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A new method is presented to analyse endothermic or exothermic process with temperature modulated
differential scanning calorimetry, utilizing the shift in phase lag between sample temperature and heat flow.
It has been shown that the temperature coefficient of transformation rate, e.g. of crystal growth, is
obtainable by the analysis. The method is applied to polymer crystallization and the validity has been
examined with the experimental results of polyethylene crystallization. Copyright T 1996 Elsevier Science Ltd.
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Intoduction

Temperature modulated differential scanning calori-
metry (t.m.d.s.c.) is a new technique applying sinusoidal
temperature modulation to a conventional d.s.c. run and
analysing the response in heat flow' . This technique
has been well established in heat capacity determination
without exothermic or endothermic process“. Concern-
ing a process such as first order phase transition, it has
been reported that the melting of polymer crystals, for
example, produces peaks not only in the total heat flow
but also in the heat capacity and in the phase lag between
the oscillation components of sample temperature and of
heat flow”*¢. The physical meaning of those peaks has
not been clarified. Further investigation has been
required on the interpretation of the response during
exothermic and endothermic processes. This communica-
tion is a brief report of quantitative analysis of the kinetics
during exothermic or endothermic process, utilizing the
shift in phase lag. In the following, we firstly introduce a
model and a method to analyse the kinetics. The method is
then applied to polymer crystallization.

Model

In this and subsequent sections, we introduce several
assumptions and out-line the method to analyse the
kinetics; the justification of those assumptions and the
details of the model will be given in a forthcoming
paper. Firstly, concerning the absorbed or released
heat by the sample per unit time, F, during the process
of first order phase transition or chemical reaction, we
assume that F(+,T) can be regarded as a function of
only temperature T during the period of oscillation;
namely F(¢,T) = F(T). This assumption means that
the degree of transformation remains almost
unchanged during the period. It is further assumed
that the expansion of first order approximates to the

*To whom correspondence should be addressed

formula of F(T) for a small temperature modulation;
namely, F(T + Te™") ~ F(T) + F'(T)-Te™', where T
and T represent the mean temperature and the
oscillation amplitude, respectively, w the frequency of
oscillation and F(T) = dF(T)/dT.

In a conventional d.s.c. of heat flux type, heat flow is
proportional to  the  temperature  difference
AT =T, — T, between sample and reference tempera-
tures. Under the approximations made above, we
analysed the fundamental equation of this type of d.s.c.*,
d(AT) dT,

4O + AC T K AT+ F(T,) (1)
with the modulations of T, = Ty(r) + T, and
AT = AT(1) + AT where AC = C, — C, repre-
sents the difference between sample and reference heat
capacities, C, and C, and K the Newton’s law constant.

Standard analysis of the equation gives the following
conclusions. Firstly, due to the temperature dependence
of exothermic or endothermic process, the phase lag
e — 0 undergoes a shift « expressed as

C, -

a=(e—8)—(e—b) (2)
tana = — ]:(AYE') (3)

where (e — 6)y represents the baseline of the phase lag.
Secondly, following the shift in phase lag, the apparent
heat capacity AC,, obtained by the usual method of
t.m.d.s.c. becomes larger than the actual AC by the
factor of 1/|cos ],

AC

AC —
| cos o

app — (4)
Therefore, we can expect a peak in the profile of apparent
heat capacity AC,,, as well as in that of total heat flow. if
the phase lag « exhibits a peak in the course of

exothermic or endothermic process.
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Figure 1 T.m.d.s.c. results of polyethylene crystallization: (a) total
heat flow. (b) phasc lag ¢ — 4 and (c) apparent heat capacity AC,,, (H)
and the corrected AC () calculated from equation (4). Cooling run at
arate of 1 Cmin™'

25k - ]
20l . , 4
1.5 . -
wob . , u
054 ° . .
0.0l

Heat Flow [mW]

-185 [F -, T T
<190 . . —
195+, . _

£-5 [deg.]

-'t
2205 o —
210F

28 — ..wm% —
26 s _

24+ . o —

. AC [mJ/K]

22 S -
C

app
=}

u
20— ™™g -

AC

Time [min]
Figure 2 T.m.d.s.c. results of polyethylene crystallization: (a) total
heat flow, (b) phase lag ¢ — & and (¢) apparent heat capacity AC,,, (H)
and the corrected AC (0J) calculated from equation (4). Isothermal
crystallization at 126.5 C

From the expression of tan a in equation (3), we can
determine F' experimentally. F represents the absorbed
or released heat by the sample per unit time and F' is
the temperature coefficient. We define the total
transformation rate of the sample volume (or mass)
as R and the enthalpy difference between the initial
and final stage per unit volume (or mass) as Ah.
Accordingly. F and F' are expressed as, F = —Ah- R
and F' = —Ah-dR/dT. Therefore, the ratio of the two
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Figure 3 Temperature or time sequence of dinG/d7 determined by
equation (6) from the experimental data of (a) the cooling run shown in
Figure I and (b) the isothermal crystallization in Figire 2. The curve of
total heat flow ( -~ ) is also shown

values, F'/F = 1/R dR/dT, gives us the dependence of
In R on temperature, as follows

dinR F wACtan o

eat_ L wat 5
ar CIF R )

Polvmer crystallization

The total transformation rate R can be expressed by
the crystal growth rate G multiplied by the total area of
growth face S as R = G - S. The temperature coefficient
of Risgiven by dR/dT = § - dG/dT. Therefore the ratio
of R and dR/dT gives 1/R dR/dT =1/G dG/dT.
without knowledge of the total area of growth face S.
Consequently, we are able to obtain the experimental
dependence of growth rate on temperature by the
t.m.d.s.c. run, as follows

dinG F 6

dT ~ F (&)

where F' is evaluated from equation (3). The exotherm F

is given by the total heat flow in the mode of isothermal

crystallization. In the case of cooling with a constant

rate, we can assume that the deviation of the total heat

flow from its baseline represents the exotherm at that

point of time because the crystallization of polymers is a

slow process occurring at a temperature well below the
equilibrium melting point.

Experimental results and discussion

In this communication, we present a brief report on
the experimental data of polyethylene crystallization; we
will report the details in the forthcoming paper. The
d.s.c. 2920 Module controlled with Thermal Analyst
2200 (TA Instruments) was used for all measurements
and the raw data were transferred by a TA RMX Ultility.
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Figure 4 Temperature dependence of dInG/dT determined by
equation (6) from the experimental data during the steady growth:
the sequence in the cooling run shown in Figure 3 ((J) and the mean
values during isothermal crystallization at each temperature (O). The
results of direct measurements of growth rate” are also plotted (@)

The phase lag e — § was determined from the raw data of
modulated sample temperature and of modulated heat
flow. The sample was a fractionated polyethylene (NIST
SRM1483) of 7-10 mg in weight: M,, = 3.21 x 10* and
M,/M, =1.11. The mode of d.s.c. run was either
cooling with a constant rate or under an isothermal
condition. The modulation period was 24 or 32s and the
amplitude was +0.2°C.

Figures 1 and 2 show the results of a cooling run at a
rate of 1°C min~" and of an isothermal run, respectively;
the data points are plotted at every period of modula-
tion. It is clearly seen that the exothermic peak in the
total heat flow due to crystallization is followed by a
peak in the phase lag € — é. Figures Ic and 2¢ show the
apparent heat capacity AC,,, and the heat capacity AC
after the correction of equation (4). The increase in AC
after the correction is still appreciable; the detailed
discussion of the profile will be the subject of the
forthcoming paper.

Utilizing equation (6), d1nG/dT was calculated from
the data shown in Figures I and 2 and plotted against
temperature or time in Figure 3. It is seen that dInG/dT
becomes level in the vicinity of the peaks of total heat
flow, namely during the steady growth of crystals. The
absolute values of the temperature coefficient d1nG/dT
shows a sharp rise out of the range in the later stage of

the time sequences. Such a change in the temperature
dependence of growth rate is supposed to be due to
molecular weight fractionation.

We are concerned with the temperature coefficient
during the steady growth of crystals. All results of the
temperature coefficient during the steady growth are
plotted in Figure 4 along with the values obtained from
the optical measurements of the linear growth rate of
spherulites or axialites’. The agreement between those
results is satisfactory and supports the present method.
We are able to confirm a drastic change in the
temperature coefficient in the course of the regime I-11
transition of polyethylene crystallization’ !

In conclusion, for the determination of temperature
dependence of crystal growth rate of polymers, the
present method will compare with the direct measure-
ments with optical microscopy. It should be stressed that
the method does not require the detailed information on
the growth kinetics or the geometry of growth domains.
The present method also has great possibilities in the
application to other transformation processes such as
melting of polymer crystals and chemical reactions.
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