Influence of DSC thermal lag on evaluation of crystallization kinetics
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Abstract

Influence of added thermal resistance on crystallization kinetics, as measured by
differential scanning calorimetry (DSC), of the Se;oTeso glass was studied. The increase of
thermal resistance was achieved by adding polytetrafluorethylene discs of different
thicknesses (up to 0.5 mm) in-between the DSC platform and the pan with sample. Increase of
the thermal resistance led to an apparent decrease (by more than 30%) in the crystallization
enthalpy. Significant change of model-free kinetics occurred: apparent activation energy E of
the crystallization process decreased (by more than 20 %) due to the DSC data being
progressively shifted to higher temperatures with increasing heating rate. The model-based
kinetics was changed only slightly; the DSC peaks retained their asymmetry and the choice of

the appropriate model was not influenced by the added thermal resistance. The temperature

shift caused by added thermal lag was modeled for the low-to-moderate heating rates.
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1. Introduction

With the relatively recent progressively accelerating development of thermo-analytical
instrumentation, a similar advancement can be noted also for the theory of kinetic analysis,
with the accent being shifted from single-process analysis [1,2] to complex Kinetic
evaluations [3-10]. The increased precision and reliability of the thermo-analytical
instruments also allows studying various kinetics-influencing effects possibly occurring
during the materials processing and storage (e.g. aging [11] or subtle degradation [12]
effects), and accounting for the data-distortive effects as a consequence of either simplified
kinetic evaluations themselves (e.g. baseline subtraction [13, 14] or replacement of the
complex thermal history by a simple one [15]) or instrumental artifacts. With regard to the
latter, a relatively low attention is paid to the question of the system thermal lag and its
influence on the kinetic evaluations in the solid-state systems. Whereas the instrumental lag is
being minimized by the companies producing the thermo-analytical equipment, the inherent
lag associated with the measured materials and the interfaces present in the system persists.
[16] Pronounced manifestation of thermal gradients can be usually avoided by following the
methodological recommendations for kinetic thermo-analytical measurements and evaluations
[1,2,17] in case of the standard modern differential scanning calorimeters DSCs or
thermogravimetric analyzers TGAs but the problem is still open for the large-mass
instrumental techniques (e.g. differential thermal analysis DTA [18], dilatometry [19] ...) or
for the cutting edge research produced using the ultra-fast scanning calorimetry FSC [20].
Similar issue can be also encountered when comparing measurements performed in e.g.
alumina and aluminium DSC pans without full heating-rate-based calibration.

In the present paper the influence of artificially introduced thermal lag on the thermo-
kinetic DSC measurements and their evaluations will be studied. The added thermal

resistance will be realized using PTFE (polytetrafluorethylene) discs; crystallization of the



finely milled SezoTesp chalcogenide glass will be used as a model process due to its very good
reproducibility and single-process nature [21] (note that the Kinetics of processes appearing in
non-crystalline materials is of particular concern with regard to the thermal lags due to the
high temperatures being often involved, which require DSC pans from less conductive
materials, and due to the materials having the opportunity of being either shaped into discs or
being powdered, which again largely influences the thermal lag). Advanced methodological
approaches will be utilized to analyze the consequences of thermal lag for the Kinetic

predictions; the origin of the thermal lag will be discussed.

2. Experimental

The SezoTezp glass was prepared by the standard melt-quench method, by introducing
the adequate amounts of pure elements (Sigma-Aldrich, 5N purity) into the evacuated fused
silica ampoules and quenching them (after annealing at 650 °C for 24 h in a rocking furnace)
in water. The as-prepared chalcogenide glassy ingot was ground, milled and sieved via
defined mesh to obtain the 20 — 50 um particle size fraction (which was known from the
previous study [21] to manifest very reproducible single-peak crystallization Kinetics during
linear heating). Amorphous character of the as prepared SezoTes powder was verified by the
Bruker AXS X-ray diffractometer D8 Advance equipped with a horizontal goniometer and
scintillation counter utilizing CuK, radiation.

The DSC measurements were realized by using the Q200 (TA Instruments) heat-flow
differential scanning calorimeter with implemented T-zero technology and equipped with
RCS90 cooling accessory. The samples with masses in the range 6 — 7 mg were hermetically
sealed in aluminum pans; dry nitrogen at flow rate of 50 cm* min™ was used as purge gas.
Four series of heating scans was performed in the 20 — 200 °C range at selected heating rates

(" =3, 5, 7,10, 20, 30 and 40 °C-min™). The first set of heating scans was done with the Al



pans placed directly on the constantan platform within the DSC cell; in the other three cases a
PTFE disc was placed in-between the platform and the Al crucible — discs with thicknesses
d = 0.080, 0.152 and 0.500 mm were used for the three measurements series. The PTFE discs
and the Al pans with samples were always carefully positioned and centered of the DSC
platform (the PTFE discs were used only at the sample position; no additional thermal
resistance was used for the reference position, where only an empty Al pan was placed).

Reproducibility of the data was confirmed for measurements at selected q*.

3. Results
The DSC crystallization data obtained for the SezgTes 20 — 50 pm powder and the
respective PTFE discs are shown in Fig.1 — the series of measurements without any
additional thermal resistance is denoted as “d = 0 mm”; the physically meaningful tangential
area-proportional baseline was used to isolate the pure crystallization signal and subtract the
thermo-kinetic background. By doing so, the signal significantly decreases and shifts to
higher temperatures. Description of these kinetic changes can be done based on the standard
kinetic equation [16]:
_ —E/RT
de/dt=1-A-e "% . f(a) )
where a is the degree of conversion, t is time, T is temperature, | is the integrated area under
the kinetic peak, A is the pre-exponential factor and E is the apparent activation energy of the
process. The kinetic model function f(a) is for the fine SezgTeso powder known [21] to be best
approximated by the nucleation-growth Johnson-Mehl-Avrami (JMA) equation [22 - 25]:
f(er) = (- @) In(L— )} ¥ (2)
where n is the model Kinetic exponent corresponding to the dimensionality of the process

[26].



Starting with the model-free Kinetics, the most pronounced effect of the additional
thermal resistance is that of the markedly decreased apparent crystallization enthalpy — see
Fig. 2A. In order to analyze the source of this deviation, the full thermo-kinetic equation [18]
for DSCs and DTAs needs to be considered for the description of the heat flow in the system:

(3)
(C, -C,)-q" —C, -dAT /dt — AH -da/dt:(;_é)ﬂ-
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where R, and R are the systemic thermal resistances of the reference and sample sides, g is
the heating rate, C; and Cs are the systemic heat capacities of the reference and sample sides,
and AT is the difference of temperatures as given by the sensors thermocouples (Ts— T,) . The
presence of PTFE discs effectively increases both Cs and Rs. Considering the PTFE heat
capacity ¢, = 1.0 J-K™-g™" (compared to ¢, = 0.9 J-K™*-g™ of aluminum) and heat conductivity
A=0.25 W-m™K™ (compared to & = 237 W-m™-K™* of aluminum and A = 0.026 W-m™*-K™* of
air), the greatest contribution to the decrease of the measured heat flow signal is, without
question, the large increase of R due to the low PTFE conductivity. Based on the AH-d
dependence shown in Fig. 1, the seemingly converging shape of the dependence suggests that
a significant source of heat-dissipation-caused decrease of AH can be associated also with the
presence of the additional interface with non-ideal contact itself (platform-disc + disc-pan vs.
originally only platform-pan).

Similar situation arises for the thermal lag (temperature delay on the sensor) that is
shown via the Kissinger [27] plot in Fig. 2B. This plot is used to determine the apparent

activation energy E of the crystallization process by:

In q_2 :—i+c0nst. 4)
T RT,
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where R is the universal gas constant and T, is the temperature corresponding to the

maximum of the DSC crystallization peak. As it is clear from Fig. 2B, the initial increase of

T, with the addition of the PTFE disc with d = 0.076 mm is disproportionately larger (with



respect to d) compared to the further T, increases for thicker PTFE discs — this effect can be
observed for both low and high . This unambiguously indicates that the presence of the
additional interface plays significant role for the hindrance of the heat transfer.

The increasing curvature of the dependences in Fig. 2B (with increasing d) results in a
decrease of apparent activation energy E calculated according EQ.4 (in the first
approximation we have used simple linear fit of all depicted dependences instead of dealing
with the illusory variable activation energy calculated from the derivation of the Fig. 2B data).
Even more significant deviance of the E values is produced by the isoconversional methods
determining E as a function of a. In Fig. 2C the activation energies averaged in the o range
0.3 — 0.7 are shown for the differential Friedman [28] (Eqg. 5) and integral Kissinger-Akahira-

Sunose KAS [29] (Eg. 6) methods:
In([der/dt],) = —% +const.

: ©)
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where (de/dt), , T, and E, are the conversion rate, temperature and activation energy
corresponding to arbitrarily chosen values of conversion a. The progressively lower E values
(with respect to increasing d) provided by the isoconversional methods (compared to the T,-
based Kissinger) confirm that the signal gets distorted more towards the high-a peak side.
The model-based kinetics was for the present data determined via the advanced
analysis of the master-plot functions z(a)) and y(a) [21] — see Egs. 7 and 8:
2(a)=®-T° )
Yler)= €5 ®
Normalized master-plots for the borderline datasets (d = 0 mm and d = 0.500 mm) are shown
in Figs. 3A and 3B. Interestingly, the z(a) function seems to be quite robust with respect to

thermal-lag-caused distortion of the DSC data; the y(a) functions on the other hand show

significant distortion due to the incorporation of E. The averaged shift of the functions



maxima with increasing d is depicted in Fig. 3C together with omax, = 0.63, which is the
fingerprint for the JMA Kinetics. Indeed, the JMA model stays valid for the description of
even the largest added thermal resistance; i.e. the base asymmetry of the peak is changed only
slightly. The manifestation of this slight change is however magnified for the formal
calculation of the JMA exponent n, either directly from the y(a) function maximum Omaxy
(Eq. 9) [30] or from the double-logarithm linearization (Eg. 10) [16]:

. 1 (9)
1+In(l-«a
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din[-Inl-a)]  n-E (10)
duTt) R

Similarly to the difference between the E values determined by the Tp-based and
isoconversional methods, also the determination of the JMA Kinetic exponent n is strongly
affected by the used methodology. Whereas the amaxy maximum based evaluation leads to
only a minor change of n (from ca. 1.25 to 1.4), the double-logarithm linearization that
averages the data from the whole DSC peak is affected by the added thermal resistance
significantly more, leading to n changing from ca. 1.3 to 1.7. Both effects are still relatively
small but only because the fine SezgTesy powder crystallizes strictly from the surface, leading
to the n values in-between 1.0 and 1.5. Similar level of distortion would in case of a material
with the initial asymmetry corresponding to e.g. two-dimensional growth (n = 2) lead to a
shift to the values of n higher than 3 (indicating growth of 3D crystallites), significantly

changing the potential interpretation of the data.

4. Discussion
In the previous section the results of kinetic analysis for the fine Se;oTesp powder

crystallization being affected by added thermal resistance in the form of the PTFE discs of



different thicknesses. To further explore the consequences of the increased thermal resistance
on the shape of the kinetic curve, we have utilized the flexible empiric autocatalytic AC
model (Eg. 11) [16] to describe the simultaneous influence of d and " on the DSC peak
asymmetry:

fla)=a"(1-a)" (11)
where M and N are the AC kinetic exponents reflecting the peak shape. The obtained trends
are for the two borderline PTFE thicknesses (d = 0 mm and d = 0.500 mm) shown in Figs. 4A
and 4B. The general effect of the added resistance can be expressed by the increasing M/N
ratio from 0.20 + 0.02 (for d = 0 mm) to 0.31 + 0.02 (for d = 0.500 mm).

Since the ultimate goal of the kinetic analysis is the possibility to make Kinetic
predictions, we have explored the influence of the added thermal resistance on both the
interpolated and extrapolated predictions. In Fig. 4C the interpolated predictions simulated for
gq" =10 °C-min™, AC model, and the borderline sets of experimental conditions (PTFE
thicknesses 0 and 0.5 mm, and kinetic exponents determined from the data obtained at 3 and
40 °C-min™) — complete sets of kinetic parameters for the simulations are listed in Table 1.
The heating rate of 10 °C-min™ was deliberately chosen to place the simulated data in the
middle of the experimentally measured q* range. Yet, there is a significant shift in
temperature and asymmetry of the data simulated for the presence of thermal resistance. Even
larger consequences occur when extrapolating the kinetic prediction outside of the measured
temperature range. This is demonstrated in Fig. 4D, where the results for isothermal annealing
at 80°C are shown for the same four sets of parameters as in Fig. 4C. Despite the
extrapolation being small (close to the original measurements, ATpreq = 10 — 15 °C), the effect
of thermal resistance is already comparable with that of g, resulting in errors of several tenths
of %. Note that with larger extrapolations to lower temperatures the deviations would magnify

exponentially according to the differences in E. For example, in case of annealing at 50 °C the



times needed for reaching o = 0.999 would be 67 days (d = 0 mm, " = 3 °Cmin™), 17 days
(d=0mm, g" =40 °C-min™), 20 days (d = 0.5 mm, q* = 3 °C-min™) and 6 days (d = 0.5 mm,
q" = 40°C'min™) — see the Supplemental online material for the full predictions at this
temperature. This not only demonstrates the influence of d on the isothermal predictions
(da-dt™ increasing with ATpeq due to the decreasing apparent E, which is a general
consequence of larger temperature lags at higher g*) but also the utmost importance of the
predictions being made based on the correct set of the kinetic calculations. In case of the low-
temperature predictions the most relevant experimental measurements are those performed at
low " [31, 32], which are often missing in literature; it is also important to bear in mind that
E is by far the most crucial parameter in this regard, i.e. although the DSC data obtained at
lower g* are usually of insufficient quality for high-r® description, they are still valuable for
calculation of E.

As was already mentioned in section 3, the increased thermal resistance Rs (see Eq. 3)
is the one of the main sources of thermal lag on the sample side. If we plot the time lag

“constant” calculated as:
d 0 +
—(T¢-T°)iq

t p

lag

(12)
(where Tpd and Tp0 are maxima of the kinetic peaks at the same g’ for d and d =0,
respectively) as a function of g*; then, the resulting values (see Fig. 5A) clearly increase with
d (tiag independent from d would suggest the additional interface being the vastly dominant
source for thermal resistance) but they are clearly not constant either and decrease with g,
which suggests the real heat transfers being more complicated than introduced by Eqg. 3. In
fact, for the cutting edge fast scanning calorimeters (FSC) the thermal lag is modeled
according to Eq. 13a [33], where the first left-hand-side term accounts for the interface +
dissipation, the second term describes the conduction of heat within the sensor (due to the

specific FSC sensor geometry) and the third term accounts for the actual thermal resistance



within the sensor-sample heat path; a; to as are constants, and P is the property proportionate
to the main source of thermal resistance (mass, or in the present case d).
T -T)=a,+a,-9"* +a,-q"-P* (13a)
If we attempt to model the present AT data according Eq. 13a (with q* in °C-min™), the
description is of quite low quality (see Fig. 5B), with the sum of squared residue RSC = 3.194
and coefficients shown in Eq. 13b. Note the coefficients a; =0 and as =1 (the latter is in
agreement with the assumptions listed in [33]). Nevertheless, the interpretation of the
coefficients cannot be reliably done with the core description being inaccurate. As it is
apparent from Fig. 5B, main deviations arise from the data at 30 and 40 °C-min™, which also
show high scatter. When omitting these datapoints from all three d dependences, accuracy of
the fit dramatically increases (RSC = 0.458, see Fig. 5C, where the main source of errors
results from the outlying points at 10 °C-min™ rather than due to the equation being incorrect)
and the description follows Eq. 13c.
TS -T0 =0.396-q*°%° +0.361-q" -d"** (13b)
T, -T, =0.363+0.467-q" -d*** (13¢)
The coefficients in Eq. 13c already very well correspond to the general conception of the heat
transfer associated with the addition of the PTFE thermal resistance — first right-side term
represents the invariant contribution from the additional interface, the term No.2 from
Eq. 13a is missing entirely (the non-linear optimization resulted in the coefficient az = 0), the
second right-side term in Eq. 13c represents the heat conduction through the PTFE disc. Note
the coefficient as =0.81 indicating a sub-linear dependence of thermal resistance on the
sample mass/thickness — this appears to be the consequence of the decreasing influence of
heat losses due to radiation from the PTFE discs side areas not being in the direct path of the
heat transfer between the Al pan and the DSC platform. In standard DSC instruments these

findings have a great potential to be utilized for modeling the heat transfer throughout larger
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disc samples or thick layers of powdered samples (including the heat inertia effects [34]); in
FSCs the data may be crucial for calibrations and for finding new chip architectures that

reduce the effect of certain so far considered terms from Eq. 13a).

4. Conclusions

The effect of heat transfer phenomena on the kinetics of crystallization has been
investigated by adding a thermal resistance (as PTFE discs inserted in-between the DSC
sensor platform and Al pan with the sample). As an example, the effect of such increased
thermal resistance on the crystallization kinetics of powdered SezTesp glass have been
investigated. Thus, with increasing disc thickness from 0 to 0.5 mm the crystallization
enthalpy decreased by 36 %, the decrease decelerates significantly after reaching d = 0.2 mm.
For the same conditions the activation energies determined by the Kissinger, KAS and
Friedman methods decreased by 24, 26 and 32 %, respectively, with the deceleration being
weaker as the full DSC curve data are being integrated into the calculation (T,-based method
> integral isoconversional method > differential isoconversional method). The main source
for the decreasing values of E was the progressively increased curvature at high q*. The
addition of thermal resistance had only minor influence on the peak asymmetry that became
more significant only at highest q; i.e. the model-based kinetic analysis was distorted only
weakly.

Regarding the kinetic predictions, the interpolated ones were basically not affected by
the added thermal resistance. The extrapolated kinetic predictions suffered from already
significant distortions (as a consequence of changing E values), that exponentially increased
with the extrapolation range, causing deviations in the predicted degree of conversion similar
in their magnitude to the influence of applied heating rate. The temperature shift caused by

added thermal lag was found to be for the low-to-moderate heating rates well modelled as

11



AT =1 + K-q"-m", where | is the constant associated with the thermal resistance of the added

interface, K and k are constants, and m is the quantity proportionate to the mass of the body

causing the additional thermal resistance.
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Table 1

Sets of kinetic parameters determined via single-curve model-based analysis and derivative
tangent model-free calculation for the combinations of borderline conditions: q* = 3 and
40 °C-min™, d = 0 and 0.5 mm.

q /°Cmin" |3 3 40 40
d/ mm 0 0.5 0 0.5

E / kJ.mol* 151.9 131.9 124.9 96.7
log(A/s™) 18.69 15.90 15.11 11.29
Mac 0.256 0.343 0.391 0.570
Nac 1.019 0.958 1.139 1.293

Figure captions

Fig. 1. Sets of DSC crystallization peaks obtained at different heating rates. Each graph

corresponds to a situation with different PTFE disc of a particular thickness d used;
d = 0.000 mm indicates usage of no PTFE disc. Exothermic effects evolve in the
upwards direction.

Fig. 2: A) Apparent crystallization enthalpy (averaged over all applied q*) plotted in

dependence on the thickness of the used PTFE disc.

B) Kissinger plots for the determination of E; each dependence corresponds to a PTFE
disc with different thickness being used. Measurement errors are approx. double the
points size.

C) Apparent activation energies (determined by the Kissinger, KAS and Friedman
methods) plotted in dependence on the thickness of the used PTFE disc.
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Fig. 3:

Fig. 4:

Fig. 5:

A) Master-plot functions z(a) determined for the crystallization measurements
obtained at different g and two borderline PTFE disc thicknesses — black datapoints
correspond to d = 0 mm, red datapoints correspond to d = 0.5 mm.

B) Masterplot functions y(a) determined for the crystallization measurements obtained
at different q* and two borderline PTFE disc thicknesses — black datapoints
correspond to d = 0 mm, red datapoints correspond to d = 0.5 mm.

C) Maxima of the masterplot functions z(a) and y(a) plotted in dependence on the
thickness of the used PTFE disc. The red dashed line corresponds to z(a) = 0.632,
which is a fingerprint of the JMA model.

D) JMA kinetic exponents (determined from the amax,y and double logarithm function)
plotted in dependence on the thickness of the used PTFE disc.

A) Kinetic exponent M of the AC model determined for the crystallization
measurements obtained at different q* and two borderline PTFE disc thicknesses —
black datapoints correspond to d = 0 mm, red datapoints correspond to d = 0.5 mm.

B) Kinetic exponent N of the AC model determined for the crystallization
measurements obtained at different q* and two borderline PTFE disc thicknesses —
black datapoints correspond to d = 0 mm, red datapoints correspond to d = 0.5 mm.

C) Kinetic predictions for non-isothermal heating step at g* = 10 °C-min™. Each curve
corresponds to one set of kinetic parameters listed in Table 1.

D) Kinetic predictions for isothermal annealing step at T =80°C. Each curve
corresponds to one set of kinetic parameters listed in Table 1.

A) Time lag associated with the added thermal resistance calculated from the data
shown in Fig. 2B according Eg. 12. The errors are approximately double the size of
the points.

B) Temperature lag associated with the added thermal resistance calculated from the
data shown in Fig. 2B. The data are fit using Eq. 13a — the result of the non-linear
optimization represents Eq. 13b. The errors are less than double the size of the points.
C) Temperature lag associated with the added thermal resistance calculated from the
data shown in Fig. 2B. The data are fit using Eq. 13a (high-q" red-based points were
omitted from the fit) — the result of the non-linear optimization represents Eq. 13c. The
errors are less than double the size of the points.
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