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ABSTRACT:

Temperature-modulated differential scanning calorimetry (T-MDSC) has been applied to the isothermal

crystallization of poly(vinylidene fluoride), isotactic polypropylene, syndiotactic polypropylene, poly(ethylene terephthalate),
poly(caprolactam) and poly(ethylene succinate). It has been confirmed that the imaginary part of the apparent heat capacity
determined by T-MDSC gives the temperature dependence of linear growth rate. The proper choice of the baseline for the
phase angle of the complex heat capacity has been discussed and it is concluded that the change in the crystallinity evaluated
from the integration of mean exothermic heat flow can be used as the baseline.
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Temperature-modulated differential scanning calo-
rimetry (T-MDSC)! ~3 applies a thermal modulation in
temperature to a conventional DSC run and determines
a dynamic heat capacity from the relationship between
the modulation components of temperature and of heat
flow. Primary application of this technique is the
measurement of specific heat capacity and the examina-
tion of the anomaly in a relaxation process such as
o process related to the glass transition.* "8 The sub-
ject of the present paper is the application to the first-
order phase transition of crystallization. The driving
force of the transition is supercooling, and hence the
modulation in temperature causes the modulation in the
kinetics. We have recently proposed an analysis of the
transformation kinetics of crystallization and applied to
the crystallization of polyethylene and poly(ethylene
terephthalate).’ =2 It has been experimentally confirm-
ed that the temperature dependence of growth rate is
obtainable by the analysis. It has been noticed that the
important point is the determination of the phase angle
in the apparent heat capacity. The determination is
influenced by the choice of baseline which is dependent
on the heat capacity and thermal conductivity of the
sample. Many arguments have been raised on the choice
in the glass transition and melting region of poly-
mers.!37 15 In the present paper, we have examined the
crystallization kinetics of several polymers to establish
the phase angle correction for polymer crystallization.

In the following, we firstly review our analysis method
of crystallization kinetics of polymers with T-MDSC.
Secondly, the calibration method of T-MDSC is outlin-
ed. The experimental results will be discussed subse-
quently.

MODEL? 12

T-MDSC examines the relationship between the
modulation components of temperature, T,=T,+
Re[Te**], and of heat flow, Q=0 + Re[Qe !+,
and determines the dynamic heat capacity, ACe™* from
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the relationship, as,

. ~ . d s .

Qe;(w:+a)= —ACG_'aE[—TSCI(mt+£) (1)
The dynamic heat capacity in a relaxation process has a
negative imaginary part, and hence ACe™* is usually
expressed as,

ACe = AT’ —iAC” ()
Owing to the exothermic heat flow of crystallization,
F{(1), as well as the heat flow due to the heat capacity,
the heat flow, @, in total is represented as follows,

. dT,

Q=—-Ci—+F() 3)
dt

where C; is the true heat capacity of the sample.

The driving force of crystallization is the supercooling,
AT, which is usually larger than 10 K in the crystallization
of most polymers. Therefore, a small modulation in
temperature (e.g., ~0.2 K) introduces the modulation in
supercooling and consequently in the growth rate, as
follows,

G(T)=G(T)+ Laith) Teier+o “4)
dT

The kinetics of crystallization can be very slow with a
proper choice of crystallization temperature (supercool-
ing) and hence the condition of (quasi-)steady state is
easily attainable. Under those conditions, the exothermic
heat flow of crystallization will have an expansion about
temperature modulation, as follows,

F(t, T)=F(T, T)+ Fy(t, T) T+  (5)

where F7 represents the coefficient of the response to
temperature modulation, which will be proportional to
the temperature dependence of growth rate in eq 4. The
following relation must be satisfied among those mod-
ulation components,

' To whom correspondence should be addressed (Tel: +81-824-24-6558 , Fax: + 81-824-24-0757, e-mail: atoda@ipc.hiroshima-u.ac.jp).
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éei(c)r+5)= _C i Tei(wr+e)+FlTTei(wt+c) (6)
S S
dr °
and hence, when arranged as the heat capacity of eq 1,
the apparent heat capacity is expressed as,

1
ACe™*=C +i— Fy )

The following discussion is based on this expression of
the apparent heat capacity in transformation.

We discuss the details of the crystallization kinetics.
The growth of polymer crystals is understood as the
growth of spherulites composed of thin lamellar crystals.
When the crystals grow linearly at the rate of G with the
total area of the growth face, S,,;, the exothermic heat
flow of crystallization will be represented as follows,

F=ARS, G t))
where Ah; represents the heat of fusion per unit vol-
ume of crystals. The temperature coefficient of the exo-
thermic heat flow is then given as,

d¢ _ _d
Fi(t) = AheS () — = F(t) — In(G/G 9
(1) fmm()dT ()dT(/o) ©)

The apparent heat capacity on crystallization is therefore
given as,

ACe ™ C+1~F(r)—ln(G/Go) (10)

On the other hand, it has been experimentally con-
firmed that the frequency dependence of the apparent
heat capacity is expressed as,

femeati (n
1))

where 4 and B are constants.!?!? Therefore, the real
part of the apparent heat capacity corresponds to C, and
the imaginary part to F(d/dT)In(G/G,) in eq 10. From
the imaginary part, AC"=ACsina, and the mean
exothermic heat flow, F, eq 10 gives the temperature
dependence of growth rate as follows,

d wACsina
—In(G/Gy)= ———%— 12
T (G/Go) 7 (12)
As shown in the above expression, the phase angle, «,
of the complex heat capacity needs to be determined
precisely for the analysis.

CALIBRATION METHOD

It has been pointed out that the magnitude and phase
angle of the complex heat capacity obtained by T-MDSC
need to be calibrated owing to the thermal property
(i.e., heat capacity and thermal conductance) of the
instrument.3:1672° It is known that the (apparent) heat
capacity of sample influences the calibration constant
and complicates the calibration. The situation is typically
represented by Hatta’s model'® shown in Figure 1. The
model is expressed by the following equations,
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1K,

Figure 1. Schematic representation of Hatta’s model!® of T-MDSC
without reference pan. In the figure, Ty, T,,, and T, represent the
temperatures of the block, reference and sample monitoring stations,
C,, and C; the heat capacity of the monitoring station and sample
(+sample pan) and K, and K, the Newton’s law constants of heat
transfer between the block and monitoring station and between the
monitoring station and sample or reference pan, respectively.

C‘mT‘rm - KO(Tb_ Trm) (13)
Cstm_KO(Tb_Tsm)+K1(Ts_Tsm) (14)
CsTs_F:Kl(Tsm_Ts) (15)

where T, T,,, and T, represent the temperatures of
the block, reference and sample monitoring stations, C,,
the heat capacity of the monitoring station and K, and
K, the Newton’s law constants of thermal conduc-
tance between the block and monitoring station and
between the monitoring station and sample or reference
pan, respectively. With T-MDSC of heat flux type, we
obtain the temperature at the sample monitoring sta-
tion, T, =T+ Re[T,,e"“'"®] and the heat flow, Q

calculated from the temperature difference, T, — Ty,
Q Q + Re[Qel(wt+6)] KO( rm)'
The raw data of the heat capacity is defined as,
Coe‘i“’Efﬁg--e_“‘_"_"/z’ (16)

wT,

sm

and the (apparent) heat capacity, ACe= ™ of eq 7 is related
with the raw data as follows,

———e*—(1+zwro)(1+z(ml) 17)
Coe™'
C
=M 18
To K, (18)
ACei
=C 19
Ty K, (19)

Therefore, the calibration constant is dependent on
the apparent heat capamty, ACe™ ' in 7,. When F;.=0
(no transformation: ACe=C, and «=0) and wrt,, w1,
« 1, the magnitude and the phase angle are expressed as,

C 2 CZ
~l+w ( + S) (20)
Co K?

¢,
K1> @21)

and it is demonstrated that the raw data of the phase
angle, ¢, is an increasing function of C /K.

When polymer crystallization is concerned, it has been
found that the heat capacity changes in an opposite way
depending on the crystallization temperature.’”'? At
relatively lower temperature near the glass transition, the

w;w(ro +
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heat capacity monotonously decreases with the progress
of crystallization, while at higher temperature near the
melting point the heat capacity increases on crystalliza-
tion and then shows a gradual decrease when kept at the
same temperature. Though the physical meaning of the
initial increase has not been well clarified, those changes
in the heat capacity will introduce the opposite effect on
the baseline of the phase angle; the increase (decrease)
in heat capacity will result in the increase (decrease) in
the phase angle as shown in eq 21. In the following
experiments, we will examine the change in the baseline
of the phase angle with several polymers and discuss the
proper method of baseline subtraction for the determina-
tion of the temperature dependence of growth rate.

EXPERIMENTAL

The DSC 2920 Module controlled with Thermal
Analyst 2200 (TA Instruments) was used for all mea-
surements. Helium gas with a flow rate of 40 mL min ™'
was purged through the cell. The samples were poly-
(vinylidene fluoride) (PVDF, Kureha Chemicals Inc.,
KF1000), isotactic polypropylene (iPP, Scientific Poly-
mer Products, Inc.), syndiotactic polypropylene (sPP,
Mitsui  Chemicals Inc.), poly(ethylene terephthalate)
(PET, Toyobo Co., Ltd.), poly(caprolactam) (Nylon 6,
Scientific Polymer Products, Inc.) and poly(ethylene
succinate) (PeSu, Scientific Polymer Products, Inc.).
We prepared disk-shaped thin films of the samples the
weight of which was in the range of 3.2—7.7 mg. It was
confirmed that there was no qualitative change by the
sample weight in this range. Crystallization was examin-
ed under quasi-isothermal condition around a fixed
temperature. When crystallized near the glass transition
of PET, Nylon 6, and PeSu, the sample was firstly
quenched from the melt below the glass transition
temperature before placing in the DSC apparatus and
then heated up to the crystallization temperature in the
apparatus. At higher temperatures near the melting point,
the samples were directly cooled down from the melt to
the crystallization temperature at the rate faster than
20K min~! in the apparatus. The modulation period
of 40's was examined with the modulation amplitude of
+0.2K.

Because we are interested in the change in the phase
angle, it is preferable to increase the phase angle of the
raw data. To do so, an aluminum thin sheet was placed
in the reference pan to reduce the difference in the heat
capacity between sample and reference. It was confirmed
that the results of the analysis with the aluminum thin
sheet in the reference pan and without it were essentially
identical.

For the optical observation of the growth of spher-
ulites, we employed a polarizing microscope (Olympus
BH2) with a hot stage (Linkam THMS600). The hot
stage was equipped with a cooling device (L-600A) and
the sample could be cooled down to the crystallization
temperature from the melt at 130 Kmin~!. From the
linear growth rate shown in Figure 2, the temperature
dependence of growth rate was determined for PVDF,
iPP, PET, and PeSu. In the case of sPP and Nylon 6,
nucleation density of the samples was too high to ob-
serve the growth of spherulites, and hence the growth
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Figure 2. Linear growth rate of spherulites plotted against
crystallization temperature: O, PVDF; A, iPP; @, sPP; [, PET; A,
Nylon 6; ¥, PeSu. The data of PVDF, iPP, PET, and PeSu are the
present experimental results of optical microscopy. For sPP and Nylon
6, the data are taken from ref 21 and 22.
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Figure 3. Time sequence of quasi-isothermal crystallization of PVDF
from the melt at 158.9°C: (a), the mean exothermic heat flow F; (b),
Co; (€), 93 (d), (d/dT) In(G/G,) determined by eq 12. Equation 16 defines
Cy and ¢ in (b) and (c).

rate data were taken from ref 21 and 22.

RESULTS AND DISCUSSION

Figures 3 and 4 show (a—c) the raw data and (d) the
results of the analysis on quasi-isothermal crystallization
of PVDF and PET, respectively. For PVDF, Figure 3
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Figure 4. Time sequence of quasi-isothermal crystallization of PET
from the melt at 111.1°C: (a), the mean exothermic heat flow F; (b),
Cy; (€), ¢; (d), (d/dT)In(G/G,) determined by eq 12.

shows the results of an ordinary crystallization near the
melting point, while Figure 4 shows the results of cold
crystallization near the glass transition temperature of
PET. It is clearly demonstrated in Figures 3b and 4b
that the heat capacity monotonously decreases with the
progress of cold crystallization, while the heat capacity
increases on the ordinary crystallization and then shows
a gradual decrease when kept at the same temperature.
On the other hand, the phase angle exhibits a peak in
the ordinary crystallization and a negative peak (dip)
in the cold crystallization as seen in Figures 3¢ and 4c.
This difference in the direction of the change is due to
the fact that the temperature dependence of growth rate
changes its sign for the ordinary crystallization and
cold crystallization, as seen in the bell shaped curves
of the growth rate in Figure 2 for PET, PeSu, and Nylon
6.

The baseline of the phase angle shifts upward on
crystallization for both crystallization modes, even
though the heat capacity shows an opposite change. This
was also the case for other polymers examined. As
discussed in the section of ““Calibration Method”, the
increase (decrease) in the heat capacity will bring the
increase (decrease) in the baseline of phase angle.
Therefore, the increase in the baseline for the cold
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Figure S. Plots of the temperature dependence, (d/d7T) In(G/G,). The
T-MDSC results (@) were determined by eq 12. The data (A) are
calculated from the results of direct measurements by microscopy
shown in Figure 2.

crystallization cannot be due to the change in the
magnitude of the heat capacity which decreases monot-
onously. As an alternative possibility, thermal contact
between the sample and the sample cell is expected to
become worse on crystallization, and the heat transfer
coefficient similar to K, in Hatta’s model of eq 21
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may become smaller. Consequently, eq 21 predicts the
upward shift of the baseline on crystallization.

In Figures 3c and 4c, the baseline was approximated
by the integrated exothermic heat flow (i.e., by the change
in crystallinity) whose width was fitted to the total change
in the baseline before and after the crystallization. With
this baseline, the temperature dependence of growth rate
keeps a constant value around the peak of the mean
exothermic heat flow, as shown in Figures 3d and 4d;
we expect steady and linear growth of crystals around
the peak.

Figure 5 shows the experimental results of T-MDSC
(i.e., the values of (d/dT)In(G/G,) near the peak of the
exotherm). The results are compared with the results of
direct observation by optical microscopy. The agreement
between those independent results justifies the choice of
the baseline shown in Figures 3c and 4c.

CONCLUSION

We have successfully demonstrated the applicability
of T-MDSC to polymer crystallization in the determina-
tion of the temperature dependence of growth rate. This
method is not influenced by the details of the kinetics
(e.g., number density of nuclei) and hence it will be a
unique method to determine the temperature dependence,
when the optical observation of crystallization is not
available.

The phase angle correction of the complex heat ca-
pacity is necessary because of the upward shift of base-
line on crystallization. The shift is not explained by
the change in the sample heat capacity which can increase
or decrease depending on the crystallization condition.
The reason for the insensitiveness to the change in the
heat capacity will be the small change in the heat ca-
pacity. The shift in phase angle has been successfully
calibrated with the change in crystallinity evaluated
from the integration of the mean exothermic heat flow.
The shift is probably due to the change in the thermal
contact between the sample and sample pan on solid-
ification.

It is known that, in the melting region, the apparent
heat capacity becomes more than several times as large
as the heat capacity outside the region,?® 2% and hence
the change in phase angle caused by the change in heat
capacity is not negligible. On the other hand, the shift
in phase angle caused by the thermal contact is quite
small (~2 degrees) as shown in Figures 3 and 4, and
hence the change caused by the thermal contact will
be neglected in the melting region where the phase an-
gle has a large peak which becomes several tens de-
grees. 23”23
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