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Abstract

Temperature modulated differential scanning calorimetry (TMDSC) is a recently developed method used to analyze thermal
properties of materials such as heat capacity C,, and heat flow under isothermal or continuous heating conditions. However the
method of measuring C, in TMDSC and the separation of reversing heating flow (RHF) from non-reversing heat flow (NHF)
depends on the precondition that the system is linear and the effect of non-reversing heat flow is also linear or very close to
being so. In this paper, a numerical simulation method is used to study heat capacity C,, NHF and RHF in various situations. It
is found that using Fourier Transform to calculate C, is applicable under steady state condition where there is no NHF. In the
NHF releasing temperature range, the measured C,, value varies with different NHF patterns and modulation conditions even if
C,, stays constant over the whole temperature range concerned. It appears that this method should be used with discretion in
terms of the explanation of experimental results. Quantitative separation of RHF from NHF still remains a challenge if the
mechanism of NHF and its effect on the system is not clear. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction In TMDSC, the temperature of the heating block
(Ty) follows the following condition:
In the past few years temperature modulated differ-

ential scanning calorimetry (TMDSC), a novel T(t) = To + gt + ATpsin(wr). M

method distinct from conventional DSC due to the Then, correspondingly, the sample and reference

fact that a sinusoidal heating pattern can be super- temperature will be:

imposed onto an underlying linear heating rate, has 4Cs

been patented and commercialized [1-3]. However a Ty(t) = Ty + qt— - + AT,sin(wt—¢), 2)

problem of TMDSC is its reproducibility as has been c

identified by some works [4,5]. T.(t) = To + qt— % + AT sin(wt—¢), 3)
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respectively, ¢ the time, g the underlying heating rate,
C; and C; the heat capacities of the reference and
sample, respectively, AT, AT;, AT, the temperature
oscillation amplitude of the heating block, reference
and sample, respectively, w = 27/p the temperature
modulation angular frequency, where p the modula-
tion period, € and ¢ the sample and reference tem-
perature phase angle, and K the system thermal
constant, or the inverse of TMDSC system thermal
resistance Ry,

1
=%
More detailed mathematical descriptions have been
given elsewhere [6-9]. Furthermore, if 7, is constant
and the underlying heating rate ¢ = 0 or is very small

(for example, only a few degrees per min), it has been
shown that [6],

AA K\
—_ = _ 2
C—C; <ATS) (w> +CZ, @)

where AA is the amplitude of T,(f) — T(?).
In TMDSC, the sample temperature follows the
general heat flow equation:

do . (dr
E - Cp (E) +f(T7 t)> (6)

K “)

where dQ/dt is the total heat flow, A(T,) the non-
reversing heat flow component that generally
depends on both time and temperature, C,, the heat
capacity of sample material and d7/d¢ is the heating
rate.

It is possible to measure C, by deconvolution of the
temperature signals based on the assumption that the
system is linear or not far from the linear state even
with the non-reversing heat flow [6-9], hence the
reversing heat flow component Cy(d7/df) may be
separated from the total heat flow.

In this paper, a numerical model is established via
“method of finite differences” to separate the rever-
sing and non-reversing heat flows. Different types of
non-reversing heat flow are adopted to simulate heat
flow and temperature changes in TMDSC. A discrete
Fourier Transform analysis technique is used to cal-
culate sample heat capacity C,, total heat flow (HF),
reversing heat flow (RHF) and non-reversing heat flow
(NHF).

reference R, Ry sample
' 11—
dH/dt T;

heating block

Fig. 1. Simplified TMDSC model. Ry: thermal resistance between
heating block and reference or sample (assuming heating block and
MDSC cell is symmetric), dH,/dt, dH,/dt being the heat flow to
reference and sample, respectively.

1.1. Simplified model of TMDSC

Fig. 1 shows a simplified TMDSC model. In this
model, heat transfers from the heating block (with a
temperature T},) to both sample and reference. The
system is assumed to be symmetric and there is no heat
exchange between the sample and reference. The
thermal resistance between the heating block and
the sample or reference is R4 in each case.

From the above model, one may consider two
different heating situations here:

(a) When there is no non-reversing heat flow
involved, according to Newton’s law of heat conduc-
tion:

dH, (T,-T) dT;

dt R4 =G dr -’ @)
Here C,=c, M, where c, . is the specific heat
capacity of reference, M, the reference pan mass, and

dH, (Ty—Ts) dT;

dt R4 =G dr’ ®)
where C; = ¢, M, + ¢, M, C;is the total heat capa-
city of sample and sealing pan, ¢, the sample specific
heat capacity, and M is the sample mass (the sample is
sealed in the same pan as reference pan).

By subtracting Eq. (7) from Eq. (8), we can
obtain:

dH,—dH, (T;—T;)

dr a R4
where (dH, — dH;)/dt is the heat flow to heat the
sample less than the sealing pan in the TMDSC
instrument. K is a TMDSC system constant that can

be calibrated by testing materials with well known
thermal properties such as indium or sapphire.

= K(T:-T5), €))
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(b) If there is non-reversing heat flow NHF(7}¢)
during the heating or cooling process, then Eq. (8)
becomes:

dH,

—— 4+ NHF(7,¢) =
2+ NHF(T, 1)

(Tb_TS)

Ry
dTy
dr’

With Egs. (7)—(10), the following differential equa-
tions can be obtained with Finite Differences Method
(as the basis for further simulations) under the con-
dition of heating or cooling without NHF:

+ NHF(T, 1) = C; (10)

dH, T,—T;
d7; = = dr 11
r Cl- Rd Cl- I ( )
dH, T,—T,
d7 = = dr 12
S Cs Rd Cs 9 ( )

and under the condition of heating (or cooling) with
NHF:

dH, T,—T;
a7, = —L = dr, 13
C; R4C: (13)
dH, + NHF(T,t)dt
dTS _ 2+ ( ) )
G
Tv—T, dr
= | —— + NHF(7,¢ — . 14
(B enarn ) (). a9

1.2. Heating simulation and data treatment:

The purpose of this simulation is to find out how
“measured” C,, HF, RHF and NHF values will differ
from given values and the separability of RHF from
NHF, which consists of the following steps:

1. Let the heating block temperature follow a given
modulated heating curve.

2. At a certain time or temperature, a non-reversing
heat flow is “triggered” artificially and varies
according to the NHF release patterns.

3. Calculate the temperatures of sample, reference
and heating block, Ty,(7), Ti(t), Ts(?), and heat flow
to the sample and reference, dH(¢)/dz¢, dH,()/dt.

4. Use a discrete Fourier Transform (with a sliding
transform window) to find the first order harmo-
nics and underlying part of (7, — T;) and T so
as to calculate sample specific heat capacity c,_s
and HF(7).

5. With the sample specific heat capacity ¢, s and
HEF, it is simple to obtain the reversing heat flow:

dT;
RHF(t) = cp_sM; <—), (15)
dr
and non-reversing heat flow:
NHF(¢) = HF(¢)—RHF(z). (16)

To simulate actual modulation heating experiments,
the temperature of the heating block assumes the form
of Eq. (1). Because this is an idealized model, it is
reasonable to assume that irrespective of the under-
lying heating rate, modulation amplitude, modulation
frequency and initial temperatures, the temperature
gradient inside the sample and reference pans is
always negligible. Also we assume that the heat
capacity C, of the test sample remains constant over
the whole temperature range concerned.

In the following simulation, two arbitrary NHF
patterns are adopted: a temperature dependent NHF
pattern and a time dependent NHF pattern. There is an
important difference between the above two NHF
patterns. For time dependent NHF, once the non-
reversing heat flow process begins, it only varies with
time but not with temperature, hence its intensity
cannot be modulated by the sinusoidal part of heating
block temperature. In other words, it is not sensitive to
minor temperature variations, while for the tempera-
ture dependent NHF, it will be modulated by the
heating pattern.

In the simulation, the non-reversing reaction fol-
lows the energy distribution function (with a single
variable):

X2
H(X)dX = C. 17)
X1

Here, the non-reversing reaction will only occur
between parameter range X1 and X2 (either time or
temperature range). C is the total NHF energy.
H(X) = 0 for the region outside X1 to X2. To facilitate

numerical analysis, let
H(X) = 28Csin*[S(X—Xo)] . (18)

7r
It is easy to prove that H(X) satisfies the following
with the above assumption:

/XW/S 28Csin’[S(X—Xo)] WX C 19)
X

o ™
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Table 1

Numerical simulation parameters

Parameter Description Value

Cor Specific heat capacity of reference pan 0.951
(/g K)

Cos Specific heat capacity of sample (J/g K) 0.134

M, Reference and sample pan mass (mg) 24

M Sample mass (mg) 20

Ry System thermal resistance (°C/W) 108

dr Time step for finite differences method(s) 0.0001

C NHF total energy (J/g) 6

A Modulation amplitude (°C) 0.20

q Underlying heating rate (°C/min) 3

P TMDSC modulation period(s) 30

where X, is the NHF start time or temperature, Xy + 7/
S the NHF end time or temperature, and S is the
NHF occurrence time or temperature range adjusting
factor. Because the total non-reversing reaction
energy is fixed by C, by varying S, the range can
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be increased thus to lower the NHF peak intensity,
or the range can be decreased in order to increase
the NHF peak intensity. Computer simulation para-
meters are listed in Table 1. The values selected are
typical of those used in actual TMDSC experiments.
The system thermal resistance is obtained by compar-
ing the heat flow, reference and sample temperature
difference signals in a TA Instruments DSC 2920
heating curve.

2. Results and analysis
2.1. Temperature dependent NHF

Figs. 2 and 3 are the TMDSC simulation results for
the temperature dependent NHF release curve as
discussed above. In Fig. 2, the NHF release tempera-
ture range is preset from 200°C to 250°C. There are
more than 10 modulation cycles during the NHF

¢, o/ JK'g" HF/ mw RHF/mW  NHF/mW
204 04
- 02 06
18 - RHF
0.2 W
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144 007 HF
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--06 -02
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04 - --08 -04
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Fig. 2. Deconvoluted ¢, ;, HF, RHF and NHF when NHF is temperature dependent, with more than 10 modulation cycles in the NHF

release process.
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Fig. 3. Deconvoluted ¢, s, HF, RHF and NHF when NHF is temperature dependent, with only five modulation cycles in the NHF release

process.

process in this simulation. Due to its larger NHF
release range, the NHF peak intensity is thus lower
than that in Fig. 3 (the total NHF energy is the same in
both cases), but it takes a longer time to complete NHF
release, hence representing a ““slow” process. In Fig.
3, the NHF release range is preset from 200°C to
210°C, there are only five modulation cycles within
this region. Compared to Fig. 2, this represents a
relatively faster NHF release process.

As can be clearly seen, sample specific heat capa-
city ¢p_ at steady state where there is no NHF can be
accurately deconvoluted from the simulation data.
When the temperature dependent NHF begins,
although HF curves are similar in the two simulations
(the only differences are the duration and peak values),
the ¢,  value obtained by discrete Fourier Transform
varies drastically from Fig. 2 to Fig. 3. As do the
reversing heat flow and non-reversing heat flow. The
original material ¢, ¢ can no longer be recovered
during the NHF incidence. In Fig. 2, two “valleys”

show up in the C; curve with a “hump” between the
two while in Fig. 3, a strong peak appears in the ¢,
curve, with a maximum far greater than the given
value under steady state.

2.2. Time dependent NHF

Figs. 4 and 5 are the simulation results for time
dependent NHF release process. The only difference
between the two is the NHF process time range. The
deconvoluted sample c,, ; value at steady state both
before and after the NHF process still remains the
same as the given simulation value (0.134 J/kg). This
helps to explain why in TMDSC the materials heat
capacity C, could be effectively measured in a single
run with the precondition that no non-reversing heat
flow is involved.

From Figs. 4 and 5, it is found that if there are more
modulation cycles in the NHF reaction, the deconvo-
luted ¢, ¢ has much smaller deviation from the true
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Fig. 4. Deconvoluted ¢, , HF, RHF and NHF when NHF is time dependent, with more than 10 modulation cycles in the NHF release process.

value of ¢, ;. With further data smoothing treatment,
the “measured” ¢,  will be fairly close to the accurate
value even if there is such a non-reversing heat flow
occurring as illustrated in Fig. 4.

Lacey et al. [10] reported their analytical solutions,
in which the NHF is a first-order chemical reaction
that is both time and temperature dependent. With a
number of approximations in the analysis, their results
also show that the ““measured” heat capacities of the
sample exhibit deviations during the endothermic
reaction where it had been assumed that the heat
capacity stays constant, and the peak values can be
decreased by increasing the modulation frequency.
Another factor that can affect the result is how sensi-
tive the NHF reaction to temperature changes. These
are consistent with our present simulation results. For
certain kinds of reactions that take a relatively longer
time to complete, this approach may be feasible to
obtain a better result, while for other NHF reactions
that are complete in a much shorter time or in a very
narrow temperature range, then it has some limita-

tions. The instrument thermal inertia and resolution
set a lower limit to the modulation period (for exam-
ple, TA Instruments DSC2920’s suggested minimum
modulation period is 10s), temperature gradients
inside the sample will also increase with increased
frequencies. These factors could contribute to test
errors and complicate experimental result interpreta-
tion. Besides, according to the numerical simulations
as shown in Figs. 2 and 3, it seems even if there is no
limitations to the modulation frequency, whether the
measured (actually deconvoluted) heat capacities truly
reflect materials heat capacities still depends on the
characteristics of the reaction itself, that is, its time
and temperature dependency.

The Fourier Transform is applicable to linear ther-
mal response systems [11,12]. Should satisfactory
results be obtained, the whole system (including the
measurement instrument and sample parameters to be
tested) should meet the superimposition principle.

In a real situation, NHF may occur in the form of
chemical reactions, kinetic events such as crystalliza-



S.X. Xu et al. / Thermochimica Acta 343 (2000) 81-88

87

¢, /IK'g"  HF/mw RHF/ mW  NHF/ mW
1 2
14 - /\W
RHF -0
1.2 0 / 1
-1
1.0 HF
-1 - 0 |
0.8 -
-2
NHF
0.6 2 - R
-3
0.4 -
-3 2 -
0.2 Cos
/ - -4
00 - -4 T T T T -3 -
0 100 200 300 400 500
Time/ s

Fig. 5. Deconvoluted ¢, ;, HF, RHF and NHF when NHF is time dependent, with only six modulation cycles in the NHF release process.

tion from amorphous state, recrystallization or a com-
plex combination of some of them. The resultant NHF
pattern could be much more complicated than those
used in the model. Furthermore the heat capacity of
the sample may actually change during the reaction
depending on the nature of NHF release process, thus
the system could be far from linear. In this case,
although qualitative separation of reversing and
non-reversing one is possible, quantitative separation
still remains to be solved.

3. Conclusions

From the above simulations, the heat capacity of the
sample seems to be heavily dependent on the NHF
pattern and the modulation conditions. The measure-
ment of C,, is quite applicable for steady state where
there is no NHF. If NHF is only time dependent and
the modulation frequency is high enough, it is still
possible to allow relatively good deconvolution of C,,

HF, RHF and NHF. When NHF is strongly tempera-
ture dependent, its effect on the heating process is non-
linear and could influence the thermodynamic
responses to such an extent that the deconvoluted
results can no longer accurately reflect materials true
heat capacities. With both C,, and f(7,¢) unknown in the
general heat conduction Eq. (6) when there is a non-
reversing heat flow incidence, care must be taken
when explaining the deconvoluted C,, HF, RHF and
NHF.
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