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TEMPERATURE MODULATED DSC (IMDSC)
Applications and limits of phase information, ¢, determination
and effect separation
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Mettler-Toledo, Sonnenbergstrasse 74, CH-8603 Schwerzenbach, Switzerland

Abstract

The ADSC (Alternating DSC [1]) technique superimposes upon the conventional constant
healing rate a periodically varying modulation [2-8]. The medutation creates high instantancous
heating rates which increases sensitivity. The low underlying constant heating rate 15 used to get
better resolution. With ADSC it is possible to separate overlapping thermal effects without loss of
sensitivity and to determine heat capacities under quasi-isothermal conditions. It has heen re-
ported that there arc also some limitations for the use of the modulation techniques, i.c. that the
accuracy of ¢, determination is reduced at higher modulation frequencies due also to thermal dif-
fusivity within the sample itself [9, 10].

In this contribution, the limitations given by the measuring system itself” will be discussed. A
key value is the limit frequency of the sensor arrangement. In the Mettler Toledo DSC821° this
frequency is approximately 1/3 Hz. From these findings the following recommendalions amongst
others can be given: for light mass crucibles, 30 s periods are reasonable with amplitudes not ex-
ceeding the heating/cooling rates possible. A blank and a calibration measurement will eliminate

cell asymmetry and will enhance the accuracy of ¢, measurements even at higher madulation fre-
quencics.

Keywords: ¢_ determination, modulation requency, recommendations for TMDSC parameters,
MDSC, TMDSC calibration

Introduction to ADSC

The measurcd heat flow comprises fractions which arise from ¢, (sensiblc hecat)
and those due to physical transformations or chemical reactions (lalent heat). The re-
lation between heat flow (HF), vate (f) and ~ic given in B (1)

e oA L _ditdde 1 HE T (n
PT AT m T dTAEm T B om

where H enthalpy, T temperature, m sample mass, ¢ Lime, HF heat flow, B heating
rate.

ADSC with its periodic temperature program (Fig. 1) combines the advantages
ol the following measurement modes:
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Fig. 1 Some periodic temperature programs used for ADSC. For all wave forms, the mean
heating rate, B, is equal 10 the temperature increase per period (increment ¢} divided
by the duration of the period, p: B, =ifp. The amplitude, A, corresponds to half of
the peak-peak value of the periadic temperature program

— High sensitivity in respect o cp changes thanks (o the high instantaneous heat-
ing rate.

— High temperature resolution thanks to the low mean heating rate.

— Thanks to the sepatation in reversing and non-reversing curves overlapping
phenomena can be resolved.

— ¢p determination under quasi-isothermal conditions, e.g. during chemical reac-
tions.

Theory

Sinusoidal ADSC

Instead of constant heating rate, a sinc wave is modulated on a low underlying or
mean heating rate, Boeun:

T(t) = Ty + Prnesn! + Arsin{r) (2)

where At is the amplitude of the temperature modulation, ®=27/p is the angular fre-
quency and p the period of the modulation.
By differentiation of Eq. (2) we obtain the heating raie:

B(t) = Prnean + Apcos(©t) (3)
Aﬁ =AT(1) (4)

where A is the amplitude of the heating rate.
The maximum/minimum heating rates are:

Atlm
ﬁMax = ﬁmcan + AB - B]ncnn + T (5)
P
ATZTC
ﬁMin = Dmean - AB = p'mgﬂn - T (6)

Bria may not exceed the maximum cooling rate of the used DSC instruments.
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Aaxo Sinusaidal Modulation

Fig. 2 The sinusoidal temperature program {center) corresponds to a sinusoidal heating rate
{hottom). They produce the sinusoidal heat flow (top} with a phasc lag

Measuring the DSC signal a modulated heat flow is recorded which is shifted by
the phase @ compared to the heating rate. B(n). This means that the heat flow is lag-
ging behind the heating rate (Fig. 2).

HF = Aypcos(oy + @) (7

Similarly to Eq. (1) ¢, can be calculated from the amplitude of the heat flow and
the amplitude of the heating rate

Ayr
lenl = : (8)
cp Ayme (complex cp)
¢p = leglcose  (in-phase ¢p) (9)
oy = Ir;’,lsin(p {out-of-phase ;) (10)

In addition to ¢, the sensible heat Mow usually called the reversing heat flow is
calculated. The term ‘reversing’ comes from the fact that the deflection of the ADSC
signal caused by reversing or ¢, effects changes when the heating rate changes sign.

Equation (1) solved for the heat flow, now called reversing heat (low, HF ..

rev = Bﬂll}ill)cp (] l )

where C, is the heat capacity of the sample.
From Eqs (4} and (R) the heal capacity is:

HF,

C

0= JoAur (12)
T
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Fig. 3 Analogy of thermal and electrical circuits; U voltage, f current, R resistance, C capac-
ity, Uy furnace temperature, Ug sample temperature, U, reference lemperature, R ther-
mal rcqlsmncc C; heat mpauly of the sample side, Cy, (,dpd(,lly of the reference side,
AU potential dlf[canLL (correlates to the heat flow of th sample), T {cmperature,
AQ/dr heat flow (HF), R thermal resistance, € heat capacity, 7. furnace temperature,
T, sample temperature; T, reference temperature, R thermal resistance, Cy beal capac-
ity of the sample side, Cg heat capacity of the refercnee side

Eleetrical circuit Thermal ¢ireuit

AN

Blark (2 pans, no 1id, 0.0 mgl

Calib (pan with 1id, 15.400 mq)

w

mwW

Sugar quenched, 16.030 mg
T T T T T T T T
Q 5 10 1t 20 25 an 34 min

Fig. 4 Sample, blank and calibration curves measured with a mean heating rate of 2 K min”,

an amplitude of 0.5 K and a period of 1 min
The reversing heat flow is:
« __ PPmcun (13
Hf’rcv =— A F )
2RAT

(Remark: The negartive sign is for the upwards exothermal direction.)

The mean value curve calculated for the ADSC curve is equal (o a classical DSC
curve without modulation. This curve is called the total heat flow (Fig. 5).

To obtain the non-rcversing heat flow the reversing signal is subtracted from the
total signal:

HFlmn—mv = "Ileu] - HFrcV (] 5)
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Fig. 5 All curves and some numerical results (¢ values) obtained from the ADSC evaluations
of the measurement shown in Fig. 4. The glass transition ix detected at 75°C, the cotd
crystallization at 115°C

Physical model

The accuracy of ¢, determinations depends also on the thermal diffusivity within
the sample itself [9, 10], but the measuring system has also (o be considered. To es-
timate these limitations, a simple ‘RC’-maodel of the DSC sensor has heen used:

Experimental

To compare modcel calculations with real measurements, the following measure-
ments were performed:

» 3 diffcrent masses of sapphire (m1=21.582 mg, m2=42.305 mg, m3=61.612
mg) corresponding to 1, 2 or 3 discs in an aluminum pan. Aluminum reference pan
without lid.

a 7 different periods {12 4, 15 ¢, 30 s, 605, 120 5, 240 ¢, 480 &)

o Blank, Calibration and Sample measurement {or every combination (every
measurement was repeated 4 times to check the reproducibility)

s 3 different evaluation possibilities were used:

Method 1: just the sample curve:

no correction of asymmetries ol the cell, no quantitative ¢
Mecthod 2: sample and blank curves:

correction of asymmetries of the cell, no quantitative p values.
Mecthod 3: sample, blank and calibration curves:

correction of asymmetrics of the cell, quantilative ¢, values,

The calibration run is uscd in a similar way as in ASTM E1296 but the calibra-
tion material is aluminum with the known ¢p lemperature function. Measuring sys-

P values.

S Therm. Anal. Cul., 56, 1999
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tem: METTLER TOLEDO STAR® System with DSC821° ADSC cvaluation. The
heat flow curves are shown with exothermic direction upwards.

Results

Typical ADSC curves of a complete measurement (inethod 3) of yuenclhied sugar
are shown in Fig. 4. The respective evaluations in Fig. 5 are given to demonstrale
separation of reversing and non-reversing effects (change of ¢, during glass transi-
tion and cold crystallization [rom the frozen amorphous state).

The comparison of the ¢, values measured (leyl} and model calculated vsing sap-
phire, in function of the frequency, is given in Fig. 6. Figure 7 shows the related
phase shift. The main deviations are due to the simplificd model, neglecting the heat
transfer from sensor to sample and within the sample. The furnace itself has also not
becn considered in the model calculation.

©p [WBK] cp diagram
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Fig. 6 (o determination by ADSC in lunction of the modutation trequency at 125°C (isother-
mal) with sapphire mass 1; selid line — measured; dashed line — model calculation.
Method | was used. -o— € measured (125°C, m1); —¢— < model (125°C, m1)
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Fig. 7 Phase behaviour in function of the modulation frequency; Fig. 6. Method | was used
-0~ ¢, measured (125'C, m1); —¢— < mode} (125°C, m1)
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The comparison of the modeling and measurement results show that blank and
calibration runs {method 3) are the most important ones for accurate cp determina-
tions by ADSC, Figs 8 and 9.
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Fig. 8 ¢, values of sapphire {mass I, 125°C) measured and evaluated according 1o method 1.
—+ - 1lit (125°C, m1); -0~ measured {125, m1); —x— c; (125"C, ml)
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Fig. 9 ¢, values of sapphire (mass I, 125"C) measured and evaluated according to method 3.
~+-11it (125°C, m1); -0 measured (125, m1); -x- c; (125°C, ml)

The limit frequency given by the model is appreximately 1/3 Hz. According lo
signal theory, a decade smaller frequency should not be exceeded in order to have no
distortion. Hence, a periad of »30 s is an appropriate perind for ADSC, which is con-
firmed by the sapphire measurements (Fig. 6).

Method 3 is the most accurate method to get the correct ¢, values of a substance
{c,) tor large and small periods. Here the blank curve is used to correct the ealibra-
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Fig. 10 46.28 mg of a [lat piece of a printed circuit board are analyses by ADSC using
method 2. ¢, and hea flow curves do nol shiow the nermal behaviour during glass tran-
sition. Only the phasc curve identifics the glass transition temperature by a pro-
nounced peak

tion and sample curves with respect to cell asymmetry. With large periods of more
than 60 s the aluminum mass should be in a range that the resulting amplitude is hig-
ger than 100 pW, otherwise the online calibration is not very accurate.

If only temperature information is requested, the phase signal itsclf can be very
helpful to detect and localize a glass transition temperature which is not scen by
standard DSC measurements: example given in Fig. 10

Conclusions

From the model calculations and measurement results the limiting conditions and
recommendations can be summarized as follows:

1. Choose 0<<0jy: reriod (no damping is always better
than compensation)
Pl Uight Al crucible, 10 mg): 35 30 s is a reasonable period

Plimi (Al standard crucible, 40 mg): 125 60 8 is a reasonable period

2. Do not exceed the instrument amplitude (no dcterioration)
heating and cooling rates

3. There should be 6-10 cycles () over underlying heating rate
the interesting thermal efTect (AT) e.g.: 20 K/(10- | min)=2 K min™’
Dmc(m:AT/(”P)

4. Use small crucible mass higher limit [requency

A Therm. Anal. Cal., 56, 1999
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5. Measure with flat samples good heat transfer (less damping)
6. Use small samples similar frequency behaviour as for the blank
{(better accuracy of the ¢/ calibration)
7. Make the difference between the significant blank amplitude (better
sample and reference pan masses big online g calibration)

enough (used only for CI’) calibration}

8. Avoid signal valucs (amplitudes) amplitude and/or period (smaller (-F’, error)
less than 100 uW

9. Mcasure a blank curve Lo eliminate the cell asymmelry

10. Choose the amplitude much smaller  good resolution for the non reversing
than the interesting thermal effect signal

The ADSC technique is used in many applications Lo separale reversing effects
(c.g. glass transition, Curic transition) and non reversing effects (e.g. chemical reac-
tions, crystallization, enthalpy relaxations, evaporations).
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