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ABSTRACT: Polymers with a high longitudinal diffuse mobility within the crystallites are known to
show a continuous, reversible surface melting and crystallization; temperature changes are accompanied
by shifts of the crystalline-amorphous interface, resulting in a crystal thickening on cooling and a
thickening of the amorphous layers on heating. In measurements of the dynamic heat capacity c*(ω), the
process shows up as a strong excess contribution which increases up to the temperature of the final
irreversible crystal melting. Experiments were carried out for linear polyethylene (LPE) and poly(ethylene
oxide) (PEO). Employing both a temperature-modulated differential scanning calorimeter (TMDSC) and
a heat wave spectrometer (HWS), thereby covering the frequency range from 10-3 to 102 Hz, we could
analyze the process dynamics. The times required for the surface melting or crystallization were deduced
from the change at the signal amplitude with frequency. They are remarkably long. For temperatures
near to the respective final melting points we found about 12 s for the LPE sample and 120 s for PEO.
The dynamic heat capacity of PE measured by TMDSC at low frequencies corresponds to the temperature
dependence of the crystallinity. A comparison with the results of a SAXS structure analysis showed perfect
agreement. For PEO the quasi-stationary conditions were not reached. Even at the lowest frequencies
probed by TMDSC, the dynamic heat capacity was still below the value expected on a basis of the
temperature dependence of the crystallinity determined by SAXS. In determinations of the dynamic heat
capacity by TMDSC and HWS, it is in general necessary to correct the raw data to account for the inner
heat flow resistance, additional heat capacities, and delay times introduced by the electronics. The
corrections can be accomplished by an appropriate modeling of the measuring devices.

1. Introduction

Heating of a semicrystalline polymer is in many cases
accompanied by structural changes. These variations
can be of different nature. First, as it is always found
for metastable states, irreversible processes take place.
For example, given a distribution of nonperfect crystal-
lites of mesoscopic size with different stabilities, an
irreversible melting will occur in the corresponding
order at the respective melting points. On the other
hand, an increase in the temperature can also initiate
an improvement of order, for example by a removal of
inner defects or a continuous irreversible crystal thick-
ening. Besides these irreversible processes, one finds as
a peculiar feature also reversible structure variations.
They reflect the existence of local equilibria between the
crystalline and fluidlike parts in semicrystalline poly-
mers which both deviate in their properties from the
ideal states represented by a macroscopic crystal and a
homogeneous melt. Temperature variations lead to
changes in the local equilibria and readjustments of the
local structure.

Measurements of the “dynamic heat capacity” coming
up during the past decade present a new tool to study
these structural variations, both with regard to their
extent and for analyzing the process dynamics. There
are two different routes, and they provide different
insights. In “quasi-isothermal” experiments one probes
the reaction of a sample onto an imposed oscillating
temperature

whereby the mean temperature Th is kept constant. The
programmed temperature induces an oscillating, in
general phase-shifted heat flow

The dynamic heat capacity of the sample, C*, expresses
the ratio between the amplitudes of the heat flow and
the heating rate

as

The normally used dynamic heat capacity per unit mass,
c*, follows as

with m as sample mass. c* is in general a complex,
frequency dependent quantity, and we write

Different devices are in use and results for different
polymers were reported by Wunderlich et al.,1 Schick
et al.,2 Androsch,3 or Saruyama,4 selecting some typical
examples out of a larger number. The works demon-
strate the existence of reversible structural changes in
semicrystalline polymers as a general phenomenon.

In a second type of experiment, the programmed
temperature is set up of a superposition of a heating* Corresponding author.
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with a constant rate, â, and an oscillating part

In these experiments, both reversible and irreversible
structural changes give a contribution to the signal. As
was pointed out in a study of syndiotactic polypropylene
by Schawe and Strobl,5 a dominant contribution to the
dynamic signal arises during the actual time of melting
of a crystallite and then represents the variation with
temperature of the rate of melting. In analogy to the
heating run, when cooling with a constant rate, the
temperature dependence of the rate of crystallization
shows up in the signal. This was shown in works of Toda
et al.6

Carrying out quasi-isothermal temperature-modu-
lated DSC measurements in an investigation of several
semicrystalline polymer systems, we have compared the
amplitudes of the dynamic heat capacity in the melting
ranges.7 Particularly high signals were found for poly-
ethylene (PE) and poly(ethylene oxide) (PEO). Both are
polymers known to exhibit a reversible surface crystal-
lization and melting.8 This peculiar process exists under
the prerequisite of a high chain mobility within the
crystallites, because only then, when chains can slide
through, does a rearrangement of the fold surface
become possible. The increase with temperature of the
entropic forces acting from the entangled amorphous
regions onto the chains in the crystallites produces a
melting of a certain surface layer. The process becomes
reversed, i.e., turns into a crystallization, when the
temperature is decreased again. Existence of this pro-
cess was first suggested by Fischer,9 then described in
an improved theory by Mansfield and Rieger10 based on
experimental results provided by Tanabe et al.,11 and
was finally treated both experimentally and theoreti-
cally by Albrecht and Strobl.12 Hu et al. therefore
suggested that the particularly high values of the
dynamic heat capacity observed for PE and PEO might
originate from the surface crystallization and melting
in these materials. The speculation was supported by
an estimate based on the published structural data. A
recently completed work of Goderis et al.13 provides
further support for the assignment. Authors comple-
mented measurements of the dynamic heat capacity of
PE by experiments at a synchrotron radiation source,
determining in real-time the variations in the small-
angle X-ray scattering and wide-angle X-ray patterns
following from an oscillating temperature. The focus of
the data analysis was on the phase relation between
the intensity fluctuations in the scattering patterns and
the temperature oscillation, and this phase relation
turned out as being indicative for a surface melting.

In the work described in this paper, we continued the
investigation of the surface melting and crystallization
in PE and PEO in two different respects. First, we
aimed for a quantitative comparison between structural
data obtained by small-angle X-ray scattering and
dynamic calorimetric data. Second, we tried to learn
about the dynamics of surface melting and crystalliza-
tion, i.e. to determine the time associated with this
process. We used in our investigations two different
devices for measurements of dynamic heat capacities,
a temperature-modulated differential scanning calorim-
eter (TMDSC) and a newly constructed heat wave
spectrometer (HWS). Employing both devices we cov-
ered altogether a frequency range from 10-3 to 102 s-1.

As it turned out, the rates associated with surface
crystallization and melting in PE and PEO happen to
fall into this range.

Experimental Section
2.1. Temperature-Modulated Differential Scanning

Calorimetry. Measurements of the dynamic heat capacity at
very low frequencies, corresponding to periods above 1 min,
were carried out with the aid of a Perkin-Elmer DSC4, using
a program extension which enables oscillatory variations of
the programmed temperature to be realized. We used the same
program for setting the temperature and the same registration
of the resulting heat flow as in the previous work,5 the only
difference being that at this time a Perkin-Elmer DSC7 was
employed. As all the technical details are the same, they do
not need to be repeated here.

We carried out “quasi-isothermal” measurements, i.e., per-
formed temperature oscillations around a fixed average tem-
perature. The mean temperature was changed stepwise,
thereby passing through the whole melting range. Dynamic
measurements carried out with a DSC in general yield as a
result an “effective dynamic heat capacity”, Ceff, which differs
from the interesting true dynamic heat capacity c* of the
sample. Data are usually affected by properties of the measur-
ing device. In particular, the heat flow meets various points
of transfer with a nonvanishing resistance, and the electronics
of the apparatus reacts with certain delay times. Only for very
low frequencies, i.e., periods clearly above all inner reaction
times of the apparatus, one obtains the dynamic heat capacity
of the sample directly. Confining oneself to this case, however,
would lead to a strong limitation of the frequency range. The
problem can be solved by a procedure recently developed by
Merzlyakov.14 He succeeded to set up a model of the Perkin-
Elmer DSC which includes all important parameters and is
still simple enough for routine uses. On the basis of the model,
the dynamic heat capacity of the sample can be extracted out
of measured frequency dependent data. The model is depicted
in Figure 1 with its components being described. The temper-
ature oscillations at the different points, R, â, and γ, differ from
each other and so do as a consequence the associated apparent
heat capacities

The difference between the apparent heat capacity Cγ which
would be found at the heating plate (point γ) and the effective
heat capacity Ceff is a basis property of the apparatus.
Importantly, as was pointed out by Merzlyakov, this effect of
the apparatus is not dependent on the shape or mass of the
aluminum pan filled with the sample but represents an
intrinsic property of the calorimeter. The relation between Cγ

T*(t) ) T(t ) 0) + ât + δT0
/eiωt (7)

Figure 1. Model of the DSC used in the determination of the
true dynamic heat capacity C* of a sample.

Ci )
δP0

/

iωδT0i
i: R, â, γ (8)
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and Ceff can be expressed by use of a complex function B2(ω),
as

This basic correction function depends on the frequency ω of
the applied temperature oscillations, acts on both the modulus
and the phase and increases with ω. In the limit of static
measurements (ω f 0) B2 tends toward unity. We determined
B2(ω) employing the procedure suggested by Merzlyakov.14

In the next step of the correction, the heat flow resistancies
between the heating plate and the aluminum pan (thermal
conductivity Kop) and between the pan and the sample (thermal
conductivity Kps) are taken into account. The heat flow from
the pan into the sample (points â and R) can be written as

or, for the oscillating part

A combination of eqs 8 and 11 yields

Kps thus determines the relation between the apparent heat
capacities Câ and CR, as

In the static limit ω f 0 Câ becomes equal to CR. The heat
resistance between the heating plate and the pan (points γ
and â) can be treated in analogous manner, with the only
difference that the heat capacity of the aluminum pan, CAlu,
has to be taken into account additionally. For a thermal
conductivity Kps, Cγ can be expressed in terms of Câ and CAlu

as

Equations 9, 13, and 14 used together relate the measured
quantity Ceff(ω) with CR(ω).

Finally, one has to make sure that there are no heat waves
inside the sample. For low sample masses and slow-temper-
ature modulations, this is indeed the case. Then the true
dynamic heat capacity per unit mass of the sample, c*, can be
derived from CR by

where ms is the sample mass.
The conductivities Kop and Kps are at first unknown. They

can generally be derived by an adjustment of frequency
dependent effective heat capacities measured for samples in
the molten state. In the melt, the specific heat capacity c* is
known to be real valued and independent of ω. For Cγ(ω), as
it follows after applying the basic apparatus correction eq 9,
the frequency dependence of the data arises only from the two
parameters Kop and Kps. Figure 2 gives an example how the
heat conductivities were determined. The quantity Cγ is given
in the figure by its modulus and phase. The curves passing
through the experimental points were calculated on the basis
of the given equations, employing a standard nonlinear fitting

algorithm. From the fits we derived the indicated values Kop

and Kps. As demonstrated by the results, effects of the finite
times necessary for the heat transfers between the different
parts of the apparatus are at first observed in the phase, and
then for frequencies ω above 10-1 s-1 also in the modulus of
Cγ. A period on the order of 10 s obviously represents a lower
limit for temperature modulations in this DSC. For shorter
periods, corrections get too strong and the accuracy of the
extracted sample heat capacity is too low.

2.2. Heat Wave Spectrometer. For measurements of the
dynamic heat capacity at higher frequencies we constructed a
“heat wave spectrometer”. As it has already been described in
detail in a recent paper,15 we confine ourselves here to a brief
sketch of the main features. The setup of the device is depicted
in Figure 3. Using a metal halide lamp as a light source,
platelike samples with an absorbance layer (graphite or a

Cγ(ω) ) B2(ω) × Ceff(ω) (9)

P*(t) ) Kps(TR - Tâ) (10)

δP0
/ ) Kps(δT0R

/ - δT0â
/ ) (11)

δP0
/ ) Kps( δP0

/

iωCR
-

δP0
/

iωCâ
) (12)

Câ )
CR

1 - iω
Kps

CR
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Cγ )
Câ + CAlu

1 - iω
Kop

(Câ + CAlu)
(14)
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ms

)
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ms
(15)

Figure 2. Sample of PEO in the melt (74 °C): Frequency
dependence of the modulus and the phase of the apparent heat
capacity Cγ. Values of the parameters Kop, Kps, and c* were
derived from the fits.

Figure 3. Experimental setup of the light-driven heat wave
spectrometer. The light intensity of a lamp is modulated by a
chopper. An absorber transforms it into a heat wave which
propagates through the sample. The amplitude and phase of
the heat wave are measured at the top directly below the
absorbance layer, yielding the effusivity, and at the bottom,
which gives the diffusivity.
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sputtered CrN film) at the surface become heated, whereby
power modulations are produced by a chopper with rates of
rotation in the range from 0.01 Hz to 1 kHz. The periodic heat
flux initiates thermal waves which penetrate into the sample.
The resulting temperature oscillations are measured both at
the surface, in direct contact with the absorbance layer, and
at the bottom. We use either a tiny (12 µm) thermocouple or
a gold film sputtered on a glass slide which acts as a
temperature-dependent resistor. To allow for variations of the
mean temperature the sample is placed in an oven. The voltage
oscillations are registered by amplitude and phase with a lock-
in amplifier, which obtains the reference signal from the
chopper. While working with the meander-like power modula-
tion produced by the chopper, using the lock-in amplifier at
the rotation frequency of the chopper implies to just measure
the response to the basic Fourier component. Possibly existing
nonlinear parts in the response are also not registered.

The relevant equations dealing with this situation can be
summarized as follows. The oscillating heating power applied
to the surface

produces a planar temperature wave in the sample given by

z is the propagation direction, and k* is a complex wave vector.
Solving the temperature diffusion equation leads to

where D denotes the diffusivity.
Accounting for the boundary condition that all the produced

heat has to flow into the sample, one is led to the following
relation between the amplitude of the heat flux oscillation
δP0

//S (S is the illuminated area) and the amplitude δT0
/ of

the temperature oscillation at the surface:

Here ε denotes the effusivity. If the temperature oscillation is
measured at the bottom of a sample with thickness d, it is
given by

According to eqs 19 and 20, one can derive the effusivity from
the amplitude of the temperature oscillation at the surface and
the diffusivity from a phase measurement at the bottom of
the sample.

Effusivity and diffusivity are generally related to the specific
heat c and the thermal conductivity κ, by

and

So far we dealt with a real valued dynamic heat capacity only.
For a complex dynamic heat capacity, the effusivity and the
diffusivity become frequency dependent and complex as well.
Equations 21 and 22 remain valid. Therefore, from a measure-
ment of both ε*(ω) and D*(ω), one can always deduce the heat

capacity and thermal conductivity, as

Employing the heat wave spectrometer, we proceed along this
way.

Figure 4 gives an example for the performance of the device.
A glass slide was covered with a graphite layer and the
temperature oscillation in the layer was registered with an
attached thermocouple. According to eq 19 one expects a phase
shift relative to the applied heating power of -45° and an
amplitude which is inversely proportional to the square root
of the chopper frequency. This is confirmed by the observa-
tions, for the amplitude nearly over the full range and for the
phase up to 10 Hz. The deviations in the range of higher
frequencies are due to the heat capacity of the thermocouple
and the heat flow resistance of the point of attachment. The
gold-film sensor gives a better performance and shows no
deviations from ideal behavior up to 100 Hz.

2.3. Small-angle X-ray Scattering. SAXS experiments
were conducted at a conventional X-ray source with the aid of
a Kratky camera, which was equipped with a temperature-
controlled sample holder. The changes of the structure during
heating were followed measuring the scattering curves with
a position-sensitive metal wire detector. Deconvolution of the
slit-smeared data was achieved applying an algorithm devel-
oped in our group.16

Partially crystalline polymers like PE and PEO are set up
of stacks of thin laterally extended crystallites. Here, the
scattering intensity can be related to the one-dimensional
electron density (Fe) correlation function K(z) defined as

It can be directly obtained by a Fourier transformation of the
scattering intensity. If we use the scattering cross-section per
unit volume Σ(q), K(z) follows as

q denotes the scattering vector, being related to the Bragg-
scattering angle ϑB by

(re: classical electron radius).17

P*(t) ) Ph + δP0
/ exp(iωt) (16)

δT*(z, t) ) δT0
/ exp(i(ωt - k*z)) (17)
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D
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D
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4) (18)
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/ )

δP0
/

S
)
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δT*(z ) d, t) )
δP 0

/

S

exp(-iπ
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D ) κ
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Figure 4. Frequency dependence of the temperature signal
measured by a thermocouple at the top of the sample.
Amplitude UTC (squares) and phase shift æ (circles) with regard
to the light intensity.

c*(ω) ) 1
Fx ε*(ω)

D*(ω)
(23)

κ*(ω) ) xε*(ω)D*(ω) (24)
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∞
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A trajectory along the surface normal passes through
amorphous regions with an electron density Fe,a and crystallites
with a core density Fe,c. As shown by Ruland,18 for such a layer
system the second derivative of the correlation function, K′′-
(z), gives the distribution of distances between interfaces, in
the form

The expression between the brackets is set up of a series of
distribution functions, whereby the subscripts indicate which
phases, amorphous and crystalline ones, are to be traversed
while going from one interface to the other. Of main impor-
tance are the first three contributions. They give the distribu-
tions of the thickness of the amorphous and the crystalline
layers respectively (ha, hc) and of the sum of both (hac) which
is identical with the long spacing L. Rather than by calculating
the second derivative of the correlation function, K′′(z) can also
be deduced directly from the measuring data, by use of

SAXS experiments also enable the crystallinity to be deter-
mined. One generally obtains the “linear crystallinity” , as

with dc as crystal thickness and L as long spacing. φl describes
the volume fraction occupied by the crystalline lamellae within
one stack.

2.4. Samples. The PE sample under study was a high molar
mass linear polyethylene (density 0.96 g cm-3, melt flow
index: 0.2; trade name Lupolen 6011) produced by BASF AG
(Ludwigshafen, Germany).

In the case of PEO, we investigated two different materials,
both having the same weight-average molar mass Mw ) 3 ×
105 g mol-1. They were purchased from Aldrich Chemicals Co
and Polymer Standard Service. The Aldrich sample included
anorganic additives. They had no effects on the thermal
properties but rendered the X-ray scattering experiments more
difficult, due to a superposition of a strong second scattering
component. The difficulties did not arise for the second sample,
which was free of additives.

Results
We measured the dynamic heat capacity for PE and

PEO in quasi-isothermal experiments. The mean tem-
perature, being changed step for step, was varied
throughout the whole melting range of the samples. We
used TMDSC for low frequencies corresponding to
periods between 60 and 1000 s and HWS for the range
of higher frequencies, from 10-2 to 1 Hz.

SAXS structure determinations were carried out for
samples with similar thermal treatments. The experi-
ments yielded the crystal thickness and the long spacing
as a function of temperature. We determined in this way
the amount of surface melting during heating and
surface crystallization during cooling and compared it
with the dynamic calorimetric data.

3.1. Dynamic Heat Capacity of PE. 3.1.1. Mea-
surement by TMDSC. The PE sample was isother-
mally crystallized at 124 °C. After completion, the
sample was heated to 130 °C, which is 5 deg below the
DSC melting peak, and was kept there for 1 day. The
latter procedure is necessary to stabilize the structure.
Working with PE, one has always to be aware of the
ongoing solid state thickening of the lamellae. As it

follows a logarithmic time dependence, the thickening
comes practically to an end after a 1 day annealing. The
morphology of thus treated samples remains constant
during cooling and reheating, as long as one does not
surpass the annealing temperature. The only structure
changes which then occur during cooling and reheating
are surface melting and crystallization.

Figure 5 shows dynamic heat capacities measured
during the cooling process for different modulation
periods between 60 and 900 s. These are the final
results, extracted from the measured data by application
of the correction algorithm which accounts for all the
inner heat transfers and electronic time delays. The
amplitude of the temperature modulation was always
δT ) 0.5 °C. The detected amplitude of the dynamic heat
capacity |c*| begins with a rather high value at the
starting temperature 130 °C and then decreases con-
tinuously down to a value below 2 J g-1 K-1. The value
does not change with the modulation period; i.e., it is
frequency independent.

Figure 6 depicts the modulus of the dynamic heat
capacity during a subsequent stepwise heating. One
observes the same values as during the cooling, up to
the annealing temperature of 130 °C. If the heating then
is continued one observes, after passing through a
minimum, a further strong increase. Finally, the dy-
namic heat capacity drops down to a constant value of
2.5 J g-1 K-1. As a comparison with literature data
shows,19 we find here the specific heat of the melt. Here,
in the equilibrium state, the dynamic heat capacity
originates from rapid vibrational and relaxatory motions
only and then agrees with the value found in standard
DSC runs with a constant heating rate.

K′′(z) )
Oac

2
∆Fe

2 [ha(z) + hc(z) - 2hac(z) + haca(z) +

hcac(z) ‚‚‚] (28)

K′′(z) ) 2
re

2(2π)2 ∫0

∞
[lim
qf∞

q4Σ(q) - q4Σ(q)] cos qzdq (29)

φl )
dc

L
(30)

Figure 5. PE, isothermally crystallized at 124 °C and
annealed at 130 °C: Modulus of the dynamic heat capacity
extracted from the TMDSC signal as obtained during a
stepwise cooling (modulation amplitude: 0.5 °C, periods as
indicated).

Figure 6. Same experiment as Figure 5. Results obtained
during a subsequent heating to the melt.
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3.1.2. Determination by HWS. Measurements of the
effusivity and the diffusivity in the heat wave spectrom-
eter cannot be carried out with one sample only. For
effusivity determinations, the sample has to be thick
enough so that the measurement is not perturbed by
the superposition of heat waves reflected at the bottom.
This is certainly fulfilled when the thickness is larger
than several wavelengths. For the chosen thickness, 8
mm, this was ensured for the lowest used frequency.
The diffusivity measurement meets an opposite require-
ment. A signal with a sufficiently high amplitude at the
bottom of the sample can only be measured if the
number of wavelengths over the sample thickness is
small. To have this condition fulfilled, it may even be
necessary to choose samples of different thicknesses for
the high and the low ends of the frequency range of the
spectrometer. In our case, good results throughout were
obtained for a thickness of 30µm. Measurements were
carried out for a sample isothermally crystallized at 120
°C, which after completion was cooled to the lower
starting temperature. The absorption of the light gener-
ally leeds to a temperature increase of the sample
surface with regard to the preset temperature of the
sample holder. For the chosen light intensities, the
gradient between the surface and the bottom amounted
for the thick samples of the effusivity measurements to
some degrees. The gradient could be determined, and
the temperatures given in the following are always those
referring to the absorption layer at the top of the
sample. The lowest frequency in the HWS measure-
ments was 10-1 Hz and overlapped with the highest
frequencies achieved by the TMDSC. Figure 7 depicts
the effusivities derived from the amplitude of the
temperature fluctuations at the top of the sample by
application of eq 19. Measurements were carried out
during a stepwise heating beginning at 93 °C. Figure 8
shows the results of a corresponding measurement of
the diffusivity. The reciprocal value of the modulus of
the diffusivity was derived from the phase difference
between the temperature oscillation at the bottom of the
sample and the oscillation of the light power at the
surface, based on eq 20. Interesting to note, both
quantities, the effusivity and the (reciprocal) diffusivity,
show a pronounced frequency dependence for all tem-
peratures below the final melting in the frequency range
probed by the spectrometer. As expected, the frequency
dependence disappears in the melt.

Surprising at first, we observe also a frequency
dependence at low temperatures, away from the main
melting range, and indeed further cooling did not

remove it. As it turned out, this behavior depended on
the preparation, and does not represent a property of
the sample. It is due to an imperfect contact between
the thermocouple and the sample after the crystalliza-
tion. The thermocouple was fixed in a molten state, also
with the aid of a drop of a glue, but the contact always
somewhat deteriorated on cooling, as a consequence of
the sample shrinkage. The effect of the nonvanishing
heat flow resistance between the thermocouple and the
sample surface is not the same on the top and on the
bottom. On the top, the thermocouple becomes heated
in direct contact with the absorbance layer, but then a
temperature difference can arise between the thermo-
couple and the sample surface, due to the nonvanishing
heat transfer resistance. As a consequence the measured
amplitude of the temperature oscillation is higher than
that on the sample surface. On the bottom we find an
opposite tendency. Again we have some heat transfer
resistance between the sample surface and the thermo-
couple, but now it leeds to a lowering of the signal
amplitude and, more important for the evaluation, an
additional delay in the phase of the signal. We dealt
with this situation by introducing two empirical fre-
quency (f) dependent “transfer functions” . They were
used to correct the measured effective temperature
amplitude δT0,eff

/ and the effective phase delay æeff to
obtain the corresponding quantities at the sample
surfaces, δT0

/ and φ. The correction function for the
effusivity measurements, a(f), is given by

and that for the diffusivity measurement by

We determined the two functions at the lowest achieved
temperature assuming that at this temperature there
should be no reversible melting and crystallization and
therefore also no frequency dependence in the effusivity
and diffusivity. Figures 9 and 10 depict the thus
obtained correction functions. There remains, however,
a second problem. During heating, the crystallinity
changes, and finally, in the melt, as shown by the lack
of any frequency dependence, the contacts are again
ideal. This implies that the correction functions are not
constant but change during heating. As there is no way

Figure 7. PE, isothermally crystallized at 120 °C and cooled
to 90 °C: Effective effusivity, determined by HWS at various
frequencies during a stepwise heating.

Figure 8. PE, isothermally crystallized at 120 °C and cooled
to 60 °C: Effective reciprocal diffusivity, determined by HWS
at various frequencies during a stepwise heating.

a(f) )
|δT0,eff

/ |(f)
|δT0

/|(f)
(31)

∆æ(f) ) æeff(f) - æ(f) (32)
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to determine this change we used the simplest possible
equation showing the correct limiting behavior and set
for the temperature dependence of the correction factor
a

and for the temperature dependence of the correction
function ∆æ

We applied these correction functions to the first
measured “effective” effusivities and diffusivities and
obtained the corrected values shown in Figures 11 and
12. Important to note, also after the correction we
clearly see a pronounced frequency dependence in both
quantities arising in the regions of the melting peak.
The correction just removed the artifact in the effective
data of a frequency dependence persisting down to low
temperatures. It is clear that different from the TMDSC
measurements which probe lower frequencies we can
now, using the HWS, indeed observe the dynamics of
the process.

The next step, also necessary for a comparison of the
HWS- with the TMDSC data, is the derivation of the
dynamic heat capacity. This is possible by applying eq

23. Furthermore, using eq 24, one can also determine
the thermal conductivity κ. The results are presented
in Figures 13 and 14. For the heat conductivity, we
obtain just a step located at the melting peak. Obviously
the heat conductivity does not show a frequency depen-
dence; the variations are within the error limits of the
measurement. On the other hand, we find a pronounced
frequency dependence in the modulus of the dynamic
heat capacity. For the highest frequencies used, the
signal is near to a complete disappearance. The figure
includes also the results of a TMDSC measurement at
8.3 mHz which is adjacent to the lowest frequency
measured by HWS (0.01 Hz). The results of the two
measurements perfectly follow each other; the TMDSC

Figure 9. Correction factor a(f) applied to account for the heat
transfer resistance between the upper surface of the crystal-
lized sample and the thermocouple.

Figure 10. Correction ∆æ of the phase of the signal measured
at the bottom of the crystallized sample. The correction has
to be introduced to account for the heat transfer resistance
between the surface and the thermocouple.

a(f, T) ) a(f, T0)
φ(T)
φ(T0)

(33)

∆æ(f, T0) ) ∆æ(f, T0)
φ(T)
φ(T0)

(34)

Figure 11. Measurement of Figure 7: True effusivity ob-
tained after a correction of the temperature amplitude by the
factor a(f).

Figure 12. Measurement of Figure 8: True reciprocal diffu-
sivity obtained after a correction of the phase by ∆æ.

Figure 13. PE: Frequency dependent modulus of the dy-
namic heat capacity, derived from the data in Figures 11 and
12.
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value obtained for a slightly lower frequency is just
somewhat higher than the HWS result. The comparison
gives us confidence that the empirical procedure applied
to correct the imperfect contact between thermocouple
and sample surface is essentially alright.

3.2. Dynamic Heat Capacity of Poly(ethylene
oxide). 3.2.1. Measurement by TMDSC. A PEO
sample was isothermally crystallized at 48 °C and
cooled. Figure 15 shows the result of measurements of
the dynamic heat capacity during a successive stepwise
heating. The modulation period was varied between 30
and 480 s. As we see, one finds for PEO again a strong
signal with a maximum in the melting range, but now,
contrasting the observations for PE, we have also in the
frequency range of the TMDSC a frequency dependence.

3.2.2. Determination by HWS. HWS measurements
for PEO were also carried out for a sample isothermally
crystallized at 48 °C, which was then cooled to room
temperature and investigated during a successive step-
wise heating. Figure 16 depicts the effusivities obtained
during the scan for the indicated frequencies. Effusivi-
ties increase with temperature and decrease with the
frequency, until the melt is reached where a constant,
low value is found. Different from PE, we now have also
at low temperatures an essentially frequency indepen-
dent effusivity, as it is expected. Obviously for PEO the
contact between the thermocouple and the sample
surfaces is not much affected by the crystallization
process. This can be due to the low amount of shrinkage
on crystallization and also to a better adhesion of the
thermocouple on the polar PEO surface. The result of
the diffusivity measurement for a sample with the same

thermal history is shown in Figure 17. As for the
effusivity, we find a strong signal in the melting range,
which has a pronounced frequency dependence.

The values of the dynamic heat capacity and the
conductivity derived from the effusivities and the dif-
fusivities at the various frequencies and temperatures
are presented in Figures 18 and 19. As in the case of
PE we find a decrease of the heat conductivity at the
melting point which is frequency independent in the
error limits of the measurement, and on the other side
a frequency dependent dynamic heat capacity with a
maximum in the range of the final melting temperature.

3.3. SAXS Investigation of Surface Melting in PE
and PEO. The SAXS experiments were carried out on

Figure 14. PE: Heat conductivity derived from the data in
Figures 11 and 12.

Figure 15. PEO, isothermally crystallized at 48 °C and
cooled: Modulus of the dynamic heat capacity extracted from
the TMDSC signal as obtained during a stepwise heating
(modulation amplitude, 0.5 °C; periods as indicated).

Figure 16. PEO, isothermally crystallized at 48 °C and
cooled: effusivity, determined by HWS at various frequencies
during a stepwise heating.

Figure 17. PEO, isothermally crystallized at 48 °C and
cooled: reciprocal diffusivity, determined by HWS at various
frequencies during a stepwise heating.

Figure 18. PEO: Frequency dependent modulus of the
dynamic heat capacity, derived from the data in Figures 16
and 17.
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samples of PE and PEO prepared in the same way as
in the dynamic calorimetric investigations. The aim of
the measurements was a quantitative characterization
of the surface melting and crystallization processes
going on during heating and cooling. Figure 20 presents
a particularly clear result obtained for PE after a
crystallization at 124 °C and a 1 day annealing at 130
°C. The figure shows the interface distance distribution
functions K′′(z) as derived from the scattering curves
measured during a cooling in immediate succession to
the annealing. Curves show a peak in the range between
5 and 10 nm and a minimum located around 25 nm.
The peak is to be assigned to the amorphous layers and
indicates their thickness; the minimum gives the long
spacing. As to be recognized, a decrease in the temper-
ature leaves the long spacing unchanged but results in
a continuous shift in the location of the amorphous layer
peak to smaller values. This is exactly the behavior
expected for a continuous surface crystallization. The
result indicates that the interface between the crystal-
lites and the amorphous regions becomes continuously
shifted into the amorphous range. The amount of
shifting is remarkably large. The amorphous layer
thickness begins at the high temperatures at 9 nm and
ends up at room temperature at 5 nm. Figure 21 shows
this temperature dependence in detail and includes in
addition the results of a measurement during a subse-
quent heating process. As we see, the process is practi-
cally reversible. There is some displacement to lower
values, which took place during a 1 month storage at
room temperature, but it is small; the form of the two
curves is identical.

SAXS experiments on PEO are more cumbersome.
The electron density difference between the crystallites
and the amorphous regions is three times smaller than
in PE, and this means a reduction in the scattering
intensity by 1 order of magnitude. For this reason the
interface distance distribution functions K′′(z), obtained
by the Fourier transformation eq 29, have in general a
lower accuracy. Figure 22 gives a more favorable
example. The curves wered derived from SAXS mea-
surements carried out for a sample isothermally crys-
tallized at 48 °C and then cooled. Again the peak reflects
the amorphous layer thickness and the minimum gives
the long spacing. Over a larger temperature range the
long spacing remains constant, while the peak becomes
shifted. Figure 23 collects the thicknesses da of the
amorphous layers and the long spacings L derived from
the interface distribution functions. For temperatures
below 60 °C the change of da is obviously larger than
the change in the long spacing which speaks in favor of
a dominant role of surface melting.

Discussion

Looking at the results, we can state at first that for
PE and PEO the dynamic heat capacity includes, in
addition to the normal contributions originating from
vibrations and rapid local relaxation processes, a second
part which becomes large at temperatures near to the
melting point. The finding confirms our first less ac-
curate observations,7 and we can now reexamine on a

Figure 19. PEO: Heat conductivity derived from the data
in Figures 16 and 17.

Figure 20. PE, crystallized at 124 °C and annealed at 130
°C: Interface distance distribution functions K′′(z) derived from
SAXS curves measured during cooling.

Figure 21. PE: temperature dependence of the thickness of
the amorphous layers as derived from the K′′(z) curves shown
in Figure 20 (squares). Change of da with temperature during
a subsequent heating after a longer storage at room temper-
ature (triangles). The two lines are guidelines for the eye.

Figure 22. PEO, crystallized at 48 °C and cooled: Interface
distance distribution functions K′′(z) derived from SAXS curves
measured during heating.
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broader experimental basis the suggestion that this
“excess contribution” could originate from surface crys-
tallization and melting. Furthermore, the experiments
provide insight into the dynamics of the process.

The examination can be carried out in strict manner
by a comparison with the results of the SAXS experi-
ments. All the required data are available. Carrying out
the comparison for PE leads to the result presented in
Figure 24. We deal here with a sample isothermally
crystallized at 124 °C and then annealed at 130 °C. The
upper part refers to the cooling and the lower part to
the heating process. In the comparison we use the
TMDSC results only. They showed no frequency depen-

dence and therefore represent the maximum amplitude
to be measured for the dynamic heat capacity. We
picked out one series of data from Figures 5 and 6, that
obtained for a modulation period of 240 s. These data
points are given by the circles. On the other hand, the
SAXS experiments carried out for a sample with the
same thermal history yielded the temperature depen-
dence of the thickness of the amorphous layers (Figure
21) and therefore, introducing the constant long spacing
(L ) 25 nm), the temperature dependence of the
crystallinity, just by using eq 30. As was stressed
previously, the observed structural changes are indica-
tive for a surface crystallization and melting process.
In a first step, we can calculate the basic part cb of the
dynamic heat capacity, originating from the vibrations
and rapid relaxations. It can be described by

and changes with the crystallinity. Values for the
specific heats of the crystallites ccr and the amorphous
regions cam are given in Wunderlich’s ATHAS data-
bank.19 In the experimental temperature range ccr and
cam can be represented by

This basic part is indicated in the figures with square
symbols. We find a smooth curve, which obviously does
not reproduce the measured dynamic heat capacities.
The data points indicated by triangles give the dynamic
heat capacity cpred predicted on the basis of the changing
crystallinity. They include in addition to the basic part
the excess contribution originating from the surface
melting, to be described as

Here, the parameter hm denotes the heat of melting per
gram, and we chose for it the value

cpred nicely agrees for all temperatures with the mea-
sured dynamic heat capacities, both in the cooling and
the heating process. Hence, we have the proof that the
excess part in the dynamic heat capacity measured for
PE is indeed caused by a reversible surface crystalliza-
tion and melting. A deviation is observed for tempera-
tures above the annealing temperature. Whether or not
it is due to the same process or to another one cannot
be told since we encounter under this situation rapid
irreversible structural changes.

As demonstrated by the frequency invariance of the
signal as measured in the TMDSC, the time required
by the system to establish the local equilibrium at the
surface of the PE crystals is shorter than the times
probed by this method. Fortunately HWS, having access
to shorter times, enters the characteristic time region
of surface melting in PE. The results shown in Figure
13 demonstrate that the surface melting and crystal-
lization takes place with rates which are above 10-1 Hz
and, probably, below 1 Hz. For frequencies around 0.08
Hz the signal amplitude is reduced to half its original
value which means that 12 s is the characteristic time
scale associated with surface melting for the investi-

Figure 23. PEO: temperature dependence of the thickness
of the amorphous layers da and the long spacing L as derived
from the K′′(z) curves shown in Figure 22. The curve is a guide-
line for the eye.

Figure 24. PE, crystallized at 124 °C and annealed at 130
°C, investigated during cooling (top) and a subsequent heating
(bottom): dynamic heat capacity measured by TMDSC (tp )
240 s). Vibrational part cb and total dynamic heat capacity cpred
predicted on the basis of the temperature variation of the
crystallinity as determined by SAXS.

cb ) φccr + (1 - φ)cam (35)

ccr ) - 0.0813 J g-1 + 0.0056 J g-1K-1T, cam )

1.2800 J g-1 + 0.0031 J g-1K-1 T (36)

cexc ) -hm
dφ

dT
(37)

hm ) 294 J g-1 (38)
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gated PE sample. This time will depend on the temper-
ature and refers as given here to 130 °C.

We can carry out the same comparison for PEO. As
was already emphasized considering the results of
Figure 15, here the frequency dependence of the signal
is not restricted to the range of the HWS but goes on to
the large modulation periods of the TMDSC. This means
that the relaxation times for the reversible structural
changes in PEO are much longer than those found for
PE. Figure 25 collects data for the dynamic heat
capacity measured by both TMDSC and HWS and
includes in addition, deduced in the same way as for
PE, the values cpred predicted on the basis of the SAXS
analysis of the structural changes with temperature.
The specific heats of the crystallites and amorphous
regions as well as the heat of fusion required for the
calculation of the basic contribution cb were again
obtained from Wunderlich’s databank19 and chosen as

and

All data points refer to a sample which was isothermally
crystallized at 48 °C. The calorimetric data were se-
lected from the curves given in Figures 15 and 18. As
already noted, the calorimetric data obtained by the two
methods follow systematically one after the other. For
temperatures around the melting peak cpred is found
lying above all measured signals, which comes as
expected considering the ongoing frequency dependence.
It implies that even at the highest modulation periods
of the TMDSC the local equilibrium at the surfaces of
the PEO crystals is not yet reached. A characteristic
time can again be deduced from the data, as that leading
to a reduction of the signal to about half of its value. If
we accept the SAXS results as the maximum signal, we
find for the frequency characteristic for the surface
melting in PEO a value around 0.008 s-1, i.e. a char-
acteristic relaxation time on the order of 120 s. This time
is 20 times higher than that found for PE.

The reorganization of the crystallite surfaces is obvi-
ously a complex procedure, different from a simple
Debye process with a unique relaxation time. Figure 26
shows the frequency dependence of the maximum value

of the dynamic specific heat for PEO as obtained from
all HWS and TMDSC measurements together. Consid-
ering that one has reached neither the low frequency
end nor the high-frequency end, it is clear that the
relaxation curve extends over a frequency range of at
least four decades. Hence, surface melting and crystal-
lization uses a whole group of relaxation processes.

Conclusion
Our measurements of the dynamic heat capacity

combined with a temperature dependent SAXS struc-
ture analysis demonstrate for PE and PEO the existence
of surface crystallization and melting as a reversible
process. Its dynamics could be resolved by employing
both temperature-modulated differential scanning cal-
orimetry (TMDSC) and heat wave spectroscopy (HWS),
thereby covering a total frequency range from 10-3 to
102 Hz. The characteristic times of surface crystalliza-
tion and melting as measured for temperatures near to
the final crystallite melting are about 12 and 120 s for
PE and PEO, respectively. Determinations of the dy-
namic heat capacity c*(ω) of samples by TMDSC and
HWS require in general the application of appropriate
correction procedures on the measured raw data in order
to account for the inner heat flow resistance and
additional heat capacities of the measuring devices. This
can be achieved for both setups by a proper modeling
of the main components and functions.
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