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Abstract

The apparent heat capacity of polyethylene fibers in the melting region was measured by quasi-isothermal, temperature-modulated differential
scanning calorimetry (TMDSC) and compared with results from standard differential scanning calorimetry (DSC) and the solid and liquid thermo-
dynamic heat capacity as references from the ATHAS Data Bank. Using a multi-frequency, complex sawtooth modulation in the quasi-isothermal
mode disclosed for the first time that the uncorrected apparent heat capacity C, = A4 /(Ar,w) of the liquid polyethylene fiber increases with increas-
ing frequency (A is the differential heat-flow rate and A, is the sample temperature). The frequency-dependent heat capacity cannot be represented
by the expression: C, = Ao /(Ar,vw)[1 + (rva))z]o‘5 because of a negative z2. The results were later confirmed by independent measurements on
single sinusoidal quasi-isothermal TMDSC on the same material. The error is caused by shrinking of the fiber, which deforms the sample pan.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Experimental heat capacities of gel-spun fibers of ultrahigh-
molar-mass polyethylene (PE) are presented in the literature
with unexpected high values in the premelting region [1,2].
Repeating these measurements shows that an error of estimat-
ing C, was made by applying the same calibration for the solid
and liquid states of the fiber. In the liquid state, the experimen-
tal C, was observed to be lower than the expected value from
the ATHAS Data Bank [3]. This lower C, resulted from the
shrinkage of the fibers which causes a lateral expansion and
deformed the bottom of the pan. In this paper, the difficulties in
the estimation of heat capacity of PE fiber in the liquid state with
multi-frequency, temperature-modulated DSC are presented and
compared with results from standard DSC and quasi-isothermal
TMDSC with single sinusoidal temperature modulation.

Three techniques: adiabatic calorimetry, standard differential
scanning calorimetry (DSC), and temperature-modulated differ-
ential scanning calorimetry (TMDSC) can be used to determine
the apparent heat capacity, C}, = Cp + (3L /0n), 7. The ther-
modynamic heat capacity, C, = (3H/9T),,, represents the change
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in heat content, H, with temperature, 7, at constant composi-
tion, n, and pressure, p, while L is the latent heat, connected to
additional processes like heat of melting, cold crystallization, or
reorganization.

With standard DSC, assumed to be at steady state, the
difference in temperature between reference and sample
(Ty — Ts= AT) is directly proportional to the heat-flow rate,
@ = AT x K so that C, = ®/q, where K is determined by calibra-
tion with a standard, such as sapphire (Al,O3) and ¢ is heating
rate. A typical precision of up to 3% is possible in such mea-
surements.

In TMDSC, the programmed temperature is produced by
superposition of a temperature modulation on the constant heat-
ing rate [4]. The common modulations applied for TMDSC are
sinusoidal, sawtooth-like, or step-isothermal. Measurements,
however, can also be made in the quasi-isothermal mode, i.e.,
with an underlying heating rate (¢)=0 [5,6]. In the quasi-
isothermal method of TMDSC, a reversing heat capacity can
be evaluated from the amplitudes of the heat-flow rate Ay, the
corresponding sample temperature, Az, and the frequency, o

[7]:

Ag

C, =
p Arw

K(w). )
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where o is the frequency in rads~! (w=2xlp, with p
representing in this case the modulation period in s) and
K(w) =1+ (CrwlK)?]%° corrects for the different modulation
frequencies, with C; representing the heat capacity of the refer-
ence calorimeter and K, Newton’s law constant as in the DSC
equation, given in the above text. Note that Ar,w is the ampli-
tude of the heating rate, d7/ds. Amplitudes are extracted from
the raw data, gathered as a function of time, in terms of the first
harmonic by Fourier transforms from the time to the frequency
domain. For calorimetry outside of the transition regions, the
total and the reversing heat capacities are identical. Within tran-
sition regions a non-reversing heat capacity is observed as the
difference between total and reversing heat capacities. In case
the reversing signal is constant over long times, it may be con-
sidered reversible.

2. Multi-frequency complex sawtooth modulation

In an extensive study of calorimetry with sawtooth modula-
tion, it was found empirically that Eq. (1) with an adjustable t
could be used for analysis over a wide frequency range, using the
data of the first harmonic (v=1) and also of higher harmonics
(v=3,5,7,...)[56]

Anr(v)

Cp= A K(vw), (2)

where the correction function K(vw) in Eq. (2) is of the form:

K(w) = \/1+ 12(vw)?, (3)

and where 7 is an empirical function, which becomes constant
and under the conditions of steady state, linearity, and station-
arity of response.

A simple, centrosymmetric sawtooth modulation about Tg
can be described by the Fourier series:

T(t) T—8A sin wt 1sin3 t+15in5t
N - T

—% Siﬂ?a)t—l—ésingwt—--- , 4)
where A is the modulation amplitude. Only the first harmonic
in Eg. (4) has a big amplitude, the other amplitudes decrease
quickly with frequency. Calculations of the heat capacities from
the higher harmonics have, thus, less precision, still they can be
used for heat capacity evaluation [5,6].

In order to improve the evaluation heat capacity from higher
harmonic components, a complex sawtooth with identical har-
monics for v=1, 3, 5, and 7 was generated [7]:

84 . .
Ty(t) — To = — [sinwr + sin 3wt
T
. . 1 .
—|—S|n5a)t—|—SIn7a)t—§SIﬂ9a)t—-~~ . (5)

This complex sawtooth can be approximated by 26 straight seg-
ments. Next, a simplified complex sawtooth of 14 segments 7(¢)
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Fig. 1. Example of a calibration run using the simplified, complex sawtooth of
Eg. (6). The curves show (a) the sample temperature 7s(z), (b) the heat-flow rate,
and (c) the Lissajous figure, i.e., the change of the heat-flow rate plotted against
the change of the sample temperature.

was proposed with close to equal amplitudes for the four har-
monics of the Fourier series of Eq. (5). An example run with
sapphire is shown in Fig. 1 and its Fourier series is given by [7]:

84 . .
Ti(1) — To = —;[0.378 sin wr + 0.251 sin 3wt
b3
+0.217 sin 5wt 4 0.348 sin 7wt + - - -]. (6)

This simplified complex sawtooth with an overall period of 420 s
(30's per sub-segment) was applied for the analysis of the PE
fiber and the results were computed using Egs. (2) and (3).

It was shown in Ref. [8] that it is possible to produce this
complex sawtooth with a standard DSC and to determine the
various sinusoidal Fourier components to obtain simultaneous
information on the sample response to modulation with dif-
ferent frequencies. It is shown in this paper that in the new
Q1000® DSC of TA Instrument makes a considerable progress
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in reaching steady state. Similar data were previously derived
for a power-compensated TMDSC [5,6,9]. Results are given for
sapphire and polyethylene fibers.

3. Experimental
3.1. Samples

The sample measured in this paper, and called PE fiber, is a
gel-spun fiber of ultrahigh-molar-mass polyethylene (UHMM-
PE) with molar mass of M., > 10° Da, supplied by Allied-Signal
Inc. This sample is of the commercial type Spectra 900TM,
and is identical to the PE-III fiber, used earlier for a detailed
thermodynamic analysis [10]. The samples were placed in alu-
minum pans of 20 wm thickness provided by TA Instruments
Inc. The pan-weights of 23.0 mg for sample and reference pans
were matched within £0.05 mg. The fibers were aligned parallel
within the pan using a method developed before [11]. Measure-
ments were carried out with 2.629 mg of the polyethylene fiber.
Single-crystalline sapphire was used for the final heat capacity
calibrations, its sample mass was 25.966 mg.

3.2. Instrumentation

A DSC of the Q1000® series of TA Instrument Inc. was used
for all temperature-modulated and standard DSC measurements.
Dry nitrogen gas with a flow rate of 10 mL min—! was purged
to the cell. Cooling was supplied to 185K with a mechanical
refrigerator. Dry nitrogen gas with a flow rate of 10 mL min~1
was purged through the DSC cell and cooling to 185K was
achieved with a refrigerated cooling system. The sample tem-
peratures were calibrated in the common manner using the onset
temperatures of the melting of indium (429.75K) and water
(273.15K) at a heating rate of 10 Kmin—1. The heat-flow rate
was approximately calibrated with the heat of fusion of indium
and then corrected at the temperature of measurement with a
heat-capacity determination on sapphire. The heat-flow rate of
the empty calorimeter was corrected with the standard Tzero®
calibration method of the Q1000® [12] for all data presented.
The standard DSC was performed by heating at 10 K min—1. It
was used for a first run of the PE fiber to establish the crys-
tallinity.

For the multi-frequency experiments, quasi-isothermal
TMDSC with a complex sawtooth modulation was run in the
standard DSC mode of operation. The complex sawtooth is
described by Eq. (6), and an example is shown in Fig. 1. Each
sub-segment had a time of 30 s and the harmonics with v=1,
3,5, 7, and 9 correspond to periods p of 420, 140, 84, 60, and
46.667 s, respectively. The quasi-isothermally experiments with
the complex sawtooth modulation were performed at 308.15
and 438.15K for sapphire and the PE fiber. An asymmetry run
of two empty pans was added for the evaluation of the data inde-
pendent of the TA Instrument software. Each of the experiments
consisted of 15 cycles. The Lissajous figure of Fig. 1c, for exam-
ple, is a superposition of the last 10 cycles of the sapphire run
at 438.15 K. For each sub-cycle, the heat-flow rate ultimately
reached steady state.
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Fig. 2. Lissajous figure from a run with the DSC 2920® under similar condi-
tions as seen in Fig. 1 for the DSC Q1000® (a). The bottom graph (b) shows
a comparison of baseline runs obtained without pans using the TA Instrument
DSC 2920% (curve A) and the DSC Q1000® after Tzero® calibration (curve B).

In addition, quasi-isothermal TMDSC was done also at a
series of temperatures with simple sinusoidal modulation, using
an amplitude of 0.5K and a period of 60s. These runs lasted
for 30 min at each chosen temperature, and data were collected
from the last 10 min.

Fig. 2 illustrates the improvement of the Tzero®-calibrated
Q1000® over the DSC 2920® used earlier [8]. Fig. 2a allows a
comparison with the Lissajous figure of the DSC 2920® with
the performance of the Q1000®, shown in Fig. 1c. The rounding
of the corners in Fig. 1¢ and the corresponding shapes in Fig. 2a
are measures of the times it takes to reach steady state in each
segment of the complex sawtooth. On instantaneous response,
the Lissajous shapes should have square corners. Despite the
slower attainment of steady state of the DSC 2920® in Fig. 2a,
linearity between temperature and heat-flow rate was preserved
and heat capacities could be measured to a precision exceeding
standard DSC [8]. Fig. 2b illustrates deviations in heat-flow rate
of less than 0.05 mW between 185 and 670 K for the Q1000%.
In addition, the asymmetry of the baseline is small enough, to
make additional asymmetry corrections unnecessary. This is a
major advantage over the DSC 2920® and most other heat-flux
and power-compensation DSCs since the asymmetry correction
involves a phase shift which allows only approximate correction
[13,14].
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Fig. 3. Polyethylene measured in the premelting region. (a) Data for the sample
temperature 7s(7). (b) Data of the heat-flow rate. Complex sawtooth modulation.

3.3. Calculations

Only the raw data as generated by the standard DSC mode
of the Q1000® DSC were collected. All further calculations
were performed with our own software, based on Mathemat-
ica 3.0™. The calculation of the heat capacity, C,, from
the various harmonics of Eq. (2) requires the evaluation of
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Fig. 4. Polyethylene measured in the liquid region. (a) Data for the sample
temperature 7s(7). (b) Data of the heat-flow rate. Complex sawtooth modulation.

each harmonic, v, for the amplitudes of the heat-flow rate,
Ag(v), and the sample temperature, Az, (v), and evaluation
of K(vw) by using Eqg. (3). The time constant r and cor-
rected heat capacity, Cy,(c), can be obtained by setting K(vw)
equal to one, and then plotting the inverse of the squared,
uncorrected heat capacity, C,,(uc) versus the square of the fre-

quency, (vw)?. The slope of a linear fit yields 2 as seen
from:
1 1 2
! (va))z. (7

C2(ue) ~ C2(0) T C2()

The intercept of the plot at (vw)? = 0 is directly the inverse of the
squared, T-corrected heat capacity. The final step is the evalua-
tion of the correction factor from the preliminary setting of the
heat flow with the indium heat of fusion by comparison with a
sapphire experiment. As a result of the export of the raw data
from the Q1000® DSC, the Tzero® was not be included in the
evaluation, and an asymmetry run had to be used, as before
[13].
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modulation in the liquid region of PE fibers; (c) magnification of the results in
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capacities to obtain = from Eq. (7).

4. Results and discussion

The evaluation of heat capacity of PE fiber in the premelting
and liquid regions with TMDSC was carried out with a complex
sawtooth modulation to make certain that for all frequencies
an identical sample and pan configuration is analyzed. Fig. 3
shows the raw data of sample temperature and heat-flow rate for
the PE fiber in the semicrystalline state before major melting,
and Fig. 4 in the liquid state. Due to the change in heat-flow-
rate response when changing the temperature program from one
segment of the complex sawtooth to the other, the observed heat-
flow rate at 438.15K in Fig. 4b contains spikes at the end of
every segment of the sawtooth, i.e., in this short time interval
the DSC response in non-linear. The spikes must be caused by a
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substantial lag of the actual temperature within the sample pan
behind the programmed temperature measured at the sample
thermocouple. This gives an erroneous, lower heat capacity at the
beginning of a cooling segment and a higher one at the beginning
of the heating segment. The cause of this larger temperature
gradient within the sample pan is linked to a major distortion
of the sample pan on shrinking of the fiber on melting which
expands the fiber diameter substantially [15]. Note that Fig. 3
shows a much smaller effect. In this run, the fiber is not yet
melted, and the pan has still in its original flat bottom. The spikes
in the heat-flow rate disturb the higher harmonics more than the
lower ones.

In Fig. 1 the raw data at 438.15 K of the temperature and the
heat-flow rate for sapphire, Al,O3, are presented, respectively.
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Fig. 7. Analysis of data as shown in Fig. 3 for PE fibers at 308.15 K, before the first melting. (a) Plot of the uncorrected, r-corrected, and Al,O3 calibrated heat

capacities. (b) Plot of the uncorrected heat capacities to obtain t from Eq. (7).
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They are used to establish a calibration of C,. In addition,
Fig. 5 illustrates a run with an empty aluminum pan for the
asymmetry correction. No spikes are seen in either set of data.
Similar results were obtained for Al,O3 and the empty pans at
308.15K.

In Fig. 6 the Al,O3 data at 438.15K of Fig. 1 are evaluated
after correction with the asymmetry run. A typical linear curve
is established and t, evaluated. The same is done for the Al,O3
at 308.15 K. In order to calculate the heat capacity from Eq. (2),
the amplitudes of the heat-flow rate Ag(v), for each harmonic
frequency v x w, and the corresponding sample-temperature
amplitudes, Az, (v), are deconvoluted using the Fourier trans-
form to obtain the five harmonics of the complex sawtooth with
approximately the same amplitudes given in Eq. (6). These were
then inserted into Eqg. (2). The ninth harmonic was not originally
included in the analysis and has a somewhat smaller amplitude,
but is still large enough to give useful data. The time constant ¢
and the z-corrected heat capacity, C,(c), were obtained accord-
ing to Eq. (7). After correction, the heat capacity reaches a
value with deviation of 0.1% from the literature and the ratio
of both, 0.975, was used as the calibration constant for the PE
fiber data. For the sapphire at 308.15 K, a t was estimated to be
6.49 srad~! and the calibration constant as 0.92. The same pro-
cedure is repeated in Fig. 7 for the sample at 308.15 K, followed
by the final step in the analysis, the correction with the factor
with the sapphire experiment. The value of 7 is 12.9 s rad~1 from
the slope of only two points is indicated Fig. 7. The deviation
of Cp,(uc) is most likely due to the increased thermal resistance
between the thin fibers among themselves and the pan, when
compared to the Al,O3.

Fig. 8 illustrates the final data treatment for the PE fiber for
438.15 K using the results of Figs. 4 and 6. While Figs. 6 and 7
show the typical increasing of uncorrected heat capacity C,,(uc)
with an increasing period, of the harmonics, Fig. 8 shows the
opposite trend. Above the melting temperature, the value of

2 becomes negative, and a corrected heat capacity cannot be
evaluated.

Fig. 9 displays the results from quasi-isothermally TMDSC
with asingle-frequency, sinusoidal modulation. The uncorrected
data are too low when compared to the Data Bank values. Cor-
rection by internal calibration by shifting to agreement with the
Data Bank in the liquid region yields too high a heat capacity
below the melting temperature. The cooling and second heating
runs, in contrast, give reasonable results. These data duplicate
earlier measurements with a 2920® DSC [11]. The earlier mea-
surements also could only be reconciled with the Data Bank
over the whole temperature region by making two internal cal-
ibrations, one at low temperature, before deformation of the
pan at 413.4K, and one at high temperature, to correct for the
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Fig. 9. Comparison of the results of quasi-isothermal TMDSC for the PE fibers.
The data already displayed in Figs. 7 and 8 are labeled raw data. After correction
at a single point in the melt these data are replotted as shifted. On subsequent
cooling after the first heating and on a renewed, second heating and third cooling
by continued measurement without change in the sample and without further
correction no new shift is necessary.
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deformation. This deformation could, in addition, be pinpointed
at the melting peak [15]. The initial, smaller calibration error
arises to the increased thermal resistance of the fibers. In the
liquid state, the calibration error was due to the shrinkage of
the fibers which deformed the pan in the melting process. The
effect on v2 shown in Figs. 7 and 8, respectively, are a sensitive
indication of these difficulties.

5. Conclusions

Four interesting points could be illustrated in the present
paper. First, the results in Figs. 1, 2, 5, and 6 document that
the simplified sawtooth can be used for high-precision mea-
surements of the heat capacity of polymeric materials using
the standard DSC mode. The newer Q1000® DSC offers a spe-
cial advantage in not needing an asymmetry correction, which
can, however, only be made use of if the corrected data can
be exported or analyzed with the commercial software. The
advantage of this procedure is to have identical experimental
conditions and thermal history for all frequencies, a condition
which cannot be attained with separate experiments at the dif-
ferent frequencies.

Second, the results for Fig. 8 in the liquid state, inadvertently
measured with a strongly deformed pan, demonstrate that the
complex sawtooth approaches a negative value of 72 and can be
a sensitive probe to detect such experimental difficulties. The
lowering of the uncorrected heat capacities with higher periods
is related to the spikes in the heat-flow rates of PE fiber in the
liquid state due to the deformation of the pan seen in Fig. 4. The
sensitivity of the high-frequency analysis can be judged from
Fig. 3, which shows negligible spikes in the heat-flow rate, but
the analysis in Fig. 7 reveals already major deviations in the
2-plot at higher frequency.

Third, Fig. 2 illustrates the Tzero® calibration and the results
suggests that a separate asymmetry correction can be avoided.
Such correction is necessary with all other heat-flux and power-
compensation DSCs.

Fourth, Fig. 9, proves that even with difficulties arising from
the higher thermal resistance of deformed pans and small fibers

(and powders and other high thermal-resistance samples), quan-
titative single-run TMDSC is possible when using an appro-
priately low frequency and an internal calibration. This also
emphasizes the importance of the upkeep and expansion of
appropriate data banks. Without a proper internal calibration,
the measurement of Fig. 9 cannot yield useful data over the
complete temperature range.
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