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An unusual behavior in the melting region
of isotactic polypropylene crystals revealed
by temperature-modulated DSC
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We present a new method to analyze irreversible transformation kinetics of melting in
polymer crystals with temperature modulated differential scanning calorimetry (TMDSC).
In the melting region of several polymers, the apparent heat capacity obtained with TMDSC
can be expressed as Cs + (|Fmert|/8)/(1+ i wt(B)), with the true heat capacity, C;, the
endothermic heat flow of melting, Fneir, the angular frequency of temperature modulation,
o, and the mean time of melting of each crystallite, =, depending on the underlying linear
heating rate, B. In the case of isotactic polypropylene, the frequency dependence cannot be
approximated by this formula. The dependence suggests the possibility of the retardation
in the melting kinetics to follow temperature modulation. © 2000 Kluwer Academic
Publishers

1. Introduction a wide distribution of melting points, we can expect
Temperature-modulated DSC (TMDSC) [1-6] appliesthe quasi-steady response of total melting kinetics with
a periodic modulation in temperature to linear heatthe underlying linear heating even for quick melting
ing/cooling in a conventional DSC run and determinesof each crystallite. Therefore, the apparent heat capac-
the complex heat capacity (apparent complex heat cdty obtained in the melting region conveys important
pacity in transition regions) from the heat flow responseanformation about the melting kinetics. When exam-
to temperature modulation. Fig. 1 shows typical resultsned at a certain fixed temperature, e.g. peak tempera-
of TMDSC (total heat flow and the real and imaginary ture, in the melting region of polymer crystals such as
parts of apparent heat capacity) in the melting regiorpolyethylene [7], poly(ethylene terephthalate) [9] and
of polymer crystals [7]. The total heat flow representsnylon 6 [10], the frequency and heating rate depen-
the heat flow averaged over one modulation period andences of the apparent heat capacity, such as shown in
corresponds to the heat flow obtained by a conventiondfig. 1, could be roughly approximated by the frequency
DSC run. The complex heat capacityC e '*, was  response function of Debye’s type represented as,
determined from the amplitude and phase angle of mod-

ulation components in heat flo, and temperature, ACel® —C.t |Fmetl /B @)
T,, as follows, T 1tiwt(B)
To=To+ Re[.T.Sei (wt_,_g)]’ @ ox B7%, 05<x<1, (5)
Q= 6 + Re[(s d@t+9)] ) with the true heat capacit{s, the endothermic heat

flow of melting, Fnei, the angular frequency of tem-
perature modulationy, and the characteristic time,
depending on the underlying linear heating rge,
3) We have proposed a modeling of the irreversible
melting kinetics with linear heating for the aggregates
Here, in the expression of the complex heat capacityof crystallites having a wide melting range [9, 7, 10,
the arrow means that the calibration of the magnitudel1]. The modeling successfully explains the depen-
and phase angle is required for different modulationdence represented in Equation 4 and gives the phys-
frequencies; the details of the calibration was discusseital meaning for the characteristic timg, as the mean
elsewhere [8]. time of melting of each crystallite with underlying lin-
In the melting region of polymer crystals, since poly- ear heating. It has been shown that the heating rate
mer crystals are the aggregate of crystallites havinglependence of the mean time is determined by the

Coe ¥ = % e -3 5 ACe'*=AC —iAC.
wlg
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' ' above modeling. The behavior can provide an opportu-
10 1 nity to understand the melting behavior in more detalil
by incorporating other kinetic factors overlooked in the
modeling.
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Normalized AC’

2. Experimental

The DSC 2920 Module controlled with Thermal Ana-
lyst 2200 (TA Instruments) was used for all measure-
ments Helium gas with a flow rate of & 10~° m® min—1

10k v _ was purged through the cell. The reference pan was re-
oV moved to avoid introducing an uncontrollable param-
s " eter of the thermal contact between the reference pan
o st and the base plate [12].

lower o NN The polymer sample was a thin film of isotactic
polypropylene (Montell SDK Sunrise LtdV}y, = 9.0x

10* and the isotactic pentad fraction ahfnmnj =
99.2%). The thickness and mass of the polymer film
were 110um and 2.43 mg, respectively.

The sample was melted in an aluminum pan at200
6 s - and crystallized at temperatures in the range of 100—
o 135°C. The melting behavior was examined with the
underlying heating rate of 0.2, 0.4 and 0.8 K/min.
Sinusoidal temperature modulation was applied with
the modulation period in the range of 10-100 s and
3 the amplitude satisfying heating only conditidﬁ% >
0, which is expressed &% < £.

For the correction of complex heat capacity, the cal-
ibration coefficient of the magnitude has been adjusted
for the data outside the transition region. Concerning
Figure 1 Apparent heat capacity in the melting region of polyethy- the phase angle, a baseline has been chosen to set the
lene [7]. In (a) and (b), the underlying heating rate was 0.4 KThin  phase angle to zero degrees outside the transition re-
and the modglation period was 28, 40, 52, 76 ‘_and 100 s. In (c), _the ungion. These approximations are justified for relatively
der!ymg heating rate was 0.2, 0.4 and 1.5 K miirand the modulation small peaks of the apparent heat capacity, the condition
period was 40 s. . . - .

of which is satisfied with smaller mass of sample [8].
A thinner sample of 22m and 0.48 mg was examined
to see the effect of sample mass and thickness. It was
confirmed that the behavior obtained with the thinner
sample was essentially the same.
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superheatingAT, dependence of the melting rate co-
efficient, R(AT), of each crystallite, represented as,

R(AT) o ATY = 19 o« B7Y/U+D), (6)
3. Results
The superheating dependence of the melting rate cd~ig. 2 shows typical results of TMDSC in the melting
efficient becomes stronger than linear fob& x =  region of iPP crystals. Like other polymers, the melting

y/(y+1) and indicates that the melting kinetics of of iPP crystals showed strong dependence on frequency
polymer crystals requires an activation process sucbf the real and imaginary parts of the apparent heat
as nucleation for those polymers. By microscopy, it iscapacity.
difficult to examine the melting kinetics of each crys- Narrow temperature width of the two melting peaks
tallite because polymer crystals are the aggregate afan be recognized in those figures. Due to the narrow
crystallites. Therefore, the information obtainable fromtemperature range, the response to temperature mod-
TMDSC with the modeling is quite valuable in the in- ulation can be out of steady state for longer than the
vestigation of melting kinetics. modulation period even with a slow heating rate such
In this paper, we examine the melting region of iso-as 0.8 K/min. The Lissajous diagram of the modula-
tactic polypropylene (iPP) crystals, which has a rel-tion components of heat flow and temperature actually
atively narrow melting range;a 3 K, and hence the shows the response out of steady state for longer modu-
applicability of this technique applying a modulation lation period, as shown in Fig. 3a. The condition out of
must be carefully examined. Melting of iPP crystals steady state produces an artifact in the real part of the
is typical of polymer crystals showing double melting apparent heat capacity as a dip and peak corresponding
peaks, and the identification of the peaks has been ® the steep rise and fall of the total heat flow shown in
great issue in this field; the examination with TMDSC Fig. 2. This kind of artifact also appears in other poly-
is expected to contribute to the better understanding afners and has been confirmed by a numerical calculation
the processes. based on the modeling of the melting kinetics with a
In the following, we report an unusual behavior in finite distribution of melting points [11]. Therefore, this
the melting region which cannot be expected from thebehavior is not special for iPP crystals.

5086



- T T T T
¥
E
< 2
£
- ~
=% Y
oY
T
¥
- i
e ¥
~ -
N £
Q ~
< o
O
60 & T T -
L () T T T T
= 40k .
1S lower ©
> 2
= 20 - —
2 S
< ~
0 S
150 160 170
Temperature / C
Figure 2 Total heat flow and apparent heat capacity in the melting region 155 160 165 170
of iPP. The underlying heating rate was 0.8 K mirand the modulation Temperature / °C
period was 10, 17, 22, 28, 36, 47, 60, 78, 100 s. The two thick lines in
(b) and (c) represent the results with the period of 28 and 78 s. Figure 4 Total heat flow and the raw data of apparent heat capacity in

the melting region of iPP crystallized at 115 (broken line), 125 (thick
The unusual behavior with iPP crystals is the dip inllne) and 135C (thln Ilne_). The underlying heating rate was 0.8 K min
and the modulation period was 28 s.

the real part of the apparent heat capacity for shorter

modulation periods, with which the Lissajous diagram

shows a closed loop, as shown in Fig. 3b. It is furtherin total heat flow confirm that the dip appears for the
noted thatthe location of the dip corresponds to the peaguasi-steady response in the melting region.

in total heat flow, and hence it must be different from Besides the condition of steady response, we have to
the dip obtained for longer modulation periods. A dip consider the influences of temperature gradient in the
in the real part has been reported for polycaprolactonsample and the thermal contact between sample, sam-
(PCL) crystals by Schawet al. [13], but the condition ple pan and base plate of DSC. In order to examine
of steady response was questioned. With the presetttose influences, the results with different crystalliza-
evidences of the closed loop in the Lissajous diagrantion temperatures for the same sample are shown in
and the location of the dip corresponding to the peakFig. 4. Itis clearly seen that the depth of the dips of the

= oL
g os| @ 2r®
~

? 0.0 0.0

g

e

Q
&
[6)]

|
&
N
|

] - ]
-0.1 0.0 0.1 -40 0 40

T-s ellot+e) /K 7”'5 eilot+e) 103/ K

Figure 3 Lissajous diagrams of the modulation component of heat flow in the melting peak of Fig. 2 plotted against that of sample temperature. The
two cycles are plotted. The modulation period in (a) and (b) is 78 and 28 s, respectively.
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magnitude of apparent heat capacity changes with crys
tallization temperature and the direction of the change
is independent of the change in the height of the peaks
in total heat flow and in phase angle. Since the results _
were obtained with the same sample, the influences 0.Q
the temperature gradient or the thermal contact will not
be responsible for the systematic change in the depth o
the dip which shows a maximum for the intermediate
crystallization temperature. Therefore, the dip should
be explained as the response of a kinetic contribution
dependent on crystallization temperature.

A~CI !

4. Discussion

When compared at a fixed temperature, the frequency
dependence of Fig. 2 is shown in Fig. 5. The dip in the
real part is characterized as the systematic deviatior
from the hemi-circle in the Cole-Cole plot of Fig. 5c.
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The depth of dip becomes maximum at lower melting
peak and becomes smaller at lower and higher temper-
atures; this behavior will be consistent with the maxi- Figure 6 Schematic Cole-Cole plot of the apparent heat capacity ob-
mum dip for the intermediate crystallization tempera_tained in the melting region of polymer crystals with different modu-
ture shown in Fig. 4. lation frequency. The thick lines in (a) and (b) represent the plots of

The followi Wi . fthe f Equations 7 and 8, respectively, with=1, B =0.15 andr; /7o = 0.15.
€ Tollowing two expressions o € irequency re- The thinline in (a) represents the plot of the third term in Equation 7. The

sponse Wi_” be able to explain the dip in the real part,srequency response function of Debye type was represented by broken
as shown in Fig. 6, line.

AC' - Cq

A B

ACe™® = Co+ : _ ~__,  (7) WhereAandB are constants and represents a char-
l+iwg 1+iom acteristic time introduced in the following modeling.

c A 1 8 Firstly, Equation 7 represents the superposition of

=Cs+ Ttionltion (8) anew frequency response to the response of melting

kinetics. In the melting region of polymer crystals, it
is known that reorganization and/or recrystallization
proceed as well as melting. In the melting region of
polyethylene, poly(lethylene terephthalate) and nylon 6
crystals, the contribution has been neglected in our pre-
vious modeling because the response to temperature
modulation is supposed to be negligibly small com-
pared to that of melting, as is the case of crystalliza-
tion. However, the superposition of frequency response
of the kinetics to the response of melting can be a possi-
ble candidate for the unusual behavior. The contribution
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of kinetics to the apparent heat capacity is in general
determined by the temperature dependence of kinetics
represented as,

ACeie = Co+ '5F4, )
whereF represents the temperature derivative of endo-
or exo-thermic heat flow [14]. In order to produce the
subtractive contribution of the third term in Equation 7,
the sign ofF must be opposite to that of melting ki-
netics. When we take exotherm as positive heat flow,
the sign of F; for the melting kinetics becomes neg-
ative with the rate increasing with temperature. For
the exothermic process of recrystallization, the rate de-
creases with increasing temperature, and hence the sign
is also negative. On the other hand, the exothermic
process of reorganization is thermally activated with
temperature increase. TherefoFg, of reorganization

Figure 5 Frequency dependence of the complex heat capacity shown iKiNetics will take positive sign and can be responsi-
Fig. 2 at respective temperatures of 169),(163.5 (\) and 170C (O).
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be enhanced at higher temperature, while the crystals ™A T
formed at higher temperature will be less reorganized.~ or = (a) |
Therefore, itis probable to have a maximum response of <
reorganization for the crystals formed in the intermedi- £ =h

ate temperature, as shown in Fig. 4. On the other hand ~ #°[ éo 7]
Fig. 2 suggests the location of the dip corresponding li)
to the peak temperature in the endothermic heat flow. < %Q%
This result requires the correspondence of the reorgani- 0 '
zation peak with the melting peak, which needs further
explanation. It should also be noted that, since the dip

]
0 20 40 60

AC / mJK!

does not appear for /1o > 1 as shown in Fig. 7, the 04 T

condition for the dip with this model is expressed as

71/70 < 1. However, it is not expected to find shorter 08 - (b)

mean time of completion for reorganization than for -

melting. The possibility of the frequency response of ¢, **[° 1

reorganization has those difficulties to explain the ex- ‘<

perimental results. o1 r 7
The second expression of Equation 8 represents the

retardation of the melting rate in response to tempera- %%, 01 0.0 0,11 0.2

ture change, as is schematically shown in Fig. 8. In this (AC' - Cg) / A

case, the contribution of kinetic response can be approx-

imated as Equation 8 with the retardation timg,the  Figure 9 Cole-Cole plot of the apparent heat capacity in the melting
details of the analysis will be discussed in a forthcom-region. The experimental results with heating rate of @ 0.4 (&)

ing paper [15]. Since the additional frequency responsénd 0.8 K/min Q) at respective peak temperatures of 164.2, _164.0 and
comes from the melting kinetics itself, the location of 163.5C are shown in (a). The calculated results of Equation. 8 for

. . =0.41 (thin line), 0.64 (broken li d 1 (thick li h
the dip must correspond with the peak temperature oﬂ/(g_ (thin fine) (broken ine) and 1 (tnickcfine) are shown

heat flow. The heating rate dependence of the results
in Cole-Cole plots shown in Fig. 9a also agree with
the prediction of this model in Fig. 9b with constant
04 = 7] retardation timery, and heating rate dependent mean
time, to. The fitting curve forthe dip at 163.€ in Fig. 5
02 . represents the plot of Equation 8 wity =26 mJ/K,

| A=94 mJ/K andrg >~ 71 ~ 11 s. From the frequency

06 F T T | ! I 1

A~C! !

and heating rate dependences of the apparent heat ca-

0.0 o
\ | . . | | pacity forwtg > 1, 1o for slower heating rate can also
02 00 02 04 06 08 10 12 be determined by the plot shown in Fig. 10a with the
AC' - Cq
) . . T
Figure 7 Schematic Cole-Cole plot of the apparent heat capacity repre- ¢ 40
senting the plots of Equation 7 fér= 1, B =0.15 andr; /7o = 10 (thick d)
line). The meanings of thin and broken lines are the same as those int’g
Fig. 6. -
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(ATy) log (B / Kmin~1)
R(AT)
N Figure 10 (a) Frequency dependence of the left hand side of Equation 10
T 0 time with 8=0.2 (@), 0.4 (o) and 0.8 K/min W) at respective peak tempera-

tures. (b) Heating rate dependencegdietermined from the slope of the
Figure 8 Schematic representation of the retardation behavior of melt-plots in (a), following the approximate form of Equation 10. The slope
ing rate coefficient responding to temperature change. of the plot is—0.63.
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following expansion of Equation 8 fastg > 1, 6 crystals were well approximated with the frequency
dependence of Debye’s type characterized by the hemi-
circle. The expressions of Equations 7 and 8 shown in

(10)
Fig. 5 can explain the basic feature of the frequency re-

— —~ A
AC" — w1 (AC —Cg) = —.
wTg

InFig. 10a;; was assumed to be independent of heatin
rate and set at 11 s. From the slope of the plot an

ponse obtained with iPP crystals. Superposition of the
requency response of reorganization will result in the

t0=11s at = 0.8 K/min, 7o at 0.2 and 0.4 K/min has subtractive contribution of the third term in Equation 7
been determined as shown in Fig. 10b. The slope oftnd the retardation of the response in melting rate to

the plot in Fig. 10b was-0.63 which was within the
range reported for other polymers [7, 9, 10] shown in
Equation 5. In Fig. 9b, this value of the exponentfgr
was assumed wit = 0.2, 0.4 and 0.8 K/min.

The retardation of melting rate coefficient indicates
that the temperature dependent melting kinetics nee
a reconstruction of the crystal-melt interface. The im-
plication is in accordance with the activation process”
such as nucleation which is expected from the nonlin
ear dependence on superheating of melting rate coeff

of

a

temperature change represents the frequency response

Equation 8. The explanation for Equation 7 requires

the condition ofr1 /1o < 1, but it is unlikely to predict

shorter mean time of completion for reorganization

than for melting. Therefore, the most probable explana-

n will be based on the retardation of the response in

melting rate to temperature modulation. The modeling

th retardation can naturally explain the correspon-

dence of the dip to the peak temperature of total heat
low. If the melting process competes with reorgani-

cient expected from Equations 5 and 6. In terms of thezation which will be most active in the intermediate

maximum dip for the intermediate crystallization tem-

temperature range, we also expect the maximum depth

perature, the reorganization of superheated crystallite®f the dip for intermediate crystallization temperature,

will be possible and becomes most active for the inter-
mediate crystallization temperature for the same re
son mentioned in the first model. Under this situation,
the retardation time required for the reconstruction o
the interface will be longer and produce the maximum
dip for the intermediate crystallization temperature be
cause of the competition of melting with reorganization
of superheated crystallites.

a-

which was observed experimentally. The retardation
indicates the reconstruction of the interface and will
also be related to the nonlinear dependence of melting
#ate onsuperheating. Therefore, the identification of the
mechanism will be of great consequence in the under-
standing of the melting kinetics of polymer crystals.
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5. Conclusion 11
We have examined the dependence of the apparent

heat capacity on the applied modulation frequency of.2-

TMDSC in the melting region of iPP crystals. The re- 1
sult showed the strong dependence of both the real and
imaginary parts of complex heat capacity. We have coni4
firmed the unusual behavior of the dip in the real part
of the apparent heat capacity under quasi-steady stat&®
The frequency dependence compared at fixed tempera-
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