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Abstract

Complex heat capacity obtained in melting region of polymer crystals by temperature-modulated differential scanning calorimetry of heat
flux type has been calibrated with a method based on a model proposed by Hatta. The calibration method corrects for the effect of thermal
conductivity of the DSC apparatus on the magnitude and phase angle of the heat capacity. The validity of the correction has been confirmed
by examining the reversible melting and crystallization of indium under quasi-isothermal conditions. For the irreversible melting of polymer
crystals analyzed with an additional underlying heating rate, the calibrated heat capacity becomes a complex quantity with a frequency
dependence roughly approximated by Debye’s type, the characteristic time of which depends on the underlying heating rate. This behavior
qualitatively agrees with the previous results obtained by the calibration of baseline-subtraction from the phase angle. The applicability of the
“baseline-subtraction” has also been discus€ef000 Elsevier Science Ltd. All rights reserved.
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1. Introduction bration method for the heat capacity obtained with T-MDSC
of the heat flux type. The method is unique in utilizing a

We have recently proposed an analysis method of melting master curve of calibration as a function of phase angle and
and crystallization of polymer crystals with temperature- is free from undetermined parameters when a real heat capa-
modulated differential scanning calorimetry (T-MDSC) city is concerned. In the present paper, we extend this
[1-8]. In T-MDSC one applies a temperature modulation method to the complex heat capacity obtained in the melting
to a conventional DSC run and determines an apparent heategion of polymer crystals. The analysis provides valuable
capacity from the modulation components of temperature information about the melting kinetics, for which microscopy
and the heat flow response [9-11]. is not practical because of the complexity of the process.

In the melting region of polymer crystals, the apparent In the following, we first examine the heat capacity of
heat capacity becomes a complex quantity. It has beenaluminum as a typical example of a real heat capacity and
pointed out that the thermal conductivity and the heat capa- discuss the dependence of the raw data on modulation
city of the instrument have an additional contribution to frequency and on sample heat capacity. Based on Hatta’s
magnitude and phase angle of the complex heat capacitymodel, we examine the calibration of magnitude and phase
[12-15]. It is also known that the heat capacity of the angle which should be zero for a real heat capacity. With the
sample influences these contributions and makes the cali-knowledge of instrument's coefficients, a calibration
bration more complicated. Therefore, the important pointin method of complex heat capacity is presented for T-
any analysis is the appropriate calibration of the magnitude MDSC of the heat flux type. We test the applicability of
and phase angle, as has been argued frequently [16—21]the method experimentally for reversible melting and crys-
Considering these effects, Hatta [22] has presented a cali-tallization of indium under quasi-isothermal conditions and

the irreversible melting of polymer crystals when using an

_— _ _ . ~underlying heating rate.
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1.3 T T 3 which were also disk-shaped thin films. The thickness of
(a) the polymer films was less than 1Q6n for most experi-
ments, and thicker films were prepared for the purpose of
12 y the examination of the effect of sample thickness.

For the calibration of the complex heat capacity, it is
essential to have a fixed condition of thermal conductivity
between the bottom of the sample pan and the base plate. In
order to reduce the undesirable change for different sample
pans, the size of the disk-shaped sheets of sample was
chosen to fit the interior of the sample pan so that the crimp-
ing process causes minimum deformation of the bottom of
the pan.

The examined modulation period was in the range of 10—
100 s. Since smaller amplitude enables shorter modulation
period, special attention to the modulation amplitude was
required for the period below 30 s. For the quasi-isothermal
experiment with aluminum, the modulation amplitude was
0.2 K. For the quasi-isothermal measurements of the rever-
sible melting and crystallization of indium, the mean

(Cs/CO) 2

1.1

¢ /deg.

0 ! ) ! - temperature was kept for 30 min at each temperature with
0.0 0.1 02 1 03 the modulation amplitude of 0.02 K, followed by the incre-
o /rads-” ment of at least 0.04 K to repeat the measurement until the

Fig. 1. Plots of: (aYC4/Co)? againstw? and (b)¢ againstw for the quasi- completion of melting. The modulation amplitudg,, for

isothermal measurements of aluminum-gt2’C. The modulation periods  the irreversible melting of polymer crystals with an addi-
were 18, 22, 28, 40 and 78 s. The heat capacity of the aluminum sample andtional linear heating was adjusted for the condition of heat-

pan was 34.0Q), 48.9 () and 62.2mJK" (C). The purge gas was  ing only, (dTs/dt > 0), and the maximum amplitude was set
helium. The modulation amplitude was 0.2 K. at 0.2 K. The heating-only condition with the underlying
heating rateB, and the angular frequency of modulation,

2200 (TA Instruments) was used for all measurements. w, is expressed ad < B/w). For example, the amplitude
Nitrogen or helium gas with a flow rate of 40 ml mih was 0.02 K for the heating rate of 0.8 K mihwith the
was purged through the cell. The reference pan was period of 10 s. Temperature control in those experiments
removed in the experiments to analyze the data by Hatta’swas checked by plotting Lissajous diagrams of the modu-
model, described below. lated heat flow versus temperature.

For the examination of the heat capacity of aluminum, a
disk-shaped thin sheet has been prepared (4.70 mg in
weight, 95um thick). The number of sheets was changed 3. Calibration method
from O (sample pan only) to 14 pieces, to examine the
dependence of calibration on the sample heat capacity. First, we define the heat capacity obtained by a T-MDSC.
The polymer samples were polyethylene (NIST SRM1475 From the modulation components of sample temperature,
of M, =52x10" and M,/M, =29) and poly(capro- T,= T+ RgT.d“"], and of heat flow,0 = O + Re
lactam) (nylon 6, Scientific Polymer Products, Inc.), [Qd@*?] a heat capacity,Coe ¢ =Ch—iCl, is

defined as,

Ty <

T, Coe® = Q~ o i(e=d-(m2). N
VK, ®Ts

Toel Cm | Tms| Cm | Fig. 1 shows the frequency dependence of the calibration

coefficient of magnitudeCy/C,, and of the phase angle,
UK, 1Ky ) . .

for a true heat capacityCs, of aluminum. It is clearly seen

that the values obtained are strongly dependent on
Fig. 2. Schematic representation of the models describing a DSC of heatfrequency, while the true heat capacity must be a constant

flux type employed in Hatta’s model of T-MDSC without a reference pan without imaginary part¢ = 0). The frequency dependence
[22]. In the figuresT,, Tn,, and Ty,s represent the temperatures of the block
can be expressed as,

and the base plate at reference and sample sides, respectively. The
Newton’s law constants of heat transfer between the block and the base 2
plate and between the base plate and the sampl&,aedK,, respectively. &) =1+ sz 2
The heat capacity of the base plate is representét},as Co ’
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phase angleyp,

Cs\? o (Cm )2, (Cs\2] . afCm Cs)?
— =1+ )+ 2 + =
(c)- ‘”[(Ko) (i) [+ (i) ®

Cn C 1 4 (cm)3 (65)3

¢ (u( Ko Kl) 3% Ko K1 ©
The expansion about frequency will be justified by the
experimental results shown in Fig. 1. The detailed examina-
tion in a wider frequency region is shown in Fig. 3; because
of lower thermal conductivity (smallelK;) with nitrogen,
the higher terms are actually required for the fitting of the
data with nitrogen purge gas, namely,

Cs

2
(—) =1+ Ao’ + Co, )
Co

(Cs/Cp)?®

150

100

¢ /deg.

50
¢ =Bw— De°. (8

By examining the frequency dependence with different
0.0 0.2 0.4 06 sample masses, we obtained the dependence of the coeffi-
o /rads”! cientsA andB on the sample heat capacity. The results are

Fig. 3. Plots of: (a)Cy/Cy)? againstw? and (b)¢ againstw for the quasi- A=A+ A1C§, 9

isothermal measurements of aluminum-at2°’C with helium ©) and

r_\itrogen () purge gases in a wide frequency range. The broken and full g — By + B;Cs, 10

lines represent the fitting to Eqgs. (2) and (3) and Egs. (7) and (8), respec-

tively. The modulation periods were 10, 11, 12, 13, 15, 18, 22, 28, 40 and with constantsA,, A;, By and B,, as shown in Fig. 4 for

78s. The heat capacity of aluminum sample and pan was 34.0MmIKe nitrogen and helium purge gases. Therefore, the coefficients,

modulation amplitude was 0.2 K. A andB, show the dependence on the sample heat capacity,
as expressed in Egs. (5) and (6). The larger slopesnd

¢ = Bo, 3 B,, for nitrogen purge gas must be due to the lower thermal

conductivity of nitrogen, which decreases the heat-transfer

coefficient,K;, between the bottom of the sample pan and

the base plate.

The slopesA; andBy, follow the relationship,

where A and B are constants. In the experimental results
shown in Fig. 1, the coefficientd,andB, show a systematic
dependence on the sample heat capa€ityThis is due to
the fact that a DSC of the heat flux type, such as the DSC
2920 employed in the present experiments, does notdirectly, > 1
measure the temperature of sample. Therefore, we must ™~ ~*\~ K2 )’

consider the thermal conductance between sample pan and

base plate. Hatta’s model [22] handles this effect, as showneXxpected from Egs. (5) and (6), while another relation,

in Fig. 2. C.\2
From Hatta’s model, the following relationship is AO=B§<=( m) )

obtained for the raw dat&, e ', and the true heat capa- Ko
city, G, of sample and pan [22], does not hold. In order to incorporate the discrepancy, we
c C c must introduce an asymmetry @, and K, for the sample
> — = (1+ iw—m)(1+ iw—s), 4) and reference sides. Then, Egs. (4)—(6) are modified as
Coe Ko Ky follows,

and hence the frequency dependence has the coefficient, Cg
(Cy/Ky), depending on the sample heat capacity. When the ¢, e-i¢
conditions of

=@+ ian-m)(l + iw%)(K —iwdy)t, 1D
1

o C (K%)ZE 1+ o7 2 - (S—m)2+(%)2 (12
K—O(l)<<l andK—1w<<1 CO m K Kl ’

are satisfied, we obtain the following expansions of the n Om n G 13)
calibration coefficients of magnitudg/Cy/C,), and the ®= @ Tm K K, /)
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and(1/K;) (OJ, W) for helium and nitrogen purge gases, respectively, deter-

Fig. 4. The coefficientsA andB, of Egs. (2) and (3) or of Egs. (7) and (8) mined from the slopes such as are shown in Fig. 4 by Egs. (12) and (13).

plotted agains€2 and C,, respectively, for the purge gases of heliud)

and nitrogen @). The coefficients were determined from the slopes of the temperatures. The fitting lines in Fig_ 5 for the helium
plots such as are shown in Figs. 1 and 3. The symhobnd V are the purge gas are,/s= 1.2 — 40X 10—4 Ts/°C dn/s= 0.36—
results of polyethylene and aluminum sheets on thin polyethylene film, 7.4><10_4 T/°C and 16 Kl_l/S K mJ’1:1.5—1.8>< 10—3

respectively. .
T/°C and for nitrogen purge gasn,/s=18-17
%1073 T/°C, 8,/s=0.34—7.5% 10 * T4°C and 16 K; ¥/s

where KmJ!=58-69x10°3Ty/°C.
, We have also examined the flow rate of purge gas in the
T = C_',“ and k=1-— 5mﬁ. range of 30—50 ml mif. The change in the flow rate had
Ko Cs only a minor effect on the coefficients; the change was less

than 1%. It is further noted that the thermal contacts

between aluminum sheet and sample pan and between poly-

5 — ( Ko )( C, Cn ) mer film and sample pan should be different. The difference
=

The asymmetry is represented by

Ky

K_{) B K—o can affect the calibration coefficients if the thermal contact
between polymer film and sample pan is as worse as the
with (C,/Ko) and (C|/Kp) designated for the sample and contact between the base plate and sample pan. The effect
reference sides, respectively. On fitting the expressions ofhas been examined with polyethylene samples of different
Egs. (12) and (13) to the experimental data, we could setthickness and with the insertion of thin polyethylene film
k = 1 except for the case of sm&l with helium purge gas.  (~30 um) at the bottom of aluminum sheets. The obtained
For C, smaller than 20 mJ K, the plot of the data with  results in Fig. 4 were in good agreement with the above
helium purge gas in Fig. 4 shows an upward shift, which results of aluminum sheets, and hence the effect could be
must be due to the dependencexodn C,. The dependence  neglected when polymer film was analyzed. Based on those
can be appreciable only for very small amount of sample results, the coefficients,,, §, and(I/K,), will be certainly
because the heat capacity of the sample pan is as large aapplied to the experiments of polymer samples. The coeffi-
19 mIK™ cients however will not be identical for different instruments
Based on the above expressions with= 1, the coeffi- and will be subject to variation after the elapse of time, as is
cients,m,, 8, and(/K,), has been determined experimen- the case for the cell constant of conventional DSC. There-
tally from the dependence on frequency and sample heatfore, periodical examination of the coefficients with each
capacity. To see the effect of temperature, the dependenceanstrument will be recommended.
has been examined at several temperatures, as shown in Fig. Among the terms in Eq. (11JCy/K;) is the only indeter-
5. The coefficients are weakly dependent on temperature,minate parameter angl, andé,, the instrument coefficients.
probably due to better thermal conductivity at higher Therefore, for a given modulation period with a choice of
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T T T T T from the raw data o€, and¢ by Eq. (15). This assumption
800 -1 . . . .

(a) ‘. will be justified by the fact that the experimental results
. obtained with different samples shown in Fig. 4 are in accor-
dance with the prediction of the modeling. From the degree
of scatter of the data points in Fig. 4, the variationirK,),

for different sample pans is expected to be less than 10%.

600 —

400 |- —

200
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|

Co, Co" /mJK!
o

4. Application 1

1
o

2000 - . We first examine the reversible melting and crystalliza-
tion of indium under quasi-isothermal condition [23]. The
1000 o _ process undergoes an oscillatory movement of the interface,
o unless melting is complete. Therefore, we expect a steady
e state response of the reversible processes to the temperature
° A ! ! Lo | modulation. Since the oscillatory movement will be able to
155.0 155.5 156.0 156.5 157.0 follow the temperature modulation without delay for the
Temperature /°C period T-MDSC can apply, i.e. 10-100 s, the heat flow
produced by the reversible processes will be indistinguish-
Fig. 6. The real ©) and imaginary @) parts of: (a) the raw data; and (b) the  gple from the heat flow due to the true heat capacity [24]. In
.calibrat.ed hegt gapacityforthe quasi-isot'herrpal measurement5|nthe melt-¢.\ch a case, the apparent heat capacity in the transition
ing region of indium of 11.97 mg. The calibration is based on Eg. (15). The . . . . . .
modulation period was 60 s. The purge gas was helium. region will also be a r_eal q.uant'.ty without th? Imaglna'ry
part, and hence the calibration with Eq. (11) will be applic-
able. The reversible processes give a quite large apparent
purge gas and temperature, Eqgs. (12) and (13) suggest thaheat capacity, which enables us to examine the applicability
the calibration coefficien{,Cy/C,), and the phase angle, of the calibration method for the large value of apparent heat
are related by the parameté€/K,) and hence the plot of  capacity.
(C4/Cyp), againstyp is expected to be on a master curve. In We have experimentally examined the behaviors in
Hatta’'s calibration method [22], the master curve prepared indium by applying a small modulation of 0.02 K under
with known samples is utilized to obtain the calibration quasi-isothermal condition, followed by an increment of
coefficient of an unknown sample from the phase angle. temperature£0.04 K) repeated until completion of melting
Therefore, the method does not require the value of the (Fig. 6). In Fig. 6, the melting region extends over about
indeterminate parameteiCy/K,). 0.2 K. The breadth of the melting region will be mainly due
When the heat capacity of the sample is a complex quan-to temperature gradient in the sample of relatively large
tity, the method is not applicable because of the imaginary quantity of 11.97 mg; the temperature gradient in the
part of complex heat capacity. This is the case when we sample enables the oscillatory movement of the interface
examine the melting region of polymer crystals. For a to have a steady state response to the temperature modula-
complex heat capacithC e '@ = AC' — i AC”, the rela-  tion. It should also be noted that the possibility of purity

AC, AC" /mJ K~

tion represented by Eq. (11) becomes problem could not be excluded, while purity does not cause
any essential problem in this analysis.

AC e i@ _ ] . ACe i@ ] 1 We first confirmed the reversible response of melting and

Coee Itiom|l+ie . A-iwdm) - crystallization without delay by examining the higher
harmonics in the modulated heat flow. It was confirmed

(14 that there was no meaningful difference in the ratio of the
second harmonic to the first harmonic in the melting region
and out of the region and in the ratio of modulated heat flow
and that of sample temperature; the ratio was not exactly
de _ o ) ] . . zero (less than 1%) because of the slight fluctuation of
E = C_o(l 103y + 1wt~ — 'K_l' 19 sample temperature from exact temperature control. These
evidences directly suggest the linear response of the oscil-
where the coefficientsy,, 7, and(VK,), have been deter- latory movement of the interface.
mined for the known samples of aluminum, as described Forthe melting region, while the raw data in Fig. 6a have
above. Therefore, if we can assume that the change in thea quite large peak in the imaginary parts of the heat capacity,
heat-transfer coefficientw/K,), is negligible among differ- it is confirmed that the calibrated heat capacity in Fig. 6b has
ent sample pans, we will be able to obtain the magnitude, a very small imaginary part. Fig. 7 shows the frequency
AC, and the phase angle,, of the complex heat capacity dependence of the heat capacity at its peak temperature. It

In order to calibrate the heat capacity, the relation is re-
arranged as,
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1

log(w /rad s~1)

0.5

Fig. 7. Frequency dependence of the régl&nd imaginary(() parts of the h : . . .
apparent heat capacity taken at the peak temperature in the plot such ad€at capacity without the imaginary part. Fig. 8 clearly
shown in Fig. 6. The raw data and the calibrated results are shown in (a) andsuggests that the error becomes smaller for smaller heat

(b), respectively. The symbo®, in (a) represents the values calculated capacity. With the present values of indiunAC ~

from the mean value of the calibrated real part in (b) (broken line) using Eq.
(11). The error bars in (b) are calculated on the assumption of 1% error in

the raw data.

is seen that the major part of the calibrated heat capacity is
in the real part and shows no systematic dependence on
frequency. Such results mean that the reversible melting
and crystallization of indium follow the temperature modu-
lation without delay, as expected. Fig. 7a further shows that
the raw data is well reproduced by the values calculated
from the mean value of the real heat capacity with Eq.
(11). The results confirm the applicability of the present
method even in the case of a large apparent heat capacity.
Here, it needs to be mentioned that the calibration intro-
duces quite a large change in its value for a large heat
capacity because of the dependence of the calibration on
the apparent heat capacity, as shown in Eq. (11). Therefore,
the determination is less precise for a larger heat capacity as
shown in Fig. 7b. In this sense, the scattering of the imagin-
ary part shown in Fig. 6b does not mean that similar amount
of error is also introduced for smaller heat capacity. Consid-
ering the error in the coefficients and obtained data, Fig. 8
shows the expected error in the real and imaginary parts of
the heat capacity, which is determined from Eq. (15) for

2000 mJ K%, compared to the value of a typical polymer

sample, e.gA’\é =100 mJ K%, the error must be much
smaller for polymer samples.

T A T
— 2000 g -
i i L (b _
L 500 (b)
- -/
S €
S 1000 :\ 0
'3 2&%
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Fig. 8. Plots of the real and imaginary parts calculated for real heat caggaditym Eq. (15) with 10% error in, (dotted lines) 5., (broken lines) oV/K,)

(thin lines) in (a) and (b) and with:2° or 10% error ing (dotted lines) oiC, (broken lines) in (c) and (d), respectively. When calculated without the errors,
AC = Cs andAC =0 (thick lines). The errors are evaluated for the modulation period of 30 s and the typical vaiyesdf2 s &, = 0.26 s andK; ! =
0.012 s K mJ* at 130C with helium purge gas.
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AT and proportional to 2T, respectively) but is a rough
approximation forr o< B~Y4(R oc AT); the analytical solu-
tion for 7 o« B~Y2 has a larger peak of the imaginary part, as
seen in Fig. 15.

A frequency dispersion, roughly approximated by Eq.
(16), has been reported experimentally for the melting
kinetics of poly(ethylene terephthalate) [5] polyethylene
[6] and nylon 6 [7] crystals. On the assumption that the
0 : : : re-crystallization and re-organization processes are insensi-
tive to temperature modulation, the frequency dispersion
has been attributed to the response of the melting kinetics
[5-7]; the assumption is based on the fact that the response
of polymer crystallization is much smaller than the response
in the melting region [9—11].

In the analysis of the experimental results, such as shown
in Fig. 9, a calibration has been employed without consider-
ing the change in sample heat capacity [5—7]. In this

120 125 130 135 method, the calibration coefficient of the magnitude has
Temperature /C been adjusted for the data outside the transition region.

Concerned with the phase angle, a baseline such as shown
Fig. 9. Plots of the raw Qata of: (a) magn?tude; and (b) phase angle of the j, Fig. 9b has been chosen to set the phase angl€ to 0
apparent heat capacity in the melting region of polyethylene. The modula- outside the transition region. Therefore, this calibration

tion periods were 10, 17, 28, 47 and 78 s. The arrows indicate the direction . . .
of longer modulation period. The purge gas was helium. The underlying method named “baseline-subtraction” corresponds to the

heating rate was 0.8 K mitt and a heating-only condition was applied. The assumption of

sample mass was 1.09 mg. The broken lines in (b) represent baselines for

the phase angle, assumed in the baseline-subtraction. —ACeﬁi“ —
1

5. Application 2 in Eq. (14) and ignores the effect of the change in the appar-
ent heat capacity. Since the apparent heat capacity has a

In the following, we discuss the calibration of the |arge peak in the melting region, as shown in Fig. 9a, the

complex heat capacity in the melting region of polymer paseline-subtraction is not justified on the basis of the

Co /mJK

@ /deg.

—C
K, °

crystals. present calibration method. However, the discrepancy can
_ be within an acceptable limit for sufficiently small change in
5.1. Melting of polymer crystals AC or largeK; in the term of

Polymer crystals are the aggregates of thin lamellar crys- iA\ée—ia
tallites. The melting points distribute over a wide tempera- K;
ture range (e.g=20 K) due to the distributions of lamellar
thickness and molecular mass. Because of the wide distri-
bution of melting points, we expect a pseudo-steady
response of the kinetics when a linear heating rateis
applied.

The analytical formulation [5,6] and numerical simula-
tion [8] of the melting kinetics have suggested that the

apparent heat capacity is roughly approximated by a

of Eq. (14). If it is the case, the baseline-subtraction is more
practical because the determination of the coefficienjs,
ém and (UKy), required for the present calibration is quite
laborious.

In the following, we apply the present calibration method
and the baseline-subtraction to the melting kinetics of poly-
mer crystals to see the applicability of the baseline-subtrac-

frequency response function of Debye’s type represented as,tlon method.

~ Frmeil/B 5.2. Numerical calculation
o _ + ‘ melt

ACe Cs T+ i) (16)

Fig. 10 shows the frequency response function of Debye’s
whereF e represents the endothermic heat flow of melting type and the results of the baseline-subtraction; the raw data
andr is the characteristic time of melting of a crystallite. It were calculated using Eq. (14) from the response function.
is noted that the heating rate dependence(Bf oc 8~ is The coefficients;, 6, and (1/K;), obtained with helium
determined by the superheatingl, dependence of a melt- and nitrogen purge gases are examined in the calculation
ing rate coefficient of crystallitesR(AT), represented as  with typical values ofC,, F.ex and 7 in the melting region
Roc ATY™®_ The expression of Eq. (16) corresponds to of polymer crystals. When we compare those results in
the analytical solution for < 8° andB ™! (Rindependentof ~ the Cole—Cole plot of Fig. 10c, it is seen that the



8948 A. Toda et al. / Polymer 41 (2000) 8941-8951

T T T T
T 150

100 -

(@)

Iog(?u T)

80 I~

-1

60

AC" /mJ K

20

o @O 1 ] ]

50 100 150

AC /mJ KT

1

AC' /mJ K~

-1

AC" /mJ K

120 125 130 135
Temperature /°C

Fig. 11. Plots of the (a) real and (b) imaginary parts of the calibrated heat
capacity in the melting region of polyethylene. The full lines represent the
results of the present calibration with helium and nitrogen purge gases, the
broken and dotted lines the results of the baseline-subtraction with helium
and nitrogen purge gases, respectively. The modulation periods were: (i)
17 s; and (i) 78 s. The underlying heating rate was 0.8 Kthiand the
heating only condition was applied. The sample mass was 1.09 mg.

shown in Fig. 10c. However, if one applies an extrapolation
to w — oo from the intermediate values, Fig. 10c also indi-
cates that the extrapolated value can be smaller than the true

Fig. 10. Numerical calculation of the frequency response function of value ofC,

Debye’s type @) and the results of the baseline-subtractidn [(J) of the
apparent heat capacity for the typical valuesCgf= 30 MJ K %, Frey =
150 mJ K%, and r = 10 s of Eq. (16) in the melting region of polymers.

An important discrepancy is seen in the shift of the peak
frequency of the imaginary part and the corresponding shift

The symbo|sA and D’ are for helium and nitrogen purge gases, respec- |n the real part Wlth the basellne-SUbtraCtlon. The CharaCter-

tively.

istic time, 7, is evaluated from the peak frequen@ypea
with the relation,wpeq = 1, and hence the shift to lower

baseline-subtraction gives the correct value when extrapo-frequency of the peak causes the overestimation. of

lated tow — 0. The agreement is expected since the term

© ~ )
—A —lo
K, Ce

in Eq. (14) vanishes fav — 0. Therefore, the argument [5—
8] about the limiting behavior of “reversing” heat flow,
—BAC(w— 0) = —BC4 + Fep, is valid irrespective of

the choice of calibration method.

For better thermal conductivity of the purge gas, the heat-
transfer coefficientK,, in Eq. (14) increases, and hence the
influence of sample heat capacity becomes smaller and the
discrepancy between the calibration methods is expected to
be smaller. With helium purge gas, it is actually seen that
the baseline-subtraction reproduces the original response
function better than with nitrogen purge gas.

On the other hand, a larger discrepancy may be expectedg 5. Experimental examination

for higher frequencyw — o) because of the term,

o~
—ACe'?,
Ky

but this is not the case. Farr > 1in Eq. (16), the change in
the apparent heat capacity becomes negligible, namely

— i |Fmelt|/B -~

wT

CS CS?

Fig. 11 shows the calibrated results of the real and
imaginary parts of the apparent heat capacity in the melting
region of polyethylene. While the baseline-subtraction gives
different results for the purge gases of helium and nitrogen,
the agreement of the present calibration for different purge
gases is satisfactory. It is also seen that the baseline-subtrac-
tion with helium purge gas gives almost the same values as
the results of the present calibration method. The same

and hence the discrepancy also becomes negligible, as ixonclusion can be made for the frequency dependence of
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Fig. 12. Frequency dependence and (c) Cole—Cole plot of the (a) real andFig. 13. Frequency dependence and (c) Cole—Cole plot of the (a) real and
(b) imaginary parts of the apparent heat capacity taken at the peak tempera{b) imaginary parts of the apparent heat capacity under the same condition
ture (132C) in the plot such as shown in Fig. 11. The symb@sand A, as in Fig. 12 except for the heavier sample mass of 4.01 mg. The symbols
represent the values calibrated by the present method with helium andhave the same meaning as in Fig. 12.

nitrogen purge gases, respectively, &hdndA by the baseline-subtraction

with helium and nitrogen purge gases, respectively. The underlying heating

rate was 0.8 K min® and heating only condition was applied. The sample

mass was 1.09 mg. purge gas, it is important to prepare small sample mass. A
safe criterion for the applicability of the baseline-subtrac-
tion will be given by the examination with both nitrogen and
Belium purge gases; smaller difference between the results
of the baseline-subtraction shown in Fig. 12 indicates a
better calibration than in the case shown in Fig. 13.

the peak values shown in Fig. 12. It is also seen that the
essential features of the present experimental results agre
with our previous results and are well reproduced by the
numerical calculation in Fig. 10. In Fig. 12, although the

frequency range is not wide enough to show the whole The mass of the sample has an additional effect on the

frequency dispersion, theNC:)Ie—rC\:/o,Ie plot in Fgl.,lzc indi- data analysis due to the thermal conductivity of the sample.
cates the relation 0OfAC,/{AC (w=0)—AC (0= To obtain a reasonable result, the temperature of the sample
o)} ~ 0.6, which is in accordance with the analytical solu- needs to be modulated in-phase. The sample thickiess,
tion for roc B2 (ratio ~0.6) and roughly approximated must be thin enough to satisfy the condition expressed as,
by Debye’s typgratio = 0.5).

For a heavier sample shown in Fig. 13, the discrepancy 2k \ Y2
between the two calibration methods becomes larger (—> ’
because of the termAC e '“/K,, in Eq. (14), especially
for the nitrogen purge gas. From the comparison of those wherep represents the density the specific heat capacity,
results shown in Figs. 12 and 13 with different sample andx the thermal conductivity [25]. For a typical polymer
masses; it will be concluded that the baseline-subtraction (e.g. polyethylene at room temperatyse: 10° gm 3, ¢ ~
with helium purge gas will be acceptable for the change 1.5Jg*K ! andk ~ 0.3 W m 1K™ 1) with the modula-
in heat capacity in the examined range. With nitrogen tion period of 10 s, the upper limit of the thickne$s,a,

s (17
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(AC'-Cs)/m /JK g1
In the preceding studies on the melting kinetics of poly-
Fig. 14. Frequency dependence and (c) Cole—Cole plot of the (a) real andmer crystals [5—7], the authors applied the baseline-subtrac-
(b) imaginary parts of the apparent heat capacity taken at the peak temperatjon with nitrogen purge gas and hence the characteristic
ture (222C) in the melting region of nylon 6 crystals. The excess heat time, 7, may have been overestimated, as discussed above.

capacity was normalized by the sample massDifferent thicknesses/ . .
masses of the sample were examined for the symbols: 30/@)2110/ Based on the present calibration method, we have re-exam-

3.23 (A), 190/5.58 [J), 340/9.14 ¥) and 530um/13.38 mg (<). The ined the frequency and heating-rate dependence of the melt-
underlying heating rate was 1.6 K mihand the heating-only condition ing behavior, as shown in Fig. 15. The results confirm the
was applied. The purge gas was helium. frequency dependence roughly approximated by the
Debye’s function and the heating-rate dependence of
will be around 50Qum, based on the estimation, the characteristic times. Fig. 16 showsr of the polyethy-
lene and nylon 6 crystals plotted against heating rate; the
L~ 06% (3)1’2 results are similar to the previous ones, though the absolute
max. = wpc) values for polyethylene are shorter by 50% than the

previous results [6]. The discrepancy is mainly due to a
for a 99% precision of the heat capacity [25]. However, for larger mass of the sample (4.01 mg) in the previous experi-
the melting region, the heat capacity in the estimation of Eq. ments with nitrogen as purge gas; the effect of sample mass
(17) must be the apparent heat capadi€ with the contri- for the baseline-subtraction is clearly seen in the comparison
bution of the endothermic heat flow of melting instead of the of Figs. 12 and 13. Since the change in the apparent heat
true heat capacity, and hence the upper limit of the thicknesscapacity in the melting region of nylon 6 is much smaller
is expected to be much thinner. Fig. 14 shows the results forthan that of polyethylene, the results of nylon 6 show a
different sample thicknesses of nylon 6 crystals after the better agreement between the present calibration and the
correction with the present calibration method. The baseline-subtraction with nitrogen purge gas.
systematic shift of the results confirms the effect of sample
thickness, though the effect is not large. The evaluation of
the characteristic time from the peak frequency will not be 6. Conclusion
strongly influenced by the thickness in this range. The
results may suggest that a sample thickness thinner than In the present paper, we have experimentally examined
100m is preferable. the calibration of an apparent complex heat capacity in the
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T T T calibration, which improves the applicability of the base-
line-subtraction neglecting the change in sample heat

- 1 capacity. Calibration of the baseline-subtraction is much
2 easier than the present method that requires the determina-
P tion of the instrument’s coefficients with known samples.
§ 10 Hence, better thermal conductivity of purge gas may be

preferable on this point. However, better thermal conductiv-
ity sacrifices the sensitivity to a small peak in heat flow
| | | because of heat transfer to/from the surroundings. Itis there-
05 0.0 05 fore important to take a proper choice of purge gas for the
log(p / K min-1) purpose of the measurement with T-MDSC.

Fig. 16. Logarithmic plots of the characteristic time,chosen for fitting

such as shown in Fig. 15 against underlying heating rate. The symbols

represent the values of nylon ©(®) and of polyethylene &, A). The Acknowledgements
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