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Heats of reaction and heat capacity changes were measured using scanning nanocalorimetry for a

nickel and aluminum bilayer where initial heating rates of 104K/s were achieved. Multiple

exotherms were observed on the initial heating, but the number of intermediate exotherms

decreased with increasing heating rate. The final phase was the B2 NiAl intermetallic. Results from

the nanocalorimeter were compared with a conventional differential scanning calorimeter

(operating at 0.7K/s) to understand the effect of significant (10 000�) increases in heating rate on

the phase transformation sequence. The high heating rate in the nanocalorimeter delays reaction

initiation, causes the exothermic peaks to shift to higher temperatures, and appears to suppress the

formation of intermediate, metastable phases. Potential explanations for this apparent suppression

are discussed.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4799628]

I. INTRODUCTION

Reactive multilayers consist of alternating layers of met-

als or alloys that react exothermically to form intermetal-

lics.1,2 The thicknesses of the individual layers range from a

few nm to a few lm and are formed by vapor deposition of

alternate layers of materials.3 Other production methods

include stacking and rolling many micron thick, individual

foils into laminates4 and ball-milling of particles.5 In these

cases, the average reactant spacing is on the order of lm’s

(Ref. 4) or nm’s (Ref. 5) and is not as well defined as in

vapor deposition. Reactive multilayers can be used as local

heat sources for the bonding of large components with mis-

matches in thermal expansion coefficients and for the joining

of temperature-sensitive electronic materials.6,7 By adjusting

the composition, the individual layer thicknesses, and the

total thickness of the materials it is possible to obtain a self-

propagating reaction through the multilayer foils.1,3,8 In self-

propagation, the energy released from the reaction zone

heats the material in front of it causing the material to react

and the process proceeds along the foil. Multilayers can also

be ignited in a uniform manner where the entire foil is heated

above a critical temperature that causes a spontaneous reac-

tion to occur.9

Layered thin films have also served as model materials

for studying solid-state reactions in binary metallic systems.

The reaction sequence, activation energies, and the kinetics

and thermodynamics of reactions in multilayers have been

investigated by a variety of techniques. A typical practice

uses a conventional differential scanning calorimeter (DSC)

to measure the energy stored in the materials and an ex situ

structure characterization technique like X-ray diffraction

(XRD) to investigate the phase transformation sequence10

that appears during the DSC scans. For 1:1 Ni:Al multilayers,

DSC measurements at 0.7K/s show that the final B2 NiAl

phase forms through a series of metastable intermetallics,

progressively richer in Ni. While most reactions have been

characterized in the solid state at slow heating rates, some

have been examined at very rapid heating rates using self-

propagating reactions. In situ experiments of self-propagating

reactions have confirmed that most atomic mixing occurs in

the liquid state and products nucleate from the resulting liquid

solutions. These studies use in-situ x-ray diffraction11 or elec-

tron diffraction12,13 to characterize the sequence of phase

transformations that appear during self-propagating reactions

with heating rates as a high as 107K/s. For example, the for-

mation of a liquid phase has been observed in Ni-Al multi-

layer foils that enable rapid mixing of Ni and Al in the liquid

state and direct precipitation of the B2 NiAl phase from the

melt.11–13 Similarly, high heating rates can shift the formation

temperatures of intermediate phases, and the steep concentra-

tion gradients that appear in multilayer materials may alter

the reaction sequence.14–16 However, measuring enthalpy

changes at high rates (104K/s–106K/s) is challenging.

Here, we use nanocalorimeters to study rapid exother-

mic solid-state reactions in the Ni-Al multilayer system; spe-

cifically we characterize the effect of heating rates on the

temperature and the number of exothermic reactions, which

are correlated with particular formation reactions. The nano-

calorimeters are prepared using standard microfabrication

methods and their small mass enables measurement of heat

capacities and enthalpies of reactions in single Ni:Al bilayers

at heating rates ranging from 103K/s to 105K/s.17,18 The

high heating rates shift the exothermic peaks to higher tem-

peratures, as compared to peaks in DSC scans of much

thicker samples with similar chemistries and bilayer thick-

nesses. By comparing peaks from both slow and fast heating
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rate experiments, we provide indirect evidence that rapid

heating suppresses the formation of intermediate phases and

we propose possible theoretical explanations.

II. EXPERIMENTAL DETAILS

Thick Ni:Al multilayer foils for DSC measurements

were prepared by DC magnetron sputtering from commer-

cially pure Al and a Ni – 7% V target. V was included in the

Ni to suppress its magnetism for ease of sputtering. The foils

were deposited onto a water-cooled brass substrate, which

rotated between the sputtering targets, resulting in alternating

layers of Ni and Al. Four different Ni:Al bilayers, 23 nm,

58 nm, 93 nm, and 150 nm, were deposited and the bilayer

thicknesses (measured from the center of one Ni layer to the

center of the next Ni layer) were controlled by the rotation

speed and the power applied to the targets. The total thick-

ness of each foil was approximately 10 lm (thus each foil

contained hundreds of bilayers). The enthalpies of reaction for

the foils were measured by twice heating samples in a Perkin

Elmer DSC from 323K to 998K at 40K/min (0.7K/s) in

flowing Ar gas and by integrating the net power curves.10 For

each bilayer spacing, the data were averaged from four sam-

ples. To characterize the intermediate phases, additional first

scans were interrupted by quenching from specific tempera-

tures and the phases present were characterized ex situ using

XRD and Cu Ka radiation.

For the nanocalorimeter experiments, Ni:Al bilayers

were deposited onto the SiNx side of a nanocalorimeter chip

using e-beam deposition, a custom designed shadow mask,

and pure Al and Ni charges (purity >99% per manufacturers

specification). Prior to deposition the resistance vs. tempera-

ture profiles of the nanocalorimeter chips were obtained

using a pyrometer19 and the heat capacities of the bare chips

were measured. Bilayers of thicknesses 25, 40, 50, and

60 nm were deposited and were capped on both sides by

10 nm thick Al2O3 layers. An Al-Ni-Al layer sequence was

formed with 2 half-layers of Al sandwiching a full layer of

Ni, so that two interfaces exist for mixing. After deposition

the reactions were measured in vacuum, with a base pressure

of 10�7Torr. The measurement consisted of applying current

pulses (with pulse duration controlled in the range of tens of

ms) through a nanocalorimeter chip containing the sample

and a bare chip serving as a reference.20 Three samples of

each bilayer thickness were measured at different heating

rates obtained by changing the duration of the current pulse

between 20ms and 100ms. The voltage drop across each

sensor and the difference in the voltage drops were measured

during reactions at a sampling rate of 100 kHz (every 10 ls)

and were converted to temperature from the a priori temper-

ature calibration. Final phases were identified post-reaction

using electron back scattered diffraction (EBSD) in a Hitachi

S-4700 SEM. Cross-sectional samples were also prepared by

focused ion beam (FIB) etching using a Zeiss NVision 40

FIB and then imaged in a Philips CM 300 TEM.

III. RESULTS AND DISCUSSION

The sequence of phase transformations and the total

amount of heat stored in free-standing multilayer foils can be

probed using conventional DSC, and the results for three

bilayer spacings for the 1:1 Ni:Al multilayer foil are shown in

Fig. 1. The reactions are irreversible and the final phase

formed in all three cases is the B2 NiAl phase. From Fig.1, it

can be seen that the reaction starts around 480K and the num-

ber of troughs increases with increasing bilayer thickness.

Each trough corresponds to an exothermic reaction, which

can either be the formation of a new phase or the growth of

an existing phase.10 The temperature of the troughs also

increases with bilayer spacing. This is due to the increase in

bilayer thickness and hence a larger diffusion distance, along

with the constant heating rate in the DSC. The integration of

the DSC curve yields the total energy stored in the multilayer

material. The reaction sequence to form the B2 NiAl phase

can be probed by quenching at select intermediate tempera-

tures (based on the DSC scan) and probing the phases present.

The reaction sequence for the formation of the NiAl phase in

these DSC scans is given by

AlþNi ! Al3NiþNi ! Al3Ni2 þNi ! AlNi: (1)

The sequence is unaltered for increasing bilayer thicknesses,

though multiple phases can co-exist during heating of sam-

ples with thicker layers, due to simultaneous nucleation of

new phases and growth of existing ones (bilayer thicknesses

as large as 2 lm were also considered). The above reaction

sequence is generally consistent with earlier studies, but

others11,21,22 have reported that the first intermetallic to nu-

cleate is the nonequilibrium Al9Ni2 phase. While we cannot

rule out the presence of this phase early in the first exotherm,

we can conclusively report the presence of the above meta-

stable phases that are progressively richer in Ni, consistent

with fast, asymmetric diffusion of Ni into Al.

In order to study the effect of a higher heating rate on

the temperatures, sequences, and enthalpies of the reactions,

we make use of the nanocalorimeter. The results from

FIG. 1. DSC traces of Ni:Al multilayers for three different bilayer thick-

nesses (23 nm, 58 nm, and 93 nm). The scans were performed from room

temperature to 998K, at a heating rate of 0.7K/s and are offset vertically for

clarity. The scale on the left corresponds to the power measured in the DSC

which can be divided by the constant heating rate and integrated to obtain

the heat of reaction. The final phase for all three bilayers was B2 NiAl and

quenching and ex-situ diffraction shows that the intermediate phases are

NiAl3 and then Ni2Al3.
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heating a 25 nm bilayer sample in the nanocalorimeter are

summarized in Fig. 2. The individual layer thicknesses are

7.5 nm Al, 10 nm Ni, and 7.5 nm Al with 10 nm thick Al2O3

layers sandwiching the Al and Ni. The nanocalorimeter chip

containing the Ni:Al bilayer and a bare reference chip are

heated using a 60ms current pulse obtained by discharging a

capacitor. Inline resistances control the current flowing

through the chip and hence the nominal heating rate. Fig.

2(a) shows the temperature vs. time profile for the first and

second current pulses on the sample chip. There is a 2 s wait

time between pulses for the chip and sample to cool to room

temperature. During the first pulse, the Ni and Al reacted

exothermically and the heat released causes the chip temper-

ature to increase at a faster rate than it would due simply

with the applied current. No exothermic reaction is seen in

the second or subsequent pulses, indicating the exothermic

reactions are completed in the first pulse. Differentiating the

temperature with respect to time gives the heating rate,

which is plotted as a function of temperature in Fig. 2(b).

The exothermic reactions can be seen as peaks in the heating

rate plot.

In Fig. 2(b) three peaks are seen in the plot of heating

rate vs. temperature. Similarly, three peaks were observed for

samples with 50 nm and 75 nm bilayer thickness heated with

a 100ms and 60ms pulse, respectively. At higher heating

rates for these bilayers, obtained by either increasing the cur-

rent and/or changing the pulse duration, two peaks are

observed. The transition from three to two peaks and the

change in the intermediate phase sequence is discussed in

detail later for the 25 nm bilayer. An important point to note

is that the number of peaks and peak positions depend on

several factors. One is the thickness of the bilayers as noted

earlier. A second is the initial heating rate, that is controlled

by the pulse time and the current applied to the nanocalorime-

ter. A third is the heating rate during the exothermic reactions

which depends not only on the applied current but also on the

volume of the bilayer, heat losses to the surrounding, and the

nature of the phase transformations. In this nanocalorimeter,

the applied current is discharged from a capacitor without

closed-loop control during the experiment; the power released

by the sample is also uncontrolled. Thus, the heating rates are

not constant during these nanocalorimetry experiments. In

addition, they cannot be specified precisely from experiment

to experiment. However, the initial heating rates can be

increased or decreased by varying the duration of capacitor

discharge and current-limiting resistor value; the actual heat-

ing rate is recorded for analysis.

For the 25 nm bilayer sample depicted in Fig. 2, the ini-

tial heating rate, due to the applied current, is 2� 104K/s

with a maximum value of 6.5� 104K/s due to the heat

released during the reaction. In the second pulse the heating

rate decreases monotonically, due to the increased heat loss

at higher temperature. From the applied current and voltage,

the power supplied to it can be measured and is assumed to

be dissipated as heat. Since the measurements are done in

vacuum, heat loss is limited to conduction (to the Si frame)

and radiation; the values for these losses are measured a pri-

ori on the bare chip and on the sample chip, post-reaction.23

The applied power and the heat loss are plotted in Fig. 2(c)

as a function of temperature. The total amount of heat

released during reaction can be obtained by the following se-

ries of calculations:

FIG. 2. Nanocalorimeter results for a

25 nm Ni:Al bilayer. (a) Temperature vs.

time profile for the first and second heat-

ing pulse. The exothermic reaction

causes a rapid temperature rise in the

first pulse, relative to the first pulse. The

reaction is complete by the end of the

first pulse since in the second pulse only

a monotonic rise is seen due to the exter-

nally applied current. (b) Heating rate

vs. temperature obtained by differentiat-

ing the curves in (a) with respect to time.

Three peaks are seen for the first heating

pulse corresponding to three exothermic

reactions. (c) Applied power and heat

loss as a function of temperature for the

first pulse. Heat losses are conductive

and radiative and are measured on the

bare chip before deposition of the Ni:Al

bilayer. (d) The reaction rate as a func-

tion of temperature, calculated using Eq.

(2). The plot also shows Gaussian fits to

the three exothermic peaks to determine

their positions. The peak positions are

listed in Table I.
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Cchip
p ¼

Ps �WL

dT=dt

Cchip
p ¼ Cbarechip

p þ CNiAl
p þ

dH

dT
dH

dT
¼

Ps �WL

dT=dt
� ðCbarechip

p þ CNiAl
p Þ

dH

dT
�
dT

dt
¼ ðPs �WLÞ � ðCbarechip

p þ CNiAl
p Þ �

dT

dt
;

(2)

where Ps is the applied power, WL is the heat loss, and dT/dt

is the heating rate of the chip. Cchip
p is the total measured heat

capacity, which includes the heat capacity of the Pt and the

SiNx layers (Cbarechip
p ), the heat capacity of the Ni, Al, and

Al2O3 (CNiAl
p ) layers and the evolution of the energy stored

in the bilayer (dH/dT). dH/dT� dT/dt vs. temperature is

plotted in Fig. 2(d) and mirrors the plot of power vs tempera-

ture found in Fig. 1 for a conventional DSC scan. The peak

positions in the nanocalorimeter data and the DSC data can

be obtained by a Gaussian fit to each trough and are com-

pared in Table I.

The phases identified in Table I are from the quenching

experiments of foils heated in the DSC. To ensure that the

same final product, B2 NiAl, formed in the first scan in the

nanocalorimeter experiments, we investigated the structure of

the final phase using cross-sectional TEM and EBSD (Figure

3). The cross-sectional TEM specimen shown in Figure 3 was

a 50 nm bilayer sample and it was prepared post-reaction by

a standard FIB sample preparation technique.27 The figure

also includes EBSD patterns from three different grains along

with the best match to the patterns. The cross-sectional TEM

image shows a polycrystalline structure with large, nearly

through thickness grains, though some smaller grains are also

seen. These grain structures are similar to those obtained by

multilayer foils heated in a DSC where the grain sizes are

similar to a single bilayer thickness.11 On the other hand,

grains formed during uncontrolled, self-propagating reactions

where maximum temperatures are much higher than the Al

melting point are expected to be much larger than the bilayer

spacing due to intermixing in the liquid state and precipitation

from the melt.11 The best fit to the EBSD patterns in Fig. 3 is

the B2 NiAl intermetallic (PDF 65-0420). The three different

patterns indicate that the grains are randomly oriented. Grain

sizes measured from plan view images in the SEM are of the

order of the bilayer thickness and agree with the cross sec-

tional images. The combination of EBSD and cross-sectional

TEM leads us to conclude that the reactions in the nanoca-

lorimeter proceeded to completion in the solid state in the first

pulse and formed the final B2 NiAl phase. These conclusions

are true for other bilayers as well. The reaction proceeded to

completion within the first pulse and subsequent pulses did

not show reaction peaks.

Knowing both sets of samples react to form the same

final phase, we now consider the shift in peak temperatures

shown in Table I that arise as the heating rate increases four

orders of magnitude on going from the DSC studies to the

nanocalorimeter experiments. A Kissinger analysis has been

used to calculate average activation energies of the NixAly
formation reactions based on the shift of the exotherms with

higher heating rates. Using reported activation energies for

the formation of NiAl3 (1.9 eV),21 Ni2Al3 (1.7 eV),21 and

NiAl (2.2 eV),4 and the nominal heating rate in the nanoca-

lorimeter (2� 104K/s), we can also predict the shifts in the

peak positions using the same Kissinger analysis10

b1
b2

T1

T2
¼ exp

Ed

kB

1

T2
�

1

T1

� �� �

; (3)

where b1 and b2 are the heating rates in the nanocalorimeter

and DSC, respectively, and T1 and T2 are the corresponding

peak positions, Ed is the activation energy, and kB is the

Boltzmann constant. (Note: While the initial heating rate is

TABLE I. Peak temperature comparison between nanocalorimeter scans and

DSC scans for a 23 nm Ni:Al multilayer foil and a 25 nm Ni:Al bilayer. The

difference in nominal heating rates between the two techniques is 104K/s.

The DSC peaks are obtained from Gaussian fits to the data in Fig. 1, while

the peaks from the nanocalorimeter are obtained from the fits in Fig. 2(d).

The four orders of magnitude higher heating rate in the nanocalorimeter

causes the peaks to shift to higher temperatures than the DSC. The peak

shifts calculated using Eq. (3) are also tabulated and are within 5% of the

measured value.

DSC Nanocalorimeter

Peak number Phase Measured (K) Measured (K) Predicted (K)

1 Al3Ni 499 624 650

2 Al3Ni2 556 749 783

3 AlNi 631 836 846

FIG. 3. Bright field and corresponding dark field cross-sectional TEM

images from a 50 nm Ni:Al bilayer that was reacted completely on the nano-

calorimeter. The cross-sectional images were obtained by focused ion beam

processing of the nanocalorimeter sample and show large, through thickness

grains with varying orientations. The inset to the figure shows electron back-

scattered diffraction patterns from a reacted 50 nm Ni:Al bilayer. The best

match to the patterns is 1:1 NiAl B2 intermetallic (PDF 65-0420), which is

shown as a series of dotted lines superimposed on the EBSD patterns. Other

bilayers also show the NiAl B2 intermetallic phase following heating. For

the different bilayers the reaction proceeds to completion in one heating

pulse and subsequent pulses do not show any exothermic peaks correspond-

ing to phase formation.
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2� 104K/s in the nanocalorimeter scan in Fig. 2, it increases

to a maximum value of 6.5� 104K/s during the reaction for

reasons noted above.) For the Kissinger analysis, the initial

heating rate of 2� 104K/s was used. The peak positions pre-

dicted using Eq. (3) are listed in Table I. The calculated values

are within 5% of the measured exotherm peaks in the nanoca-

lorimeter. Thus, a simple Kissinger analysis can be used to

understand the shift in peak position at increased heating rates

assuming the same sequence of phase transformations.

The power data in Fig. 2(d) can be integrated to obtain

the total amount of heat released during the reaction in the

nanocalorimeter. Similarly, the power data in the DSC

curves can also be used to calculate the energy released from

the multilayer foils. These heats of reaction are plotted as a

function of bilayer thickness in Fig. 4. Note that both sets of

heats of reaction increase with bilayer thickness and then the

DSC data approaches a constant value as reported earlier for

multiple multilayer systems.10,21 The variation is related to

the percentage of the bilayer that is intermixed during depo-

sition. Assuming the amount of intermixing is relatively con-

stant for a given deposition process, the percentage of heat

that is lost due to intermixing during deposition decreases as

thicker layers are deposited and the intermixing becomes a

smaller faction of the total multilayer volume. This trend is

seen in the heats of reaction obtained from the DSC samples

with hundreds of bilayers; it is also seen in the heats of reac-

tion measured using single bilayers on nanocalorimeters.

The maximum expected heat of reaction for the nanoca-

lorimeter samples is simply the enthalpy of formation for

NiAl, 59 kJ/mol atom or 1390 J/g.24 For the DSC foils,

though, formed by sputtering with Ni – 7% V, previous stud-

ies report a maximum heat of reaction of approximately

1300 J/g.25,26 The heats of reaction obtained from our DSC

scans for large bilayer samples are approximately 7% higher

than 1300 J/g, but slight variations in chemistry could

account for these difference. The heats of reaction obtained

from the nanocalorimetry studies are within the standard

deviations of the DSC values. For example, the 25 nm DSC

samples yielded a heat of reaction equal to 1201 J/g6 51 J/g

(mean with standard deviation from 4 samples), while the

25 nm nanocalorimeter samples yielded 1164 J/g6 96 J/g

(mean with standard deviation from 3 samples). This sug-

gests that the nanocalorimetry measurements are a reliable

means to quantify the heats of reaction, even at the very high

heating rates. However, experiments for a broader range of

bilayer thicknesses and larger bilayers in particular will be

needed to effectively predict a maximum heat of reaction in

the single bilayer samples.

As noted earlier, the high heating rate in the nanoca-

lorimeter can influence the phase sequence by increasing the

nucleation temperatures; it may also suppress the formation

of intermediate phases. In order to test this hypothesis, we

heated two nanocalorimeter chips with 25 nm Ni:Al bilayer

samples with initial rates of 2� 104K/s and 3.3� 104K/s.

The heating rate was varied by changing the duration and

current of the heating pulse. The results of these experiments

are summarized in Fig. 5, as a plot of heating rate and en-

thalpy of reaction vs. temperature; the peak positions for the

two experiments are summarized in Table II. At the higher

heating rate, the number of exothermic peaks decreases to 2

from 3, however, in both cases, no further exothermic peaks

were observed for subsequent current pulses indicating that

the reaction proceeded to completion in the first cycle. To

understand this apparent disappearance of an exothermic

reaction, we first consider an earlier report of shifts in peak

positions with heating rate.

Blobaum et al. studied the effect of increasing heating

rate on the position of the DSC peaks for the Ni-Al system.21

The heating rates in their study varied from 0.083K/s to

1.67K/s, which produced a peak shift of 40K for a 50 nm

FIG. 4. Plot of heats of reaction measured using Ni:Al bilayer samples and

the nanocalorimeter and Ni:Al multilayer samples and a conventional DSC.

Error bars represent the mean plus and minus one standard deviation. For

the DSC measurements N¼ 4, with the same heating rate. For the nanoca-

lorimeter N¼ 3, with different heating rates.

FIG. 5. (a) Effect of the heating rate on

the number of exothermic peaks for a

25 nm Ni:Al bilayer measured using a

nanocalorimeter. For an initial heating

rate of 2� 104K/s there are 3 peaks in the

exotherm (same as Fig. 2(d)), but an

increase in the initial heating rate to

3.3� 104K/s decreases the number of

peaks to 2. The increased heating rate

appears to suppress nucleation of an

intermediate phase due to the steeper con-

centration gradient. (b) The plot of heat-

ing rate vs. temperature in (a) is converted

to enthalpy vs. temperature using Eq. (2).
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2Ni:3Al bilayer. The increase in heating rate, however, did

not change the sequence of the intermediate phases that

formed. In a similar manner, we have measured and pre-

dicted shifts in peak positions in the nanocalorimeter due to

increases in heating rate from 2� 104K/s to 3.3� 104K/s.

The three peaks at the lower heating rate were measured to

be 624K, 749K, and 836K and these were predicted to shift

modestly to 634K, 763K, and 848K at the higher heating

rate using Eq. (3). We begin a comparison of predicted and

measured temperatures for the higher heating rate by consid-

ering the last exotherm first.

Note that the final, measured peak temperature at the

higher heating rate (3.3� 104K/s) matches the predicted

value very well, with only a 1K difference. This suggests

that the final exotherm in both experiments corresponds to

the same transformation to the final phase, the B2 intermetal-

lic, NiAl. A similar match, though, is not seen for the first

exotherm at the higher heating rate. A likely scenario is that

the nucleation of NiAl3 is skipped and the Ni2Al3 intermetal-

lic or a nonequilibrium phase such as an amorphous or a

BCC solid solution forms first. The peak for this transforma-

tion (706K) lies in between the first 2 peaks (634K and

763K) at the lower heating rates. The final or second exo-

therm is then simply the transformation of the Ni2Al3 phase

and excess Ni (or a nonequilibrium phase) to the stable NiAl

intermetallic. Next, we consider several theories regarding

nucleation to understand how higher heating rates may

impact the formation of the first phase.

A variety of theories and models have been suggested to

explain and predict the phase selection during the early

stages of phase transformations in multilayers under slow

heating (�1K/s). The empirical modeling of Pretorius et al.

uses the thermodynamic parameters of equilibrium interme-

tallics to calculate their effective heats of formation.28 The

phase with the most negative effective heat of formation, at

the concentration of the lowest eutectic in the equilibrium

diagram, is predicted to form first. The model effectively

predicts the sequence of metastable phases in several

Al-based systems. Another theory was proposed by G€osele

and Tu.29 They suggest that phase selection can be explained

by a competition in the growth of the equilibrium phases that

may exist, and they introduce the concept of interfacial

reaction barriers to explain their argument. Additionally,

Thompson notes that interdiffusion across the Ni/Al (or A/B)

interface is required prior to nucleation30 and can impact

which phase forms first. Lastly, Coffey et al. provided experi-

mental evidence and a theoretical explanation that the nuclea-

tion and growth of the first intermetallic phase can occur in

two distinct exotherms under slow heating conditions.31

Other researchers, such as Desre and Yavari32 and

Gusak,33 have taken a more fundamental approach to predict

nucleation by accounting for the sharp concentration gra-

dients that exist in multilayer films. Using thermodynamic

parameters, they calculate phase-specific critical concentra-

tion gradients, and they argue that nucleation is enabled once

the concentration gradient present at a given phase composi-

tion is less than the critical value for that phase. Since

the initial concentration gradients in multilayer samples are

expected to exceed the critical ones, a retardation of nuclea-

tion is anticipated. Gusak et al.34 predict that a thermody-

namic induction time is required to reduce the concentration

gradient by interdiffusion across the A/B interface. Here, we

use this model of critical concentration gradients to predict

which phase forms first in the DSC and nanocalorimetry

experiments as a function of heating rate. While a limited

description of the analysis is offered here, a more compre-

hensive description will be presented in a forthcoming pa-

per.35 The model assumes a cubic nucleus of width 2�r in a

concentration gradient, rc, and it assumes the gradient is

constant within the nucleus volume. The change in the free

energy DG due to nucleation is calculated by32–34

DG ¼ 24c � r2 þ 4qDGA=B!AB � r
3 þ

4

3
� a � ðr2cÞ � r5: (4)

The first two components on the right-hand side represent the

interfacial and volumetric contributions according to classical

nucleation theory. c and q denote the interfacial energy at

the nucleus/parent phase interface and the nucleus density,

respectively. DGA/B!AB characterizes the maximum driving

force for the AB transformation from the elements A and B.

The third component denotes the effect of the gradient contri-

bution. a is a constant which depends on the nucleation

mode, which can be positive or negative, and is determined

by the stability functions of the compound and parent phases.

Hodaj and Desre36 and Desre14 calculated positive a’s for the

limiting cases of polymorphic and transversal transformation

modes. The former mode describes nucleation without com-

positional changes. The latter describes nucleation where

compositional redistribution occurs perpendicular to the con-

centration gradient within the nucleus.

The analysis for a given mode of nucleation, whether

transversal or polymorphous, has three steps. The first step is

a numerical simulation of the intermixing at the interface

that predicts the composition profile for some specific time

and heating rate. We assume symmetric, bulk diffusion and

use Fick’s 2nd law to solve for composition profiles in a

25 nm bilayer sample after heating over the range of 400K

to 800K at different rates. An activation energy of 84 kJ/mol

and a frequency factor of 5.18 �10�9 m/s2 (Ref. 37) describe

the temperature dependence of the interdiffusivity. The

resulting composition profiles were then used to determine

concentration gradients rc(NixAly) at the compositions

TABLE II. Peak position comparison for a 25 nm Ni:Al bilayer heated in

the nanocalorimeter at two different heating rates. For the lower heating rate

(2� 104K/s) three exotherms are seen while for the higher heating rate

(3.3� 104K/s) only 2 exotherms are observed. The table also includes the

positions of the peaks for the higher heating rates predicted using Eq. (3)

and the peaks for the lower heating rate.

Peak position (K)

(dT/dt¼ 2� 104K/s) (dT/dt¼ 3.3� 104K/s)

Peak number Measured Calculated Measured

1 624 632.8 …

2 749 763.4 706.0

3 836 847.8 847
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associated with individual compounds, as a function of tem-

perature. In the second step, we calculate the critical concen-

tration gradients rcc(NixAly) for each possible phase as a

function of temperature, according to Eq. (4). The thermody-

namic properties of the individual NixAly phases are mod-

eled according to Ref. 38 for these calculations, and both

transversal and polymorphic nucleation are considered. In

the third and final step, we determine the temperature and

the first phase for which the local gradient drops below the

critical value for a given phase

rcðNixAlyÞ � rccðNixAlyÞ; (5)

thereby, identifying the first phase to nucleate. We now con-

sider two cases in the analysis of nucleation.

Case A: Nucleation with compositional redistribution
(transversal mode)

Under slow heating conditions in a DSC, we assume

there is sufficient time for chemical redistribution as a nu-

cleus forms. Thus, this case adopts a transversal mode of

nucleation that was proposed by Desre,14 in predicting the

first phase to form in the DSC experiments. For comparison,

we also assume this mode of nucleation remains effective as

heating rate increases up to 2� 104K/s. Figure 6(a) shows

the temperature evolution of the calculated critical concen-

tration gradients assuming a transversal mode (Eq. (4)); it

also displays the numerically predicted concentration gra-

dients for heating rates of 0.7K/s and 2� 104K/s. Note that

NiAl3 reaches the condition for nucleation (Eq. (5)) before

Ni2Al3 and NiAl, thus predicting it to nucleate first for both

heating rates. In fact, NiAl3 is predicted to nucleate first in

the transversal mode, regardless of heating rate, even for a

rate of 3.3� 104K/s. However, as the heating rate increases,

the time for chemical redistribution during the formation of a

nucleus decreases and the assumption of a transversal mode

of nucleation is likely invalid. At the highest heating rates,

we expect limited diffusional mixing during the formation of

a nucleus and a polymorphous mode of nucleation. Such a

mode is considered in case B.

Case B: Nucleation without compositional
redistribution (polymorphic mode)

Figure 6(b) plots the calculated critical concentration

gradients for the polymorphic mode of nucleation and the

numerically predicted concentration gradients for the high

heating rates of 2� 104K/s and 3.3� 104K/s. Multiple equi-

librium phases are considered: NiAl3, Ni2Al3, and NiAl. In

addition, because of the very high heating rates and the lim-

ited time for nucleation at any given temperature, this case

also considers a metastable BCC solid solution of Ni and Al

(Refs. 34, 39–41) following the related reports from Greer

and Assadi and Cantor and Cahn. Greer and Assadi observed

the suppression of ordering in intermetallics and the forma-

tion of solid solutions during rapid solidification,42 and

Cantor and Cahn reported the formation of a BCC solid solu-

tion in co-deposited Ni-Al thin films.43

Three observations are worth noting for Figure 6(b). One

is that the critical concentration gradients for the equilibrium

phases shift to lower values and the nucleation temperatures

shift to higher values compared to the transversal mode of

nucleation. We attribute these shifts to the lack of chemical

redistribution in the polymorphous analysis and the correspond-

ing impediment to nucleation. Second, note that NiAl3 is no

longer the first phase to form. Instead, the first phase is pre-

dicted to be a BCC solid solution or the Ni2Al3 intermetallic.

Finally, this prediction of which phase forms first does not

change with heating rate, even for much slower or much faster

values than those presented here. Thus, we are left to suggest

that the apparent change in which phase forms first in the

25nm bilayer samples, as heating rate increases from

2� 104K/s to 3.3� 104K/s, is caused by a change in nuclea-

tion mode from transversal to polymorphic. For slower heating

FIG. 6. Plot of the critical concentration gradients rcc (dashed lines)

obtained using Eq. (4) for (a) transversal and (b) polymorphic nucleation

and the numerically simulated concentration gradients rc (solid lines) at the

individual compound compositions. In (a) rc’s are calculated for a typical

DSC heating rate of 0.7K/s and the lower heating rate of 2�104K/s of the
present study. In (b) rc’s are shown for the heating rates of 2�104K/s and
3.3�104K/s. The nucleation temperatures that are predicted for the interme-

tallic phases using Eq. (4) are indicated by (a) triangles and (b) circles. The

first forming phase is determined by the lowest nucleation temperature.
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rates (from the heating rates used in a conventional DSC up to

heating rates of 2� 104K/s seen in the nanocalorimeter) the

assumption of a transversal mode of nucleation predicts that

NiAl3 forms first while for faster heating rates the assumption

of a polymorphous mode of nucleation predicts that a BCC

solid solution or the Ni2Al3 intermetallic forms first. However,

we cannot determine conclusively whether the Ni2Al3 interme-

tallic, the BCC solid solution, or some other metastable phase

nucleates first. Additional nanocalorimeter studies, with in situ

microstructural observations, are needed to verify the sequence

of phase formation during rapid heating. To this end, experi-

ments are underway to place a nanocalorimeter within a

dynamic TEM12,13 to study these transformations in situ at dif-

ferent heating rates. These experimental results will create a ba-

sis for developing a comprehensive model of phase formation

in the Ni-Al system at rapid heating rates.35

IV. CONCLUSION

We have studied exothermic reactions in Ni:Al multi-

layers using a DSC and a nanocalorimeter. The nanocalorime-

ter has the ability to track enthalpy changes with temperature

and thereby obtain heat of reactions at heating rates on the

order of 104K/s. The large heat losses of the system and its

large heat capacity relative to the Ni:Al bilayer keep the tem-

perature below the melting point of Al so that the reaction

occurs in the solid state. The high heating rates enabled by the

nanocalorimeter shift the exothermic peaks to substantially

higher temperatures compared to the conventional DSC, and

these shifts can be predicted using the Kissinger model. With

increasing heating rate the number of exothermic peaks is

reduced to two from three and the shift in temperatures

recorded for those two peaks suggest that the sequence of met-

astable phase transformations has changed. A possible sce-

nario is that Ni and Al mix to first form a BCC solid solution

or the Ni2Al3 intermetallic at the highest heating rate instead

of the NiAl3 phase that is known to form first at very low heat-

ing rates. This hypothesis is supported by the theory of nuclea-

tion within steep concentration gradients and the assumption

that local chemical redistribution diminishes during the forma-

tion of a nucleus as heating rate increases. Future work will

focus on integrating the nanocalorimeter into a dynamic TEM

to enable identification of these rapid phase transformations.
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