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Abstract

The steady state of temperature modulated heat flux DSC, in which the sample tempera-
ture is controlled at a fixed frequency, a fixed amplitude and a constant underlying heating rate,
is theoretically investigated for complex heat capacity of the sample, taking accounts of heat
capacities of heal paths, heat 1oss to the environment and mutual heat exchange between the
sample and the reference material. Rigorous and general solutions for the temperature differ-
ence oscillation are obtained in relation to the sample temperature as a reference oscillation.
The results are quite different from those obtained in functions of the heat source temperature
as a reference oscillation. From these solutions, application of the technique to heat capacity
measurements is discussed.
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Introduction

Since its publication in 1992 [1, 2], temperature-modulated differential scan-
ning calorimetry (TMDSC) has been investigated from various viewpoints and
other varieties of TMDSC have been devised. The initial TMDSC was heat flux
DSC (HF-DSC), and temperature modulation was applied to power compensa-
tion DSC (PC-DSC) later [3]. In the initial TM-HF-DSC the sample temperature
is controlled at a fixed frequency, amplitude and a constant underlying heating
rate, but there is another variety in which the heat source temperature is control-
led at a fixed frequency, amplitude and a constant underlying heating rate [4].
Morcover, a new type of TMDSC was proposed [3], in which temperature modu-
lation is given by oscillating light irradiation to the sample cell.

In a previous paper [6], we reported results of theoretical investigation of the
steady state of TM-HF-DSC, and both the sample temperature oscillation and the
reference material temperature oscillation are obtained as functions of the heat
source temperature oscillation. In contrast with other previous theoretical papers
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[3, 7-9], we took accounts of the following effects, i.e., (1) heat capacities of heat
paths, which may have effect of changing phase angle of ascillation, (2) mutual
heat exchange between the sample and the reference material and (3) heat loss to
the environment through the thermocouple wires and by the purge gas. General
solutions could not be obtained, and approximate analytical solutions were ob-
tained by neglecting the heat capacities of heat paths and mutual heat exchange,
while specific solutions were obtained taking accounts of the neglected factors
by applying matrix method to obtain numerical solutions for specific cases.
Comparing these results, systematic errors in the approximate analytical solu-
tions were estimated.

Afterward the effect of heat capacity in the heat paths from the heat source to
the sample or the reference material was considered by Schawe and Winter [10],
and the effect of mutual heat exchange between the sample and the reference ma-
terial was taken into accounts by Lacy et al. [11].

For complex heat capacity of the sample quite similar, but more sophisticated
approach has been applied to the TM-HF-DSC, and rigorous and general solu-
tions have been obtained for the temperature difference between the sample and
the reference material without neglecting the above-mentioned factors. They are
obtained as functions of the sample temperature as a reference oscillation, and
they are different from those in the previous paper [6]. Thermal contact between
the sample cell and its holder has also been considered. These solutions for the
complex heat capacity are useful to make heat capacity measurements by this
technique, as well as the solutions for the thermal contact, These are described
and discussed in this paper.

Standpoints of research

Before describing research results, our standpoints of research are stated be-
low.

As was discussed in the first paper of our reports on TMDSC [12], linearity
should be considered first, because in TMDSC Fourier analysis based on linear-
ity is applied to separate output signal (the recorded oscillating temperature dif-
ference) into the in-phase component and the other. The latter consists of out of
phase component and bias. This can be done with physical soundness, only when
the output signal is linearly dependent on the physical quantities. In conventional
DSC, hoth of HF-DSC and PC-DSC, linearity does not hald hetween the output
signal (the temperature difference or the energy difference) and the sample mass
(and/or the heat of transformation) [12—15] in the transformation region with
heat evolution or adsorption, such as melting and reaction. But proportionality
does exist between the peak area and the sample mass or the heat of transforma-
tion. Therefore, the separation by Fourier analysis has no physical meanings in
the transformation region.
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On the other hand, the base line in the steady state is proportional to the heat
capacity of the sample, so that linearity holds in the steady state. It is clear from
these facts that Fourier analysis can only be applied to the steady state. By this
reason the results and discussion in this paper should be limited in the steady
state and in heat capacity measurements.

For the above transformation, consideration should be made from viewpoint
of linearity of mathematical operations, as shown below:

D(x+y) = D(x) + D(y) (1
and
D(ax) = aD(x) (2)

where D expresses a mathematical operator, such as differentiation and integra-
tion and x and y are physical quantities, a being a constant. Fourier’s fundamental
equation for heat conduction is as follows:

2 9T dg 3
KVT—cpat+dr 3)

where A, V2, T, ¢, p, t and g are respectively thermal conductivity, a Laplacian op-
erator, the temperature, the specific heat capacity, the density, the time and the
heat evolved or absorbed. It holds at any point in a DSC apparatus and dg/dz
equals zero outside of the sample and the heat source. In the transformation re-
gion, the temperature at any point can be divided as follows:

T="Ts+ Thns (4)

where T is the temperature for the case that the transformation did not occur,
and 7'y 1s the additional temperature due to the transtormation. Introducing this
equation into Eq. (3) we have

2 _ aTns d_ﬂl (5)
AV Ty =cp 5 + i

because we have already the solution for T as shown later:
aT.
AV T = cp—= (6)
P
From Eq. (5) we will be able to get solutions for analyzing TMDSC results for
the transformation. For the conventional DSC we have already the solution [13].

As described above, the solutions in the functions of the sample temperature
as a reference oscillation are different from those in functions of the heat source
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temperature. It is also made clear in the following sections, the solutions for
TMDSC in the function of the sample temperature are quite different from solu-
tions in functions of the reference material temperature as a reference oscilla-
tion. Therefore, the reference oscillation is an important key factor, while the
temperature or the temperature difference to be measured is another key factor.

In this paper the temperature difference between the sample and the reference
material is the output signal to be measured, and the sample temperature oscilla-
tion is the reference oscillation, though the results are briefly shown, in which the
reference material temperature oscillation is the reference oscillation.

Complex heat capacity

When some thermal molecular motions have the same time scale with the
temperature modulation, there occurs lag due to relaxation phenomcnon, such as
in glass transition. It causes phase lag in the temperature oscillation. Therefore,
the heat capacity is expressed as a complex figure, as follows:

C'=C-ic” 7

where 1, C", C" and C” are the unit of imaginary numbers, the complex heat ca-
pacity, its real part and its imaginary part, respectively.

Fundamental equations

In a DSC apparatus occur a few heat flows; namely (1) the main heat flows
from the heat source to the sample and the reference material, (2) the mutual heat
exchange between the sample and the reference material and (3) the heat loss to
the environment through the thermocouple leads and by purge gas. These are all
taken into accounts. The heat paths for these heat flows have heat capacities.
These heat capacities have influence on the temperature oscillations, and they
are distributed along the paths, but they are approximated to be concentrated at a
few points. This model for a DSC can clearly be expressed with an equivalent
electric circuit shown in Fig. 1, and the fundamental equations for the steady
state are as follows:

dT
Ck dtfs = 2kk (Tt — Tts) + 2k (Ts — Tss) (8)
AT,
(/SE. =2kx(Tss — Ts) + 3kh(Ths ~ T+ ko(To - Ts) (9)
d7;
Cn d;“ = 3kn(Ts — Ths) + 3kn(Tir — Ths) (10)
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CrEE = 30T, = To) + ha(Toe = Th) (11)
C; dth’ =2k (Tt — T7) + 3kn(Tir — T2) + ko(To — T7) (12)

and
CK%T% = 2k (Tt - Ta) + 2kx (T, — Ti) (13)

where C, kg, kn and &, are the heat capacity, the heat transfer coefficient between
the heat source and the sample or the reference material, that between the sample
and the reference material and that to the environment, respectively. The sub-
scripts for the temperatures are as follows: f=the heat source, fs=the midpoint be-
tween the heat source and the sample, s=the sample, r=the reference material,
fr=the midpoint between the heat source and the reference material, hs=a point
in the heat path for mutual heat exchange, hr=another similar point near the ref-
erence material, o=the environment.

Fig. 1 Equivalent electrical circuits for main heat flows (upper) and mutual heat exchange
(lower) in usual apparatus. PS is the heat source (power source)

The subscripts for the heat capacities, K, s, r and h denote (1) the heat path be-
tween the heat source and the sample or the reference material, (2) the sample,
(3) the reference material, and (4) the heat path for the mutual heat exchange, re-
spectively. These symbols are also shown in Fig. 1 of the equivalent electrical
circuits. The asterisks for C; and C; mean that these heat capacities are assumed
to be complex heat capacities consisting of the real and the imaginary parts. As
the reference material, substance without the imaginary heat capacity is usually
used, however the heat capacity of the reference material is assumed to be com-
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plex heat capacity to investigate various possibility of the heat capacity measure-
ment.

In the steady state, the sample temperature changes at a fixed frequency, am-
plitude and a constant underlying heating rate, so that

To =T, + Asexp(ion) + Br (14)

where A;, ®, B are the amplitude, the angular frequency and the underlying heat-
ing rate, respectively. In this equation only the real part of exp(1(r) has physical
meaning and the imaginary part should be neglected.

In the steady state the other temperatures change similarly with different am-
plitudes and phases, so that the amplitudes become complex amplitudes, A*, and
it was found that the underlying heating rates are also different from each other
due to the heat loss to the environment [16]. Therefore, the other temperatures,
Ti, can change as [ollows with definite (emperature lag, B;,

Ti=T,+ A"exp(iot) + Bt - Bt - B; (15)

where [’ expresses the difference in the underlying heating rate due to the heat
loss to the environment. In this equation and other equations below only the real
parts of A"exp(iox¥) have physical meaning and the imaginary parts should be ne-
glected.

Derivation and solutions

When we get difference in the fundamental equations between the symmetric
points, we have

AT, dAT
AC—+ Ci=g, = 2Kk ATy + 3kATh — (2kk + 3kn + ka)AT (16)
dAT
Cx— L = 2k AT — 4y AT (17)
and
dAT,
Cr " o 3 AT — 9kAT (18)
where
AC*=Ci-C; (19)
AT=Ts-T, (20)
ATe=Te ~ T (21)
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and
ATh = Ths ~ T (22)

The temperature difference, AT, changes similarly to Eq. (15), so that we have

AT = AA%exp(ion) + Bt + B: (23)

and similarly for the other temperature differences between the symmetric
points, AT,

AT; = AAfexp(iot) — ABit - AB; (24)

Introducing Eqs (23) and (24) into Eqs (16), (17) and (18) and comparing the
coefficients, we have simultaneous equations and their solutions, similarly to the
derivation in the previous paper [6].

From the terms describing the constant temperature lags, we get

(ki + 2kn + ko)AB
- B

where AC” is the real part of the complex heat capacity difference between the
sample and the reference malterial, and this equation is the very base for heat ca-
pacity measurements by the conventional DSC.

From the coefficients in the oscillating terms we have

AC’ (25)

(S + SHAA" = WAL(AC'S) + AC” $5) +10A(AC'Ss — AC”S1) (26)

where AC” is the imaginary part of the heat capacity difference and AC’ (in Eq.
(26)) is different from AC” in Eq. (25) in some cases, especially in glass transition
region [17]. §) and S, in the above equation are as follows:

Ck Cy

7

S
o a1+o’) 9l sath 27)
and
S=- +k£2112< + +k;21% = (2kx + 3kp + ko) — OCY o8
where
" 4CTK (29)
K
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and

Cy

Th=9—kh

(30)
The phase difference between the sample temperature and the temperature
difference, 8 is given below:
AC'Sy - AC’S)

tand =2 L (31)
AC'S, + AC”S;

AC’S, — AC”'S
= (32)
V(S + SHACH ACT)

For heat capacity measurements we get the following equation:

ANAC? + AC?
ST+ S5

where IAAl is the absolute amplitude of the temperature difference oscillation.

IAAl = (33)

Discussion

As seen in Eqs (25) and (33), when we estimate proportionality coefficients,
(kg+2kn+ko) and VST + S2 by using standard material with known heat capacity,
we can measure the real part of sample heat capacity from the base line in the
conventional DSC or from the average temperature difference, <AT> to be ob-
tained in TMDSC by integrating the oscillating temperature difference for n cy-
cles,

<AT> = -2 [ATds = AC

= 34
2nm ki + 2k + ko (34)

We can measure the imaginary part of heat capacity by comparing the ampli-
tude and the real part thus obtained (Eq. (33)). When we estimate S; and S» from
heat capacity measurements of standard material with known real heat capacity
and without the imaginary part, we can estimate the real part and imaginary part
of sample heat capacity from the real and imaginary parts of the amplitude, as is
clear in Eq. (26).

It is also made clear that the average temperature difference depends on the
real part of the heat capacity difference, the underlying heating rate and the sum
of the heat transfer coefficients (Eq. (25)), while the amplitude of the tempera-
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ture difference oscillation around this average temperature difference depends
on the square sum of the real and imaginary parts of the heat capacity difference,
(AC™ + AC'"™, the frequency, the amplitude of the sample temperature modula-
tion and the heat capacity of the reference material (Eq. (33)), as is shown in
Fig. 2. It is worthy to note that, in order to make accurate heat capacity measure-
ments, the heat capacity of the reference material should be made the same to-
gether with the frequency and amplitude of the sample temperature modulation
(Eqgs (26), (27), (28) and (33)).

AC? + ACw A

?S,5+ S,i

AC'B/ (kg + 2k, + k)
=<AT>

.._._'t

Fig. 2 Temperature difference oscillation in steady state

It should also be pointed out that when the heat capacities in the heat paths
and the heat capacity of the reference material are negligibly small, the time con-
stants Tx and T, are approximately zero and we have

Si+0 (35)
So = kg + 2kn + ko (36)

Therefore, the real part and the imaginary part of the temperature difference
oscillation become respectively proportional to the imaginary part and the real
part of the sample heat capacity. This relation is usnally existing in dielectric and
visco-elastic measurements because of availability of materials of wide charac-
teristics for assembling the apparatuses in contrast to calorimetry of complex
heat capacity.

The temperature difference oscillation can be obtained as a function of the
reference material temperature oscillation. This relation can be derived by ex-
changing AC;, C; and C{ by AC;, C] and 7', respectively, in Eqs (25)—(28)
and (31)—(33). The average temperature difference (or the conventional DSC
method) does not change by this exchange (Eq. (25)), but the unknown sample
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heat capacity is involved in the proportionality coefficient in the oscillating tem-
perature difference (Eqs (27), (28) and (33)). Therefore, it is not practical.

Thermal contact effect

Previously Hatta [9] pointed out the effect of thermal contact between the
sample cell and the cell holder and proposed a method to eliminate this effect by
using the phase angle on his simple model of the DSC apparatus. This effect has
also been considered in this paper.

Fundamental equations

Similarly to Hatta’s model [9], the reference material cell is not used, because
the thermal contact is one of uncontrollable experimental factors and it is unde-
sirable to introduce two uncontrollable factors. Thus the fundamental equations
to consider the thermal contact effect are given below:

dTs
Ck df = 2ki (Tt — Tts) + 2k(Tps — Tts) (37)

dTps ’
Cp—2% = 2k (Trs — Tps) + ki (T = Ts) + 3kn(Ts — Tps) + ko(To = Tps)  (38)

dr
dT.
* S - 4 _ 39

CoT 2 = ki Ty = 1) (39)

dThs
Ch dth = 3ka(Tps — Ths) + 3kn(Tor — Ths) (40)

dT;
Ciy 2= 3kn(Tpr = Ti) + 3h(Ths = T 4D
ATy
Comgr™ = 2kic(Tee = Tye) + 3kn(Toe = To) + ko(To = Ty (42)
and

d7%

Ck dtf =2kg(Ty— Trr) + ZkK(Tpr - Tr) (43)

where kg is the heat transfer coefficient due to the thermal contact, and the sub-
scripts, p, ps and pr are the cell holder plate, that for the sample and that for the
reference material, respectively. The equivalent electrical circuit is shown in
Fig. 3. The temperature of the cell holder plate of the sample side is controlled in-
stead of the sample temperature itself, so that

Tps = To + Bt + Apsexp(ios) (44)
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Fig. 3 Equivalent electrical circuits for main heat flows (upper) and mutual heat exchange
(lower) to elucidate thermal contact effect. PS is the hieat source (power source)

Derivation and solutions

In the steady state, the sample temperature follows the next equation similarly
to the above:

Ty =T, + Bt + Asexp(iot) — B t — B
Introducing this equation into Eq. (39) we get

(45)
B, =& 46
= (46)
and
. Aps(l + 01y — it X
Ay = Aol e fz) (47)
(1 +o0t ) +w'T
where
’ ,S 4
T ke (48)
and
7 g’
T ==
kx

(49)
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Similarly to the above, by introducing Eqs (45)—(47) and the temperature dif-
ferences into the differences of the fundamental equations between the symmet-
ric points, we get final solutions quite easily and they are as follows:

BC: = (kk + 2kn + ko)AB (50)

WA
aAl=~NC? +c? Lad 5D

VS + S - o1 Y+ ot

For the phase difference, &

PS5 = Pi§y

tand = PrS T PiS, (52)
and
sind = PaSa - Pad, (53)
V€2 + ¢ )8+ SHI - 0t )Y+ 0 t?]
where
Pi=0t C{ + (1 + o1 )CY (54)
and
Pr=(1+ @t )C! -0t CY (55)
Discussion

Thus the solutions obtained by taking accounts of the complex heat capacity
and the thermal contact are very complicated and not so useful as the above solu-
tions neglecting the thermal contact. However, the solutions for the heat capacity
without the imaginary part are simple and useful. For these cases,

0 =0 (56)
so that we have

C{ WAy
V(ST + SH(1 + 01

|AAI = (57)

Therefore, if we can estimate the effect of thermal contact, i.e., T, or the pro-
portionality coefficient, V(ST + S2)(1 + ®’1°), we can measure the heat capacity
accurately without the effect of thermal contact. For this purpose we have the
next equation:
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- S’S
sind = 052 fm — (58)
VST + (1 + w’1)

so that we can get relation between sind and the proportionality coefficient by ex-
periments for different Cy, and this experimentally obtained relations at a given
temperature can be used to get the correct proportionality coefficients taking ac-
counts of the thermal contact, as pointed out in other papers [9, 10, 18].

Concluding remarks

The steady state of TMDSC, in which the sample temperature oscillation is
the reference oscillation, is dealt with in this paper, and the following points are
made clear.

(1) The temperature difference oscillation can theoretically be derived in a
rigorous function of the sample temperature, though it can not be obtained in a
rigorous function of the heat source temperature but only in an approximatc
function. The difference in the reference oscillation causes large difference in
the results.

(2) The real part of the sample heat capacity is proportional to the underlying
temperature lag between the sample and the reference material, as used for heat
capacity measurements by conventional DSC, while thc amplitude of the tem-
perature difference in TMDSC is proportional to the square root of square sum of
the real part and imaginary part of the sample heat capacity. The real and imagi-
nary parts of the temperature difference oscillation can also be used to estimate
complex heat capacity. Thus, the complex heat capacity can be measurded by
TMDSC.

(3) The proportionality coefficient between the amplitude and the heat capac-
ity is dependent on the heat capacity of the reference material, so that the same
reference material shall be used in heat capacity measurement by TMDSC, in
contrast to conventional DSC, where the heat capacity of the reference material
is not involved in the proportionality coefficient between the steady state tem-
perature difference and the heat capacity difference.

(4) The thermal contact between the sample cell and the cell holder has influ-
ence on the proportionality coefficient between the amplitude and the heat ca-
pacity, while it does not influence on the proportionality coefficient between the
underlying temperature lag and the real part of heat capacity from theoretical
view point. The influence can be detected by observing the phase lag in a region
where the imaginary part of heat capacity is negligible.

(5) In reality the thermal contact causes error in heat capacity measurements
by conventional DSC. This fact suggests us another effect of the thermal contact
and it seems due to change in heat flow distribution around the sample tempera-
ture sensor by the thermal contact.
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