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ABSTRACT 

The melting is analyzed for foIded chain. fringed micehe. and extended chain 
c?staIs of linear high polymers which cr_vstaIIize in lamelIar_ isometric_ fibriliar and 
dendritic morphology. Time-depen&nt differential thermal analysis or diIierentiaI 
scanning calorimetry are the best techniques usable for such investigations_ After 
detaikd analysis of polymer crystals. it seems feasible that this method of time- 
dependent thermal anaiysis can be transferred to the anaiysis of other materials. 

ISTRODLiCTIOS 

In discussing the meIting of linear high polymers by differential thermal 
analysis (DTA-) or differential scannin g calorimetry (DSC), it is of importance to 
recognize that these thermal analysis methods are ideally suited for the study of slow 
melting. or reorganizing metastable crystals. Transition temperatures, heats of 
transition, and heat capacities can be measured more accurately (although with more 
effort) by adiabatic calorimetry than by difTerentia1 thermal analysis. The added 
feature of differentia1 therma analysis is. besides a wider temperature range. the 
possible use of time as an experimenta variable. It is at present easily possible to vary 
the experimenta heating time scale from 0.1 ‘Cimin to 1000 ‘C:min. five orders of 
magnitude_ It should be possible with only little added effort to extend this to heating 
rates as fast as IO” ‘Cjminr. While in the study of polymer melting heating rate 
dependent DTA and DSC played an important role, not man- other materials have 
been analyzed to date in this way. There is considerable evidence. however. that a 
second look at the melting and genera1 transition behavior of organic and inorganic 
compounds with time dependent techniques will give added information_ 

*Research in the area of thermal properties is supported by the National Science Foundation under 
Grant GP17206. 
iPlenary Lecture of the Third Annuai sleeting of the North American Thermal Analysis Society held 
in Waco, Texas, on February 7-S, 1971 
?For a general discussion of the technique and inrtrumcntation of DTA see: B. Wunderlich, Dif 
ferenriul Thermal AnaiTsis, in Weissbcrgcr and Rossitcr ( Eds.), Ph~sicul Methods of Chemistr_v. Vol. I, 

Part V, Chap. S, J. Wtiey and Sons, New York, 1971. 
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The special nature of poI>mer meltin g is best revealed when one compares the 

melting of a typical polymer like polyethylene (.CH,-)_, with a typical low moiecular 

xeight material like water (H1O)_ If one asks the question at what temperature does 

pure ice melt. the precise ans\ver is: 273.15 K or 0 -C. If one asks at what temperature 

does pure pciyethylene melt. I can_ after having studied this problem for about 

15 years”_ _ri\e the following answer: -There is evidence that polyethylene may start 

melting at - IO C. &Iostly it meIts betkvecn SO and 135’C. The equilibrium melting 

point srz’ms to be at 1-li.S C. Hoxvever. 1 have seen poIyethyIene still only partially 
molten at temperatures of 160 C and higher.” These seemingly contradictory facts 

wiii be analyzed in this paper. 

txsc-LSSIOS 

llelting is the transformation of a fully or partially crystallized substance into 

the Iiquid state. the melt_ In the crystalline state polymer chains are largely immobile. 

while in the liquid state frequent conformations1 changes occur. A crystal has a low 

enthalpy and entropy_ This is achieved microscopically by a maximum of van der 

WaaIs interaction in the dense atomic packinp. If in addition_ stronger interactions 

ii&e dipofe-dipoIe or H-bonds are possible. they are maximized by alignment such 
that praticaiiy ail of these bonds are made. Finaiiy. the chain conformation in the 

crystalline state is such that it gives an o\-era11 minimum ener,v. Experimentally the 

crystallization order can be analyzed by X-ray diffraction_ Thermodynamicaiiy the 

crystalline state can be characterized by the free enero,y: 

G,=H,-TS< 

The melt. in contrast. is z state of higher enthaipy \vith no 

accordingi- with much higher er.trop)-. Analogous to Eqn. I. 

melt is 

GI = I/, - 7S, 

(0 

long range order and 

the free energ of the 

(2, 

The lowest temperature where melting is possible is the point of equal free energies 

G, = G, (3) 

These three equations allow us to discuss the melting temperature r, 

It is to be noted that Eqns_ I-4 apply to s_vstems in equilibrium as we11 as to metastabie 

systems. 

*.A list oi pcrtintnt r&rcnscs frarn our I;lborator)- is given at the end of this discussion. 
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Cbnlparison qf mononm and poltmcr metring renlpcrarwes 

For monatomic elements AS is nearly constant. as illustrated in Table 1. This 

fact is known as Richard’s rule. which places S between I .S and 3.4 r;al deg- ’ mole; *. 

TABLE I 

MOLAR HEATS OF FUSION (,IHr). MELTING POINTS (T,), AND ENTROPIES OF 
FUSION C_tS,) OF ELEMEXfS 

xc 
Ar 
Kr 
Rb 
Hg 
i\;a 

so 215 32-i Cd 1500 594 2.53 
ZSI S3.5 335 Zn IS00 692 2.60 
390 i 16 3.36 Xl ‘500 930 2.70 
5’0 II’ 1.70 Ag 2’700 I234 2-1s 
560 ‘34 Z-40 cu 2700 1356 I.99 
610 371 1.64 

If S changes only little for a group of crystals. the meltin, 0 temperatures are fixed by the 

enthalpy change. Furthermore. if the gain in disorder is simiiar for a series of sub- 

stances, the number of “broken bonds” at any time in the liquid is often similar. so 

that the meiting points are near& proportional to the bond strength in the crystal (or 

the cohesive energy density). Table I shows that for example argon. with van der 

WaaIs bonds only_ melts low. while gold with strong metallic bonds melts high_ 

Similar data for linear high polymers are collected in Table II. 

TABLE II 

HEATS OF FUSION (AIf,). MELT-IKG POIBTS (T- I-) AND ENTROPIES OF liir lilr 
FIJSIOS Cd&, OF POLYXfERS PER MOLE OF CHAIN ATOM 

Polymer T; 
(K) 

f, Lf.S, 
CC) (caI;‘de.q 777oIe) 

Polyethylene 925 
Polypropylene 737 
Polystyrene” 1’00 
Polv(vinyl fluoride) 900 
PoIytct~nuoroeth~-lent 730 
Polyethylene oxide 660 
Pofymethylene oxide 795 
Potyacrylonitrile 600 
Poiyi(ethyIenc tcrcphthalate) 785 
Polykthylene sebacatc) 571 
Nylon 6.6 736 
?I>-Ion 6.10 666 
Nylon 6 725 

414.6 141.4 

449 176 
512 339 
470 197 
6i)o ;17 
339 66 
-153 180 
590 317 
540 ‘67 
349 76 
540 267 
499 276 
49s 2’5 

1.23 

1.64 

(2.34) 
1.91 
I.22 
I.94 
1.76 
1.07 
I.45 
1.64 
I.36 
1.33 
: -46 

“In the case of polystyrene, the 4H, and dSr should be compared not per chain atom. The C6H, side 
group is so big that it should be taken as a separate unit, reducing d.9, to 1.56. 
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The AH and AS values are caiculated per mole of backbone atoms. The very 

ffesible polymers. for exampIe polyethylene. have a AS similar to that of the mon- 

atomic elements_ Kone of these poiymers melts ver\; high since the heat of fusion 

is reelatix-eI_v low. If. on the other hand. the poI_vmer chains become less ffexibie, as for 
example in poI_vtetrat?uoroethyIene. dS decreases and despite a small AH. the melting 
temperature increases_ High melting points can be caused in linear high polymers by 
stii‘f backbone chains- 

Cmnplicof ions in nrehing c-t-pcrinwnis 

The simpte description of meltin g offered by Eqn. 3 is often compIicated by one 

or more of the followins situations_ I_ The transition from crystal to melt is not 
instantaneous. but needs a certain amount of time_ If one heats a crystal faster than it 
can meIt. the interior superheats temporarily. Experimentally, a melting range which 

broadens to higher temperatures on faster heating is observed. 2_ Small crystals have a 

large surface free ener_q- so that 

G, = G,+G, (5) 

where G, represents the surface free ener_gy per mole of substance. The point of equal 

free ener_q of melt and smaI1 ccstal is thus at a Iotver temperature_ In addition. smaI1 

crystals are. because of higher free energy. metastable with respect to Iarzer crystaIs_ 
Whenever the time scale allow. the small crystals wiI1 reor,oanize to biger crystaIs 

with smaIIer free energy_ Defect crystals behave similarly to smaI1 crystals. 3. Impure 

melts have a Icwer free energy due to the entropy of misin g of the impurities with the 

cytallizable component_ The chanse in free energy is represented by the change in 

chemical potential 

The temperature oiequai chemical potential of crystal and crystailizing component in 
the melt is chansed accordins to the following equation 

where T, is the observed equiiibrium meiring point of the polymer dissoIvin$ into a 

melt of volume fraction I- D I 7; is the equilibrium melting point of the same poirmer 

into its pure melt: AH i, the heat of fusion of one moIe of poIymer: _Y is the ratio of 

molar voiume of poIymer to that of the second component i; and x is an appropriate 
interaction parameter defined per mole of the second component. which may also be 

poI_vmeric. 

It turns out that poI_mcr crystals are often slox meIting. form frequently 

notoriously small crystals. and are mostly impure. Experiments on meiting must then 

be interpreted by takin g into account the time scale of the experiment, the crystal 

sizes. and the purity-. 
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Poiwzer crystals 

Polymer crystals vary wideiy in morphology *_ On crystallization of the already 
polymerized molecules each moIecule must go through an intermediate “folded 
conformation” to overcome molecular nucleation. Very often the final crystals are not 
much thicker in the molecuiar chain direction as the initial fold length of 50-5OOA. 
On careful crystallization regularly foIded thin Iameilae result on growth from diiute 
solution or also from the melt. On faster crystallization, or on crystallization at 
relatively low mobility of polymer chains, chain fo!ding becomes more irregular and 
increasing tie molecules which run from one crystal to the other appear. This crystal 
morpholo,y will be called the “fringed micelle” type_ Little is known about the 
detailed structure of the fringed micelles despite the fact that it may represent the 
commercially most important crysta1 morphology_ On crystallization of the monomer 
directly to the polymer. chain folding is not a necessary intermediate- In these cases 
-‘extended chain crystals” with much larger dimensions in the molecular chain 
direction may be grown. The folded chain. fringed mice!le, and extended chain 
crystals represent the three basic macroconformations a crystallizable Iinear macro- 
moIecule may assume. Besides changes in the chain conformation which is linked to 
crystal perfection in one dimension only, there may be the usual morphology changes 
in the other two dimensions. Isometric or Iameliar crystals grow naturally only at slow 
rates (see Fig_ 1 a)_ On fast crystallization_ extended chain crystals yieid fibrous 
crystals, and folded chain crystals, dendrites (see Fig. 1 b). Both macroconformations 
may in addition give rise to spherical aggregates of crystals. called spheruhtes (see 
Fig_ I c). Below some of these crystal morphoIogies are briefly characterized. 

(I) Extended chain crystal lameliae represent the polymer crystals closest to 
equilibrium_ Their free energy is the lowest of all analyzed materials. The moIecuIar 
chains in these crystais are extended to such a degree that chain folding becomes 
unimportant as a free energy reducing cause. In general, polymer crystals which are 
more than 2,000A in the moIecuIar chain direction can be considered extended. For 
such long distances beween chain ends or folds, the temperature of equal free energy 
of crystal and melt (Eqn. 5’) has usually increased to within less than one degree of the 
equilibrium melting temperature. This arbitrarily chosen length agrees approximately 
with the definition of the lower limit of a polymer molecule as having at Ieast 10,000 
molecular weight. 

At present. melting of extended chain crystals has been analyzed for poly- 
ethylene, polyoxymethglene, polytetrafiuoroethylene, selenium, and polycaprolactam. 
The polyethylene for these analyses was made by crystallization under hydrostatic 
pressure of 4000 atm. The other polymers were obtained by simultaneous poly- 
merization and crystallization. which removes the a priori reason for chain folding. 

(2) Spherulites of poIymers consist of many sma!I ribbon- or fiber-like polymer 
crystals radiating out of a common center? giving a spherical appearance under low 

‘For a detailed discussion of polymer cqxtal morphology see: B_ Wunderlich, Cr_rsrals uf Linear 

Macronzofecules, Academic Press, New York, 1972-73. 
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c 

Fig- 1. a- LamcHar polyzthylcnc grown from diIutc solution. 6. Dcndritic poIycthyIcne grown by 
fast cooling of a dilute solution. c. Spkerulitic polyethylene gro\\n from the melt. All three micro- 
_gzpk wxc taken xr-i:h intcrferencc optics. The Iargcst crystal dimensions arc 0.1 mm [J_ Pol_t-m. Sci., 
Pczrz C, 1 (1963) 411. 



magnification (see Fig_ 1 c)_ Usually these crystak are grown froin the melt so that the 
polymer chains in these crystals are folded in the ribbon-like morpholo_gy. The 
spherulitic arrangement of crystal lamellae of polymers is general. Spherulitic 
character can also be found for lamellar crystals of folded chain molecules and even in 
extended chain crystal aggregates of fibrillar or lamellar morpholo_q. 

(3) Folded chain single crystals is the term most frequently applied to the 
perfectly shaped polymer crystals grown from dilute solution (see Fig_ I a)_ Their 
macroscopic faces correspond to low-index crystallographic planes. The fold center 
in these crystals is usually only between X! and 2OOk Aithough These crystals may 
reach Iateral dimensions up to 0.1 cm or more. due to the thin Iamellar morphology, 
their surface area is usually enormous. Typical surface areas are 105-IO’ cm’g- ‘_ 
The weight of such single crystals is between IO- I ’ and IO- lo g. 

(4) Dendritic polymer crystals are produced by a skeleton type growth as is 
known, for example, from snow flakes. Fast crystallization from solution Ieads to 
such crystal morpholoZT (see Fig- I b). The fold length is similar to that of the folded 
chain sir&e crystals_ Dendritic crystals are even less stabie than folded chain single 
crystals because of their appreciable side surface. They have many polymer chains 
Iocated on surface sites which accounts for a higher mobility. Dendrites can reorganize 
fast if they are heated above their crystallization temperature. 

Fig. 2. Melting of extended chain crystals of polyethylene. Curve 31 illustrates the sharp melting of 
high molecular weight polyzth_vlcnc. The curves 32 and 33 are of broad molecular weight distribution 
and sho\v lower and wider melting regions_ Data obtained by dilatometry [J_ Pol~m. Sri., Part C, 16 
(1967) 653]_ 

Al ciritlg of cxtmded chain cr_wrals 

Extended chain crystals are close to thermodynamic equilibrium such that on 
ven SIOW heating a sharp thermodynamic equilibrium melting point can be achieved- 
This melting point will be lowered and broadened as soon as a moIecular weight 
distribution is present (impurity effect). These effects are shown in Fig. 2. Table III 
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lists resdts of meltins point on extended chain crystal determinations_ The first four 

poI>-mcr mching points are probabI_v close to the equilibrium melting point for 

infinite mokcular weight. while the last may be somewhat too low because of in- 

sufficiently high mokcular n-eight. 

TABLE 111 

MELTISG POI&TS OF EXTENDED CHAIN POLYMER CRYSTALS 

Po f_wner 

These melting point experiments are distinguished from many monomer mehing 

points by the fact they can only be measured in the heating mode. X polymer chain. 

once removed from the c~stal. will not recrystallize into the same crystal morphology 

at the melting temperature_ Considerable supercooling and often special crystallization 

conditions (for example hish h_vdrostatic pressure or crystallization from the 

monomer) may be necessary to reverse the melting process. 

X broad mokular weight distribution of poIyethyIene xas also analyzed 

(cumes 32 and 33 in Fig_ 2). It was crystallized into an extended chain conformation 

by the use of about 4000 atm_ pressure_ The resulting extended chain lamellae showed 

a broad distribution in Iength parallel to the molecular chains. The louver portion of 

the dilatometric melting curves (cr>stallinity L-X temperature). up to about I35 ‘C, 

100 ‘C/min : 
4-r 

i&O r9c) 200 210 220 
Scmpie Temperature (‘Cl 

Fip 3_ DTX trxcs of cxrcndd chain cryrals of polyoxymcthyknc as a function of heating rate. AI1 
curcts arc norm;lIizcd to equd arr’;zs. Ths cquitibrium melting point is 182.5-C [Kofloid Z-Z_ Poi_a-III_. 

703 (1967) 216-2171. 



could be perfectly matched using Eqns. 7 and 3. This indicates that here separation 
occurred into different molecular weights according to a eutectic phase diagram_ At 
the higher temperatures the sample melted sharper than calculated. This can be taken 
as an indication that the polymer chains in the remaininz crystals \vere cocrystallizing 
in a common IamelIa. In agreement with the idea of cocrystallization, no IameIIar 
thicknesses correspondin, 0 to the largest moIecuIar weight fractions were observed. 
The lowering of the maximum experimental melting point from the high moiecular 
weight value in Table iII can be attributed to mixed crystal formation of the different 
molecular weights. 

Such a simple melting behavior is found only on SIOW heating. AI1 extended 
chain polymers analyzed superheated as soon as the heating rates were increased_ The 
crystals couId be heated faster than the melt-crystal boundary could progress toward 
the interior_ The remaining inner portion of the crysta1 thus superheats temporarily 
and melts at a much higher temperature_ Table IV lists some typicai vaiues of super- 
heating for the iast crystal trace melting. AI1 values were obtained by differentia1 
thermal anaJysis_ Fig. 3 iJlustrates the DTA traces on 
polyoxymethylene. 

TABLE IV 

ESTIMATED MELTING TEMPERATURE (-C) OF THE 

fast melting of extended chain 

LAST TRACE OF 
EXTESDED CHAIE CRYSTALS FOR DIFFERENT HEATING RATES 

POIWIt-r Heating rufcs ( ’ C/min) 

I 5 IO 50 100 

PolS;eth~lcne IS1 15-t 157 165 

Polyoxymethylenc 191 196 701 206 216 
Polytetrdluoroethylene 337 :37 340 350 
Selenium ‘73 _- _- 775 226 231 236 

For most of the anaIyzed samples the isothermal melting kinetics could be expressed 
mathematically as foliovvs: 

c,. = esp (- r;‘r) (8) 

where c, is the weight fraction of crystals which remain unmolten at time I, r is a 
constant which has formaIIy the appearance of a reIaxation time. A comparison of 
values for c at different degrees of superheating above the equilibriu.: melting point 
is Iisted in Table V_ 

At present, the melting of extended chain poiymer crystals can be summarized 
by saying that these crystais follow equiiibrium thermodynamics. On faster heating, 
as is experienced in almost a11 experimental techniques. superheating can be expected. 
In fact, measuring the superheating gives at present the only experimental tool for 
discovery of extended chain crystals in an unknowr sampIe. 
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TABLE V 

REXAXATIOS TIMES (SK- ‘) FOR ISOTHERMAL SIELTI~G 
AT THE GIVES DEGREES OF SUPERHEATING 

Poiymcthyicne (high mokrular weight) 55 17 

Polyeth>-lcnc 34 10 

PoI_von_vmcthy!cne S6 ‘2 

Pnlvtct~t~uorocthylcnt 65 13 

Selenium 3 0.9 

Spherulites grown from the melt are metastable with respect to the estended 

chain crystals. The temperature at which the free energy of these crystak equals that 

of the melt is usually 5-10 ‘C below that of the estended chain crystals. Frequently 

these crystals also contain Iarge portions of iII-crystaIIized polymer which extends the 

meItine ranse to very Iow temperatures_ For cooling rates from the melt between 
1 ‘C.,-1’ and I ‘Csec-‘. which encompass most actual situations. the meIting peak 

temperature of the resulting s pherulite crystals, as measured by differential thermal 

analysis, varies only IittIe with heatin g rate- Many of the resulting crystars have large 

enough fold lengths to be metastable up to temperatures close to the melting point- If 
it is possible to transform a metastabte crystal without reorganization on heating 

directty into the supercooled melt, a path of zero entropy production meking is 

foIIowed. No irreversibk process has occurred during this experiment_ In such case 

melting occurs where the free ener_q of the metastable crystal (which can be analyzed 

by X-ray diffraction, microscopy etc_ at low temperatures) is equal to the free energy of 

the supercooled melt c.vhose properties can be extrapolated from the stable melt). Zero 

entropy production meIting points are important for a thermodynamic characterization 

of defmt crystals. OnI>- a small amount of superheatin, m is discovered in these crystaIs_ 

it must not be overlooked, however, that by careful annealing all intermediate 

stages to the extended cvstals can be produced. Also, on excessive quenching. 

deadritic spherulites may be produced. Such crystallite distributions wiil behave 

similar to the solution grown dendrites to be described below_ Besides experimental 

rime scale variation, polymers of different inherent crystallization, melting. and 

reorganization rates will produce varying effects. The region of zero entropy pro- 

duction is limited at low heating rates by reorganization or recrystallization_ at high 

heating rates by superheating_ The region where at Ieast approximate zero entropy 

production melting can be achieved is dictated by the chemical nature of the polymer 

and the detailed crystal structure on hand. If the thermai behavior of a polymer is 

quite_welI kno\-M-n, again. observation of melting as a function of heating rate can be 

used as an analytical tool. At present, detailed studies have been performed on the 

polymers listed in Table III. 



Melting of folded chain single crystals 

The morphology of forded chain single crystals, in particular, can be easily 
analyzed. Interference microscopy (as shown in Fig. 1), electron microscopy, and 
X-ray diffraction enable a complete description of unit cell, crystal shape and 
dimensions, chain length between folds, and also possibly the internal defects. 
Because of their usually very small fold length even for laterally large Iamellae, 
reorganization, mainly by fold length increase, occurs on heating. The actual process 
is different for different polymers. PoIyethylene, for example can, over a range of 
heating rates, be caused to increase smoothly in fold thickness via a solid-state 
thickening mechanism. As a result, the microscopically observable melting point of 

solution-grown, folded-chain lamellae decreased smoothly from 13O”C, for 0.5 “Csec- ’ 
heating rate, to a constant 120°C for heating rates above 20°C set- i up to 3000°C 
min- r . Zero entropy production is reached only above 20°C set- I. Polyoxymethylene 
and polycaprolactam, in contrast, showed thickening mainly by recrystallization. In 
the latter case, differential thermal analysis shows two or more melting peaks on slow 
heating, often separated by a clearly visible recrystallization exotherm (see Fig. 4). In 
all cases a zero entropy production melting region could be established with reasonable 
certainty. Superheating is of no concern in these extremely thin crystals. Eqn. 5 
allows us to calculate a surface free ener_q if we assume no other defects contribute to 
the melting point lowering from the equiiibrium value. The melting point lowering 
calculation for thin Iamellae is based on the Thomson equation (1871) and has first 

7l 
I 7 I 

/- 
5”Chnin 

iJ IO’C/min r 50 OC /min 

/- 

So.mpie i’enyerature (“C) 

Fig. 4. DTA traces of solution crystalIized polyoxymethylene as a function of heating rate. Multiple 
peaks have developed due to reorganization and recrys:aIlization at the slower heating rates. 
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been applied to Iamellar crystaIs by Tammann (1920) 

AT= (2oT,lj(dH,I) (9) 

B,Hr is the heat of fusion per cm3, cx is the specific surface free energy, while 2 is the 

fold Ien& in cm_ For poIyethyIene, poIyoxymethyIene, and poIycaprolactam, 
specific surface free energies of about 80, 50z and 30 ergs cm-’ have been calculated 
from fold Iength determination and melting point data on the assumption that aU 

melting point Iowering is ca-used by the surface free energy. 

0 25 50 75 
Heating Rcrie (‘C/tin) 

Fig. 5. DA rneiting peak temperature of chemicaIfy identical polyethylenes of different morphoIogy 
s a function of heating rate, Curve I, extended chain crysals; curves 2 and 3, sIowiy and fast cwkd 
n=eIt crystaiked sptierulites; curve 4, soIution grown folded chain single crysta!s_ 

In summary, folded chain single crystals meIt about 20°C lower than the 

equilibrium melting points when heated fast enough for zero entropy production 
meRing. On slower heating, reorganization and recrystallization occurs. In com- 
bination with fold length determinations, surface free energies of the fold surface can 
be determined_ A summary of DTA melting peak temperatures for differently 
crysfz&zed poIyethyIenes is given in Fig_ 5. 

Melting of dendrites 

Dendrites are the Ieast stabIe of the “good crystaIs” described above. Their zero 
entropy production meiting point is f?eque&y difEcult to assess. It is as much as 
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30°C beIow the equilibrium melting point. The difficulty of measurement arises from 

the large mobility of the poIymer chains on the skeIetaI side-surfaces of the dendrite. 
The microscopic melting point for polyethyIene dendrites could be changed onIy 
insignificantly fro,m the reorganized poiymer value of 128 “C even with heating rates as 
fast as 3OOOT min- I_ PoIyoxymethyIene, again, showed recrystahization. At the 
sIowwt heating rates two recrystahizations could be observed, so that the differential 
thermogram showed three meIting peaks. The amount of poIymer molten in each 
meIting region varied with the heating rate. At 100°C min-’ it was still possible for 
60% of the dendrites to recrystalIize. Quantitative anaIyses of the portions at each 
temperature are necessary to establish the processes occurring during dendrite 
meiting. Even more involved seems to be the polycaprolactam melting. In this case as 
many as four recrystahization steps have been observed. 

11 - 

rO- 
lieat 

Cowcity _ 

4 
0 25 SO 75 100 

Crystallicity 

Fig. 6. Heat capacity of polyethylene as a function of crystaflinity at different temperatures. The 
contribution by the heat of fusion (or reorganization of crystals) is indicated by the deviations of the 
curves from linearity_ 

Pseudo equilibrium melting 

Little is known about fringed micelie melting. From analysis of heat capacities 
as a function of crystahinities, Fi g. 6 shows that increments to the heat capacity 
appear for partially crystahine polymers as low as 5-IOT above the g&s transition 
temperature of the pofymer. These added amounts of heat necessary to raise the 
temperature are initiahy reversibIe. They have been interpreted as premdting or as 
growth or reorganization of defect subsystems. Such reversibility indicates a pseudo 
equiIibrium of moIecuIes which is restrained perhaps by partial crystalIiz&on on 
several cry&I surfaces. 0nIy when the crystaIs meit to which tney are attached, is the 
reversibihty destroyed. Zachmarm (19652 has calculated the increase in entropy on 
increasing the amorphous portion of such “tie moIecuIes” and shown that dS may be 
much higher in this case. According to Eqn. 4 this could lead to the observed lowering 
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of the mekng temperature_ When such crystal morphoIogy is produced under strain, 
superheating is also p>ssibIe because of restriction of mobility of the molten mofecuiar 
portion due to the remaining crystalline portion. 

It is thus quite possible to have strained tie molecufes, in “poorly crystaIIized” 
polyethyfene, which meIt at - IO’C. I&lost of the foIded chain morphofogies melt 
between 80 and 13S’C, depending on fold-Iength and on defects. High moIecuIar 
weight extended chain crystals of polyethylene have an equilibrium melting point of 
141.4”C. On faster heating the interior of extended chain polyethylene crystals may 
superheat to 160 ‘C or higher. AII these L1 melting temperatures” are not contradictory, 
but indicate special morphologies and heatin g conditions. They may be used as 
valuabIe information for structure determinations in polymers. DTA and DSC is the 
only technique avaiIabIe for evaluation of the time dependent melting points. 
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