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Abstract

The introduction of modulated DSC (MDSC) increased the utility of DSC by adding the ability to separate the sample
heat flows resulting from time dependent and time independent processes. The time independent sample heat flow rate is
just that which is due to the sample heat capacity. MDSC is based on conventional DSC where the measured signal is the
temperature difference between the sample and reference positions of the sensing apparatus. The measured heat flow rate
display significant dependence on the period of the modulation, as demonstrated by the well-known decrease of measured hea
capacity with decreasing modulation period. To reduce the frequency dependence, MDSC experiments are usually performed
using rather long periods, typically 60 s or more, or various calibration or correction techniques may be applied. Long periods
require low average heating rates and result in rather lengthy experiments that reduce the productivity of the DSC. A new
MDSC heat flow measuring technique has been developed that greatly reduces the frequency dependence of the heat flow
measurement. It includes three components: (1) a new DSC cell that has independent sample and reference calorimeters
and includes two differential temperature measurements, (2) a new DSC heat flow measurement method that is based upon
independent sample and reference heat flow rates and (3) a new MDSC heat flow calculation method that uses the independen
sample and reference heat flow rate measurements. MDSC experiments using this new technique display greatly reduced
period dependence, allowing modulation periods as short as 20 s to be used. Higher average heating rates may be used an
productivity of the DSC is increased as much as threefold or rhore.
© 2002 Published by Elsevier Science B.V.
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1. Introduction Numerous benefits have resulted and the technique
has enabled researchers to gain additional insight into

Modulated DSC (MDSC) was initially developed the behavior of a number of phenomena, for example
by Reading et al[1], who showed that by adding a the glass transition of polymers. However, the tech-
periodic temperature oscillation to the conventional nique has been hampered by the inability to obtain
DSC thermal program and performing suitable mathe- high quality results at short modulation periods. Heat
matical manipulations of the measured heat flow rate, capacity measured by MDSC should be independent
the resultant heat flow signal could be separated into of the period of modulation and indeed that is the

time dependent and time independent components.case for sufficiently long periodstig. 1 shows the

heat capacity correction factor obtained from heat ca-

¥ Fax: +1-302-427-4081. pacity measurements of sapphire made at a constant
E-mail address rdanley@tainst.com (R.L. Danley). average temperature of 320 K and modulation periods
1 patents applied for. between 10 and 90s with 0.05 and 0.2 K amplitudes
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Fig. 1. Heat capacity correction factor as a function of modulation period for sapphire samples at 320K with 0.05 and 0.2 K modulation
amplitude[2].

[2]. The heat capacity correction factor is the ratio 2. DSC heat flow rate measurement theory

of the correct heat capacity to the measured heat

capacity. The data display a systematic decrease in Generally, the measured signal in DSC is the tem-

measured heat capacity as the period is reduced. perature difference between the twin sample and
A number of researchers have developed methods toreference calorimeters. The signal is converted to a

correct for this period dependenf®-5]. These meth-  heat flow rate by the application of a temperature

ods use heat transfer models of the DSC, sample anddependent proportionality factor

pans to apply corrections that are deper_ldent on theq — E(T)AT )

frequency and temperature of the experiment. Input

signals to the models are the heat flow rate signal and The proportionality factoiE(T) is the inverse of the

the phase angle between the heat flow rate and thethermal resistance between the furnace and the points

measured sample temperature. All rely upon perform- at which differential temperature is measured. It is a

ing calibration experiments using samples with known
heat capacity. In some casigs5] the reference posi-
tion of the calorimeter is empty.

In this paper, it will be shown that a large part of this

function of temperature and depends upon the geom-
etry and materials of construction of the differential
temperature sensing apparatus. However, this rela-
tionship is greatly simplified and gives the correct

period dependence is due to instrumental effects andmeasured heat flow only under restricted conditions.
may be eliminated by applying the MDSC heat flow As will be shown below, this expression gives the
calculation method described here. This new method correct heat flow rate only when the DSC is perfectly
is implemented in the TA Instruments Q1000 DSC. symmetrical and the heating rates of both the sample
Because it includes two differential temperature mea- and reference sides of the instrument are the same, in
surements and is constructed such that mutual heatwhich case the signal corresponds to the sample heat
exchange between the sample and reference calorime-capacity.

ters is virtually eliminated it is capable or measuring  An alternate technique for measuring the heat flow
the sample and reference heat flow rates indepen-rate in DSC has been described that uses a more com-
dently, a necessary condition for application of the plete heat flow measurement equation which accounts
method. for asymmetry and the differences in heating rate
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Goum Sample and Pans i = ATo+ AT c (dTS dAT)

r— Rr T

dr dr ®)

Cos Cor where AT is the temperature difference between the
Tps } { { { Tor sample and reference calorimeters axty the tem-
%7 perature difference across the thermal resistance of
_ the sample calorimeter. The measured heat flow rates
T 9, gs and g, are the heat flow rates to the sample and
its pan and to the reference pan. The sensor thermal
——————————— - resistances and heat capacities are temperature de-
} % } { pendent and are determined by a two-step calibration

procedurg6]. Unlike other DSC heat flow rate mea-
surements; the sample and reference calorimeter ther-
Ry R, mal resistances and heat capacities are not assumed
to be equal. The calibration method determines the
individual values.

L To obtain the heat flow rate between the sample and
DSC Ty its pan, a heat balance is performed on the pan
Fig. 2. Network model of DSC. Pans and sample are above and . . dTps
calorimeters are below the broken line. ds = gsam~+ MpsCpan dr

dwheremps is the sample pan mass anogh, the spe-
cific heat capacity of the pan material. It shows that
the measured sample heat flow rate is the sum of the
sample and pan heat flow rates. The measured refer-
ence heat flow rate is just that of the reference pan

between the sample and reference calorimeters an
pans[6]. It is based on a lumped heat capacity heat
transfer model[7], Fig. 2 shows an electrical net-
work analogue of the DSC. The sample and reference
calorimeters are each represented in the model by a
thermal resistancR and a heat capacitg, subscripts ) dTpr
s and r indicate sample and reference calorimeters. 4r = "prcpan~ g
The sample and reference pans are represented by heat L
capacities Cps and Cyy, thermal resistanceR, rep- The mgasured reference hggt flow rate eql_Jauon is used
resent heat exchange between the pans and the DsSCC eliminate the pan specific heat capacity from the
sensor. The reference pan is assumed to be empty_measured sample heat flow rate equation yielding
The heat flow rate between the sample and it's pan o <mps(dTps/dt)>
iS gsam the measured sample and reference heat flow 4sam=¢s —qr | ———— -~

) Mpr(ATpr/dt)
rates areys andqg;. The model does not include a heat
flow path between the sample and reference calorime- The sample heat flow rate is seen to be the difference
ters, because the TA Instruments Q series DSC sensoibetween the measured sample and reference heat flow
is constructed so that there is no direct heat exchangerates ofEqgs. (2) and (3with a factor applied to the
between the sample and reference calorimetgtand reference heat flow rate that accounts for the differ-
T, are the measured sample and reference calorimeterence between the sample and reference pan heating
temperatures anths andTpr the sample and reference  rates and masses. The temperatures of the pans are
pan temperatures. Perform a heat balance on eachcalculated from
calorimeter and substitute the measured differential

temperaturesAT and ATy to obtain the measured ps=Ts — qsRp )
sample and reference heat flow rates: Tor = Ty — e Rp (5)

. _ ATo _C d_TS 2 The value of the contact resistance is obtained from a
qds = s (2

Rs dr temperature dependent contact resistance function that
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uses empirically determined coefficiefé$. When the be significantly in error and hence, also the MDSC
equations fogs andg, are substituted, the sample heat result.
flow rate equation becomes

. AT mpsdTps/dt 3. MDSC measurement method
dsam = R e OTpr/dr
1 1 mpsdTps/dr The method developed by Reading consists of
+ATo <R_ - F_dT—/dt) performing a DSC experiment with a periodic tem-
s A ftpr Blpr perature oscillation impressed on the typical DSC
_d_TS (Cs _ Crm_psdTPS/d’> experiment comprising constant heating rate segments
dr mpr dTpr/dt and constant temperature segments. The resulting
dAT _ mpsdTps/dt heat flow rate signal is separated into a total or un-
dr rm_pr dTpr/dr (6) derlying part, a reversing part and a non-reversing or

non-rapidly reversing part. The total, or underlying
Term 1 includes the conventional DSC heat flow heat flow rate corresponds to the DSC heat flow result
equation (1). Terms 2 and 3 include the differences that would be obtained from the same DSC experi-
between the sample and reference thermal resistancesnent without the superposed oscillation. The revers-
and heat capacities and express the effects of asymmeing part of the signal is due to the heat capacity of the
try within the DSC sensor on the measured heat flow sample. The non-rapidly reversing part of the signal
rate. Term 4 includes the time derivative afT and is due to time dependent processes in the sample.
expresses the effect of differences in heating rates be- Both the heat flow rate and the sample temperature
tween the sample and reference calorimeters. All four signals are processed in the same maf8f. A dis-
terms include the pan mass ratio and the sample andcrete Fourier transform is performed on each of the
reference pan heating rate ratio. Those factors expresstwo signals to separate the sine and cosine components
the effects of pan mass imbalance and heating ratefrom which the amplitudes and the phase angles of the
differences on each term of the sample heat flow rate. modulated heat flow rate and temperature are found.
All of the right hand side terms in the equation involve A one cycle moving average of both signals is taken
only the measured signals and the properties and heatto remove the modulation and recover the underlying
ing rates of the sample and reference calorimeters andsignals. The heat capacity is determined using the fol-
pans. This equation reducesHEg. (1)when the sam-  lowing equation from AC calorimetry:
ple and reference calorimeters have the same heating g
rates, the sample and reference calorimeter thermalC = —
resistances and heat capacities are identical, and the oT
sample and reference pans have the same mass and thehere and T indicates the amplitude of the mod-
same heating rate. Under those conditions, the mea-ulating part of the heat flow signal and temperature,
sured heat flow rate corresponds to the sample heatrespectively, and the circular frequency 2fp, where
capacity. Under any other conditions, the sample heat p is the period of the modulation. The reversing heat
flow rate is not proportional to the difference between flow is calculated by multiplying the measured heat
the sample and reference calorimeter temperatures.capacity by the underlying heating rate, which is cal-
Thus, only under very restrictive conditions, which culated from the moving average of the sample tem-
are almost never achieved in practice déas (1) perature. The total heat flow rate is just the underlying
give the correct sample heat flow rate. In general, dur- heat flow rate. The non-reversing heat flow rate is the
ing an MDSC experiment, the sample and reference difference between the total and reversing heat flow
calorimeter heating rates are not the same and the samrates. The phase angle between the heat flow rate and
ple and reference pan heating rates are not the samethe temperature is the difference between their phase
consequentlfEq. (1)does not give the correct sample angles.
heat flow rate. The impact on an MDSC measure- As was shown above, the conventional heat flow
ment is quite clear, the measured heat flow rate may rate measurement dtqg. (1) does not give the ac-
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tual sample heat flow rate unless the heating rates of4. New MDSC measurement method
both the sample and reference calorimeters are the
same. In general, this condition is never obtained in  The DSC is a twin instrument, comprising a sample
an MDSC experiment, but it is approached as the pe- and a reference calorimeter within a common thermal
riod is lengthened. When the period is decreased, theenclosure, where the two calorimeters are usually as-
difference between the heating rates of the sample sumed to be identical. The nominal output of the DSC
and reference calorimeters increases because of thds the difference between the heat flow rates measured
heat capacity of the calorimeters, the sample and theby each of the calorimeters. Advantages gained by
pans and the thermal resistances between them. Conthe use of twin calorimeters include cancellation of
sequently, the amplitude of the measured sample heatheat leakage and temperature disturbances common
flow is attenuated and the measured heat capacity de-to both calorimeter§l2]. This MDSC heat flow rate
creases. The measured temperature is never the acmeasurement uses a variation of the twin principle,
tual sample temperature, but rather it is measured atrather than measuring the difference between the
a location remote from the sample and so, at shorter sample and reference heat flow rates, the difference is
periods suffers less attenuation than the actual sam-taken between the components of the heat flow rates.
ple does. Because of this the measured temperatureThe total heat flow rate is the difference between the
amplitude used to determine the heat capacity is too sample and reference total heat flow rates, likewise
large. The consequence of these two shortcomings isreversing and non-reversing heat flow rates are the
a systematic reduction of measured heat capacity with differences between the sample and reference revers-
decreasing period. The total heat flow rate is gener- ing and non-reversing heat flow rates. To accomplish
ally unaffected by the modulation period, however, it this, the sample and reference heat flow rates are
may be in error due to the imbalance effects described measured separately, as indicatedHys. (2) and (3).
above, especially during transitions when the sample Experiments demonstrate the reduction of the period
and reference heating rates differ. The non-reversing dependence of the heat flow rates.
heat flow signal becomes too large to the extent that  Using the method of Reading described above,
the reversing signal is too small. sample and reference heat flow rates measured in
A fundamental assumption underlying the DSC accordance wittEgs. (2) and (3)are separated into
heat flow measurement is that the sample tempera-their sine and cosine components, which are used to
ture is uniform[9,10]. Because it has finite thermal determine the amplitudes of the periodic component
conductivity and it is subjected in all cases to a of the signals and the phase angle of the sample heat
dynamic temperature boundary condition, the tem- flow rate. Sample and reference pan temperatures are
perature within the sample cannot be uniform. In treated the same way and the amplitudes of the peri-
conventional temperature scanning DSC, this is gen- odic parts of the pan temperatures are found as well
erally a minor problem when measuring heat capacity as the phase angle of the sample pan temperature.
because the heat capacity changes slowly with tem- Moving averages of both of the temperature and heat
perature and the temperature distribution within the flow rate signals are taken over one period to remove
sample is very nearly stationafft1]. The result is  the periodic components. The temperatures of the
a slight temperature error due to the inhomogeneous sample and reference pans are found usiag. (4)
temperature distribution and the sample temperature and (5). The sample and reference heat capacities
lag resulting from temperature scanning. In MDSC, are measured using the AC calorimetry heat capacity
however, the temperature distribution within the sam- equation
ple is not stationary, which may result in reduction

in the measured real heat capacity as the period is _qs Cor — qr
decreased11,13-15]. Proper selection of the sample 52 wTps’ ra wTyr

thickness, depending upon the thermal conductivity

of the sample can reduce this uncertainty sufficiently The measured sample heat capacity includes that of
to allow heat capacity to be measured within 1% the sample and pan, the measured reference heat ca-
accuracy[13]. pacity is just that of the empty pan. The reversing
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heat capacity is calculated by 5. Experimental results and discussion
- Mps

Cprev= Csa— Crsm_pr All experiments were performed using a TA Instru-
o ments Q1000 DSC with an RCS mechanical cooling

The total heat capacity is calculated by system, which uses the heat flow rate measurement
(gs) (gr) mps and MDSC techniques described in this paper. TA

Cptot = (dTpe/0r) (dTpr/dt>m_pr Instruments standard crimped aluminum pans were
used for all samples and the DSC cell was purged with

The angular brackets indicate quantities that are nitrogen.

averaged over one period to remove the periodic iy 3ghows the result of a quasi-isothermal MDSC
component. The pan mass ratio accounts for mass dif- experiment at 100C with periods between 20 and
ferences bgtween the sanjplg anq reference_pans. The go s, the sample was 30.95mg of aluminum oxide
non-reversing heat capacity is simply the difference 4 der. The maximum variation of heat capacity cor-
between the total and the reversing heat capacity  gction factor is 5% between 20 and 90's, compared
to the results ofFig. 1, where over the same range

) of periods, the heat capacity correction factor varied
The total heat capacity must be regarded as an apparyy 108%.Fig. 1 result was obtained using a TA In-

ent heat capacity, because it includes the heat capacitysyryments 2920 DSC employing the heat flow rate

and an “excess heat capacity” that corresponds t0 measurement equation (1) and the MDSC method de-
the non-reversing sample heat flow. Heat flow rate g¢riped by Reading. The results Bfg. 3 were ob-

Cpnon= Cptot — Cprev

components are determined as follows: tained using the individual sample and reference heat
_ dTps _ dTp flow rate measurements &qs. (2) and (3)and the
gtot = Cptot G | grev = Cprev “ar | MDSC method described in the previous section. The

reduction in variation of measured heat capacity with
period is the result of accounting for the effects of the
The reported phase angle is the difference betweenheat capacity of the calorimeter and the pans on the
the phase angles of the sample pan temperature andneasured heat flow and in measuring the amplitude

q.non = Qtot - Qrev

the sample heat flow rate. of the pan temperature, which is much closer to the
1071 o o
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Fig. 3. Heat capacity correction factor as a function of modulation period, 30.95mg alumina powder &t 100
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Fig. 4. The 9.67 mg polystyrene beads, total and reversing heat capacities as a function of temperature determined using the nhew MDSC
method.

sample temperature amplitude than is the sensor tem-sured reversing and non-reversing heat capacities and
perature amplitude. heat flow rates. It was shown that the conventional
Fig. 4 shows the result of an MDSC experiment DSC heat flow measurement based on the temper-
showing the total and the reversing heat capacities for ature difference between the sample and reference
a 9.67 mg sample of polystyrene beads. Four differ- calorimeters incorrectly measures the sample heat
ent sets of MDSC conditions were used:°TJmin flow rate when the heating rates of the calorimeters
heating rate with a 20's period,’&/min heating rate s different. In general, during an MDSC experiment,
with a 40s period, 3.75%C/min heating rate with a  the heating rates of the calorimeters are different,
60 s period, and 2.8C/min heating rate with an 80s and the difference becomes more pronounced as the
period. Both the total and reversing heat capacities modulation period is decreased. The result is that the
show very little influence of period on the measure- heat flow rate amplitude used to determine the sample
ment. Below the glass transition at 80 the variation heat capacity is too low and hence, the measured heat
of total heat capacity is 1.1%, while the variation of capacity is too low. A similar problem exists with the
reversing heat capacity is 1.4%. Above the glass tran- temperature amplitude, which in conventional MDSC
sition, at 125 C the variation of total heat capacity is is that of the sample temperature sensor, consequently
1.1% while the variation of reversing heat capacity is because of heat exchange between it and the sample
0.75%. Above and below the glass transition, the total its amplitude is too large. The combined effects of
and reversing heat capacities should have the samelow heat flow rate amplitude and high temperature
value. At 80°C, the mean values of the reversing and amplitude result in measured heat capacity decreasing
total heat capacity differ by 0.8% while at 125, the with modulation period. These instrumental effects
mean values differ by 0.5%. are greatly reduced by the new method. The sample
and reference heat flow rates are measured sepa-
rately using a measurement method that accounts for
6. Conclusions calorimeter and pan heat storage effects and instru-
mental imbalances. The temperature of the sample
A new MDSC method has been described that and reference pans is calculated from the measured
substantially reduces the effect of period on the mea- temperatures and heat flow rates. The resultant heat
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