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Abstract

The influence of the surface on the thermodynamics of the melting and glass transition of films and fibers is negligible as long as the
dimension of the phase is macroscopic, i.e., is more than 1�m in all directions. The influence of the surface on microphases was discovered
at the beginning of the 20th century, and is presently developing into the central topic for the description of hard and soft nanophase materials.
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he central issues of the thermal analysis of films and fibers, thus, are: the assessment of small sample masses, the evaluation of
he surface, the treatment of irreversible phase structures, and the use of fast measurements to avoid reorganization of the metas
ithout loss of precision. A short history of the roots of calorimetry of such small systems is used to arrive at a thermodynamic d
f linear macromolecules in the amorphous state and, when partially crystallized, in the macroscopic, globally metastable struc
onsists of multiple nanophases.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Over the past 14 years the continuous progress in calorime-
ry has been discussed at the Lähnwitz Seminars[1]. Since
996, the topics developed in a continuous progression

rom the description of temperature-modulated calorimetry
TMC), to the treatment of phase transitions by TMC and the
requency and time dependence of heat capacity,Cp, to ther-
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modynamics of small systems, to lead in 2004 to the calor
try of thin films [2].

In this paper it is shown that knowledge about the t
modynamics and calorimetry of thin films dates back m
years[3,4], that macromolecules do not form equilibriu
crystals, and that subsequent annealing only rarely re
equilibrium[5]. Irreversible thermodynamics allows in so
cases to use the Gibbs–Thomson equation for the de
tion of melting of thin, crystalline lamellae[6]. For further
understanding of the defects in polymer crystals, the at
details of surfaces, and crystal defects could be modele
large-scale molecular dynamics simulation[7]. These ca
then be extended by coarse-grain Monte Carlo simula
to macroscopic dimensions and time scales[8]. Other obser
vations related to this topic deal with the changes of cry
morphology encountered on volume restriction[9], the in-
troduction of surface strain as in rigid–amorphous fracti
RAF [10], and changes in phase transitions of single[11] and

040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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multiple layers of molecules on solid surfaces[12]. In drawn
fibers and films, finally, the RAF may be oriented and can
affect the mechanical properties[13]. The topics just listed
are discussed in this paper.

2. Thermodynamics of thin films

The problems of calorimetry of macromolecules in small
systems were discussed at the Seventh Lähnwitz Semi-
nar [2,14]. The key issue in[14] was the separation of
macrophases, microphases, and nanophases. Little of all mat-
ter, and perhaps even none, is in equilibrium. The early efforts
to find descriptions of thermal processes, thus, faced great dif-
ficulties due to the encountered metastable states. Progress
was made with the development of equilibrium thermody-
namics at the end of the 19th century. Equilibrium is a lim-
iting state, described by the functions of the second law, as
given by free enthalpy,G, for the characterization of stability,
and entropy,S, as a measure of the degree of disorder. Both
functions being linked to the first-law enthalpy,H. Basic to
the description of equilibrium was the definition of a phase as
a state of matter that is uniform throughout, not only in chem-
ical composition, but also in physical state. In other words,
a macrophase consists of a homogeneous volume of matter,
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of larger size. The Gibbs–Thomson equation, as given in the
figure, was used to derive the specific surface free energy,σ,
from the experiment. Note that�T (=T0

m −T) is the ratio of
σ to the entropy (�hf /T 0

m) with a geometric factor�/2, where
�hf is the specific heat of fusion,ρ the crystal density, and
�, the crystal thickness.

As soon as the morphology of polymer crystals was iden-
tified as lamellar, with common thicknesses from 5 to 50 nm,
the Gibbs–Thomson equation was used for the analysis of the
melting temperature[6], as shown inFig. 2 [16]. Data from
several laboratories are combined in this figure. The crystal
thicknesses as evaluated in most cases from low-angle X-ray
diffraction and interference microscopy. The least-squares
equation inFig. 2 is well within the error limit and suggests
that lamellar microcrystals with few internal defects can be
described with one additional, internal thermodynamic pa-
rameter, the surface free energy,σ.

Adding one more step in the decrease of phase dimension
leads to nanophases. The definition of a nanophase was linked
to the absence of bulk phase between the surfaces of a film,
i.e., the effects of one surface reaches to the opposing one
[14]. The limits of the size of a nanophase will change with
type of material. The lower limit is, as already assumed for the
macrophase, the need of a homogeneous material. As soon
as the atomic dimensions come into play, a thermodynamic
description of the nanophase becomes impossible and the
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eparated by well-defined surfaces of negligible influenc
he phase properties[15].

As the phase dimensions decrease to the micrometer
he surface free energy is not negligible, as demonstrat
eissner in 1920[4]. The melting temperatures of some
anic materials, such as azobenzene and tristearin dec
y about 0.4 K for a decrease in thickness from 10 to 0.8�m,
s is illustrated byFig. 1which is based on the original pub
ation. A cylindrical lens was pressed with its long axis
llel to a temperature gradient, produced by the two con

emperature baths at the ends of the polished iron suppor
hanging thickness of the crystal could be calculated
he position of the lens, measured by interference frin
urprisingly, some other samples, such asp-chloroanilin and
tearic acid showed no change in melting temperature
ay assume, in hindsight, that these samples were micro

alline and, as such, are independent of a restraining vo

ig. 1. Copy of a schematic of the experimental set-up for the measur
f the melting temperature of thin crystals, as developed in the 1920s[4].
d

hase concept becomes inapplicable. Matter of such di
ions must be described as clusters of atoms or mole
ather than phases. Early experiments are reproduced inFig. 3
or the change of melting temperature of argon, adsorbe
iO2 [17]. The amount of adsorbed argon was determine

he change in pressure of the applied volume (BET meth
he initial decrease in melting temperature can still be
roximated by assuming the presence of a microphase

hinner layers, however, show no sharp melting, they
anophases. A recent analysis by AFM of long-chain p
ns (C390H782) adsorbed on crystalline graphite revealed

ig. 2. Change of the melting temperature of polyethylene lamellae
unction of thickness,� represented by data collected from the literatur
16] (vol. 3, Fig. VIII.10).
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Fig. 3. Change of the melting characteristic of argon as a function of ab-
sorbed layer thickness on TiO2, as measured by the partial molar heat ca-
pacity. Drawn from data reported in[12].

ordered monomolecular layers could existabovethe melting
temperature of the single crystals (≈400 K)[11]. These or-
dered monomolecular layers show a change in morphology
(between 433 and 443 K) and randomize (melt) only above
463 K. In this case it is to be assumed that the interfacial free
energy causes the stability of the nanophase. This observation
may also explain why paraffins and polyethylene in contact
with various solid surfaces need no crystal nucleation, but
supercool when in microphase droplets[18,19]. The ordered
monomolecular film of adsorbed paraffin could easily serve
as a crystal nucleus.

The behavior of thin films of amorphous polymers was
addressed by studies of the glass transition of spheres of
polystyrene and of block copolymers with a lamellar super-
structure[20]. The broadening of the glass transition of the
free-standing spheres of polystyrene could be linked to a 5 nm
thick surface layer with continuously lower glass transition as
the surface was approached, reaching ultimately a lowering
of about 40 K. This observation indicates that free-standing
films of less than 10 nm thickness should not show any resid-
ual bulk glass transition of 373 K. The layers of the block
copolymers produce a similar broadening of the glass tran-
sition to lower temperatures in case the neighboring phase
is more mobile, and to higher temperature if the neighbor-
ing phase is glassy, as shown inFig. 4. Details about this
nanophase property were discussed at the Seventh Lähnwitz
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Fig. 4. Changes of the glass transitions with increasing specific surface area
of the phase of lamellarly separated block copolymers of polystyrene and
poly(�-methyl styrene) and small spheres of polystyrene[21]; (Tb is the
beginning of the glass transition andTe, the end, whileTg is taken at the
point where half of the change of the heat capacity has occurred).

similar exotherm seen in the fast chip-calorimetry, perhaps
indicating no reduction of the surface free energy due to the
influence of the silicon nitride support film.

3. Crystallization in thin films

Droplets of single molecules of amorphous, high-molar-
mass isotactic polystyrene where produced by deposition of
a dilute solution in benzene on a water surface by the Lang-
muir method and transfer to an electron-microscopy support.
These droplets were then crystallized at 448.2 K for 8 h and
yielded single-molecule single-crystals, as shown inFig. 5
[24]. The crystals are lamellar, single-molecule microphases,
as proven by electron diffraction. The shape did not reach the
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eminar[14]. Similar conclusions were reached more
ently, based on model calculations and Brillouin light s
ering data on thin, free-standing films of polystyrene d
o a thickness of 20 nm[21]. Surprisingly, thin-film chip
alorimetry[22] of polystyrene on very fast heating and co
ng down to 15 nm showed no influence on glass trans
emperature[23]. The main question in these seemingly c
radictory results is the effect of the remaining interface o
olystyrene to the silicon nitride which is its support in
hip calorimeter. It is also of interest, to note that while
nalysis of the polystyrene beads showed in the vicinity o
lass transition a strong exotherm due to the coalescen

he microphase beads to a macroscopic droplet, there w
ig. 5. Electron micrograph of single-molecule single-crystals of isot
olystyrene, illustrating that single molecules do not reach the equilib
orphology on initial crystallization[24].
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equilibrium dimensions as expected for the habit of minimum
free-enthalpy using the appropriate specific surface free ener-
gies. This experiment is in accord with the chain-folding prin-
ciple [16] and suggests that this principle extends to single-
molecule, microphase volumes. Only when the size of the
molecule restricts the crystal to smaller dimensions is greater
metastability expected. Also, it is of interest to note that the
molecular chains are normal to the substrate, an orientation
that is also observed in films of poly(oxyethylene) produced
by pseudo-dewetting of thin films on silicon wafers, followed
by crystallization[8]. In epitaxy on most surfaces, in contrast,
the chains lie in the plane of the substrate[16], which may
have its origin in true monomolecular layers serving as a
crystal nucleus, as observed with paraffins[11].

The effect of external restrictions on the crystallization
of poly(oxyethylene) retained in lamellar spaces of glassy
polystyrene within a poly(oxyethylene-block-styrene) is il-
lustrated in[9]. On cooling from the liquid solution of the
block copolymer, one observes at 433 K a microphase sepa-
ration of the blocks of the copolymer into a lamellar super-
structure with 8.8 nm thick layers of liquid poly(oxyethylene)
and 9.9 nm polystyrene. The junctions between the blocks of
the copolymer are located at the lamellar interfaces and serve
as points of decoupling. At 335 K, about 30 K below the ex-
pectedTg of the bulk phase of the same molar mass, the
glass transition of the polystyrene leads to alternating solid
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Fig. 7. Temperature-modulated and standard DSC of a multiblock copoly-
mer of oligoamide 12 (A) and oligooxytetramethylene (E) sequences[25].

tion is driven by the crystallization of the poly(oxyethylene)
blocks, causing the bottom morphology inFig. 6with later-
ally macroscopic single crystals[24].

A greater influence on the crystallization is exerted when
the blocks of a copolymer become even shorter than inFig. 6.
In this case the crystallinity and melting temperatures are
reduced, as was documented with multi-block copolymers
of oligoamide 12 and oligooxytetramethylene, displayed in
Fig. 7 [25]. The influence of the solid oligoamide 12 reduces
the crystallinity of the oligooxytetramethylene, while at a suf-
ficiently high concentration of oligoamide 12 (weight ratio
95/5), its crystallinity increases relative to the homopolymer
due to a higher mobility introduced by the comonomer. These
observations point to the influence of strain across the inter-
face.

4. Strain-effects across interfaces of crystals

A general observation for semicrystalline polymers is
the broadening of the glass transition to higher tempera-
ture. This must mean, that a portion of the non-crystalline
material has become less mobile. In fact, this loss of mo-
bility is the main reason for polymers to stop crystalliza-
tion before reaching a crystallinity of 100%. On cooling
b tal-
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( be
olystyrene and liquid poly(oxyethylene) layers. Note
he lowering ofTg due to the created specific surface a
grees withFig. 4. Below 324 K, the poly(oxyethylene) c
rystallize. As shown in the schematic ofFig. 6, at low tem
erature, the fold length and lateral extension of the cry

s sufficiently small to result in a random orientation of
rystals. At higher temperatures, larger, more perfect
als grow and are forced to orient. First, they align with t
rowth-faces parallel to the lamellar surface, and then at
ngles, finally producing the most stable crystals perm
y the glassy structure of the polystyrene. Crystallizing s
lock copolymers from a common solvent, the solidifi

ion of polystyrene atTg is circumvented, and phase sepa

ig. 6. Orientation of poly(oxyethylene) crystals (POE) contained
amellar block-copolymer structure between layers of glassy polyst
locks (PS). Molar mass of the POE blocks = 8.7 kDa, of the
locks = 9.2 kDa[9].
elow Tm, the bulk-amorphous free enthalpy of crys
ization (Gcrystal−Gamorphous) becomes more negative,
icating an increasing thermo dynamic driving force tow
rystallization. As, however, crystallization progresses
ncreasing strain transmitted by the tie molecules betw
he crystals and the neighboring amorphous phase rende
lobal structure metastable in a semicrystalline nanoph
eparated state.

A more detailed observation of strained nanoph
tructures in semicrystalline polymers is possible in dr
olymers because of possible ordering, detectable
-ray diffraction. Such analysis was first shown for fib
f poly(ethylene terephthalate) by a full-pattern anal
Rietvelt analysis). An oriented mesophase could
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Fig. 8. Increase in heat capacity with temperature in the glass-transition re-
gion of gel-spun polyethylene of ultra-high molar mass[26]. For the macro-
scopic, amorphous phase of polyethylene the glass transition temperature is
237 K, and the transition is completed at 250 K.

identified which governed the mechanical properties of the
semicrystalline fibers[13]. In Fig. 8, such strain between
crystals and amorphous material is documented by thermal
analysis for the case of gel-spun, ultra-high-molar-mass
polyethylene[26]. Not only is in this case the glass transition
spread to higher temperature, but the sum of the percentage
amorphous calculated from�Cp at Tg and the crystallinity
from the heat of fusion is more than 100%. This proves
that at room temperature a degree of orientation exists
in the noncrystalline fraction which contributes a heat of
disordering when the crystals melt and the strain is released,
i.e., the heat of fusion measured is more than expected from
the crystals alone. The existence of partial order with limited
mobility, larger than in the crystal and less than in the melt,
could furthermore be proven by solid-state NMR and X-ray
diffraction [13].

In undrawn samples, the broadened glass transition is the
primary evidence for strain caused by decoupling of parts of
the molecules at the phase boundary. InFig. 9, on the left,
the analysis of the heat capacity,Cp, of poly(oxymethylene)

F ethy-
l

reveals a measuredCp which is smaller than calculated
from crystallinity [10]. The resulting�Cp at Tg versus the
heat of fusion in the graph on the right ofFig. 9 illus-
trates the interpretation of this heat-capacity decrement as
a rigid–amorphous fraction (RAF). The RAF indicates the
presence of a third phase which is not in equilibrium, com-
plicating the overall structure of the polymer, as discussed in
the Seventh L̈ahnwitz Seminar[14]. The measuredCp on the
left in Fig. 9 indicates that the RAF of poly(oxymethylene)
does not undergo a glass transition before the polymer melts,
rather, on melting, the crystals and the RAF become mobile
simultaneously.

Fig. 10illustrates a detailed analysis of the heat capacity of
poly(butylene terephthalate) as presented in[27]. Comparing
the extrapolated heat capacities of the solid and liquid with
the calculated values for different crystallinities, it is obvious
that a first, broadened glass transition occurs between A
and B with a�Cp of b–a, and the RAF has a separate glass
transition between B and C with a�Cp of c–b at about 60 K
higher temperature, just below the broad melting region from
C to D. The crystallinity for this poly(butylene terephthalate)
can be calculated down to 375 K with the common two-phase
model, as is indicated by the equation in the figure.

A case where the glass transition of the RAF occursabove
the melting transition is displayed inFig. 11for poly(oxy-2,6-
dimethyl-1,4-phenylene) (PPOTM) [28]. The standard DSC
o ity
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ig. 9. Rigid–amorphous fractions and glass transition in poly(oxym
ene)[10].
f this semicrystalline polymer of about 30% crystallin
hows no glass transition, but the polymer can be ann
elow the melting peak and then develops a glass tran
ith a parallel decrease in crystallinity. The quasi-isothe
MDSC data inFig. 11show that at increasing temperat

he RAF decreases first from about 75% to 60% and
t higher temperature this is followed by a parallel decr
f crystallinity and RAF. A detailed discussion of the R
s a part of the overall phase-structure of semicrysta
olymers was given in[14]. It suggests that as a polym
pproaches nanophase dimensions, the thermal prop
hange not only by size restrictions, as displayed in Se
, but also by interactions with neighboring phases.

ig. 10. Rigid–amorphous fractions and glass transitions in poly(but
erephthalate)[27].
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Fig. 11. Rigid–amorphous fractions and glass transitions in semicrys-
talline poly(oxy-2,6-dimethyl-1,4-phenylene) analyzed by standard and
temperature-modulated DSC[28].

5. Thermal analysis of thin films

Based on the selection of experiments in Sections2–4,
thermal analysis of thin films and fibers must recognize their
nonequilibrium character. The same is true for the bulk poly-
mers since nanophases are prominent in these when dealing
with semicrystalline polymers, block copolymers, and finely
divided blends. The equilibrium thermodynamics of poly-
mers was developed in the 1950s and 1960s[29] and today,
it is still the dominant tool to analyze polymers[30]. But,
over the years it has been proven increasingly deficient, it
only represents the limit against which to judge the degree
of metastability. In the following figures, nonequilibrium is
described as it was developed in our laboratory to support
quantitative thermal analysis[6,16,31]. As mentioned above,
the roots of this description of small systems go back to the
19th century[15].

In Fig. 12, Eq. (1), the entropy is introduced as a function
of time to follow irreversible processes. As is customary in the
theory of irreversible thermodynamics[32], the total change
in entropy is then separated into aflux (d eS, for the exter-
nal change) and aproduction(d iS, for the internal change).
The rate of flux and production of entropy have the dimen-

F ritten
f

sion J K−1 s−1 and account for the changes per second. The
entropy flux, may be caused by a heat-flow, dQ, across the
system boundary and the flow of different types of matter,
d eni , as shown in Eq. (2). This fluxes are the keys to ther-
mal analysis. The heat-flow rate can be measured by DSC,
and the changes in amount of matter within the system can
be assessed by thermogravimetry, coupled, if need be, with
mass spectrometry or GPC for identification of the matter
exchanged. Any irreversible effects of the flux due to tem-
perature and concentration gradients, which are needed to
move heat and matter, are usually kept outside the system by
maintaining the inside isothermal. Any remaining effects of
gradients inside the system are made small by design of the
thermal analysis experiment, and eliminated by calibration
or the division into subsystems, as described below.

Theentropy productionis caused only by changes within
the system. This production is governed by the conditions
of the second and first law of thermodynamics, as given by
Eqs. (3)–(5). By separating the flux in Eq. (1) from the global
change, entropy production describes the system as if it were
an isolated system. For isolated systems the second law re-
quires that diS= 0 for equilibrium, and nonequilibrium, spon-
taneous processes are permitted as long as there is an entropy
production, i.e., diS> 0. An entropy decrease is forbidden.
Thus, the isolated system acts like a small universe in which
entropy always increases or stays the same, but never de-
c
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ig. 12. Entropy flux and production. Analogous equations can be w
or the extensive quantities enthalpy,H, and free enthalpy,G.
reases.
In order to apply this description to realistic situatio

ne must often subdivide the system into subsystems.
ubsystem is delineated such that it contains only ne
le gradients in the intensive quantities such as tem

ure, pressure, and concentrations. If this is possible,
ubsystem can be described as given inFig. 12, and its
hanges can be separated into production and flux to
rom the surrounding subsystems. Naturally, the numb
uantities needed to be measured increases proportio

he number of subsystems required and becomes qu
n experimental nightmare. As soon as the subsystem
ome micro- or nanophases, surface free energies an
iations from the bulk properties must be included in
escription. Ultimately, when the lower limit of the size
nanophase is reached, no thermodynamic descript

alid anymore because of the loss of homogeneity du
he molecular structure and the microscopic fluctuation
nergy.

A system of interest to thermal analysis is describe
ig. 13. It consists of the sample, or in case of a stan
SC experiment, of the sample enclosed in a metal pan
ample is divided into a crystalline and a melted subsys
n such an arrangement the total system is aclosed system
efined as a system that allows only flux of heat. In con

o this closed system in DSC, thermogravimetry deals
pen systemswhich allow flux of heatandmatter. The de
cription of melting and crystallization experiments by D
n Fig. 13also introduces an open interface between the
alline and melted subsystem. Finally, one also can ima
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Fig. 13. Schematics of melting as it applies to a sample in a calorimeter. The
subscripts ‘a’ and ‘c’ refer to amorphous and crystalline subsystems, and ‘f’
stand for fusion.

isolated systems, as mentioned above, systems without flux
of any kind. The exchanged heat with the calorimeter as in-
tegral measurement is byQc andQa, the amounts that flows
into the crystalline and amorphous subsystem, respectively.
The crystals are assumed to all have the same lamellar shape
and size, so that the surface effect of the crystals can easily be
summed, as indicated in Eq. (6). A distribution of different
lamellar sizes would be noticed by a melting-point distribu-
tion and could still be handled with a single DSC experiment
The melt is assumed to collect into a single system with neg
ligible surface effect, as seen from Eq. (7). On melting, mas
transport occurs across the open phase boundary between
two subsystems. The transition itself is driven by the heat flu
to or from the calorimeter across the closed boundary, mea
sured by the heat-flow rate. Relative to the surroundings, th
overall calorimeter is isolated and at any instant essentiall
isothermal.

Finally, Fig. 14 summarizes the derivation of the
Gibbs–Thomson equation (10), first mentioned inFig. 1 for
the description of the melting of thin films with a small�. For
the assumed isothermal condition, the heat flux dQc + dQa
provides the latent heat, and determines the entropy flux int
the sample when written as in Eq. (8). Heat capacity con
tributions need to be added as soon as the temperature

the system changes. Per gram of sample, the specific entropy
production can also be written as dis= (d ih− d ig)/T, in
J K−1 g−1. This is simply−dig/Tbecause of the conservation
in enthalpy for an isolated system, given by Eq. (4) inFig. 12.
The specific free enthalpy of fusion,�gf in J g−1, is defined
in Fig. 13, and developed inFig. 14by Eq. (9). For the melt-
ing of crystals,�gf indicates the metastability of the crystals
and is given by the measured specific enthalpy of fusion,�hf ,
and the measured distance ofT from the equilibrium melt-
ing temperature,T 0

m. The entropy production of the sample
is then given by Eq. (10), derived from Eqs. (6)–(9), which
describes, besides fusion or crystallization, also changes in
lamellar thickness, dl.

The easiest use of Eq. (10) is for sufficiently large crystals
(case 1 inFig. 14). All terms with� in the denominator can
then be neglected. Equilibrium melting and crystallization oc-
curs when�gf is zero and produces zero entropy production
since the entire change in entropy is provided by flux. Crys-
tallization with supercooling is irreversible (�T> 0, dmc > 0).
The same is true for melting with superheating (�T< 0,
dmc < 0). Note that�hf is always endothermic (+). In con-
trast, crystallization with superheating and melting with su-
percooling violate the second law.

Case 2 inFig. 14 allows the discussion of thin lamel-
lae. In case no melting occurs (dmc = 0), only an increase in
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Fig. 14. Melting equation as derived fromFigs. 12 and 13.
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lamellar thickness (dl> 0) is allowed under the given con-
ditions. Assuming no change in thickness (dl= 0), melting
and crystallization is allowed by the second law above a
below a special, second zero-entropy-production tempe
ture, respectively. Thiszero-entropy-production temperature
is defined for thin crystals when the two melting terms com
pensate with dmc �= 0, which means that the melt and th
crystal must have the same metastability. The three ot
processes, decreasing in thickness without an overcomp
sating melting term in Eq. (10), melting below, and crys
tallization above the zero-entropy-production temperatu
are forbidden since they would lead to a negative entro
production.

On the one hand,Fig. 14allows the development of de-
scriptions of the melting of metastable, small systems, b
on the other, it also indicates the large number of conditio
that must hold in order to get to a simple equation. The ca
listed with entropy production (diS> 0) can only be handled
if the free enthalpy of the involved metastable states can
derived separately and inserted inFig. 13, as illustrated in
Fig. 2 for polyethylene where� was determined separately
The condition to keep� constant during melting, points to
the advantage to bypass reorganization with fast melting
small samples, a topic which developed to major importan
as discussed during the Seventh and Eighth Lähnwitz Sem-
inars and displayed in[2] and elsewhere in this issue. It is
also summarized in[33]. Besides using fast thermal analy
sis, fixing the nanophase structure to a constant� by chemi-
cal cross-linking or by removing the amorphous subsyste
with chemical etching were developed in the 1970s[16] and
should also be applicable for thin-film analysis.
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6. Conclusions

It is shown that sufficiently thin films reach microphase or
nanophase dimensions. For polymers, even externally macro-
scopic samples contain such small phases. Frequently these
small systems are metastable and need nonequilibrium ther-
modynamics for their description. Besides the surface effects
caused by the size restriction, strains across interfaces are
common in macromolecular systems and must be consid-
ered as they lead to broadened glass transitions and separate
rigid–amorphous nanophases. Metastable systems may be-
come unstable on heating and reorganize during analysis.
Analyzing nanogram samples with super-fast heating rates,
which have recently reached as high as 106 K min−1 [2,33],
may allow to bypass reorganization in thermal analysis.
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