
Introduction

The determination of heat capacity has been the main

goal in our laboratory for 50 years. This objective was

pursued with classical and scanning adiabatic calo-

rimetry [1], differential thermal analysis, DTA [2, 3],

and later with differential scanning calorimetry, DSC

[4, 5]. The introduction of computers for data han-

dling and analysis increased the precision to better

than 1% [6]. More recently, temperature-modulated

differential scanning calorimetry, TMDSC, became

available and seemed to have great promise [7]. After

detailed study of the new methods, considerable prog-

ress was reached when using multi-frequency analy-

sis. A precision approaching 0.1% could be demon-

strated with all three major commercial DSCs [8–10].

Over the years these improvements have led to a criti-

cal collection of tables of heat capacities for about

200 macromolecules and related compounds [11].

The value of such data was proven by the quantitative

link of thermal properties to molecular motion which al-

lowed the characterization of different phases of impor-

tance to describe the change of properties of the poly-

mers during synthesis, processing, and aging [12, 13].

All analyses discussed operate by scanning of

temperature in an approximately isothermal surround-

ings, in isoperibol calorimeters [14]. The measured

heat-flow rates must in these cases be corrected with

separately evaluated baselines. When only qualitative

information is looked for, or rather large latent heats

need to be determined, as for first-order phase transi-

tions and chemical reactions, a common practice is to

combine the baseline with the effect of the thermody-

namic heat capacity, Cp. Then, the combined baseline

accounts for both, the asymmetry of heat losses and

the heat capacity, Cp=(�H/�T)n,p which represents the

change in heat content, H, with temperature, T, at con-

stant composition, n, and pressure, p. This qualitative

solution also reduces the precision of the latent heat

for broad transitions, and, naturally, excludes the

measurement of heat capacity.

Experimental

Instrumentation

A Thermal Analyst 2920® system from TA Instru-

ments was used for TMDSC with an underlying heat-

ing rate and all standard DSC measurements. For

complex saw-tooth modulation for simultaneous,

multi-frequency TMDSC, a TA Instruments, Inc.

DSC Q1000™ was programmed in the standard DSC

mode of operation. Both calorimeters are isoperibol,

twin-heat-flux calorimeters with modulation control

at the sample-temperature sensor. The indicated tem-

peratures of the equipment were checked in the stan-

dard DSC mode with the onset of melting of indium

(429.75 K) and water (273.15 K) at scanning rates of

10 K min–1, determined by extrapolating the linear

portion of the melting peak to the baseline. The
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heat-flow rate was initially calibrated with the heat of

fusion of indium (28.62 J g–1).

For the 2920® system, dry N2 gas was purged

through the DSC cells with a flow rate of 25 mL min–1

and also at variable rates, as indicated in the specific

experiment descriptions. Cooling was accomplished

with a refrigerated cooling system. The baseline with-

out pans of the DSC is shown in Fig. 1 as curve A. In

the temperature range of interest, the asymmetry of

the baseline is close to 0.1 mW, too much, not to be

corrected for. In all runs for higher precision, thus, the

asymmetry was determined with a run using an empty

pan on each platform. For heat capacity measure-

ments, further corrections were made with calibration

runs using an Al2O3 single crystal disc (sapphire) of

22.564 mg. The empty reference pan was the same for

all runs and had a mass of 22.370 mg.

For the Q1000® system, dry N2 gas was purged

through the DSC cell with a flow rate of 10 mL min–1.

Cooling was accomplished with a refrigerated cool-

ing system having a capacity to reach 185 K. For the

complex saw-tooth modulation, the heat-flow-rate

was on-line corrected with the Tzero© calibration

method [15]. The drift of the baseline after the stan-

dard calibration was then less than 0.05 mW between

185 and 670 K, as is shown in Fig. 1, curve B. This

precision made it unnecessary to do additional asym-

metry corrections. Final heat capacity calibrations

were made with 25.966 mg of sapphire, and the sam-

ple measurements were carried out with 2.629 mg of

polyethylene fiber. The sample and reference pan

masses were always chosen to match with about

23 mg. The Tzero©-corrected data were collected as

recorded by the commercial software of the DSC. All

further calculations were performed externally based

on the software package of Mathematica 3.0.

Standard TMDSC with an underlying heating rate

The TMDSC was carried out with the 2920® DSC us-

ing an underlying heating rate, <q>=2 K min–1, a pe-

riod of 60 s, and an amplitude of 0.5 K in the tempera-

ture range from 365 to 440 K. The heating run was

followed by a cooling run. Thereafter, this sequence

of heating and cooling was repeated two more times

on the same sample. The reversing heat capacity and

the phase of the heat-flow rates were obtained from

these six measurements.

Simple sinusoidal modulation at different frequencies

Quasi-isothermal TMDSC [16] which uses no under-

lying heating rate (<q>=0) was done with the 2920®

DSC employing a simple sinusoidal modulation at

301.95 and 451.65 K, below and above the melting

peak of the fiber samples. The modulation frequen-

cies, �=2��p� with periods� p=40, 60, 80 and 100 s

were coupled with modulation amplitudes of 0.5 K.

The heat capacity measurements were done twice for

each sample (fiber, premelted fiber, and PE15520)

with an empty pan and Al2O3 in the common se-

quence for the measurement of heat capacity.

Multifrequency sawtooth modulation

These experiments were carried out with the Q1000©

DSC. Quasi-isothermal experiments were performed

with the simplified, complex sawtooth-modulation

presented in Fig. 2 by curve A. Figure 2, curve B, il-

lustrates the response of the chosen calorimeter. A

comparison with Fig. 2 in Ref. [10] illustrates the im-

proved performance of the Q1000® relative to the

2920® DSC. Each sub-segment lasts 30 s and the har-

monics are of frequencies �·� with with �= 1, 3, 5, 7

and 9 corresponding to periods p of 420, 140, 84, and
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Fig. 1 Baselines indicating the asymmetry of the DSC ob-

tained from runs without pans using the two different

instruments used in this research

Fig. 2 Complex Sawtooth modulation to create multi-frequency

modulation of similar amplitude with the harmonics of

the sample temperature (A) and the heat-flow rate (B),

taken from a sapphire calibration run of 25.966 mg Al2O3



60 and 46 2/3 s. The quasi-isothermal experiments

were done at 308 and 438.15 K for Al2O3 and the fi-

bers. The experiment was repeated 15 times at each

temperature. In these experiments the different fre-

quency response was tested on the identical sample at

the same time, so that changes could be minimized.

Standard DSC on undeformed and deformed Al pans

These measurements with empty Al pans on both

measuring positions of the 2920® DSC were made at

10 K min�1 by heating from 303.15 to 403.15 K with

10 min isotherms at the beginning and end of each

run. The flow rate of the purge gas was changed from

5 to 75 mL min–1 on a series of measurements with

undeformed, flat-bottom pans of 23.4 mg Al.

This was followed with several series of mea-

surements at 25 mL min–1 N2 flow on variously de-

formed pans with different masses. The Al pans with

flat bottom were changed in mass from 23.4 to

56.1 mg by adding additional lids. One set of pans

with different numbers of lids was pressed inward

with a suitable plastic tool after crimping, to give the

pans a concave bottom. The masses varied from 23.4

to 67.4 mg. Another set of the pans and lids was

shaped outward, to be convex, and was analyzed with

masses from 23.3 to 57.1 mg.

Sample description

The samples, named ‘fiber’, always refer to

ultrahigh-molar-mass polyethylene, UHMM PE, pro-

duced as a fiber by gel spinning. The fiber was pro-

vided by Allied-Signal Inc. The polymer had a molar

mass above 106 Da and was similar to the commercial

SpectraTM 900. Its thermal properties are described in

detail in Refs [17, 18] (fiber PE-III in [17]). The fibers

were cut before placement into the sample pan. Its

strands were untwisted and placed between a doubly

folded weighing paper. The weighing paper was next

taped to a board and cut with a single-edged razor into

about 3 mm wide strips. The fibers were then trans-

ferred to the DSC pan with the help of the weighing

paper. This procedure left the fibers largely parallel.

The fibers were sealed in the standard Al pans of

about 20 µL volume, and laterally compressed on

crimping the sample pan.

The sample named ‘premelted-fiber’ was prepared

by heating the UHMM PE fiber within its pan without a

lid to 450 K in a separate oven. The resulting melt was

pressed at this temperature to be flat within the pan. The

sample pan was then sealed with a lid as usual.

The sample named ‘PE15520’ was purchased

from Scientific Polymer Products Inc. Its mass aver-

age molar masses was 15,520 Da, and Mw/Mn was

1.08, according to information by the supplier. Its re-

versible melting was studied earlier [19].

Results

Phase shift of the heat-flow and the deformation of
the pan on TMDSC of fiber samples

From the previous study [18], it was known that the

pan deformed to a convex bottom during the melting

transition on the 1st heating run, as shown in Fig. 3.

Deformations to a concave bottom were seen fre-

quently when cooling melted samples of polyesters,

such as poly(butylene terephthalate). In these cases,

the polymer melt wetted the crimped seal and often

spread to the top of the pan, causing problems in the

determination of the heat capacity. In this study, we

want to explore the details when deformations occur

and how the measurements are affected by it.

The fibers were first heated from 365 to 440 K in

the TMDSC mode with an underlying heating rate of

2 K min–1 and cooled to 365 K with the same rate.

Without removing the samples, the DSC this cycle

was repeated twice. The reversing heat capacity and

the phase of the heat-flow rate were obtained from

these measurements. The results from 2nd and 3rd heat-

ing runs were identical. Similarly, all three cooling

measurements were superimposable. Therefore, in the

following figures the 1st and 2nd heating runs and 1st

cooling run are depicted only. Figure 4 shows the re-

versing heat capacity of the fiber with the continuous

thin curves. The data in Fig. 4 are not corrected for

asymmetry and not calibrated with Al2O3. The dotted

line represents the heat capacity of a 100% amor-

phous sample extrapolated from the melt to lower

temperature, and the solid line is for the vibrational

heat capacity of a 100% crystalline sample, as given

in the ATHAS data bank [11–13]. The thick solid line

represents the same fiber, measured by quantitative

standard DSC on heating and cooling in sequences of
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Fig. 3 Photograph of the bottom of five aluminum pans. Pan

2 is an empty pan for reference. Pans 1, 3 and 4 are

filled with 2.296, 0.51 and 2.777 mg of fiber samples,

respectively, photographed after completion of the

melting runs. Pan 5 is the bottom of a heavier pan of

about 40 mg which resists deformation



steps of 10 K at 10 K min–1, interrupted by isotherms

in overlapping sequences from 173 to 403 K [17].

In Fig. 5, the uncorrected data in the low-temper-

ature region on first heating were calibrated internally

to the heat capacity below the melting region avail-

able in the literature [17]. For small sample masses

this calibration process yields better results than a

separate run with Al2O3 for calibration. In the case of

the fiber analysis, a small sample mass was chosen to

minimize the pressure effect caused by the shrinkage

of the fibers on the phase transitions within the fibers

[17]. Typical masses required for the measurement of

absolute heat capacities of polymers linked to the Cp

of Al2O3 are usually 15–30 mg [3]. The data of Fig. 5

up to the melting peak of the first heating are now of

good precision. The heat capacity of the melt, as well

as the data found on the subsequent cooling and heat-

ing, however, are unacceptable. All these unaccept-

able data after the first melting are reproducible for

the subsequent heating and cooling experiments.

Figure 6 shows the changes of the phase shift of

the reversing heat-flow-rate measurement (HF) as a

function of temperature, and Fig. 7 illustrates the

same data as a function of time. A drastic change is

observed during the 1st heating run. Before the melt-

ing, the heat-flow-rate phase difference is –0.5 rad,

and after the transition, it is –1.2 rad. After cooling, it

does not return to the original value. The 2nd and 3rd

heating and cooling runs are reproducible without fur-

ther irreversible phase shifts. We conclude that before

the melting transition, the heat-flow- rate-phase dif-

ference is about –0.5 rad with a flat bottom pan, as

shown in Fig. 3(2). With a deformed pan, similar to

Fig. 3(4), the heat-flow-rate-phase difference is about

–1.3 rad.

From these results, it is obvious that the data

must be evaluated separately before and after the shift
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Fig. 4 Uncorrected, reversing, apparent, heat capacities of

3.492 mg of UHMM-PE gel-spun fibers measured by

TMDSC with an underlying heating and cooling rate

(thin lines). Prior precision data on the same sample

up to the beginning of major melting are given by the

thick line [17]

Fig. 5 Reversing, apparent heat capacities of UHMM-PE

gel-spun fibers as in Fig. 5, but corrected to the litera-

ture data at low-temperatures on first heating [17]

Fig. 6 Phase-shift of the heat-flow rate of the data in Fig. 5 as

a function of temperature. The thick solid line is for the

1st heating and the thin continuous lines are for the 2nd

and 3rd heating runs. The dashed lines are for the three

cooling runs

Fig. 7 Phase-shift as in Fig. 6, but plotted as a function of

time, clearly indicating the deformation of the pan at

point c, corresponding to 413.4 K



of the phase difference of the heat-flow rate to obtain

the correct values of the heat capacity. The amount ‘a’

in Fig. 6 is the shift of the phase of the heat-flow rate

due to the pan deformation and the amount ‘b’ is due

to the transitions which is identical for all melting as

well as crystallization transitions. Therefore, on the

first heating run at 413.4 K in Fig. 6 or 38.25 min in

Fig. 7, the initial low-temperature baseline is shifted

to the new phase-difference of –1.3 rad with a de-

formed pan. This point is marked ‘c’ in Figs 6 and 7.

For a proper calibration, Cp before point ‘c’ must be

shifted downward by 5.64 J K mol–1 and after ‘c,’ it is

to be shifted up by 12.10 J K mol–1. Figure 8 illus-

trates good agreement with the ATHAS Data Bank of

the Cp of the liquid polyethylene [11], as well as the

literature data of the fibers [17] when correcting

twice, as suggested by Fig. 6.

Frequency dependence of heat capacity when using
sinusoidal temperature modulation

To establish the effect of a deformed pan on TMDSC,

measurements with different frequencies were made.

One commonly evaluates the reversing heat capacity

from the equations:

C
A

A
K Kp

HF

TS

� � �
�

� � 	 �( ); ( ) 1 2 2 (1)

where � is the frequency (=2�/p), K(�) is a fre-

quency-dependent calibration factor, and 	 is a cor-

rection factor when analyzing the heat capacity at dif-

ferent frequencies. Under the usual conditions of

continued steady state, linearity, and stationarity of

response, 	 is a constant (=Cr /K, where Cr is the heat

capacity of the empty reference pan and K is the New-

ton’s law constant of the DSC) [7]. At higher frequen-

cies, 	 becomes frequency dependent [20] and has to

be calibrated for every calorimeter configuration.

Figure 9 displays the 1st measurement at

301.95 K on a fresh sample of the fiber. The uncor-

rected heat capacities (�) increase with increasing pe-

riod, p. The value of 	 is constant when evaluated

from the slope of the line representing the uncorrected

data in Fig. 10. The open circles (�) in Fig. 9 are the

corrected heat capacities with the given 	. To com-

pare with the solid line of the vibrational heat capac-

ity of the crystal, the calibration with Al2O3 would

have to be done, in addition to corrections for the in-

crease in heat capacity originating from the mobile

fraction and the trans-gauche contribution from the

heat capacity of the crystals [17]. During this part of
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Fig. 8 Apparent, reversing heat capacities of 3.492 mg

UHMM-PE as in Fig. 4, but fitted to the known heat

capacity of the solid state at low-temperature, and to

the known heat capacity of the liquid state at high-tem-

perature

Fig. 9 Specific heat capacity of the fiber on the 1st run (no

pan deformation) for separate sinusoidal modulation

with p of 40 to 100 s. Filled circles, (�), uncorrected

heat capacities calculated using Eq. (1) with K(�)=1.

Open circles, (�), corrected according to Eq. (1) with 	

from the linear fitting in Fig. 10. The solid line is taken

from the ATHAS Data Bank for the vibrational heat ca-

pacity of the solid

Fig. 10 Square of the inverse, uncorrected specific heat capac-

ity of the fiber (� in Fig. 9) plotted as a function of

the square of the modulation frequencies



the run, the pan is not deformed, as presented in

Fig. 3(2), and a proper value of 	 has been found.

Next, the sample is heated up to 450.65 K, above

the melting temperature of the fibers. The pan is now

deformed, as shown in Fig. 3 (3 or 4), having passed

through the melting transition at about 420 K. The un-

corrected heat capacities now decrease with the pe-

riod instead of showing an increase. This behavior is

surprising and inconsistent with a simple change in

thermal resistance, as one might think is happening on

deformation of the pan.

Cooling the fiber after melting to 301.95 K for

the 2nd run leads to the data of Figs 11 and 12. The un-

corrected heat capacities still behave as they did at the

higher temperature. The abnormal behavior of 	, thus,

is linked to the deformation of the pan and not due to

changes of state of the sample. The subsequent

heatings and coolings cause no further changes in the

behavior of 	, the higher frequency measurements

lead to erroneously higher heat capacities.

The same experiments were done for comparison

with two other PE samples. One is of the premelted fi-

ber (3.318 mg), the other is with PE15520 (5.630 mg),

both are described in the experimental section. Dur-

ing their melting transitions, the pans did not deform

and 	 was constant over the whole frequency range

used, as in Fig. 9. The results are summarized in Ta-

ble 1. The trends in 	, as far as could be measured, are

as expected. The larger the sample mass, the larger is

	, and the higher the temperature, the lower is 	. The

low-temperature data of the second runs are expected

to have better packed samples after melting and show

a lower 	. The high-temperature data of the first and

second runs refer to practically the same melts, and

the values of 	 are practically equal.

These results lead, however, to a new question.

Why do the uncorrected heat capacities decrease as

the modulation period increases when the measure-

ments are done with deformed pans, as shown in

Fig. 11. To answer this question, the amplitudes in the

semicrystalline state at different frequencies are com-

pared before and after the deformation. The data are

summarized in Table 2. The amplitudes of the

heat-flow rate decrease in the 1st run by 56% with de-

creasing frequency, while in the 2nd run by 74%, when

measuring with the deformed pan, while the product

ATs·T stays the same, i.e., follows the chosen modula-

tion cycles, as expected. Taking the ratio, as suggested

in Eq. (1), the heat capacity decreases with frequency

in the first run, as expected, but increases in the second,

after the deformation of the pan. It is also noted, that

the heat-flow-rate amplitude for the deformed pan is

higher at high frequency and lower at low frequency.

To check the shape of the heat-flow-rate curve, a

Fourier-transform was done up to the 9th harmonic. The

data for a period of 60 s are given in Table 3 as an exam-

ple. The amplitude of the response comes mainly from

1st harmonic and the higher harmonics have less than

0.1% contribution for all measurements with different

periods from 40 to 100 s. As a result, the shape of the
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Table 1 The 	 values for different samples

Sample
	 on the 1st run /s rad–1

	 on the 2nd run /s rad–1

301.95 K 451.65 K 301.95 K 451.65 K

Fibera 27.46 NA NA NA

Premelted Fiberb 31.87 27.36 29.95 27.37

PE15520c 36.70 28.65 34.04 28.91

a–c The sample masses were 1.968, 3.318, and 5.630 mg, respectively

Fig. 11 Specific heat capacity of the fiber on the 2nd heating

run. Conditions as in Fig. 9, but now with a deformed

Fig. 12 Square of the inverse, uncorrected specific heat capac-

ity of the fiber (� in Fig. 11) plotted as a function of

the square of the modulation frequencies



heat-flow-rate signal is close to a perfect sine curve and

cannot cause the increase in Cp with frequency.

Values for � from complex sawtooth modulation

The TMDSC with a complex sawtooth modulation

using the Q1000®, as shown in Fig. 2 was done to

make certain that an identical sample and pan config-

uration is analyzed at all frequencies. The amplitudes

of the heat-flow rate for each harmonic frequency ��,

AHF(�), and the corresponding sample-temperature

amplitudes, ATs(�), were inserted into Eq. (1). The

time constant 	 can then be obtained, as before, by

plotting the inverse of the squared, uncorrected heat

capacity vs. the square of the frequency. The intercept

of the plot at (��)2=0 is the inverse of the squared,

	-corrected heat capacity [20]. The final step in the

analysis is the evaluation of the correction factor from

the preliminary setting of the heat flow from the in-

dium heat of fusion by comparison with a sapphire

experiment. It should be noted that with the Tzero®

online asymmetry correction a separate run with two

empty pans is not required, as can be seen from Fig. 1.

For the longest modulation periods, p, the 	-correction

becomes negligible. The complex sawtooth shown in

Fig. 2 was designed to have close to the same ampli-

tudes at the 1st, 3rd, 5th, and 7th harmonic. The 9th har-

monic was not originally included in the analysis and

has a smaller amplitude, but it is still measurable be-

cause it combines residual contributions from several

harmonics of the other sawtooth components.

Figure 13 illustrates that before melting, the un-

corrected heat capacities of the fiber sample increases

as the period increases, as expected and yields at low

frequency a linear relationship between the inverse of

the squared, uncorrected heat capacities and the

square of the frequencies. The value of 	 is derived to

be 12.9 s rad–1 from the slope. Above the melting tem-

perature, in contrast, the pan was deformed, as shown

in Fig. 3(1) and as before, a value of 	 could not be

evaluated. The heat capacities shown in Fig. 14 are

obtained on the second heating of the sample. As in

Fig. 11, the Cp decreases with period, yielding as for

the melt, no value for 	.

Standard DSC on undeformed and deformed
aluminum pans

To evaluate the effect of the flow rate of the purge
gas, heat-flow rates were measured as a function of
time with an empty sample pan with a flat bottom as
shown in Fig. 3(2). From 5–50 mL min–1 of N2 flow
rates, steady state was reached approximately three
minutes after the start of heating. At higher gas-flow
rates, steady state was reached later, reaching seven
minutes at 75 mL min–1. At steady state, the heat-flow
rates were not dependent on the gas-flow rate. The ini-
tial isotherm was constant for all runs at a heat-flow
rate of –0.110±0.009 mW. The final isotherm gave,
similarly, –0.159±0.010 mW, and during heating at
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Table 3 Heat-flow-rate amplitude for higher harmonics of the
Fourier series

p=60 s at 301.95 K heat-flow-rate amplitude/mW

# of the harmonic 1st run 2nd run

amplitudes as read
from the raw data

0.2310 0.2080

1 0.2308 0.2070

2 0.0012 0.0016

3 0.0002 0.0003

5 0.0002 0.0001

7 0.0001 0.0003

9 0.0002 0.0001

Table 2 Amplitudes of the heat-flow rate and the rate of temperature-change of the first harmonic

at 301.95 K AHF /mW ATs� K rad s–1

period /s 1st run 2nd run 1st run 2nd run

40 0.3362 0.3754 0.0785 0.0784

60 0.2308 0.2070 0.0523 0.0523

80 0.1758 0.1348 0.0393 0.0392

100 0.1496 0.0979 0.0323 0.0316

Fig. 13 Quasi-isothermal analysis of UHMM gel-spun poly-

ethylene fibers with a complex sawtooth modulation

as shown in Fig. 2. Run at 308.15 K, below the first

melting. The plot on the right shows the evaluation of

the �-value as given by Eq. (1)



353.15 K, the asymmetry reached –0.438±0.016 mW.
For subsequent experiments, the flow rate was set to
25 mL min–1 which seemed to be most reproducible.

Figure 15 gives the DSC results of measure-
ments of sample pans with flat and deformed bottoms
with changing mass. The pan mass causes an increase
in the heat-flow rate that is close-to linear and for the
series of measurements with flat bottoms it is similar
to the known heat capacity of Al. Note that the de-
formed pan with a concave bottom shows a positive
heat-flow rate (asymmetry) at a lower pan mass which
changes only to a negative signal when the sample
pan is twice as heavy as the reference pan. The con-
vex pan shows less of a change in the positive
heat-flow rate. The average lines through the convex
and concave pans of Fig. 15 yield lower heat capaci-
ties, as can be seen from the smaller slopes.

Discussion

Based on the theoretical model of Ozawa [21], the
proper handling of the baseline for heat capacity mea-

surements with standard DSC was derived some time
ago and has been summarized repeatedly [3]. Three
runs need to be performed, an asymmetry correction
(empty pan vs. identical empty pan), the measurement
proper (sample within pan vs. identical empty pan)
and a calibration run (reference sapphire within pan
vs. identical empty pan). First, the isotherms of all
runs must be inspected. They should agree for the
three runs, or must be corrected by a parallel shift to
the heat-flow-rate axis. If this cannot be achieved, the
runs must be discarded because of changes in the cal-
orimeters during the runs. The proper asymmetry cor-
rection can only be made after steady state has been
reached for all three experiments. The missing time
where no data should be collected must be made up
by a second set of measurements with displaced tem-
peratures of the isotherms as in [17], or covered by
back-extrapolation. This handling of measurement of
heat capacity under conditions of steady state has led to
the above-mentioned precision of better than 1% [6].

If latent heat effects are present in addition to the
heat capacity, they can be similarly treated, as long as
steady state is maintained during the transition. If the
latent heat evolution or absorption occurs rather gradual,
i.e., over a wide temperature range, a heat-capacity
baseline must be generated to separate the changes due
to changes in temperature and composition. Often, how-
ever, the latent heat produces a much larger heat flow
than Cp and the analysis mode must be modified [3].

For sharper transitions, another limit exists, suit-
able for the evaluation of the accompanying latent
heat, the so-called ‘baseline method’ [3]. The follow-
ing assumptions are made for this baseline method for
the evaluation of latent heats from transitions over a
narrow temperature range:

• Steady state is maintained until the transition begins.
• At the temperature when the transition begins, an-

other steady state is quickly attained. The sample is
in this new steady state at the transition tempera-
ture until all latent heat is exchanged, while the ref-
erence temperature changes with rate, q. The refer-
ence temperature should be checked to note how
closely this assumption corresponds to reality.

• When the transition is completed, the system is se-
riously out of steady state, but this final state of the
transition is known to occur close to the peak tem-
perature, and the approach to the final steady state
can be extracted from the recorded non-steady state
amplitudes [3]. Although the actual amplitudes in
this last temperature range do not correspond to the
actual thermal activity of the sample, the complete
integral from the time of loss of the initial to the re-
gaining of the final steady state corresponds under
the given conditions to the latent heat of transition
and the change in enthalpy over the change in tem-
perature that occurred over the integration time [3].
Note, that the heat-flow rate (dQ/dt) must always
be integrated over time, not temperature, which is
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Fig. 14 Quasi-isothermal analysis of UHMM gel-spun poly-

ethylene fibers with a complex sawtooth modulation

as shown in Fig. 2. Run at 438.15 K, in the melting

region. The plot on the right shows that no evaluation

of the 	-value is reasonable

Fig. 15 Heat-flow rates as a function of pan mass for differ-

ently shaped sample pans



commonly done by the software of the calorimeter
(without that the user has to be aware of it).

• The heat capacity changes negligibly over the whole

temperature range from the loss of the initial steady

state to the final regaining of steady state after the

transition. Although the two methods of separation

of latent heat from the heat capacity effect look simi-

lar, they are different in their distance from steady

state and the approximations made for their use.

The DSC data of Fig. 15 and the TMDSC data of

Fig. 8 data with differently deformed pans, as illus-

trated in Fig. 3, show that the deformations of the

pans change the baseline. If steady state can be

reached, measurements of Cp and latent heats can be

made by proper adjustment of the heat-flow rate am-

plitude in the standard DSC. Both types of deforma-

tion of the pan decrease the measured heat-flow rate

in the endothermic direction, i.e., the sample tempera-

ture at a given time increases relative to the reference

temperature. For the concave bottom of close-to-

equal sample and reference masses in Fig. 15, Ts is

even larger than Tr. Increase in the mass of the sample

pan reduces the sample temperature, as expected, and

yields the endothermic heat flow into the sample calo-

rimeter on heating (a negative heat-flow rate in

Fig. 15).

To adjust the baseline in case of pan deformation,

or any other change in the geometry, such baseline ad-

justment is only possible with an internal calibration,

as shown in Fig. 8. This correction also requires to

identify the instant of deformation, as illustrated with

Figs 6 and 7. The measurements before deformation

can be treated as usual with an external calibration, or

internally, if the sample heat capacity is known under

the early condition of measurement, as shown in Fig. 5.

After deformation, the new baseline must be found by

internal calibration as illustrated in Fig. 8.

The analysis by TMDSC, adds frequency and

amplitude of modulation as variables to be consid-

ered. In addition to the furnace temperature which

governs the standard DSC, in the TMDSC of this

study, modulation is controlled at the sample-temper-

ature sensor. It is now not easy to recognize steady

state during the given modulation frequency and am-

plitude. The change in the phase lag of the heat-flow

rate on deformation is about 0.7 rad as seen in Fig. 7.

The data of Table 1 prove that the initial heating of

the fibers and the other measurements on

premelted-fibers and PE15520 showed no problems

with the analyses, connecting the difficulties to the

pan deformation. Table 2 proves that the sample tem-

perature modulation did not deviate from the program

in any of the chosen frequencies, i.e., Ts did not lag at

the point of its measurement. Furthermore, Table 3 il-

lustrates that the heat-flow-rate response to sinusoidal

temperature modulation was truly sinusoidal, so that

the erroneous reversing, apparent Cp could not origi-

nate from higher harmonics in the response. Based on

these observations, Fig. 5 suggests with Eq. (1) that a

decrease in heat-flow-rate has caused the decreased

Cp. In other words, the sample did not reach the tem-

perature indicated by Ts. Instead of the deformation

causing an increasing Ts in standard DSC, in TMDSC,

the measured Ts was forced to the proper values, but

due to the deformation, the sample lags behind Ts.

This leaves as the final point to investigate the

multi-frequency studies of Figs 9–14. First, one can

see from a comparison of the two instruments with

largely different responses and with different type of

generating the various frequencies that successive

runs with different frequencies on different samples

and simultaneous analysis with multiple frequencies

in a single run give similar results despite the unrepro-

ducible deformations shown in Fig. 3. Also, the cor-

rection for calorimeter asymmetry cannot be a major

cause of the surprising frequency dependence of 	

since it was needed only for the 2920® DSC. The

heat-flow rate amplitudes in Table 2 are higher at

higher frequency, than cross-over, and are lower at

lower frequency for the runs with a deformed pan rel-

ative to the undeformed one which showed the normal

decrease of amplitude with frequency. The data from

lower frequency and with an underlying heating rate

were fitted in Fig. 8 by a shift of the baseline, and

gave then reasonable results. Considering the heat ca-

pacity of the empty reference pan to be 20 J K–1, the

filled sample pan reaches only 25 J K–1 because of the

small sample mass (the small mass was chosen to

avoid undue pressure in the pan on fusion). Further-

more, it was shown earlier by high resolution infrared

thermography inside the DSC furnace [22] that

undeformed pans heat close to uniformly on top and

bottom. Taking all this evidence of phase lag and re-

verse frequency dependence of the heat-flow rate, the

behavior of the deformed sample pan on TMDSC can

be explained as follows: The deformation causes an

increased thermal resistance to the heat flow due to the

smaller contact of the base of the pan. This causes a

larger temperature gradient within the sample pan than

in the reference pan, and makes the sample lag more

than in an undeformed pan. Due to these temperature

gradients caused by the deformation, it takes less heat

flow to reach the modulation of Ts, set as run parame-

ters. At sufficiently high frequency the reference pan

will then appear to have the higher Cp, but positive and

negative deviations are not distinguished by the evalu-

ation of AHF in Eq. (1), so that the higher heat-flow rate

results. At sufficiently low frequency, even the de-

formed pan can reach steady state and a baseline cor-

rection can yield correct heat capacity data as shown.
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Conclusions

The presented experiments with deformed pans illus-

trate that besides the common check of steady state,

linearity, and stationarity, it is also necessary to ex-

pand the inspection of the sample calorimeter which

consists of pan and sample placed on the measuring

platform for external temperature measurement and

calibrated heat flux. Not only must the necessary in-

spections of sample mass, condition and placement on

the measuring platform be made before and after the

run, to exclude effects such as moisture, decomposi-

tion and mechanical movement, but in this paper it is

shown, that the pans must also be inspected for defor-

mation. Only when all steps have been done properly

can one expect the prior reported precision. The im-

portance of these added precautions when performing

DSC and TMDSC can be seen in the frequency of re-

search into fibrous samples [23, 24], temperature

modulation [25], relaxation in polymers [26], and

analysis of polymers to be recycled [27].
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