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The observation of rapid reactions in nanoscale multilayers present challenges that require

sophisticated analysis methods. We present high-resolution in situ x-ray diffraction analysis of

reactions in nanoscale foils of Ni0.9V0.1–Al using the Mythen II solid-state microstrip detector

system at the Material Science beamline of the Swiss Light Source Synchrotron at Paul Scherrer

Institute in Villigen, Switzerland. The results reveal the temperature evolution corresponding to the

rapid formation of NiAl intermetallic phase, vanadium segregation and formation of stresses during

cooling, determined at high temporal �0.125 ms� and angular �0.004°� resolution over a full angular

range of 120°. © 2010 American Institute of Physics. �doi:10.1063/1.3485673�

Self-propagating exothermic reactions �SPER� in

nanoscale multilayer films/foils �MFs� of metallic systems

are receiving attention as heat sources for micromesoscale

robotics/self autonomous devices and for thermal

nanomanufacturing.
1–15

The actual reaction route for MFs

has remained elusive, because high flame front velocities

�1–20 m/s� require highly sophisticated in situ characteriza-

tion methods, such as dynamic transmission electron micros-

copy �DTEM� �Ref. 16� and synchrotron radiation.
13

However, DTEM analysis is restricted to very thin foils

��125 nm� for which the convective heat losses are very

significant and the analysis cannot adequately represent the

kinetics of microscale foils. Previous work using synchrotron

radiation was performed on Ni0.36V0.04–Al0.6 MFs with a bi-

layer thickness of 100 nm.
13

Despite the high temporal res-

olution �0.055 ms�, the x-ray diffraction �XRD� patterns lack

the necessary angular resolution to accurately identify

phases.
13

Therefore, we have performed in situ XRD analysis

of rapid reactions in nanoscale MFs of Ni0.9V0.1–Al with a

bilayer thickness of 40 nm at an angular resolution of 0.004°

and a temporal resolution of 0.125 ms using the recently

modified Mythen II solid-state micro strip detector system at

the Material Science �X04SA� beamline of the Swiss Light

Source at Paul Scherrer Institute in Villigen, Switzerland, in

combination with high-speed �HS� optical and infrared �IR�
imaging. A detailed description of the previous model of the

detector system
17

and an overview of the current version
18

was published elsewhere. The system allows the monitoring

of evolution of nanoscale structures, temperature and strain

variations, with time resolution of submilliseconds at unsur-

passed angular accuracy and range, which is ideal for the

observation of the transient characteristics of SPER in MFs.

The setup used in this study and the transmission electron

microscopy �TEM� image of the cross section of the foil in

the as-received state are shown in Fig. 1.

60 �m thick foils with an overall composition Ni0.9V0.1

�16 nm�-Al �24 nm� are obtained from Reactive Nano Tech-

nologies Inc.©. The source of vanadium is the nonmagnetic

commercially available Ni0.9V0.1 sputtering targets used,

which are also employed in cd/dvd production. The surfaces

of the foils are polished to remove the INCUSIL© solder

layer. The detector system is operated in transmission geom-

etry at 14 keV beam energy. The acquisition times of 0.125,

0.25, 1, and 5 ms have 0.125 and 20 ms dead time between

frames, which are imposed by the controller memory and

data transfer rate in conjunction with the chosen dynamic

range. The analyzed volume is 500�500�55 �m3. Foils

of 7�25 mm2 size are ignited by a high-voltage electric

spark. Simultaneously, HS optical camera �MEGA SPEED

Corporation MS70K DMG2© up to 80 000 frames/s� and IR
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FIG. 1. �Color online� The experimental setup: the Mythen II solid state

detector has an angular range of 120° �2� from �60° to 60°� at a resolution

of 0.004°. The central trigger system provides a high-voltage spark to the

sample holder and generates a start trigger for the signal generator for the

beamline controller and the cameras. The inset shows a bright field TEM

micrograph of the initial multilayer structure.
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camera �FLIR Systems THERMOVISION A40M© at 50

frames/s� images are acquired. As time reference, the trigger

signals for the XRD detector are recorded. The multilayer

structures were characterized using TEM �PHILIPS

CM20©�, scanning electron microscopy �SEM, TESCAN

VEGA©� and optical microscopy. The grain sizes and the

strains are determined using the Williamson–Hall method.

The changes in lattice parameters are used to measure tem-

perature with a thermal expansion coefficient of 15

�10−6 K−1 for NiAl.

Diffraction patterns taken before the reaction �Fig. 2�a��
show broad peaks of nanoscale FCC nickel and aluminum

grains with average sizes 7.5 nm and 24 nm, respectively.

Following ignition, the thermal wave quickly traverses the

foil at a velocity �7.3 m /s �Refs. 3, 5, 6, and 14� and ar-

rives at the irradiated volume after �1 ms. The measured

temperature is 1900�30 K within the first XRD frame �Fig.

3�a��, 0.125 ms after the thermal wave passes, which shows

the superimposed peaks from nickel and aluminum bilayers,

as well as that from NiAl that shifts to lower angles as the

lattice expands with increasing temperature �Fig. 2�b��. The

maximum temperature is close to the theoretical room tem-

perature adiabatic formation temperature of 1911 K for NiAl,

at which a mixture of solid with a thickness of �22 nm and

liquid should coexist.
19

Numerical simulations performed for

a bilayer thickness of 40 nm using an adiabatic growth

model
15

agree with the measured temperature evolution �Fig.

3�a��. Therefore SPER appears to proceed in a near-adiabatic

manner for foils of this thickness, in contrast to studies with

thinner foils,
16

which have a larger surface area per reacting

volume, as well as to foils with a different overall composi-

tion �Ni2Al3� that do not reach temperatures higher than

1700 K.
13

The full width half maximum ��2�fwhm� for the NiAl

peak measured at a frame time of 0.25 ms is

�0.045° –0.05°. The NiAl grains are most possibly in the

form of platelets with a thickness 25�3 nm and a length of

at least 115�5 nm indicating that the reactants transform

completely into NiAl within this frame. The main NiAl peak

is accompanied by a pronounced background and suggests

the formation of the liquid phase as well when observed at a

1 ms frame time �Fig. 2�c��.

The temperature remains steady for 60 ms and decreases

slowly in the following 160 ms, during which the liquid con-

tinues to solidify with a corresponding increase in NiAl peak

intensity. Solid vanadium peaks appear in the spectra at

around �1700�35 K, which is near the reported pseudobi-

nary eutectic temperature �1635 K�,
20

followed by a drop in

background intensity �Fig. 2�d��. The inflection point at the

time-temperature profile �Fig. 3�a�� suggests that solidifica-

tion of the liquid is complete. The foil cools down to room

temperature within �10 s. A simple theoretical calculation

with convective and radiative heat losses, using a

temperature-dependent convection coefficient of air
21

and �

=0.11, fits very well with the measured cooling curve.

The microstructure of the foils shows equiaxed NiAl

grains with an average diameter of 3 �m �Figs. 3�b� and

3�c��, which are uniformly distributed across the thickness.

Vanadium grains are within the NiAl grain boundaries and

have an average diameter of 50�5 nm, measured using

peak widths and SEM �Fig. 3�b�, inset�. Comparison between

FIG. 2. �Color online� XRD pattern with the corresponding HS optical images: �a� The overall pattern �2� from �60° to 60°� before the reaction, where

broadened peaks of Ni0.9�V0.1� and Al correspond to grain sizes of 7.5 and 24 nm, �b� 1 to 1.125 ms after ignition showing superposed peaks of reactants in

their initial state and NiAl that has formed �T=1900�30 K�, �c� 8 to 9 ms after ignition �T=1900�30 K�, and �d� 260 to 265 ms after ignition, when

formation of vanadium and solid NiAl from the remaining liquid through the pseudoeutectic reaction is complete �T=1700�35 K�.
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the change of lattice parameters of vanadium and NiAl dur-

ing cooling using corresponding thermal expansion

coefficients,
22

implies that vanadium grains are under in-

creasing tensile stress due to the higher thermal expansion

coefficient of the surrounding NiAl matrix. The calculated

strains are around 0.2%. Similar phenomena have been ob-

served in molybdenum nanowires that were embedded in

NiAl matrix, which contract at a rate close to that of NiAl

during cooling.
23

The fact that vanadium is still in grain

boundaries after the foil cools down indicates that NiAl

grains reach their final size when vanadium forms between

220–260 ms.

We propose that the grain evolution starts with the for-

mation of NiAl platelets with high aspect ratios. These initial

grains break up when the maximum temperature is reached

due to the rapid growth of NiAl, also evidenced by the bulk

warping of the foils. The fragments spherodize in the liquid

and the NiAl grains continue to grow into the liquid solution

consisting of NiAl and vanadium until the solidification is

finished at �1700�35 K. No shape changes of the foils are

observed after 20 ms.

In summary, observation of SPER on nanoscale struc-

tures reveal that the reaction stages, strains and grain dimen-

sions can be identified and measured in situ during the rapid

formation of intermetallic compound NiAl using the fast ac-

quisition mode of the Mythen II x-ray microstrip detector

system, in combination with HS optical and IR camera im-

aging. These experimental results are important for further

validation of numerical models regarding temperature and

structure development in Ni0.9V0.1–Al multilayer foils, as

well as other metallic reactive systems.
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FIG. 3. �a� Temperatures are measured using the NiAl peak locations with

short �acquisition times 0.125, 0.25, and 1 ms, dead time 0.125 ms� and long

frames �acquisition time 5 ms, dead time 20 ms�, the IR camera and calcu-

lated using simple theoretical cooling curve and simulation results assuming

an adiabatic reaction. The time axis is relative to ignition time, the flame

front reaches the analyzed volume at 1 ms. �b� Optical micrograph showing

the vanadium phase within the NiAl grain boundaries across the foil cross

section. The inset is a high magnification SEM image of the grain boundary.

�c� Highly stressed vanadium grain boundary phase that appears as a thin

layer on the NiAl grain, acts as crack nucleation site during intergranular

fracture of foils.
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