attained by sither
method in a real specimen because of the extreme
slowness of both crystallization and reerystallization
near Tn, and the tendency of the step height of a
chaﬁ!in folded crystal to msintain jtsclf (soe section
6.3).

The extrapolation method of estimating 7,
&)mpnsed in this paper i3 not without ite pitfalls.
n order to avaid recrystallization and other second-
ary effects, it is desirable to use fairly rapid melting
rates. However, the usze of such melting rates
may fuil to allow residual orientation effects in the
liqguid to disipate, and thus increase the ohserved
melting points somewhat. In the case of POTFE
this effect is evidently small eno 80 that it is
not unambiguously identifisble. It is believed
that residual orientation would in any case he
subdued by dealing with samples of low erystaliinity,
The evidence is that tha extrapolation method, ae
applied using low X and fairly rapid melting, ia
aceurate in the ense of polyethylene, and it is lgiit&
wisa believed correct within the stated limits of
error for PCTFE. Nevartheless, investigations with
other polymers should not for the time being be
eonfined merely to runs with low X4, and rapid
melting, since unusually large secondary or orien-
tation effects may appear in some instances. The
proposed extrapolation method has the distinect
adventage of being associnted with a simpls theory
whose main points (auch as a linear increaze of
TF.(ohs) with inereasing T.) can be verified in the
region where the kinetics of tallization allow
date to be obtained. The method also provides
additional information of interest, for mstance
that concerning g,

6.2. Crystal Size Varmms Volume Imperfections as
Principal Cause ol Tlobe) Falling Below T,

The treatment in this paper desls with the lowering
of the melting point of 8 polymer that is caused bya
restriction of one erystal gimernsiﬂn, L to & small =mize.
This reatriction is ineurred in the original izothermal

stallization, Thos, crystal size rather than
volume imperfections have been taken as the main
source of the fact that 75,(obe) falls well below T,
We must now raise the question concerning whether
thiz point of view is ressonable in PCTHE.

GGeil has found from electron micrographs that the
Iamellae in an air-cooled epecimon of f’GTFE Bre

approximately 250 A thick [19]. As noted earlier,
& specimen that is air-cooled tends to cryatallize at
around 175 °C, corresponding te ATwx50 °C. This
work may be taken wz proving the existence of very
thin ¢rystals in POTFE of the general typc that
muet be expected to have a me?t.ing peint many
degrees below T,.

A simple ealenlation using eq (3} may be used to
lend ance to this statcinent. For FE, we
have T,=407.2 ‘K, Ah=91x10° erg cm™? [21];
further, 12250 A=2.5%10"* em for polymer that i=
air mnl'ed. The quantity &, in eq {3) must be esti-
maied. Recent theoretical studios supgest that the
lower ranga of o, for ehain folded crystals will be
25-50 erg em~? [7]. (A valve in this range in also
consistent with the surface free energy parsmeters
cbtained from studies of the radisl growth rate of
POTFE spherulites [2).} Using &,=40 erg cm™?
in eq (3), it is found that the melting pomnt of the
crystal of average thickness will be about 17.5 °C
bguaw T Considering the fact that the observed
melting point refers to the largest crystals in the
gystem, we would estimate wih B=1.7 that the

epression should be about 10 °C, corresponding to
Ti foba)=2i4 °C. This is elose to what 13 observed
for air-cooled specimens (section 5.3). i

The foregoing caleulation is tendered ae & partial
justification for analysing the present experments
m terms of crystal zize effecta, rather than aseribing
the chserved depressions ineurred by low ¢rystal-
lization temperatures mainly to volume imperfee-
tions. Tha latter may axist in excess concentration,
and play some role in lowering the observed melt-
ing point, hut it is very doeubtful that this role is the
major one. No crystal is “perfect” at its melting
Eoint, and & polymer srystal st thia temperature must

e expected to have an equilibrium concentration of
volume defects, e.g., & cortait number of smell chain
ends inoorpomtef i the lattica, However, such
equilibrium defects are not to ba considered as
lowering the meiting point. From our point of
view, the important “imperfections’ that inflrenca
the melting behavior of high molecular weight
linear polymers with no stereochemical irregularities
are the high energy chain folded surfaces and the
thinness u?tha crystals,

6.3. The Concept of the Equilibrium Melting
Temparature

The present work does not in any way deny the
existence of an equilibriurn melting temperature for a
highly erystallizable linesr polymer. It does how-
aver bring out the ressons why this temperature will
be mmpossibla {or at leaat exceadingl% diffienlt) to
attain in s real polymer specimen. Thesc ressons

are:

{13 One dimension of a polymer crystal, 1, is
small and varies with the srystallization temperature
86 1/(aT) becnuse of the nature of the nucleation-
eontrolled growth mechanism in chain folded systems.

{2} Tha smallnese of this one dimension is suf-
ficien$ to significantly raduce the melting point.

{3) Attempts to produce erystals with a large |
dimension by crystallizing at high temperatures,

27




Le., amall (AT, are rendered difficult and eventually
impracticable by the rapidly incressing crystalliza~
tion times involved as AT is diminished. is eff ect
is again due to the nuclestion controlled character
of the prowth procesa.

(4} Efforts to nerease the | dimensions of the chain
felded crystals by recrystallization and other sseond-
ary mechuanisms (using either prolonged storage or
slow warming} are incraasingly inefbeient as the melt-
ing point 18 approached, car the melting point,
nucleation effects strongly inhibit Tecrystallization,
and the large lamellar thickness together with the
exiztance of the folda prevent iutema%diﬁusiﬂn fehain
mohility) from further increasing the step height,

In short, our studies strongly su t that T,
could be closely approwched (say within 1 or 2 °C)
in a real specimen only in an experiment of ex-
traordinary duration. In thiz situation, we have
tumed to estimating T, using & method that essen-
tially extrapolates to the temperature appropriate to
infiniie 1. Daespite its lack of attainability in & real
specimen In an experiment of reasonable duration,
T i3 clearly to be reparded ns a resl property of
thermodynaimic sipnificance.

The present work suggests that the true equi-
librivm melting curve for a linear polymer of very
high molecular weight with 1o atereochemical irregu-
Inrities would strongly resemble the very sh
firstorder transition commonly adsocinted wit
ordinary pure molacunlar erystals. The equilibrivm
melting eurve refers to the melting of an assembly of
cryatals, each having very large a, b, and 1 dimen-
sions. The melting of each such crystal would refer
to the equilibrium ¢ (infinite crystal)=& (liquid}
bt T, where &7 is the Gibbs free snergy,  As noted
earlier, it is unlikely that such & state will be readily
attained in & real polymer aystarn. However, the
increaging sharpness of the melting process in
PCTFE and polyethylene that is ohserved as higher
and higher initial tallization temperatures are
employed points to the velidity of the above con-
cept,  The melting point of & small polymer crystal

a8

rafers to the metastable equilibrium & (small erys-
tel)=& (slightly supereooled liquid) at Ted),
or Tifoba} if the lerger crystala in an assembly wre
considered. As long as the time scale is specified, so
that no change of crystal size takes place during the
melting experbnent, snd provided that the elightly
supercooled liquid is in its pormal state, Triobs) 18
also a quantity of therrmodynamie significance.
There iz no fundamentszl objection to applving
thermodynamics to metastable equilibria.
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