PolymerVol. 39 No. 16, pp. 3745-3751, 1998
© 1998 Elsevier Science Ltd
Printed in Great Britain. All rights reserved

Pll: S0032-3861(97)10330-5 0032-3861/98/$19.00+0.00

Superheating effects during the melting of
crystallites of syndiotactic polypropylene
analysed by temperature-modulated differential
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Temperature modulated differential scanning calorimetry (TMd.s.c.) was applied in a study of syndiotactic
polypropylene. The crystallites melt from their lateral surfaces only and the kinetics shows up in the imaginary
part ¢’ of the complex specific heat. Theoretical analysis predicts and experiments confirgi thateases
linearly with the underlying mean heating rate and the modulation period. Furthermore, it can be shakisthat
inversely related to the superheating effective during melting. Use of the relation yields for syndiotactic
polypropylene values in agreement with direct measurements employing conventiona©d1€68 Elsevier
Science Ltd. All rights reserved.
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INTRODUCTION the crystallites and utilize the relation in studies of
olyethylene® and polyethylene terephthalate

Recently we carried out a detailed investigation of the
crystallization and melting behaviour of syndiotactic poly-

propylene (s-PP), using time- and temperature-dependent

is controlled by dynamic processes located around thesmall—an le X-ray scattering experiments and calorim@tr
growth faces of the layer-like crystallites, as given by the 9 Y. €ring exp y
If s-PP is crystallized isothermally at temperatures above

detachment and attachment of chain sequences, the trans; . ; .
port of non-crystallizable chain parts into the adjacent 120°C, it has a well-defined morphology, being composed

amorphous regions (short chain branches, co-units, entan-gaﬁgﬂ](sﬂﬂifgggl% et;](;ern;r?delitfhs_s_q%pﬁriC;yﬁéag:;i)srvﬂg]ui
glements etc.) or, in the case of layer-by-layer growth, the | o < oryeen the Iamellaegshow a broad distributioﬁ with
formation of secondary nuclei. Being controlled by the y

kinetics, the partially crystalline state of polymers does not an average thickness around 15 nm. As for polymer crystals

represent a stable equilibrium. Structure may continue to in general, so for s-PP melting takes place on the lateral
change with time, isothermally or during cooling. Corre- crystal surfaces only. Therefore, crystals usually need a

; A finite, comparatively long time for their melting. This is
spondingly, the reverse process of melting is complex as o ; . .
WF:aII. Thge?/mograms obtari)ned by different?al caloriFr)netry already indicated in conventional d.s.c.-runs by a shift of the
represent in general a superposition of the melting of me'?'.”g peak Wh.'Ch increases with the heating rate (in
crystallites of different stability and exothermal recrystalli- addition to the shift caused by heat transfer effects). In the

zation processes. Temperature-modulated differential scan-;?ﬂg\i':g?nV:ﬁof’ehggtasn%w _FR/?(; ;hés_rﬁgggiﬂgﬂgnn%sn;% \?vﬁl
ning calorimetry (TMd.s.c.), which registers the sample y e

response on small periodic temperature variations, Canemploy the relation in an evaluation of results obtained for

contribute to a discrimination In particular, it can be used s-PP.
to focus on the dynamic processes taking place at the growth
faces. Work in this direction has started only recently, in
experiments reported by Wunderliehal., Schicket al. and EXPERIMENTAL

Todaet al. Employing a quasi-isothermal mode in a study The s-PP sample under study was synthesized bynglidg

on polyethylene terephthalate, Wunderlich and Okasaki in Professor Mihaupt's group in the Institute of Macro-
deduced from the intensity of the periodic signal the fraction molecular Chemistry of the University of Freiburg. The
of crystallites undergoing at a given temperature a number average molecular weighit, was 1.04(18g mol™*
reversible local melting. Schick and coworkers followed  (M,/M, = 2.3). More details on the sample properties are
the same route in a study of PEPKTodaet al. show that given in Ref.®.

the phase lag between sample temperature and heat flow For d.s.c. experiments a thin foil (90n) was pressed and
depends on the temperature coefficient of the growth rate ofput in a d.s.c. pan (sample mass: 4.94 mg). Before each
measurement, samples were kept for some time in the melt
*To whom correspondence should be addressed at 165C and then were quenched to the crystallization

Crystallization of polymers leads to partially crystalline P
structures which are determined by both the thermodynamic
conditions and the kinetics of transformatibA The latter
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temperature, chosendt = 130°C. The crystallization time  C’ andC"” are the real and the imaginary part of the complex
was 3 h. Conventional d.s.c. measurements conducted aheat capacity®. Calibration procedures have to be applied
0.5 K/min indicated a direct melting with no signs of a in order to obtaind,; correctly***2

recrystallization process. The TMd.s.c. measurements were

carried out with a Perkin—Elmer DSC-7 in the DDSC mode.

The input parametersT(, T,, 3; and T3) were selected in RESULTS AND DISCUSSION

such a way that the underlying heating rafg, the Check of linearity properties

temperature amplitudel, and the frequencyf which A typical TMd.s.c. curve of s-PP is shownfigure 1 In
follow from: cs ( = Cg/m ; mis sample mass) the crystallite melting
By(T3—Ty) shows up. It starts immediately above the crystallization
Bo= ﬁ (1a) temperature, then increases in rate and reaches a maximum
271 at 152C. Melting becomes reflected also in the complex
1 T,—Ts heat capacityc’ shows a small negative peak in the melting
Ta= §<T2 S ) (1b) region.c’(T) has a similar shape ty and is always positive.
The melting of polymer crystallites may include non-
3 linear effects. On the other hand, the data evaluation being
f=2(_|_—1_|_) (1c) based on a Fourier analysis considers only the linear
2— 11

response. Therefore, in order to minimize possible errors,
had the desired values. Both the temperature progién  the experimental conditions must be selected in such a way
and the measured heat fla{t) represent a superposition of that the sample response is at least near to linear. We
an underlying and a periodic component. By averaging over performed several checks.
one period the underlying components result. The underly-  First, we varied the sample mass and the amplitude of the
ing component of the heat flowk,, is identical with the temperature variation. The investigation of the influence of
signal in conventional d.s.c. runs. In the general case,the sample mass on the measured signal is a method to
where heats of reaction or transition may be included, it clarify if the calibration procedure considers the heat
reads transfer conditions into the sample correctly. We found
. that for sample masses in a range of 1-8 mgcth@ndc’-
@, = Cpho +AH, ¢ = Cplo @) curves in the melting region remained unchanged. Variation

HereC, is the ‘true heat capacity’, i.e. that associated with of T, also did not lead to any changes.

the equilibrium structure and dynamics of a given phase, Nextwe looked at the shape &f. In Figure 2both the

AH, is the heat of reaction or transition, afidlenotes the ~ heat flow &(t) and the periodic component are shown.
reaction or transition rate€; denotes the ‘generalized heat !deally, the mean value d#, should be zero. Around 156
capacity’ which may change with the underlying heating ©ne observes slight deviations. The reason is an error in the

rate. determination of the underlying signal. The relaxation of the
Fourier analysis yields the first harmonic of the periodic Neat flow at the end of the peak is relatively fast, too fast for
component®,,. It reads the mathematical averaging procedure. The error is not
serious since the effect on the amplitude of the periodic
®p1 = wTa1/Cl coqwt — ¢) = wTy(C” cowt) + C” sin(wt)) component appears negligible.
©) Figure 3 depicts®, in higher resolution in two regions,

around the melting peak (153, lower curve) and in the
HereT,, is the amplitude of the first harmonic of the tem- melt (156C, upper curve). The periodic temperature
perature signalg gives the phase shift between the first variation has the form of a saw-tooth oscillation (linear
harmonic of the heating rate and the heat flo@i, denotes heating and cooling). Consequently, a rectangular-shaped
the modulus of the complex heat capacity, arehjuals zf; oscillation is expected for the corresponding heat flow

Heat Capacity in J/gK

T T T
130 135 140 145 150 155 160
Temperature in °C

Figure 1 TMd.s.c. curves (g ¢’ andc”) obtained for s-PP during a heating subsequent to a crystallization (3 h) @@ (&= 0.5K min~!, f = 14 mHz,
T,=0.1K)
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Figure 2 Same measurement as Fig.1. Total heat fioand periodic component of the heat fldy. &, is calculated as the difference betwekand its
average over one period
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Figure 3 &, from Fig.2 in the region of the melting peak (lower curve) and in the melt (upper curve)

signal. As is observed, the-signal in the melt has such a  reproduces the experimental result. Note that the symmetry
shape. On the other hand, in the melting region deviations of the temperature variation is retained®p. Hence, also
occur. To see the formal background of the modification, here, there are no indications for non-linear effects.
calculations were carried out. A rectangular-shaped periodic  Finally we determined all Fourier componentsdf for

heat flow can be described by a series of the odd-numberedthe complete curve through all temperatur€sgure 5
harmonics shows the moduli up to the 13th harmonic. As expected
from the symmetry only odd-numbered harmonics are

$,= ipa (cos(wt — ) — cogSut — ¢5) detected. The peak amplitudesHigure 5are smaller than
™ 3 expected theoretically. This is caused by the phase shift of
cos(5wt — ¢s) the first harmonic in the melting region and probably also by
— 5 ) 4) heat-transfer effects.

whereby all phases are equal. The continuous line in Theoretical considerations
Figure 4 represents this result (calculation up to the 15th  As demonstrated by the results eigure 1, the melting

harmonics and smoothing within a windowaud) = 0.2). shows up in the complex heat capacity. Observations are
The curve drawn with a broken line is obtained when choos- indicative for the occurrence of reversible melting-
ing for the phase of the first harmonic the valie= 0.6. crystallization processes at the crystal surfat®8* The

Comparison oFigures 3 and 4shows, that this essentially TMd.s.c. experiment is sensible for such local processes.
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Heat Flow in arbitrary units

4 T T T T 1

Figure 4 Simulated heat flow curve obtained with equation (4), for zero phase shifts (solid curve) and with a phase shift in the 1st harmonic of 0.6 (dashed
curve)
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Figure 5 Fourier transform of the heat flowbf) shown in Fig.2. (A) Fourier transform of the heat flodt) in the region of the melting peak (1480~
152.6C)

If the rate of local melting rate varies linearly with the gives a contribution to the total heat flow:
temperature, a contribution t arises. In order to account .
for thec’- signal, an additional relaxation process causing a B(t) = mG,B(t) + mAh: (1) ()
time-dependent change of the melting rate subsequent to
temperature step must be introducéd Such local
relaxation processes may well take place in the melt close
to the crystal surface, with characteristic times in the order
of the period of the temperature variation. In this paper we
shall not further discuss this phenomenon and restrict the
discussion to the imaginary part of the complex heat capacity,
under neglect of any memory and relaxation effects.

Here Ahg¢ is the melting enthalpy per unit mass amdthe
sample mass. Generally, the melting rate depends on the
superheating of a crystal. Signals arise from those crystals
which have their equilibrium melting point;, near to the
mean temperature. For the variation of the melting rate
associated with the periodic temperature fluctuation, one
can assume a linear dependence on the superh@atinty:

We describe the time-dependent changes in the crystal- . d¢
linity « with the aid of an order parametérintroduced by &M= ar ) (T-T) 8)
f
a(t) = ctmaf (1) ®) equation (7) yields the melting curve in conventional d.s.c.
Here ama denotes the crystallinity at the end of isothermal Measurements. It follows as
crystallization. she ¢
The rate of transformation Cg—Cp=Cn= By )
(= ﬁ (6) i.e. by a subtraction of the baseline given by the true heat
dt capacity of the sample.
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In the TMd.s.c. experiment the first harmonic of the = The amount of superheating depends Bp From
periodic component of the temperature program reads equation (8) follows for the maximum melting rate

T,(t) = T, sin(wt) (10) oo ( % ) BoAt (18)
equation (7) and (8) give the periodic component of the heat T
flow whereAt; is the total time required for a crystallite melting.
df _ Because the melting rate is a linear function of time or
®p(t) = MG Taw cogwt) + mAky (ﬁ) Tasin(wt) (11) temperature the average melting rate is
On the other hand, the periodic heat flow reads &)= % (19)

Fp(0) =MCpTaw cOgwt) + MCTawo sin(at) — (12) Correspondingly the average superheating axtd are
A comparison of equation (11) and equation (12) yields  related by

- At
an (& (T - Ty = Bolt (20)
c'= T/ (13) 2
N 5 At; depends on the volume of a crystal. As the melting rate
From equation (9) and equation (13) follows increases linearly we have
8, d¢ Vo= const(%) %Atf2 (21)
¢’ dT K
—= 14) , . .
Cm w¢ This means thait; changes with the heating rate as
and using equation (8) one gets At, 1 22)
g: L (15) V Bo
Cm (T —T) The relation between the average superheating and the
Since underlying heating rate follows from equation (20) and
equation (22):
Con(T)dt = 8 (16)
, , Peak (T-T)—AVBo (23)
we finally arrive at whereA is a constant.
W : Ay Hence, as shown by these considerations, evaluation of
B_o Peak T= T—T) 17) the ¢’-peak yields the average superheating. In addition, a

linear relationship betweefT — Ty) and the square root of

Melting of a crystallite starts wheh= T; and then increases  the underlying heating rate is predicted. Our experiments
up to the point of complete fusion. The superheating allow for a check.
increases correspondingly and we, therefore, have to intro-
duce into the equation the averad@e— Ty).

equation (17) shpws that th<=T area of tfigpeak dgpends  EXPERIMENTAL RESULTS
on the superheating. At a given frequency this area is
proportional to T — T;). Because the superheating should We started with a check of the frequency dependence of the
be independent of the frequency, it follows thatimes the complex heat capacity using a series of frequencies between
peak area should be a constant. 10 mHz and 42 mHz. The temperature amplitude was 0.1 K

0.35 7

0.30 1 w | o

0.25

(T-Tp)inK

0.20

0.15 A

0.10 T T T T
0 10 20 30 40 50

fin mHz

Figure 6 Superheating as a function of frequendy, (0.1 K; 8¢, 0.5 K min™?)
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Figure 7 Superheating as a function of the square root of the underlying heating rate obtained at different frequencies
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Figure 8 cg,c” and superheating as function of temperature in the melting rang®.4 K; 8o, 0.3 K min~; f, 21 mHz)

and the underlying heating rate 0.5K min Ah; was
determined by conventional d.s.c., giving 53 3.gThen
(T — T;) was derived from the area under #tfesignal using
equation (17). The result is shown kigure 6. As we see,

K min~%, where again the critical limit is reached. Finally,
we used a frequency of 83 mHz. Now a linear dependence is
observed up to the highest used heating rates. Hence, the
predictions of the model with regard to the effects of

the superheating obtained is indeed frequency independentfrequency and heating rate are verified experimentally,

This implies that the intensity of th&-signal, when referred

which gives us trust into the values deduced for the

to the underlying averaged melting curve, decreases linearlysuperheating.

with the applied frequency.

Rather than deriving one value of the superheating for the

In order to check the dependence of the superheating onwhole melting range, one can also obtain it as a function of
the underlying heating rate as given by equation (23), the temperature, when applying equation (15). The results are

heating rate was varied between 0.15 and 2.5 Kh{ii, =
0.1 K). The results are depictedhigure 7. For a frequency

presented iffigure 8 being obtained fof, = 0.3 K min™%,
f = 21 mHz andT, = 0.1 K. The largest superheating is

of 21 mHz (periodt, = 48 s), the determined superheating found at the melting peak and amounts to 0.46 K. According
shows the expected linear dependence up to an underlyingo our discussion, for a constant underlying heating rate the
heating rate of 0.8 Kmint. For the higherBes (filled superheating can be related to the volume of the crystallites.
symbols) the experimental results are systematically too Therefore, one might understand the observation as
low. The reason is that the change of the underlying averageindicating that the crystallites which melt at lower
temperature during one period reaches at 0.8 Kthia temperatures are smalleFigure 9 demonstrates once
critical limit of 0.6 K. In this case the prerequisites for a again the influence of the heating rate, now in temperature
decomposition of the total heat flow rate into an underlying resolved curves. One observes a general increase on
and a periodic component are no longer fulfilléd If increasingBo.The superheating at the melting peak can
the frequency is changed to 42 mHg, (= 24 s), the also be determined directly in a conventional d.s.c. run by
superheating follows the linear dependence ugde- 1.3 measuring the shift of the peak location as a functiof pf
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Figure 9 Superheating as a function

of temperature measured under the indicated conditions
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Figure 10 Superheating at the peak position as a function of the square root of the heating rate in a comparison of results from TMd.s.c. and conventional

d.s.c.

In Figure 10we compare the maximum valueshkigure 9 2.

with those obtained by conventional d.s.c., using heating
rates of 5, 10 and 20 K mihand correcting the data for heat

transfer effects. We observe a good agreement between the

two independent determination methods. 5.
6.
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