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1. Introduction

Metallic multilayer films based on Al-X pairs with micro- and
nanoscale morphology have attracted interest from the scientific
community due to their high interface density, allowing the
investigation of highly nonequilibrium systems compared to
bulk systems. Preferred metal pairs include those that show
a large negative enthalpy of formation of the aluminide

intermetallic compound.[1] The highly
energetic nature of those systems enables
the possibility of self-sustaining high-
temperature synthesis (SHS) reactions pro-
vided the heat release from the multilayer
system is larger than the heat absorbed by
the surroundings of the system.[2] That
means the reaction can propagate through
the remaining material without any further
external energy input. This unique property
enables different applications such as a
localized heat source for room-temperature
soldering of materials with different
thermal expansion coefficients[3,4] or
micropropulsion units,[5] in self-healing
of materials[6] or synthesis of high-temper-
ature materials.[7] Beyond applications in
engineering, these systems find interest
in scientific research regarding the influ-
ence of interfaces on the reaction sequence

in nanometric material systems. Nanoscaled multilayers pro-
duced by physical vapor deposition (PVD) allow well-defined
states to be manufactured for scientific investigations. This
approach provides a clearer property–microstructure–correlation
than, e.g., samples produced by cold rolling[8] or high-pressure
torsion (HPT).[9]

Most previous calorimetric studies on nanoscaled multilayers
were performed with heating rates slower than 2 K s�1 due to the
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Free-standing Ni/Al multilayer films with a planar morphology, a bilayer
thickness of 20 nm, and an average composition of Ni50Al50 (at%) deposited by
direct current magnetron sputtering are investigated by nanocalorimetry and
conventional calorimetry. Both the novel fast differential scanning calorimeter
(FDSC) Flash DSC 2þ from Mettler–Toledo (MT) and conventional calorimeter
MT DSC 3 are used to cover a range of heating rates from 0.1 to 104 K s�1.
A quantitative kinetic study of the interdiffusion and phase reaction sequence is
performed via a Kissinger analysis covering five orders of magnitude of heating
rates. Using the calorimetric data, the derived apparent activation energies
suggest monotonic reaction kinetics over the entire range of heating rates
applied. To correct the thermal lag at the highest heating rates with the FDSC for
nonadhered free-standing films, a new methodology for its correction is used.
Overall, this work extends the application of commercial FDSC to nonadhered
films.
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technical limitations of the available conventional calorimeters.
This restricted investigations to solid-state reactions within
these materials. Only in the recent decade, reaction studies
could be extended to higher heating rates with the help of
nanocalorimetry—closer to the ones seen in SHS reactions
where heating rates beyond 106 K s�1 are commonly observed.[10]

These investigations performed on Ni/Al nanometric multilayers
were mostly performed with unreferenced and nondifferential
nanocalorimeters.[11–16] Thus, the heating rate is not constant
during the experiment for cases where the released heat from
the sample is higher than the heat that is lost to the surround-
ings. Since these factors depend on parameters such as the con-
tact area to the surrounding, sample mass, and surrounding
environment, the calorimetric results lack comparability as they
are highly dependent on the used measurement setup. This com-
plicates drawing direct connections between applied heating
rates and the evolution of the reaction pathway observed via cal-
orimetry. Hence, in situ experiments are often utilized, in which
the films are deposited onto the sensor of the calorimeter. This
makes them time- and cost-consuming, as each sample holder of
a nanocalorimeter can only be used once. Further complications
can arise from the use of shadow masks for sputtering on the
sensor side of the nanocalorimeter, as it may change the micro-
structure at the edges of the sputtered regions.[17] Due to these
preparation steps for performing experiments, such approaches
remained sparse with only a handful of experiments performed
until this day.[9,11–16,18]

In the present study, we focus on nanoscaled, free-standing
Ni/Al multilayers produced by PVD via magnetron sputtering.
For this purpose, we utilized the recently introduced fast
differential scanning calorimeter (FDSC) Flash DSC 2þ from
Mettler–Toledo (MT). However, unlike in previous research,
where samples have been sputtered directly onto the sensor
area of the nanocalorimeter chip, the samples are measured as
nonadhered free-standing films without physical thermal
contact. In contrast to previous experiments with custom-built
nanocalorimeter setups, this method enables measurements of
amultitude of samples taken from a single film using a single com-
mercial nanocalorimeter sensor. Hence, we present FDSC experi-
ment results for heating rates from 500 K s�1 up to 10 000 K s�1

utilizing the high-temperature UFH1 sensor. Furthermore, we
were able to perform multiple measurements using one selected
heating rate for statistical purposes. To correct for the thermal lag
at the highest heating rates, a methodology is presented that
compares the thermal lag of the nonadhered free-standing films
with that of several adhered samples, such as several metallic glass
formers and a low melting temperature Al-based alloy.

2. Results

2.1. Thermal Lag Estimation Methodology

2.1.1. Description of the Problem

Every calorimetric device relies on heat exchange between the
sample material under investigation and the furnace. This com-
plex 3-dimensional heat transfer problem is usually described by
a single property called thermal lag to compare different

calorimetric devices and samples. In conventional calorimetry,
samples are typically placed inside crucibles, which are then
placed in the calorimeter furnaces. These consist of large silver
blocks with embedded heating coils. In the case of the commer-
cial MT FDSC 2þ nanocalorimeter, the function of the furnace is
replaced by a microelectromechanical systems-based chip. Here,
small heating electrodes embedded in a membrane control the
temperature of the so-called active areas. Samples are typically
placed in direct physical contact with the active area of the sensor.
This is attained, e.g., by successively melting the materials above
their liquidus temperature.[19] This is not possible in cases where
the first heating scan is important, e.g., the as-prepared state
of the sample must be investigated during the first heating scan
and its microstructure cannot be reproduced after melting in the
FDSC and/or the maximum temperature of the device is below
the melting temperature of the alloy under investigation.[20] For
polymer samples without direct thermal contact where the first
heating scan is of importance for the analysis, a contact medium
such as oil can also be used[21] to establish a stable thermal con-
tact. However, for free-standing multilayer films, the exothermic
events finish at relatively high temperatures. Thus, oil cannot be
used during the entirety of the heating scan because it thermally
decomposes at higher temperatures. Consequently, the measure-
ments in this work were performed without any form of contact
medium. Due to the novelty of MT FDSC 2þ, new methodolo-
gies still must be proven and established. So far there were no
published studies involving measurements of free-standing mul-
tilayer films with FDSC without direct thermal contact. Studies
using direct sputtering on the sensors have been limited to
custom-built nanocalorimeters with selected investigations.[10,14]

Due to the lack of direct thermal contact, the question arises if
the thermal lag from the sensor to the sample during the meas-
urements plays a crucial role. In the following, a methodology is
presented that allows to calculate the thermal lag for the nonad-
hered, free-standing multilayer films, that are manually depos-
ited on the active area of the sensor.

2.1.2. Methodology Description

Thermal gradients occur within a sample due to its finite thermal
conductivity during temperature scanning experiments.[22] These
are present even with an ideal thermal contact between the sam-
ple and the sensor membrane. However, the thermal contact
may not be ideal, e.g., for samples that cannot be intimately
attached to the sensor membrane by repeated melting.
Overall, these phenomena are commonly summarized under
the term thermal lag, which causes an apparent shift of thermal
events to higher temperatures in heating experiments[23]—
especially at higher heating rates. Conventionally, this offset is
corrected by measuring the onset of melting of the alloy under
investigation.[24]

In general, the thermal lag, τlag, is characterized as a heating
rate-independent time scale by the following equation[25]

Ton ¼ T0 þ qHτlag (1)

Ton is the measured onset temperature of a heating rate-invariant
thermal property, e.g., the melting temperature of an alloy,
before any correction. As the slope of the linear equation, τlag
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describes the time required for the heat transfer between the
sample and the heater.[26] T0 is the extrapolated onset tempera-
ture for an infinitely small heating rate, qH= 0 K s�1.

The multilayered films used in this study do not feature a heat-
ing rate-invariant thermal event that can be used to correct for
τlag. Therefore, another method must be used to estimate the
contact quality of the nonadhered multilayer films to the sensor
membrane. Using the heat flow equilibration signal at the begin-
ning of the first heating scan after the isothermal hold, the time
or temperature interval required to reach a new steady-state tem-
perature profile provides information about the thermal contact
of the sample to the sensor substrate as well as the heat capacity,
mass, and thermal conductivity of the sample.[27] The heat flow
equilibration signal at the beginning of the first heating scan in
terms of the temperature interval, ΔTeq, is analyzed by the
tangent method, as shown in Figure 1. By using this value, it
is possible to make a quantitative comparison to other systems
where τlag can be determined through measurements of heating
rate-invariant properties.

The results of the evaluation of ΔTeq at the beginning of the
first heating scan are shown in Figure 2a for different samples as
indicated. The data points for the multilayered film samples were
measured at least three times and averaged. In addition, for each
sample, except the multilayer samples, τlag was determined based
on the shift in the onset of the melting event using Equation 1.
This shift is exemplarily shown for the case of the AlSi10Mg alloy
in Figure 2b. With increasing heating rates up to 10 000 K s�1,
the onset of the melting temperature shifts to higher tempera-
tures. Using the linear fit from Equation 1, τlag is determined.
In the case of the alloy shown, τlag has a value of 4.44ms.
Applying the same linear fit to the other samples yielded the val-
ues that are shown in Figure 2a behind the corresponding alloys.
Figure 2a shows the expected trend that samples with higher
thermal lag also show a stronger heating rate dependence of
ΔTeq. For multilayer film samples, the heating rate dependence
of ΔTeq is intermediate and lies in between samples that have
shown a τlag value between 1.5 and 4ms. To support the point
that ΔTeq(qH) is useful for determining the average τlag of the
multilayer film samples, it must be proven that both have a linear
correlation with each other within the selected heating rate
range. Thus, ΔTeq(qH) has been plotted as a function of the cor-
responding temperature shift of the melting temperature onset,
ΔTm,on, for a given heating rate and sample in Figure 2c. The
data points for ΔTm,on have been taken from the linear fit rather
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Figure 1. The start of a heat flow curve as a function of T shows the eval-
uation method of ΔTeq during heating after isothermal hold.

(a)

(b)

(c)

(d)

Figure 2. a) ΔTeq as a function of qH for different types of samples as
indicated. b) The measured Tm,on as a function of qH exemplarily shown
for the AlSi10Mg alloy. The linear fit shows the determination of the value
for a sample. c) The results from (a) and (b) are combined for nonmulti-
layer samples to show the dependence of ΔTeq(qH) on ΔTm,on for different
samples. For all samples, data points for the same heating rate were
correlated. d) The τlag results were correlated to the slope from the linear
fits in (a) allowing the estimation of the average τlag for measurements
with multilayer samples.
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than the measured values to decrease the scatter in the data for
lower heating rates. For each sample, the data have been fitted
with a linear regression up to 2500 K s�1. Each fit has a R2 value
above 0.99 confirming a high degree of confidence and thus the
proportionality between both values up to this heating rate. At
5000 K s�1 and above a sublinear behavior is observed, i.e., the
actual values for ΔTeq(qH) are lower or the values for ΔTm,on are
higher than expected from the linear fit up to 2500 K s�1. The
reason for this deviation from the linear behavior is not yet
entirely clear. However, it could be related to the tangent method
used to determine the values for ΔTeq(qH) and Tm,on.

Having shown the proportionality between ΔTeq(qH) and
ΔTm,on, up to a heating rate of 2500 K s�1, the thermal lag of
a certain sample is plotted in Figure 2d as a function of its slope
of ΔTeq(qH) derived from Figure 2a. The linear fit from all data
points shows a positive correlation with a R2> 0.97. Based on the
derived fit parameters, τlag can be determined for any sample
even without any heating rate-independent thermal event. For
the multilayers measured with the FDSC, the estimated τlag
values are similar with 1.69 and 1.85ms for the multilayers with
a thickness of t= 5 μm and t= 1 μm, respectively. It must be
mentioned that the y-intercept of the fit function does not go
through the origin, because even for a sample with zero thermal
lag, the linear slope of ΔTeq(qH) will be above 0, as the ΔTeq(qH)
for even an empty sensor also includes the thermal lag from
the sensor itself that is not reflected in the measured thermal
lag from the samples.

2.2. Calorimetric Results

The heat flow curves as a function of temperature for selected
heating rates as indicated are displayed in Figure 3. A τlag correc-
tion was applied to the temperature axis of the heat flow curves
for the FDSC measurements according to the τlag values derived
in Section 2.1. To guarantee a better comparability across all

heating rates, the heat flow curves were normalized to the depth
of the first exothermic peak. The two different colors red and pur-
ple indicate whether the FDSC measurement has been per-
formed with the samples of t= 5 μm or t= 1 μm, respectively.
Only the FDSC scans performed with a constant heating rate
above 2500 K s�1 (see violet dash-dotted curves) were obtained
using multilayer films with t= 1 μm instead of 5 μm.
Additional scans were performed using a conventional differen-
tial scanning calorimeter (DSC) with slow constant rates (below
1 K s�1). These scans are added to Figure 3 as gray-colored heat
flow curves for comparison.

As shown in Figure 3, the onset of interdiffusion and the fol-
lowing reaction peaks shift to higher temperatures with increas-
ing heating rates. This behavior generally agrees with the
character of thermally activated processes.[28] This is the first
time that more than five orders of magnitude of heating rates
were covered by combining measurements acquired with differ-
ent calorimeter devices. The standard deviation of the peak tem-
peratures was below 10 K for almost all heating rates underlining
the high measurement reproducibility.

At heating rates of 2500 K s�1 or higher, the reaction sequence
appears to change from a three-stage to a single-stage
mechanism (red curves). Films with t= 1 μm show again the
three-stage mechanism for the same heating rate.

However, a deviation from the constant heating rate of
10 000 K s�1 is seen in Figure 4 for the detected sample temper-
ature suggesting that the enthalpy released from the sample led
to an SHS reaction for t= 5 μm. Consequently, any measure-
ments that showed a deviation of the sample heating rate from
the programmed heating rate as exemplarily demonstrated in
Figure 4 are discarded. However, to achieve these higher heating
rates, samples with a smaller total thickness must be used, reduc-
ing the total mass, and thus, the total enthalpy released by the
samples during the measurement. These measurements with
samples of t= 1 μm are shown as dash-dotted lines with purple
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Figure 3. Heat flow curves measured with different heating rates as indi-
cated. The gray and red curves correspond to DSC and FDSC measure-
ments, respectively. The dash-dotted purple curves correspond to
FDSC measurements of films with t= 1 μm only.
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Figure 4. qH(t) shown for the reference and sample side in black and red
color, respectively. The nanoscaled Ni/Al multilayer sample with t= 5 μm
was heated with a nominal qH= 10 000 K s�1. The heating rates are cal-
culated from the detected temperatures on the reference and sample
sides.
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color in Figure 3 and display the three-stage mechanism again.
However, in contrast to measurements with samples of t= 5 μm,
the heat flow curves are more smeared out.

2.3. X-ray Diffraction (XRD) Results

XRD studies of the multilayers after annealing in a conventional
PerkinElmer DSC8500 with a slow heating rate of 0.333 K s�1 up
to the designated temperatures and subsequent quenching to
room temperature are summarized in Figure 5. The end temper-
atures for these heat treatments correspond to the three calori-
metric peak temperatures seen in Figure 3 and the maximum
temperature (863 K) during a DSC scan with 0.333 K s�1. The
X-Ray patterns suggest that only Ni and Al are present in the
as-deposited conditions. After heating to 491 K, Ni2Al9 and
Ni2Al3 have formed during the evolution of the first exothermal
peak, in agreement with the literature. The Ni2Al9 reflexes that
are present at 491 K disappear with further heating up to 532 K
(2nd exothermic event). At a temperature of 582 K, which is at the
third exothermal peak, the reflexes of Ni2Al3 appear at the
expense of the NiAl3 reflexes. After heating to the maximum tem-
perature of 863 K, only the reflexes of the phase B2-NiAl are
observed, and those of the pure elements have disappeared.

3. Discussion

3.1. Thermal Lag Correction Methodology

3.1.1. Comparison of Thermal Lag between Multilayer Films and
the Other Samples

With the thermal lag determination study of free-standing films,
it was shown that measurements with free-standing films have a
thermal equilibration behavior similar to samples with a direct

thermal contact. The values for τlag for the different thicknesses
of multilayer samples lie within the smallest and largest values of
samples measured with a direct thermal contact. Hence, this
method provides another pathway to correct the thermal lag-
induced shift of thermal events for samples besides the decon-
volution method used by Schawe and Schick for samples with a
poor heat conductivity for DSC measurements.[22]

Overall, this suggests that the thermal transport between the
multilayer samples and sensor is fast enough for performing reli-
able calorimetric experiments. The values for the low-melting
temperature alloys are in the same range as previous measure-
ments for the thermal lag.[24,26,29] The only exception is the value
for the AlSi10Mg sample with 4.44ms. However, this could be
connected to the oxide layer formed on the surface of the particle
during the powder manufacturing process reducing the thermal
transport from sample to the sensor.

The high surface-to-volume ratio of the multilayered samples
likely aids the fast thermal transport from the sensor into the
sample and offsets the disadvantage of having no direct thermal
contact for free-standing films. The multilayered samples have a
surface-to-volume ratio, A/V, of 0.41–0.61 μm�1 for the sample
with t= 5 μm and 2–2.2 μm�1 for the samples with t= 1 μm.
In contrast, the Au49Ag5.5Pd2.3Cu26.9Si16.3 sample with a near-
spheric shape has a A/V= 0.16 μm�1 if a full sphere is assumed.
It appears that the higher A/V ratio by a factor of 3 to 12.5 for the
multilayer samples compensates for the lack of a direct contact
compared to the other samples. In particular, the flat shape
reduces the thermal gradient perpendicular to the sample bottom
and yields an advantage compared to other shapes, since the Ar
purge gas flow cools the samples from above during measure-
ments. It needs to be pointed out that τlag of the free-standing
multilayer film samples would still be higher in comparison
to samples with direct thermal contact and a higher A/V ratio.
In particular, for highly reactive Ni/Al multilayers, a further
extension of the measurable heating rate range requires a further
reduction of the sample mass by smaller total thicknesses.
However, it is questionable whether such measurements
via nonadhered, free-standing films would remain possible,
since lighter samples become more susceptible to movements by
disturbances (e.g., due to the applied Ar gas flow). Furthermore,
the intrinsic stresses of the free-standing films vary with the total
thickness of the samples[27] and could complicate the measure-
ments in regard to the thermal contact. To achieve trustworthy
measurements at the highest possible heating rates of around
50 000 K s�1, it is likely required to rely on selected measure-
ments of samples directly sputtered on the FDSC sensor with
the thickness of only a few bilayers.

3.1.2. Influence of Thermal Lag Correction on the Apparent
Activation Energy

Using the acquired calorimetric data from Section 2.2, a
Kissinger analysis can be performed. This method was intro-
duced in 1956[30] and is generally used to perform a basic kinetic
analysis for thermally activated processes. Using the peak tem-
peratures, where the reaction rate for a single process is at its
maximum, the apparent activation energy, EA, of a single process
can be determined via
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Figure 5. Normalized XRD intensity as a function of diffraction angle, 2θ.
The different diffractograms were taken from samples heated up to the
indicated temperature with 0.333 K s�1. For reference, the as-deposited
state is also shown. The symbols represent the phases as shown in the
legend in the upper right corner.
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EA ¼ �R
ln qH

T2
p

� �

1
Tp

(2)

where R is the universal gas constant, qH is the heating rate, and
Tp is the peak or onset temperature of the analyzed event.
Plotting ln(qH/T2

p) as a function of 1/Tp, the activation energy
can be determined from the slope of a linear fit.

In Figure 6, the Kissinger analysis before and after the thermal
lag correction is shown. All analyzed processes appear to show
monotonic Arrhenius behavior over the whole investigated range
of applied heating rates without significant deviations.

Due to the small number of data points for each of the three
individual calorimeter device and total sample thickness combi-
nation listed in Table 1 and 2, there is significant variation in the
individual EA values for a given exothermic event.

The monotonic Arrhenius behavior in these types of plots
was also previously observed during annealing for a HPT proc-
essed Ni–Al composite.[9] Yet, other researchers suggest that a
deviation from the Arrhenius behavior for FDSC measurements
performed over large orders of magnitudes has to occur, inde-
pendent of the material class.[31] However, a non-Arrhenius
behavior is often only observed for the rate-dependence of
α-relaxation of (glass-forming) liquids.[32] Here, Angell’s fragility
concept allows to classify supercooled liquids in terms of their
degree of deviation from the Arrhenius behavior.[33]

The importance of a thermal lag correction is highlighted by
the fact that it significantly changes the determined EA values for
all thermally activated processes at the highest heating rates mea-
sured only with samples of t= 1 μm, as shown by the comparison
of the EA values listed in Table 1 and 2. Before a correction is
applied, the change of the slope for the data points from the
t= 1 μm samples (purple diamonds) could indicate the onset
of a change in the reaction mechanism. However, the data points
from the t= 1 μm samples as shown in Figure 6b appear to align
better than before the thermal lag correction. This indicates that
even for the highest heating rates, there is likely no change in
the apparent activation energy for these thermally activated
processes.

3.2. Comparison of Determined Apparent Activation Energies to
Previous Literature

Upon annealing at elevated temperatures, the initially metastable
system of pure Ni and Al layers will lower its Gibbs free energy of
the system by interdiffusion followed by a series of phase trans-
formations often involving the formation and growth of interme-
tallic phases. Ultimately, the final step in the evolution of these

(a)

(b)

Figure 6. Kissinger plots for the interdiffusion (1) as well as the three exo-
thermic events A, B, and C. a) The data before the τlag correction, and
b) after applying the τlag correction. The linear fit in dark gray color rep-
resents the Arrhenius fits for each event covering all data points across the
entire heating rate range.

Table 1. Overview of the determined apparent activation energies for the
different thermal events before applying the temperature correction for
τlag.

Selected data
points for fitting

Apparent activation energy [eV]

Interdiffusion Peak A Peak B Peak C

DSC 1.01� 0.09 1.63� 0.04 1.80� 0.06 1.66� 0.05

FDSC (5 μm) 0.61� 0.25 1.90� 0.23 2.06� 0.17 1.86� 0.01

FDSC (1 μm) 0.57� 0.06 1.14� 0.15 1.56� 0.09 1.72� 0.06

All data points 1.16� 0.06 1.69� 0.04 1.81� 0.03 1.71� 0.01

Table 2. Overview of the determined apparent activation energies for the
different thermal events after applying the temperature correction for τlag.

Selected data
points for fitting

Apparent activation energy [eV]

Interdiffusion Peak A Peak B Peak C

DSC 1.01� 0.09 1.63� 0.04 1.80� 0.06 1.66� 0.05

FDSC (5 μm) 0.64� 0.29 2.19� 0.24 2.34� 0.28 2.04� 0.05

FDSC (1 μm) 0.79� 0.05 1.79� 0.18 2.70� 0.10 2.64� 0.10

All data points 1.23� 0.05 1.78� 0.02 1.90� 0.02 1.77� 0.02
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micro- and nanoscale systems leads to the phase(s) expected by
the equilibrium phase diagram for the overall composition of the
system. To facilitate the formation of any intermetallic phase, it is
well-known that the concentration gradient across the interfaces
must be lowered. This is necessary to reduce the Gibbs free energy
activation energy barrier that must be overcome to allow the local
formation of a supercritical nucleus of the new phase.[34] Usually,
this is achieved by the formation of a (supersaturated) solid solu-
tion across interfaces—either across the phase boundaries or
across the grain boundaries in each layer. Such a process is
observed by calorimetry in the form of a shallow exothermic shoul-
der, usually related to the asymmetric interdiffusion of Ni and Al
through the various fast diffusion pathways. The apparent activa-
tion energy for Al in Ni diffusion is almost twice that for Ni in Al.[35]

In the present Kissinger analysis, the value for the apparent activa-
tion energy is 1.23� 0.05 eV. Other studies have derived EA values
for solid-state interdiffusion between 0.59[11] and 1.24 eV.[36]

The value obtained here is in the upper range of previously
measured apparent activation energies. However, since the val-
ues for bulk interdiffusion are still higher[37] than the one derived
in this work, it is plausible to assume that grain boundary diffu-
sion is the dominant mechanism. The strong texturing observed
for Ni/Al multilayers in this study, which is generally expected
for face-centered cubic metals deposited by sputtering tech-
niques,[38] may also account for the high-than-expected apparent
activation energy for interdiffusion observed here. The large
variation in the reported EA values likely has its origin in the
different microstructures fabricated by the researchers: different
bilayer thicknesses,[36,39] different overall compositions,[14,36]

and different fabrication methods.[11,40] Additionally, the
different measurement techniques[36,39–41] employed may also
influence the measured EA values. In addition, these studies
were often limited to data from a small temperature and heating
rate range, unlike our present study.

Michaelsen et al. also attributed the exothermic shoulder event
to the growth of B2-NiAl.[42] In comparison to our study, the EA
values (≈0.8 eV) are lower than the ones measured here. Neither
the higher activation energies from our studies nor our XRD
investigations suggest the formation of an intermetallic after
deposition of the multilayer films. Furthermore, the B2-NiAl
homogeneity stability region at low temperatures (≈673 K) is
reported to be between 46 and 59 at%.[43] The homogeneity
region is expected to decrease even further at the low tempera-
tures where the exothermic shoulder event is observed
(≈373–474 K) in our study. However, kinetic constraints for
the formation of the adjacent phases in the equilibrium phase
diagram may extend the B2-NiAl stability region according to
the T0 concept. Moreover, the total molar enthalpy release of
as-prepared samples measured here by DSC yields a value of
�43.1 � 0.5 kJ g-atom�1. Assuming that the decrease in the total
molar enthalpy release is entirely caused by B2-NiAl formation
during deposition of the multilayers, this would suggest a mole
fraction of ≈30 at%. This phase fraction should be also detectable
by conventional XRD which is not the case here.

With further annealing, the formation of the first intermetallic
phase is observed. In general, the calorimetric heat flow signa-
ture at low heating rates with three main exothermic events is
similar to that observed by other groups also using sputtered

multilayers with identical bilayer periodicity and overall
composition.[44]

In the literature, the sequence of solid-state intermetallic
phase formation sequence at low heating rates usually observed
for Ni/Al multilayers is either

Ni2Al9 ! NiAl3 ! Ni2Al3 ! B2� NiAl (3)

or

NiAl3 ! Ni2Al3 ! B2� NiAl (4)

While the former has been observed for sputter-deposited
multilayer films with Λ> 20 nm,[45] the latter is often observed
for multilayers prepared by evaporation techniques[46,47] and in
reactive Ni/Al systems prepared by either cold rolling,[8] ball
milling,[40,48] or HPT processed films.[9] In this work, the deter-
mined apparent activation energy for the first exothermic event is
1.78� 0.02 eV. Previous results typically suggest higher EA
values for the formation of the metastable, monoclinic
η-Ni2Al9 phase[49–51] compared to the formation of the NiAl3
phase[8,9,16,42,49]—when NiAl3 is observed to form first. As the
EA value derived in this work is in between the values for both
phases, it is assumed that both phases form simultaneously dur-
ing the first exothermic event. The formation of the metastable
phase besides NiAl3 is further supported by the XRD results.
However, as XRD has a detection limit for crystallite sizes, these
results need to be confirmed by other techniques such as TEM.

Another important aspect is the fact that the reactions still take
place entirely in the solid state, as evidenced by the absence of
any endothermic melting event was observed with FDSC by
Ivanisenko et al. for HPT-processed multilayers.[9]

Increasing the heating rate from low values of qH= 0.1 K s�1

by five orders of magnitude does not change the phase transfor-
mation sequence in our FDSC experiments. The peak positions
only shift to higher temperatures, as expected for thermally acti-
vated processes. This result is consistent with work published by
other teams working on Ni/Al multilayers with small bilayer
periodicities and equiatomic compositions using nondifferential
nanocalorimetry in similar heating rate ranges.[11–13] However,
Swaminathan et al. observed a change in the number of exother-
mic events[12] from 3 to 2 for heating rates above 104 K s�1

—just
above the maximum possible heating rate in our studies. They
interpreted this change as a transition from NiAl3 as the first
intermetallic phase to Ni2Al3 or a metastable bcc solid solution
as the first phase.

However, these nondifferential nanocalorimetry experiments
were mostly limited to a few selected heating rates and/or overall
compositions and bilayer thicknesses. It must be emphasized
that our approach using nonadhered multilayer films with the
newly available commercial FDSC opens the possibility for easier
access to nanocalorimetry data in the heating rate range up to at
least 104 K s�1. Second, the constant heating rate during these
experiments allows reliable apparent activation energy data to
be obtained using Kissinger analysis.

An extrapolation of all determined overall linear fits for the
apparent activation energies suggests that no crossover is
expected if this monotonic Arrhenius behavior remains valid
over the next 1–2 orders of magnitude of heating rates.
Assuming that there is no kinetic suppression of the formation
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of the first phase, the two lines for interdiffusion and peak A
would intersect at a heating rate of around and beyond
106 K s�1. Coincidentally, this value is similar to rates that have
been reported for the propagation of the reaction front of SHS in
the Ni/Al system.[52] However, there is a large uncertainty in
such an extrapolation due to the small number of data points
for the highest heating rates used here. It must be noted that
the heating rate ranges under a controlled environment, i.e., con-
stant scan rates, are not yet accessible with any commercially
available nanocalorimeter device. Thus, the direct calorimetric
observation of a polymorphic transition in binary multilayer
films remains limited to decreasing the bilayer thickness below
a certain threshold of the system (<20 nm).[53,54]

4. Conclusion and Outlook

We have shown that reproducible results via FDSC can be mea-
sured using the methodology presented here. Without the need
for direct sputtering on the FDSC sensor, measurements up to
104 K s�1 were possible. Due to the nondirect thermal contact,
data at the highest heating rates must be treated with caution
and a temperature correction is necessary to obtain more reliable
values. It is also important to check the sample and reference
temperatures for the highest heating rates. Since the measure-
ment is performed under constant heating rate conditions, the
rapid heat release of the sample may lead to a violation of the
null principle at some point during the measurement. However,
potentially higher heating rates up to 5� 104 K s�1 can be
achieved with a less reactive system or sputtering directly onto
the sensor area of the FDSC, which allows better heat transfer
to the sensor. In general, this methodology allows easy applica-
tion of the FDSC technique to a wide variety of material systems.

However, there are limits to the range of the heating rates that
can be used with this FDSC device. The upper limit is set by the
qH,max≈ 105 K s�1 for empty sensors. For highly reactive samples,
such as the equiatomic Ni/Al multilayer films used in this study,
the highest achievable rates are determined by the rate, at which
the sudden heat release causes a violation of the null principle. This
can be circumvented either by using smaller total thicknesses,
which reduces the mass and thus the absolute heat release of
the samples, or by sputtering films directly onto the sensor area,
which improves the thermal contact with the sensor. The lower
limit is determined by the signal-to-noise ratio that still allows
the detection of a useful heat flow signal. Theoretically, by using
the low-temperature UFS1 sensor, the entire range of heating rates
can be measured seamlessly, if the reactivity of the samples allows.

From the results of the FDSCmeasurements, we derived values
for the apparent activation energy using the Kissinger analysis. Two

main points can be summarized: 1) This is the first time that EA
values of multilayer films have been analyzed over five orders of
magnitude of heating rates using a single measurement technique,
namely, calorimetry. This analysis can be extended to lower heating
rates if desired. The differential setup also allowed experiments to
be performed with a constant heating rate, which allows better con-
clusions to be drawn about the reaction mechanism, as there is a
clearer relationship between heating rate and phase transforma-
tions compared to previousmeasurements with nondifferential cal-
orimeter setups. This is useful for those who rely on the rapid
acquisition of experimental apparent activation energy data for
their theoretical modeling studies with multilayer films; and
2) Apparent activation energies in this study appear to follow a
monotonous behavior from the slowest to the fastest heating rates.

A more comprehensive study, which is currently being carried
out, includes more data points at intermediate heating rates using
the low-temperature UFS1 chip by MT, bridging the gap to con-
ventional calorimetry. In addition, there are still open questions: is
the first phase formed at high heating rates the same as that
formed at low heating rates? How does interdiffusion manifest
itself microstructurally at higher heating rates in different stages?
To address these questions, we will utilize the FDSC as a heat
treatment tool, quenching the Ni/Al multilayer samples while pre-
cisely targeting specific temperature points in the phase transfor-
mation sequence to conduct ex situ experiments. Previous studies
using nanocalorimeters often relied on in situ techniques to estab-
lish links to microstructural changes during heating or were rele-
gated to ex situ observations after the entire reactions sequence
had been completed. This technique will also be used in a series
of ongoing calorimetric experiments on Ni/Al multilayer films
with different bilayer thicknesses and overall compositions.

5. Experimental Section

Deposition Process of Ni/Al Multilayer Films: The deposition process for
the fabrication of the Ni/Al multilayer films was performed by direct cur-
rent (DC) magnetron sputtering on flat Si (100) wafers using a cluster
deposition system CS400 by Von Ardenne. The deposition parameters
are summarized in Table 3. Both targets by FHR Anlagenbau GmbH have
a diameter of 100mm and a nominal purity of 99.999 wt% for Al and
99.98 wt% for Ni. The individual layer thickness was achieved by a fixed
deposition time per layer under consideration of the previously deter-
mined growth rate. This resulted in a bilayer periodicity, Λ, of 20 nm
and an overall total composition of 〈c〉=Ni50Al50 (composition values
always in at% unless otherwise stated). The free-standing films used
for these experiments were obtained by carefully peeling the Ni/Al multi-
layers from the substrate.

Fabrication Process of Low Melting Metals: Several low-melting temper-
ature alloys were used to determine the thermal lag: an AlSi10Mg powder
(Al90.16Si9.36Mg0.42Fe0.06) from Concept Laser GmbH and the three

Table 3. Summarized deposition parameters used for the fabrication of the Ni/Al multilayer films with Λ= 20 nm.

Target
material

Substrate-to-target
distance [mm]

Ar flow
[mLmin�1]

Substrate
temperature [K]

Power
[W]

Working pressure
[10�3 mbar]

Sputter rate
[nm s�1]

Individual layer
thickness [nm]

Number of
layers

Total thickness
[μm]

Ni 105 30 298 200 5 0.33 8 250 5

Al 0.43 12

Ni 0.33 8 50 1

Al 0.43 12
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metallic glass-formers Au49Ag5.5Pd2.3Cu26.9Si16.3, Pt60Cu20P20, and
Pd40Ni40S20. The later three were produced in the shape of ribbons with
a custom-built melt-spinning device. The fabrication process for the metal-
lic glass formers is described in more detail in refs. [55–57].

Calorimetric Investigations: For measurements with conventional calo-
rimetry, several pieces of the multilayer films were stacked on top of each
other to achieve the required signal-to-noise ratio. The mass for these
measurements ranged from 1 to 4mg. For measurements with the MT
FDSC 2þ, specimens were obtained by manually cutting a free-standing
film to the desired size with a ceramic blade. Each specimen was manually
placed on the sensor area of the sample side of a high-temperature
(UFH1) chip sensor using a brush hair. The sample size was appropriately
chosen to optimize the signal-to-noise ratio of the heat flow curves, i.e.,
larger samples for lower heating rates and smaller samples for higher heat-
ing rates. The estimated sample masses ranged from 10 to 100 ng based
on the method described in ref. [9].

The MT DSC 3 was equipped with a Huber TC45 intracooler. The meas-
urements were performed in a temperature range of 253 K up to 853 K in
standard Al pans with different heating rates of 0.1, 0.25, 0.5, and 1 K s�1.
Each measurement consists of two up-scans with the same heating rate,
where the second scan with the reacted material is used as baseline. The
measurement cell was purged with a constant flow of 20mLmin�1 of
high-purity Ar gas (99.9999 vol%). The device was calibrated for tempera-
ture and enthalpy of transformation for the applied heating rate and
crucible using the melting signals of pure standard metals.

The heat treatments for the XRD experiments were performed with the
PerkinElmer DSC8500 at a heating rate of 0.333 K s�1 to the specified max-
imum temperature and then quenched at 3 K s�1. The instrument was cal-
ibrated and used in the same manner as for the MT DSC 3 measurements.

With the MT FDSC 2þ, the heating rates of 500, 1000, 2500, 5000, and
10 000 K s�1 were probed. The samples were heated with a defined heating
rate from 223 K to a maximum temperature of 873 K (t= 5 μm) and 1073 K
(t= 1 μm) with the high-temperature UFH1 sensor. For each specimen, a
baseline was obtained by performing a second up-scan with the reacted
material. The MT FDSC 2þ was equipped with a Huber TC100 intracooler
with the sensor substrate temperature set to 188 K. At each heating rate,
the measurement was repeated at least three times to provide
statistics. The FDSC cell was constantly purged with high-purity Ar gas
(99.9999 vol%) at a rate of 20mLmin�1 prior to and throughout the
measurement. The calibration of the chip sensor was ensured through
the melting of pure elements as standards as explained in ref. [58] after
all experiments had been performed.

The measurements necessary for the thermal lag correction and meth-
odology were performed with a larger heating rate interval than for the
multilayer films with the UFH1 sensor starting with 10 K s�1 up to
10 000 K s�1. The measurements for the AlSi10Mg were performed with
qH= 5, 1� 10, 2� 10, 5� 10, and 10� 10n K s�1 with n= 1–3. All the
low-melting temperature alloy samples were repeatedly heated above their
respective liquidus temperatures by about 100 K until a constant thermal
contact with the sensor substrate had been established. The masses of
those samples were determined from the melting events and derived
based on the known literature values for the enthalpies of fusion.

XRD Experiments: The X-Ray diffractometer was a PANalytical X’Pert Pro
using Cu-Kα radiation (λ= 0.15418 nm) in a diffraction angle range (2θ)
between 20° and 80°. The voltage was 40 kV and the electron beam current
was 40mA. The instrument operated in Bragg–Brentano mode with a dwell
time of 1 s per step and a step size of 0.02659°. The X’Pert HighScore Plus
software was used to correct for the influence of CuKα2 radiation.
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