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Abstract
Nowadays, the glass transition kinetics is most commonly described in terms
of the Tool–Narayanaswamy–Moynihan (TNM) model. Evaluation of one of
the most prominent features of the structural relaxation motions—the relax-
ation nonlinearity—was traditionally done using the peak-shift (PS) method.
This paper introduces, for the first time, extensive testing of the PS method by
means of theoretical simulations for all practically observable types of structural
relaxation behavior and all types of glassy/amorphous materials (tested range of
the glass transition temperatures: −55 to 1000◦C; tested range of the relaxation
activation energies: 300–1300 kJ⋅mol−1). For the majority of types of structural
relaxation behavior, the PS method tends to slightly overestimate the value of
the TNM nonlinearity parameter x (by ∼ 0.05–0.10). In the specific cases of the
highly linear behavior (↑ x) combined with a broad distribution of relaxation
times, the PS method systematically vastly underestimates the value of x. A new,
improved temperature programwas proposed for the PSmethod, eliminating the
major intrinsic drawback of the originally proposed version of the PS methodol-
ogy. In addition, based on the comparison between the theoretically simulated
and real-life experimental data, a new approach (based on the characteristic PS
dependence shape) was introduced to estimate the width of the relaxation times
distribution.
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1 INTRODUCTION

Structural relaxation is one of the critical processes associ-
ated with every non-crystalline material.1–13 Knowledge of
its kinetics allows predicting the temperature dependence
of the occurrence of the glass transition phenomenon—the
transformation between the liquid-like undercooled liquid
state and solid-like frozen-in the glassy state. Further-
more, the structural relaxation kinetics also determines
the rate of the structural re-ordering under different cir-

cumstances, which is crucial for assessing the long-term
stability of the non-crystallinematerials. Note that the pro-
cess of structural relaxation affects not only the volume of
the sample but also many of its mechanical and optical
properties.11–21 The structural relaxation data are nowa-
days usually described in terms of the Tool’s concept of
fictive temperature Tf,22 which represents the structural
state of the material, and is defined as the temperature of
the undercooled liquid with the same structure as is that
of the relaxing glass. This concept was very conveniently
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utilized in the phenomenological Tool–Narayanaswamy–
Moynihan (TNM) relaxation model22–24:

𝑇𝑓 (𝑡) − 𝑇𝑓 (∞)

𝑇𝑓 (0) − 𝑇𝑓 (∞)
= exp
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𝑅𝑔𝑇
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Δℎ∗
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]
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where the indices “0” and “∞” correspond to the initial
and final/equilibrium states, respectively, t is time, T is
temperature, τ is relaxation time, Rg is the universal gas
constant, Δh* is the apparent activation energy, ATNM is
the pre-exponential constant, x (0< x≤ 1) is the nonlinear-
ity parameter, and β (0 < β ≤ 1) is the non-exponentiality
parameter. The fictive temperature Tf from Equation (1)
is, in practice, replaced by various physical quantities,
with the two most commonly used being the volume
(dilatometric measurements) and enthalpy (calorimetric
measurements).
Enumeration of Equations (1) and (2) can be narrowed

to determine the four key TNM parameters—Δh*, A, β,
and x. Whereas a simultaneous determination of all four
TNM parameters can be done through curve-fitting,25
this approach has several serious drawbacks. First, the
parameters are relatively highly correlated, and multi-
ple sets of different TNM parameters combinations can
be found equally appropriate in the case of inadequately
chosen experimental data that are being fit (this is espe-
cially true for the single-curve optimizations). Second, the
curve-fitting procedure is susceptible to even minor dis-
tortions of the experimental data that can arise either as
the consequence of the unideal measurement conditions
(thermal lags) or can be intrinsic to the measurement
system (instrumental artifacts and artificial corrections
introduced by the companies manufacturing the instru-
ments). For this reason, a number of alternative methods
(usually based on integration or linearization approaches)
have been developed in order to independently determine
individual TNM parameters. The majority of these meth-
ods have been recently revisited, thoroughly tested, and
modernized: for example, the determination of Δh* from
the so-called constant ratio (CR) cyclic experiments26 has
been developed and adjusted for the evaluation of the
temperature corresponding to the maximum of the relax-
ation peak Tp (see Figure 1A), which led to a derivation
of very accurate, precise, and robust methodology.27 The
Moynihan approach6 to the determination of Δh* has been
tested and critically reviewed in,28 introducing the condi-
tions for accurate and undistortedmeasurements. Another
famous method, the simulation-comparative approach to
the determination of the non-exponentiality parameter β,

has been improved and extended in,29,30 resulting in a
novel methodology, that is, significantly more robust and
precise and can be used for a simultaneous determination
of the x and β TNM parameters.
Considering themost famousmethods derived for deter-

mining the TNM parameters, this leaves only the peak-
shift (PS) method (derived in 1984 by Hutchinson31,32 as a
tool for the determination of the TNMnonlinearity param-
eter x) in its original unmodified form, being practically
untouched for many decades. In this paper, we aim to
thoroughly test the PSmethod bymeans of theoretical sim-
ulations in order to determine the potential limitations of
its applicability.

2 THEORY OF THE PSMETHOD

The PSmethod utilizes the derivative data (in the dTf⋅dT−1
form—similar to those depicted in Figure 1A) correspond-
ing to the four-step temperature cycles. During these
cycles, the sample is first shortly annealed at the initial
temperature Tini (well above the glass transition temper-
ature Tg, for the sample to be in equilibrium) to fully
erase the previous thermal history and achieve thermo-
structural equilibrium. In the second step, the sample is
quickly cooled at rate q− fromTini to the annealing temper-
ature Ta, which is below Tg. In the third step, the sample is
annealed at Ta for a certain time ta. In the fourth step, the
sample is heated back to Tini at a heating rate of q+. The
temperature Ta needs to be selected for the relaxation to
proceed reasonably quickly; this will be further discussed
in Section 3. The main variable within the series of the
four-step cyclic experiments is the annealing time ta—see
Figure 1B for the schematic overview of the four-step cyclic
temperature program; the dTf⋅dT−1 signal corresponding
to the heating scans is then shown in Figure 1C. Regarding
the evaluated quantities, for each relaxation peak the tem-
perature corresponding to the maximum of the relaxation
peak Tp and the excess enthalpy δH are determined. The
excess enthalpy is determined as follows:

𝛿𝐻 = Δ𝐻 − Δ𝐻0 (3)

where ∆H0 is the minimum enthalpy achieved during the
cycle with ta = 0, and ∆H stands in this equation for the
excess enthalpy achieved during the cycle when relaxation
proceeded under the defined conditions (Ta, and ta ≠ 0). A
graphical representation of the δH determination is shown
in Figure 1D.
The basis of the PS method was originally derived

in terms of the Kovacs–Aklonis–Hutchinson–Ramos
(KAHR) phenomenological structural relaxation model.3
However, parametrically, the KAHR model is very similar
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SVOBODA 5235

F IGURE 1 (A) Depiction of the typical simulated relaxation peak and of the corresponding evaluation of Tp. (B) Example of the PS
temperature program (first four cycles)—red lines represent annealing steps (characterized by Ta and ta) and the magenta steps represent the
heating scans that are used for the evaluation of Tp and δHN. (C) Example heating scans curves corresponding to the temperature program
displayed in graph C. (D) Schematic representation of the δHN evaluation. PS, peak-shift.

to the TNM model: the KAHR model utilizes the concept
of deviations from the equilibrium state (similar to the
Tool’s Tf concept), the KAHR model employs summation
over each individual deviation corresponding to the
given element of glassy matrix (analogy of the TNM non-
exponentiality parameter β), the KAHR model utilizes
the nonlinearity parameter x, and the KAHR model also
includes the apparent activation energy in the following
form:

𝜃 ≈
Δℎ∗

𝑅𝑇2𝑔
. (4)

The PS method defines the following reduced (nor-
malized) variables: Q−, DH, and Q+, where Q− = θ⋅q−,
DH = θ⋅δH/∆Cp, and Q+ = θ⋅q+. The dependence of Tp
on these variables can then be expressed by the partial
derivatives:

𝑠 (𝑄−) = 𝜃

(
𝜕𝑇𝑃

𝜕ln |𝑞−|
)
𝛿𝐻,𝑞+

, (5)

𝑠 (𝐷𝐻) = Δ𝐶𝑝

(
𝜕𝑇𝑃
𝜕𝛿𝐻

)
𝑞−,𝑞+

, (6)

𝑠
(
𝑄+

)
= 𝜃

(
𝜕𝑇𝑃

𝜕ln |𝑞+|
)
𝛿𝐻,𝑞−

. (7)

It was further shown33 that a master curve/function can
be constructed in the following fashion:

𝐹 (𝑥) = 𝑠 (𝐷𝐻) = 𝑠
(
𝑄+

)
− 1 = −𝑠 (𝑄−) , (8)

where its interrelation with the nonlinearity parameter is
as follows:

𝐹 (𝑥) = 𝑥−1 − 1. (9)

In practice, the combination of Equations (6) and (9) is
used for the determination of x. It is, however important
to mention that, according to,31,32 this expression holds
only for the conditions of a well-stabilized glass. For the
annealed glass, the relaxation peaks were in31,32 denoted
as “main peaks”, whereas the shorter annealings led to the
occurrence of the so-called “upper peaks”. Unfortunately,
the only way of distinguishing between these two types
of relaxation peaks was based on the behavior (linearity
and non-zero slope) of the s(DH) dependence. The cycli-
cal experiments have to be therefore iteratively prolonged
and repeated until the required behavior/dependence is
obtained—this aspect of the experimental setup will be
further discussed in Section 4.1.
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5236 SVOBODA

3 RESULTS

Several examples of literature reports on the utilization
of the PS method can be found in.34–40 However, these
examples are not numerous, and the results are often not
confirmed by an alternative method but rather used as an
absolute basis for the determination of other TNMparame-
ters. Most importantly, thematerials experimentally inves-
tigated by means of the PS method represent only a very
limited sample of the possible types of structural relaxation
behavior. In order to explore the performance of the PS
method for a large variety of experimental conditions as
well as for all archetypal relaxation patterns, theoretical
calculations were employed to simulate a large number
of four-step cyclic data. The theoretical simulations were
based on the TNMmodel, with the numerical algorithm in
the form of Equation (10) for the non-isothermal segments
and Equation (11) for the isothermal segments:

𝑇𝑓,𝑛 = 𝑇0 +

𝑛∑
𝑗=1

Δ𝑇𝑗

⎧⎪⎨⎪⎩1 − exp

⎡⎢⎢⎣−
(

𝑛∑
𝑘=𝑗

Δ𝑇𝑘∕𝑞𝑘𝜏𝑘

)𝛽⎤⎥⎥⎦
⎫⎪⎬⎪⎭ .
(10)

𝑇𝑓,𝑛 = 𝑇0 +

𝑛𝐴∑
𝑗=1

Δ𝑇𝑗

⎧⎪⎨⎪⎩1 − exp

⎡⎢⎢⎣−
(

𝑛∑
𝑘=𝑛𝐴

Δ𝑡𝑒,𝑘∕𝜏𝑘

)𝛽⎤⎥⎥⎦
⎫⎪⎬⎪⎭ ,
(11)

where T0 is the initial equilibrium temperature, and te is
the annealing time. The fundamental basis of the algo-
rithm is in detail explained in.25 The∆T= 0.1 K (precision
10 times better than suggested in25) was used for the
present simulations.
The first batch of testing was performed for a low-

Tg material behavior (typical for, e.g., polymers41) as
one extreme of the structural relaxation archetypes—with
Δh*/R = 40 kK, ln(A/s) = −180 and Tg ≈ −55◦C. Note that
the results obtained in these tests will be generalized in
Section 4 to derive universal conclusions regarding the per-
formance of the PSmethod for all relevant glassymaterials.
The annealing temperature was set to Ta = −70◦C, that
is, ca. 15◦C below Tg; the annealing times ta = 0, 10, 100,
300, 103, 104, 105, 3⋅105, and 106 were set to cover the whole
range of practically/experimentally applicable times (+ the
last one that rather corresponds to some left-over samples
from previous study picked up after long-term storage).
These sets of PS cycles (each cycle corresponding to the
four-step experiment with given ta as listed above → the
whole set containing nine cycles) were simulated for all
combinations of relevant x and β values (both varying in
the 0.3–0.9 range with the step of 0.1) to cover all types of

structural relaxation behavior. This resulted in 49 sets and
441 PS cycles in total. Note that materials with the x and β
values< 0.3 are quite rare, the overall structural relaxation
kinetics cannot be really evaluated reliably (for very low β),
or (for very low x) the features of the PSmethod are exactly
the same as presented for the cases with x = 0.3.
Two examples of the simulated and evaluated PSmethod

data are shown in Figure 2—whereas the data for the
β = 0.7 and x = 0.4 (left column) represent quite typical
material with the rather narrow distribution of relaxation
times (high β) and rather high dependence of relaxation
movements on the surrounding structure (low x), the sec-
ond depicted combination of β = 0.5 and x = 0.5 (left
column) shows a more exotic example with β ≈ x. The first
set of graphs (Figure 2A,B) shows the temperature evolu-
tion ofTf (integral data) during the heating scans (last steps
of the four-step PS cycles) following the isothermswith dif-
ferent tas. Note the similar scaling of the two graphs, which
shows that the increase of β and simultaneous decrease
of x lead to a significantly more pronounced shift of Tp
to higher temperatures with increasing ta. The second set
of graphs (Figure 2C,D) show the corresponding deriva-
tive data, that is, the temperature dependence of dTf⋅dT−1.
Both graphs are zoomed-in on the low dTf⋅dT−1 values
to distinguish between the most interesting differences.
The full-scale graphs are included in the Supporting infor-
mation. The most typical relaxation response (Figure 2C)
demonstrates how the peaks are first shifted to slightly
lower temperatureswith the first ta increases (the so-called
upper peak behavior31,32), and only from ta ≈ 300 min the
Tp starts to gradually increase with ta—the sign of the so-
called main peaks.31,32 The atypical behavior depicted in
Figure 2D shows amuch less common case of themain and
upper peaks being clearly separated, with the main peak
emerging at the low-T shoulder and gradually increasing
and overtaking the previously dominant upper peak.
The third set of graphs (Figure 2E,F) shows the evolu-

tion of Tp with δHN, where the superscript “N” denotes the
normalized values of excess enthalpy evaluated from the
dTf⋅dT−1 signal instead of the real-life experimental heat
flow or heat capacity signal. Note that the graphs were
constructed by matching both quantities always evaluated
for the identical ta PS cycle. While the typical structural
relaxation behavior manifests itself by the relatively
pronounced increase of Tp (see Figure 2E), the low or
negative |β–x| difference leads to a large initial decrease
of Tp in comparison with the consequent moderately
scaled increase of the maximum temperature of the main
relaxation peaks. What is most important are the values
of the nonlinearity parameter evaluated from these data
using the combination of Equations (6), (8), and (9). These
values will be denoted as xout (as “output”) to differentiate
them from the x values input into the simulations. The
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SVOBODA 5237

F IGURE 2 (A,B) Set of heating scans (displayed as Tf–T data) simulated as the parts of the PS method datasets for the mentioned
combinations of the TNM parameters and the displayed series of tas. (C,D) Set of heating scans (displayed as dTf⋅dT−1–T data) simulated as
the parts of the PS method datasets for the mentioned combinations of the TNM parameters and the displayed series of tas. (E,F) PS method
Tp–δHN dependencies evaluated for the data displayed in graphs C and D. The xout values determined using Equations (6), (8), and (9) from
the marked parts of the PS dependencies are indicated by the curly braces. PS, peak-shift; TNM, Tool–Narayanaswamy–Moynihan.

xout values were in Figure 2E, F evaluated from the
different segments of the simulated Tp–δHN dependence,
as is indicated in the graphs by the braces. It is evident
that with increasing ta, the slope of the dependences
increases and the xout evaluated from the later relaxation
stages (segments of the dependence) decreases toward the
correct value (the x value input into the simulations). For
the common structural relaxation behavior (Figure 2E),
the errors for the xout determination are: ∼ 1.5% in the 2
months to 2 years range, ∼ 7% in the 1 week to 2 months
range, ∼ 20% in the 1 day to 1 week range, and ∼ 35% in
the 5 h to 1 day range. In other words, the acceptable level
of precision is achieved only during extremely long tas
inconsistent with routine laboratory practice. Even more

interesting is the result for the atypical glass behavior
(Figure 2F), where the errors exhibit the span in the 8%–
16% range, and the approach to the “correct” x value is very
slow (cannot be practically reached even after a decade).
The influence of the relaxation rate (represented by the

different β and x combinations) on the shape of the PS
dependence is profiled across the tested β and x ranges in
Figure 3. This is a characteristic profile, that is, practically
universal for the absolute majority of glassy materials. In
order to reveal the influence of the relaxation rate parame-
ters on the shape of the PS dependence, we have calculated
the correlation coefficients r between x, β, and (β–x) on one
side, and maximum δHN, taons (onset ta, when the main
peak first overrules the upper peak) and ΔTp = Tpmax–Tp0
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5238 SVOBODA

F IGURE 3 Selected PS dependencies simulated for Δh*/R = 40 kK, ln(A/s) = −180, Ta = −70◦C, and displayed β and x combinations.
PS, peak-shift.

(where the superscript denotes ta) on the other side. The
evaluations were done over the whole tested ranges of β
and x, that is, 0.3–0.9 for both quantities (49 combinations
in total). The following three correlations were found to
be relevant: (β–x) versus ΔTp with r = 0.907, x versus
taons with r = 0.953, and β versus maximum δHN with
r= 0.911. From the practical point of view, it is the first two
correlations that are most relevant. The ΔTp determines
the evaluation precision—note that the reliability of the
real-life Tp determination is worse than ± 0.1◦C and even
the present simulations performed at the 0.1◦C precision
level were affected by the “low” temperature resolution in
certain cases, as will be discussed later. Hence, the higher
ΔTp decreases the requirements for precise evaluation of
Tp. The taons then determines the time-demanding nature
of the experiments; note however that taons is still not the
ta suitable for the determination of xout, it is only the time
fromwhich the recorded data should start to bemonitored.
In order to further test various aspects of the relax-

ation behavior, several other datasets (alternative to the
one so far commented, i.e., Δh*/R= 40 kK, ln(A/s)=−180

and Ta = −70◦C) were prepared. The influence of Ta was
tested by simulating and evaluating two other datasets
with Ta = −60 and −80◦C. The profiled PS dependences
(figures analogous to Figure 3) are included in the Support-
ing information. In the case of Ta = −60◦C, the relaxation
was in certain cases quite quick, and the equilibrium was
reached before the main peak could have properly started
to relax and exhibit the proper Tp shifts—at low β val-
ues, the shape (and therefore the evaluation) was still
largely unaffected, but at higher β the evaluation of the
PS dependences was very subjective due to the distor-
tions caused by reaching the structural equilibrium.On the
other hand, in the case of Ta = −80◦C, the relaxation was
extremely slow for simulations employing high x values (≥
0.7), and the main peaks were not occurring even at the
longest tas. These tests indicate that there is always a Ta
sweet-spot that should be attempted to obtain a suitable
distortion-free PS dependence.
In addition to the influence of Ta, the effect of changing

Δh* was also explored—two additional datasets were
simulated: (1) for Δh*/R = 80 kK, ln(A/s) = −360 and
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SVOBODA 5239

F IGURE 4 Selected PS dependencies simulated for Δh*/R = 160 kK, ln(A/s) = −720 and Ta = −55◦C, and displayed β and x
combinations. PS, peak-shift.

Ta = −60◦C; (2) for Δh*/R = 160 kK, ln(A/s) = −720 and
Ta = −55◦C. This range of tested Δh*/R values covers an
absolute majority of apparent activation energies reported
for the glassy materials.2 Note that the lnA values were
adjusted accordingly to preserve the Tg ≈ −55◦C, and the
above-mentioned Tas already represent the sweet-spot
values, where the evaluation is least distorted. The profiled
PS dependence for the dataset with Δh*/R = 80 kK is
included in the Supporting information; the selected
results for the dataset with Δh*/R = 160 kK are shown
in Figure 4. As is immediately apparent, the shape of
the dependences remains practically unchanged with
respect to the corresponding β and x combinations, only
the “dimensions” along both axes are shrunk. This is an
expected result as the increased activation energy makes
the relaxation process much less sensitive to the changes
of the experimental conditions, such as, for example,
the increase of ta (after reaching the point at which the
energetic barriers can be overcome). This indicates that
the PS method is also largely independent of the influence
of the apparent activation energy.

The summarized quantification of the PS method sim-
ulations performed within the framework of the first data
batch (withTg ≈−55◦C) is shown inFigure 5—the quantity
Δxout defined as:

Δ𝑥out = 𝑥out − 𝑥. (12)

Note that these graphs summarize more than 2200
different combinations of Δh*, lnA, β, x, Ta, and ta. The
graphs show that the proper choice of Ta is crucial for
a precise and artifacts-free evaluation of xout by the PS
method. Most importantly, Figure 5A,D,E demonstrates
the universality of the PS method (and of its intrinsic
errors) with respect to different values of apparent acti-
vation energy Δh*. Regarding the trends associated with
varying β and x combinations, under most circumstances,
the PSmethod tends to slightly overestimate (by 0.05–0.10)
the evaluated nonlinearity parameter x. However, for low
β paired with high x, the Δxout overturns and exhibits
quite large errors of ∼ −0.20.
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5240 SVOBODA

F IGURE 5 Magnitude of the errors/deviations of the nonlinearity parameter xout as provided by the PS method applied in the cases of
the theoretical datasets simulated for the given β and x combinations (indicated by X and Y axes) and other conditions listed in the in-graph
legend. PS, peak-shift.

4 DISCUSSION

This section will be split into the following sub-sections.
In the first sub-section, the practical consequences of the
results presented in the previous section will be discussed.
In the second sub-section, further simulated data will be
shown to demonstrate the universality of the present find-
ings and conclusions. In the third sub-section, several
experimental examples of the PS method utilization will
be shown and commented on.

4.1 Best practice for the peak-shift
method

It was shown in Section 3 how the performance of the PS
method changes for different materials and experimental

(simulated) conditions. From the practical point of view, it
is best to first asses the material with unknown structural
relaxation behavior using the simple cooling→heating
cycle (performed at q− > q+)—see Figure 6 for the profiled
examples of the archetypal dTf⋅dT−1–T curves simulated
for q− = 50◦C⋅min−1 and q+ = 10◦C⋅min−1. Of particular
interest is the presence of the “undershoot” (small exother-
mic dip preceding the glass transition onset), occurrence
of the split main and upper peaks, and the height of the
relaxation peak. In the second step, the suitable Ta tem-
perature needs to be found. Depending on the activation
energy and Tg of the investigated material, the suitable
Ta may be between ∼ (Tg–5◦C) and (Tg–300◦C). The data
from Figure 6 corresponding to the samples relaxed at the
sweet-spot Ta can serve as a guide for the correct choice
of Ta—the curves were simulated for the ta = 100 min.
In accordance, the real-life sample can be screened at
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F IGURE 6 Archetypal dTf⋅dT−1–T curves simulated for q− = 50◦C⋅min−1, q+ = 10◦C⋅min−1, Δh*/R = 40 kK, ln(A/s) = −180, and
displayed β and x combinations. Black curves correspond to ta = 0; red curves correspond to ta = 100 min at Ta = −70◦C.

different Tas, always applying ta = 100 min, and the con-
sequent pair of the heating measurements (at ta = 0 and
100min), the evolution of which ismost reminiscent to the
theoretical simulation depicted in Figure 6 is the one clos-
est to the suitableTa. Note that in the case of doubt, theTas
closer to Tg should always be checked/tested first. Owing
to the universality of the general trends of the PS depen-
dences, the data from Figure 3 can also be used as a rough
prediction for the expected Tp and δHN values at given tas.
The comparison of these predictions (dependences from
Figure 3) with the first few experimentally obtained data
points can be used to either adjust the estimated β and x
combination or to skip certain ta cycles to focus directly
on the annealing times with suitable duration.
In practice, an issue can be associated with the correct

determination of δHN (the integration utilizing the course
of the heat capacity in the glass region Δcpg) for the non-
relaxed glass (ta = 0). For certain materials, the relaxation
can be relatively quick at Ta, which distorts the baseline of
the heating scan following the very short (or zero) anneal-
ingwhen the glassy structure does not have time to become

compact enough for the immediate onset of the relaxation
peak not to occur. This issue could be avoided if the sam-
ple could be cooled well below Ta after the relaxation step
(characterized by Ta and ta) without any additional conse-
quences to the relaxation behavior of thematerial. In order
words, the question is whether the relaxation at T < Ta is
negligible andwhether the additional cooling step inserted
in-between the annealing at Ta and the consequent heat-
ing scan would influence the results of the PS method.
This hypothesis was tested in terms of three specifically
designed temperature programs shown in Figure 7A,C. In
Figure 7A, a standard PS method temperature program is
shown, where the annealing at Ta is immediately followed
by the heating scan from which Tp and δHN are deter-
mined. The second program employs prolonged cooling
(to lower T) during the ta = 0 min cycle, and the third
program further adds similar cooling segments at the end
of all annealing steps. If Tf does not significantly change
as a consequence of these added cooling segments, then
the temperature program depicted in Figure 7C has the
added benefit of the heating steps being performed from
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5242 SVOBODA

F IGURE 7 (A)–(C) Three different types of PS temperature programs differing in the presence of additional cooling steps following the
annealing program segments. (D) Simulated heating scans corresponding to the PS temperature programs displayed in graph A (“simple”
program) and graph C (“complex” program). The pairs of curves simulated for the same tas overlap perfectly. PS, peak-shift.

low T and not having any features (undershoot, course of
baseline, . . . ) masked by the glass transition peak onsetting
immediately at the start of the heating step. The programs
were tested for the following combination of the relax-
ation parameters: Δh*/R = 40 kK, ln(A/s) = −180, β = 0.7,
x = 0.4. Note that these parameters represent a material
that shows a fast relaxation rate. The dTf⋅dT−1–T signals
simulated for theheating scans performed after the anneal-
ing steps with ta = 0 and 5 min (the two cases most prone
to distortions) are shown in Figure 7D. The standard tem-
perature program (Figure 7A) is denoted as “simple”; the
programwith included additional cooling segments to low
T is denoted as “complex”. As is apparent, the curves for
the simple and complex programs perfectly overlap, which
indicates that Tf achieved during the preceding anneal-
ing/cooling stepswere identical. Also, as expected, all three
temperature programs depicted in Figure 7A–C provided
an exactly similar value of xout evaluated by means of
the PS method. This finding confirms the “complex” PS
method to be a suitable solution for the materials that at
optimum Ta do not show a steady constant course of the

baseline in the derivative (dTf⋅dT−1) data. Note however,
that the original “simple” PSmethod is still in practice pre-
ferred in the caseswhen the complex temperature program
is not necessary because the simple temperature program
is shorter (less chance for baseline drift) and the lack of
additional cooling segments improves reproducibility of
the cp signal.

4.2 Universality of the PS method

So far, the PSmethodwas tested only for the relaxation pro-
cesses occurring at a very low T of ≈ −55◦C. In order to
confirm the general nature of the derived conclusions, fur-
ther batches of similar tests were also performed for other
Tg values of ≈ 50, 200, 600, and 1000◦C, which covers the
temperature range, where the glass transition for the abso-
lute majority of materials can be found. For each of these
Tg values, two datasets corresponding to Δh*/R = 40 and
160 kK were explored. The ln(A/s) values used to achieve
the above-mentioned Tgs for these pre-selected activation
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TABLE 1 Values of the reduced apparent activation energy
Δh*⋅R−1 and pre-exponential factor A input into the simulations for
the simulated curves to exhibit the listed Tg.

Tg (◦C) Δh*⋅R−1 (kK) ln(A/s)
−55 40 −180
−55 160 −720
50 40 −123
50 160 −492
200 40 −83
200 160 −338
600 40 −43
600 160 −182
1000 40 −28
1000 160 −124

energies are listed in Table 1. In accordance with the simu-
lations shown in Section 3, sets of PS cycles were simulated
with β and x varying in the 0.3–0.9 ranges (with the 0.1 step)
for each combination of Δh* and lnA shown in Table 1.
In this way, additional 392 sets (3528 PS unique PS cycles)
of different types of structural relaxation behavior were
simulated and evaluated in terms of the PS method. The
resulting summarized quantification of the errors (Δxout)
associated with the usage of the PS method for different
types of structural relaxation behavior—as expressed by
the different combinations of Δh*,A, β, and x—is shown in
Figure 8. The remarkable similarity (both, in the shape and
absolute Δxout values) of the hyper-surfaces introduced
in Figure 8 unambiguously confirms the universality of
the conclusions based on these data, and their validity for
practically all glassy/amorphous materials. The following
conclusions can be derived from these data:

1. in the majority of cases, the PS method slightly overes-
timates (by 0.05–0.10) the true value of the nonlinearity
parameter.

2. the accuracy of xout determination slightly decreases
with the increase of Tg tested in the −50 to 1000◦C
temperature range).

3. the accuracy of xout determination slightly decreases
with Δh* (tested for the reduced activation energies of
40 and 160 kK).

4. the accuracy of the PS method significantly decreases
for the materials with high x and low β.

4.3 Practical examples of the peak-shift
method utilization

In this section, several examples of our older experimental
data42–46 (together with some unpublished results) will

be presented to discuss certain practical aspects of this
method. These PS dependencies are shown in Figure 9,
together with the x values determined by the PS method
and by the curve-fitting approach. Starting with Figure 9A
and glassy selenium, the two data series demonstrate
the difference between the aging at 27 and 29◦C. The
PS cycles performed at Ta = 29◦C finished prematurely,
reaching the structural equilibrium (represented by the
undercooled liquid state), and the corresponding slope of
the Tp–δHN dependence led to xout = 0.60 (which is still
acceptable information with regard to at least qualitative
classification of the material’s relaxation behavior). The
PS dependences for the selenium glasses doped with
Te, As, and Ge are shown in Figure 9B–D. Here, the
PS dependencies are nicely linear at higher annealing
times, which give higher confidence to their evaluation
according to Equations (6), (8), and (9). Similar to the pure
Se, the xout values determined for these glasses by the PS
method are remarkably similar to those obtained from
the curve-fitting method. Considering the corresponding
values of the non-exponentiality parameter β, which are
0.65, 0.83, 0.63, and 0.62 for the pure a-Se and Te-, As-
and Ge-doped selenium glasses, respectively, the course
of the PS dependencies depicted in Figure 9A–D very
well agrees with their expected shape (as determined
from the theoretically simulated data from Figure 3). It
is noteworthy that the presence and magnitude of the
“dip” (represented by the decrease of Tp at medium tas)
can be very well used as a rough estimate of the β/x
ratio. A larger magnitude of the characteristic dip in
the PS dependence can be observed in the case of the
PVAc material—Figure 9E, where β determined from
curve-fitting was 0.50. This is again in good agreement
with the prediction based on the data from Figure 3. Very
different shape of the PS dependence was recorded for the
Ge2Sb2Se5 glass (that, by the way, has alsomuch higher Tg,
confirming the universality of the present approach). For
this material, the curve-fitting provided β = 0.68 ± 0.08,
which is practically similar to the x-value from the PS
method (0.67 ± 0.03). The much larger magnitude of the
dip and the final Tp values (obtained at largest applied
ta) still exceeding the initial Tp obtained at ta = 0 min
indicate (based on the comparison with Figure 3) that
indeed β/x ≈ 1 and the nonlinearity should be between 0.6
and 0.7.

5 CONCLUSIONS

The performance of the PS method was tested by means of
theoretical simulations. The method was found to provide
fairly accurate of the nonlinearity parameter x, deviating
in most cases by a maximum of 0.05–0.10. For the majority
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5244 SVOBODA

F IGURE 8 Magnitude of the errors/deviations of the nonlinearity parameter xout as provided by the PS method applied in the cases of
the theoretical datasets simulated for the given β and x combinations (indicated by X and Y axes). The approximate Tg values are listed in each
graph together with the supplemental conditions for the simulations. PS, peak-shift.
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F IGURE 9 Experimental PS dependences for amorphous Se (full points correspond to Ta = 27◦C, empty points correspond to
Ta = 29◦C),42 Te10Se90,45 As2Se98,44 Ge2Se98,44 PVAc,43 and Ge22.5Sb22.5Se5546. PS, peak-shift.

of types of structural relaxation behavior (characterized
by the different combinations of the TNM parameters
β and x), the PS method tends to slightly overestimate
the value of x. In the specific cases when β/x ≤ 0.3, the
PS method systematically largely underestimates the
nonlinearity parameter—this type of structural relaxation
behavior is however very rare. The universality of the
PS method performance was verified for practically all
glassy/amorphous materials, for which the dTf⋅dT−1 data
are usually collected: glass transition temperature Tg
values between −55 and 1000◦C, the reduced activation
energy of structural relaxation Δh*/R between 40 and
160 kK. The importance of the proper selection of the
annealing temperature Ta was demonstrated. A new com-
plex/improved temperature program for the PS method
was proposed and theoretically tested—utilization of
this temperature program eliminates the inaccuracies

associated with the fast relaxation onset that can occur
for certain materials. In addition, based on the compar-
ison between the theoretically simulated and real-life
experimental data, the usefulness of the characteristic PS
dependence shape for the rough complementary estimate
of the non-exponentiality β parameter was introduced.
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