¢

LAWRENCE
LIVERMORE
NATIONAL
LABORATORY

LLNL-JRNL-451336

Direct characterization of phase transformations
and morphologies in moving reaction zones in
Al/NiI nanolaminates using dynamic transmission
electron microscopy

. S. Kim, T. LaGrange, B. W. Reed, R. Knepper,
. P. Weihs, N. D. Browning, G. H. Campbell

August 27, 2010

Acta Materialia



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States government or Lawrence Livermore National Security, LLC. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product
endorsement purposes.



Direct characterization of phase transformations and morphologies in moving reaction zones in Al/Ni
nanolaminates using dynamic transmission electron microscopy
Judy S. Kim **", Thomas LaGrange ?, Bryan W. Reed °, Robert Knepper ¢, Timothy P. Weihs €, Nigel D.

Browning *°, Geoffrey H. Campbell ®

a. Condensed Matter & Materials Division, Lawrence Livermore National Laboratory, 7000 East Avenue,
Livermore, CA 94550, USA

b. Chemical Engineering & Materials Science / Molecular & Cellular Biology, University of California-
Davis, 1 Shields Avenue, Davis, 95616, USA

c. Department of Materials Science & Engineering, Johns Hopkins University, 3400 N. Charles St.,

Baltimore, MD 21218, USA

* Corresponding author’s present address:
Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK

Phone: +44 (0)1865 273657, Fax +44 (0)1865 273789

Author’s Email addresses:
judy.kim@materials.ox.ac.uk
lagrange2@linl.gov
reed12@linl.gov
rkneppe@sandia.gov
weihs@jhu.edu
nbrowning@ucdavis.edu

campbell7@lInl.gov



Abstract:

Phase transformations and transient morphologies are examined as exothermic formation
reactions self-propagate across Al/Ni nanolaminate films. The rapid evolution of these phases and sub-
pum morphological features require nanoscale temporal and spatial resolution that is not available with
traditional in situ electron microscopy. This work uses Dynamic transmission electron microscopy
(DTEM) to identify intermetallic products and phase morphologies as exothermic formation reactions
self-propagate in nanolaminate films grown with 3:2, 2:3, and 1:1 Al/Ni atomic ratios. Single-shot,
diffraction patterns with 15 ns temporal resolution reveal that the NiAl intermetallic forms within 10
nanoseconds of the reaction front’s arrival in all three types of films and is the only intermetallic phase
to form as the reactions self-propagate and quench very rapidly. Concurrently, time resolved imaging
reveals a transient cellular morphology in the Al-rich and Ni-rich foils, but not in the equiatomic films.
The cellular features in the Al-rich and Ni-rich films are attributed to a cooling trajectory through a two-
phase field of liquid + NiAl.

Key words: Nickel Aluminides, thin film multilayers, rapid solidification, phase transformations, dynamic

transmission electron microscopy

1. Introduction

Reactive nanolaminate films have been studied because of their useful ability to store energy
and then release it rapidly. The stored energy can be exploited for various applications requiring
localized heating such as soldering temperature-sensitive devices [1-3], igniting other reactions, or
neutralizing biological materials [4]. Reactive nanolaminates have also been studied because they
enable rapid, self-propagating reactions that present a scientifically interesting case of coupled

nonequilibrium processes (atomic diffusion, heat diffusion, chemical reactions, and phase



transformations) that occur over a wide range of length and time scales, and produce unexpected
transient structures that relax in microseconds [5].

The self-propagating reactions in nanolaminates are initiated locally by an external stimulus and
are characterized by species interdiffusing normal to the layers, heat being released into the film and
environment due to this intermixing, and a reaction front propagating parallel to the layers of the
reactive multilayer foil (RMLF). The zone of dynamic mixing, which we will refer to as the reaction front,
can have extremely high heating rates of ~10°-10° K/s [6]. In addition, reaction front velocity and
temperature can be manipulated by tailoring layer thickness, foil chemistry, and the extent of pre-
mixing [7-9,1]. However, little is known as to how the reactants mix and transform into the final
reaction products. Increasing our knowledge of the transient behavior would provide insights into the
nature of rapid formation reactions and could provide improved methods for tailoring reactive laminate
performance for specific engineering applications.

The combination of fast reaction velocities and sub-micron features in these self-propagating
reactions makes direct analysis of phase transformations, morphological progressions, and rate-limiting
mechanisms challenging. Recent studies that utilize high speed imaging or in situ X-ray diffraction of
self-propagating reactions in nanolamiantes have increased our understanding of these reactions
[6,10,11], but still lack nanoscale temporal and spatial resolutions. The Dynamic TEM (DTEM) was
developed [12-14] to address this opportunity in characterization capability by using a photoemitted
electron pulse to probe dynamic events with single-pulse, “snap-shot” diffraction and imaging at 15 ns
resolution (Figure 1). Using this capability, the moving reaction front of reactive nanolaminates has
been observed in situ [5] in both real and reciprocal space. DTEM images show a transient cellular
morphology that disappears during cooling. Such studies provide an opportunity to gain fundamental
insights into the mechanisms that control the self-propagation of exothermic reactions. Here we use

Dynamic transmission electron microscopy to identify intermetallic products and phase morphologies as



exothermic formation reactions self-propagate in Al/Ni nanolaminate films of Al-rich, Ni-rich and

equiatomic chemistries.

2. Experimental Methods
2.1 Materials studied

The RMLF samples of this work have one of three Al-Ni atomic compositions: Al-rich, Ni-rich, or
balanced, with Al to Nig91Vo09 atomic ratios of 3:2, 2:3, and 1:1, as detailed in Table 1. The layers were
magnetron sputtered from an 1100 Al alloy target [99 wt.% Al, 0.87% (Si, Fe), 0.12% Cu] (or 99.999%
pure Al in the case of the Ni-rich foils) and a Ni target containing 7 -wt.% (9 at%) V. The vanadium is
added to the Ni to reduce its magnetism and thereby ease its sputter deposition. The V substitutes for
Ni atoms on the crystalline lattice and continues to be a substitutional alloying element in the
intermetallic reaction products observed here.

Table 1
Stoichiometries and initial compositions of reactive foils examined

Atomic Ratio Bilayer Length No. of Bilayers  Total Thickness

Al : Nig.91Vo.09 (nm) (nm)

Al-rich 3:2 21 6 125
Balanced 1:1 21 6 125
Ni-rich 2:3 25 5 125

The films were deposited onto polished NaCl crystals for lift-off onto clamping Cu TEM grids
using deionized water. A bilayer is defined as one Al layer and one Ni layer. The films were capped on
top and bottom with half-thickness Ni layers to avoid Al oxidation during handling in air as well as during
the actual experiment, while still maintaining the desired stoichiometry. The films examined had an as-
grown (unreacted) total thickness of 125 nm and 5-6 bilayers, measured by profilometer and TEM cross-
section micrographs.

2.2 Experimental Setup

Nanosecond in situ electron microscopy is achieved using laser induced photoemitted electrons in



a single, 15 ns long cluster of 1x10% electrons in a dynamic TEM (DTEM) [15]. This short pulse of
electrons probes a 15 ns window in the evolution of a TEM specimen and is collected on a high
sensitivity TVIPS TemCam-F224HD CCD camera, producing a single-shot image or diffraction pattern.
This method, previously described in more detail [16-21], is a pump-probe technique with the ability to
characterize fast materials processes on the 15 ns time scale and the 10 nm length scale. The single-
shot approach is useful for observation of irreversible processes (that cannot be repeatedly “pumped”
to invoke a reoccurring event as in “4D electron microscopy”[22], as is the case with RMLFs.

These DTEM experiments used a Nd:YAG pump laser to initiate mixing in the reactive
nanolaminates with conditions of 80 um 1/e” radius spot size on the specimen, 4-15 wl energy, and 12
ns full-width at half-maximum pulse duration at the sample. Before running experiments, the specimen
drive laser settings were optimized to minimize the specimen interaction area to a small, round spot. In
addition, pulse energy was adjusted to a level just above the sample-dependent threshold required to
initiate a self-propagating reaction in order to avoid extraneous warming of the film. The threshold
energies using the pump laser were found to be 4.0 £ 0.1, 6.5 £ 1.5, 12.9 £ 0.5uJ for the Al-rich, Ni-rich
and balanced films, respectively. Because the microstepper motors on the final turning lens were quite
coarse on the scale of TEM work, the laser spot was positioned in an area of the sample far removed
from the observation point to eliminate its direct effect, and this position was kept constant throughout
a series of experiments. The part of the reaction front that is examined in each individual DTEM
experiment is then changed by varying the time delay between the pump and probe drive laser pulses.

The orientation of the experimental setup inside of the DTEM is shown in the schematic in Fig. 1.
First, the 12 ns Nd:YAG pump laser pulse warms a small region of the RMLF, initiating the reaction at a
position far enough from the observation area (hundreds of um) for the reaction front to reach steady-
state propagation at the point of observation. The reaction front radiates in all directions from its

initiation site in the freestanding RMLF membrane. Next, the probing electron pulse is photoemitted



from the cathode using a frequency-quintupled 211 nm Nd:YLF laser pulse. Timing boxes can vary the
time delay between the two lasers from nanoseconds to seconds. The electron pulse interacts with the
foil at a location along the microscope optic axis (away from the initiation site) to probe the specimen.

Like other pump-probe experiments, it is essential to define time-zero as a reference point for
all time-delayed experiments. In this work (with the exception of the low-magnification images
described below), time-zero is defined by the arrival of the reaction front at the center of the viewing
area, or at the optic axis of the DTEM column in Fig. 1. Since we are interested in the variation of the
reaction front’s structure with time, this definition of time-zero is more convenient than the reaction
initiation time (which is ~10 ps earlier). Time-zero is experimentally determined during each session
through visual observations of the reaction front’s position in multiple images. In diffraction, this
definition remains intact, however diffraction is collected from a rather large area (up to tens of
microns) and a snap-shot at time-zero would include information from regions both before and after the
reaction front, just as in the images. The typical time-resolved diffraction experiments in this work are
made up of a series ("before," "during," and "after") of RMLF snap-shots. As-deposited and fully reacted
diffraction patterns are collected from the foils in a static state and are used as references during
experimental setup and for camera length calibration during data analysis.

Diffraction experiments were collected using a 100 um condenser aperture to remove the
electrons that would strike the sample at high angles (thus improving reciprocal-space resolution).
Rather than using a selected area diffraction (SAD) aperture, the pulsed beam was spread to a limited
diameter of illumination (3.3, 11, 26 um for the Al-rich, Ni-rich, and balanced foils respectively) and held
constant for each given series. This method was essential for collecting enough electrons for single-shot

interpretation.

3. Results



3.1 Diffraction

Time-resolved diffraction studies of the reactive foils use a single 15 ns electron pulse to probe
the reacting specimen at a specified time after the pump laser initiation. Diffraction ring pattern data
are rotationally averaged for a more quantitative display of ring intensity ratios. They are plotted and
examined as intensity versus position in reciprocal space. The results in Fig. 2 show that all three
stoichiometries show only a single transition to the intermetallic, ordered B2 phase, NiAl. Diffraction
snap-shots acquired before the mixing front arrives, clearly show the initial as-fabricated samples as a
combination of FCC Al and FCC Ni. The curves acquired as the reaction front arrives (at t = 0 us) contain
peaks corresponding to diffraction rings of B2 NiAl. The diffraction peaks obtained after the reaction
zone passes can be entirely attributed to B2 NiAl. Crystalline peaks are consistently present in all
diffraction patterns covering many different time delays, indicating that the films remain crystalline, at
least in part, throughout the dynamic mixing event.

As the hot reaction front passes the observation area probed by the electron pulse, background
intensity increases and the diffraction ring patterns become diffuse due to increased thermal diffuse
scattering. Seconds later, after the specimen is fully reacted, the samples have converted completely to
NiAl without signs of transitions to other phases such as Al;Ni, or AINis, unlike other findings from
differential scanning calorimetry and x-ray diffraction work of various material systems of
nanolaminates [6,23,24]. The result that all three types of these far-from-equilibrium nanolaminates
make a single transition to the NiAl phase should be noted since the material systems should form
various other intermetallic phases [25] for the 3:2 and 2:3 Al:Ni compositions, when in equilibrium.

We observed occasional timing inconsistencies indicating that the reaction initiation may have
varying incubation times or propagation speeds. A few experiments showed that the reaction front did
not arrive according to calculations with errors as large as 0.3 us, but when observed afterwards, the

RMLF indeed did react. If the reaction front was traveling 13 m/s, the 0.3 us time differential implies



that the reaction front was lagging behind predicted values by at least 3.9 um. With the timing jitter of
the sample drive and cathode drive lasers being only + 1 ns, the 0.3 us (3.9 um) delays cannot be
attributed to experimental controls. This variability of timing is interesting for engineering applications
and should be explored further in future work.

Thermal diffuse scattering (TDS) effects increase the background, blur the ring patterns and
reduce the intensity of higher order reflections for up to 20.4 us in the Al-rich diffraction curve. Data at
longer time delays were not acquired since the reacted foils would often tear and move far out of the
optimum electron probing volume of the objective lens. By directly comparing 20.4 us and “after” data
(effectively collected when the thin foil is cooled to ambient temperature), which are both single-shot
acquisitions, the TDS effects are apparent by the blurring of peak details. Snap-shot data collected after
the mixing event shows sharper peaks and less TDS. This long-lasting TDS effect is also found in the
atomically balanced and Ni-rich foils.

3.2 Imaging

To observe the layer mixing process and the progression of the reaction front morphology, the
dynamic reaction front was directly imaged using single pulses. Fig. 3, a series of low magnification
images with a ~(500 me)2 field of view, shows how the reaction propagates radially from the laser
initiation site. The mixing front appears in the “during” micrograph as a sharp change in contrast that
has traveled a particular distance following reaction ignition and prior to the snapshot image. Again, the
time delay is the difference between the ignition and the snapshot image. In this low-resolution view,
the reaction front appears moderately smooth and featureless for the three types of samples studied.
After the reaction front passed, the individual layers have mixed and the intermetallic NiAl has
nucleated as confirmed by the diffraction results of Fig. 2.

3.2.1 Al-rich nanolaminates



In search of morphological details at the reaction front at higher resolution, we begin with the
Al-rich system, grown with Al : Nigg:Vo 09 at a 3:2 atomic ratio. In bright field imaging conditions, the
reaction front is closely followed by an elongated, finger-like cellular structure, defining the start of the
cellular front (Fig. 4). Although the features are somewhat blurred at this front, they appear to have
slightly scalloped edges. In this bright field image (Fig. 4), the transient cellular features are observed in
their entirety, from start to finish, and are measured to be ~3.2 um long with a periodicity of 390 + 55
nm. Based on the length of the cellular features and the reaction front velocity, one can deduce that a
given point on the foil remains in a cellular morphology for roughly 230 ns.

Immediately behind the reaction front, the material was found to be nanocrystalline NiAl,
confirmed by diffraction. The electron pulse interaction area was limited to a 3.3 um diameter region
on the foil, making the Al-rich diffraction work accurate only to this dimension. As the metastable
cellular features are quite short, there is a small possibility that other intermetallic phases may be
forming temporarily in this cellular region. This, however, is unlikely, because in over 20 Al-rich
diffraction experiments near the reaction front (t=0 sec) we only observed conversion to the NiAl phase,
or on rare occasions, the complete lack of a phase change due to the reaction initiation incubation error
discussed earlier. No intermetallic phases aside from NiAl were detected at any point in time. Thus if
there are other crystalline phases present, they must exist either very briefly or in very small quantities,
or both.

Finally at longer times, the NiAl coarsens to large intermetallic grains that often traverse the
entire 125 nm thickness of the foil found by post mortem cross-sectional TEM and energy-dispersive x-
ray spectroscopy (EDS).

3.2.2. Ni-rich nanolaminates
The Ni-rich system has been studied previously [5] in the same manner. Similar bright field

results are shown (Fig. 5) for comparative analysis to the Al-rich system described above. The cellular



features are notably longer than those found in Al-rich films, having a length greater than 40 um
(equivalent to a 3 us duration at a given point) and a periodicity of 790 £ 220 nm in width. The Ni-rich
cellular features have a longer and a more uniform morphology compared to the markedly tortuous
features found in the Al-rich foils (Table 2). However, in a similar manner they show a distinct line of
formation and gradual termination, establishing a transient nature. The dark lines between the cellular

features are 220 + 80 nm wide.

Table 2

Comparison of quantified cellular feature measurements of Figures 4 and 5
Periodicity Length

Ni-rich (2 Al : 3 Ni) 790 £ 220 nm >40 um?

Al-rich (3 Al : 2 Ni) 390 + 55 nm 3.2+0.3 um

? The length of the features indicated are greater than 40 um, however restrictions on the image field of
view limited a more accurate measurement. Lower magnifications would increase the field of view, but
at such lens settings, the data would not produce a true bright field image.

Like the Al-rich films, it appears that the cellular features behind the reaction front are at least
partially solid NiAl intermetallic. Diffraction data obtained for these Ni-rich foils (Figure 2) confirmed the
almost immediate formation of NiAl at the reaction front with an error in timing of £ 0.3 us. In
diffraction work shown earlier, a condenser aperture was used so that the beam interacts with a round
sample area 11.2 um in diameter, making the obtained phase information accurate to this dimension,
far smaller than the 40 um width of the cellular formation region. Diffraction work of the previous
section taken in synchronization with the arrival of the visible reaction front (from imaging) proves that
crystalline NiAl intermetallic formation occurred within 300 ns of t = 0, which would be equivalent to a
distance 3.9 um behind the reaction front. Since crystalline NiAl formed less than 3.9 um behind the
reaction front, and the cellular features are present at this position, the cellular structures must contain
crystalline NiAl.

The dark intensity between the “cells” fades away in the last micrograph of the series in Fig. 5,

at a point in time where the reaction should have completed some microseconds earlier. The solid
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solubility range of the NiAl B2 phase increases as the temperature drops [25], so that at room
temperature nearly all of the excess nickel could be re-absorbed into a stable homogeneous B2
structure with a Ni:Al ratio near 3:2. Post-mortem EDS examination (Table 3) indicates that this occurs
and is discussed in a following section.

To understand how quickly the cellular front or boundary forms, we consider that the motion
blur of the features in the time-resolved micrographs is limited to ~ 200 nm based on the 15 ns temporal
resolution and reaction front velocity of 13 m/s. From the time-resolved images, the sharp onset of the
cellular microstructure begins with only a small 100 nm (equivalent 8 ns) blur in front. This is less than
the calculated motion blurring, and it implies that the cellular morphology takes shape at least as fast as

the temporal resolution of the DTEM instrument in this configuration (~15ns).

3.2.3. Balanced composition nanolaminates

Fig. 6 shows the results of two series of experiments where the reaction front is observed after
it is initiated far outside of the micrograph view and travels from the top left to the lower right. Series A
examines a clean RMLF for the observation of the reaction front. The front still appears as a moderately
straight, featureless variation in intensity over a distance less than 1 um wide. (Note thatin series A, a
slightly condensed disk of illumination was used rather than the completely spread, parallel illumination
common to conventional TEM. This was employed simply to maximize the utilization of all electrons
passing through the condenser aperture.)

In series B of Fig. 6, the initial foil is contaminated with NaCl crystals that originated from the
NaCl substrate. The NaCl is located on the surfaces of the RMLF. As the reaction front passes through
the view of the micrograph, the front is not visible as a change in intensity (because of the lack of
contrast), but rather, by the lack of NaCl contamination. Just behind the reaction front, the foil appears

to be free of surface debris. A likely explanation is that, since the reaction front region is quite hot, the
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weak bonds are broken between the RMLFs and the NaCl, releasing NaCl into the vacuum of the DTEM.
After the foil is completely reacted, grains have grown, and salt crystals are not present. In both
experiments of Fig. 6 the cellular structures are not observed.

Similarly, as in all stoichiometries examined, the B2 NiAl intermetallic that formed behind the
reaction front coarsened into much larger grains (~250 nm in diameter) as shown in the “after”
experiment frames. These large grains are typically observed in post-mortem examination indicating
that a high density of small grains nucleated, then coarsened into a lower density of large grains.
Although the balanced foils might be expected to coarsen into larger grains than in the Ni or Al-rich foils
as they dwell at high temperatures for longer times, it appears that the 125 nm film thickness limits the
extent of the grain growth similarly in all experiments.

3.3. EDS analysis

The compositions of the RMLF samples were measured by EDS analysis, where several spectra
were averaged from acquisitions of ~60 seconds live time and 40% * 4% dead time. Compositions of the
unreacted and reacted states are compared for Ni-rich and Al-rich foils (Table 3). Vanadium
preferentially substitutes for Ni in the ternary intermetallic phase NiAl-V, confirmed by thermal
conductivity measurements [26]. The EDS data shows very little change in V content after the reactions
propagate across the samples. Thus far, there is no evidence that V segregates at any point during the

process, or that it alters the reaction dynamics.

Table 3
TEM-mode EDS analysis of unreacted and reacted foils for average composition changes
Al at% Ni at% V at% 0 at%
Ni-rich (2 Al : 3 Ni)  Unreacted 379 15 56.9 +1.2 53 +05 -- --
Reacted 38.1 +5.6 574 £49 45 +0.8 - -
Al-rich (3 Al: 2 Ni)  Unreacted 56.7 2.3 40.2 £2.2 3.1 +0.1 0.0 -
Reacted 49.0 +1.9 440 £35 39 0.6 3.2 +23
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Ni-rich foils did not show a notable change in composition after the foil underwent the mixing
reaction. However, Al-rich foils showed a substantial change in the Al:Ni atomic ratio after the mixing
reaction completed. The amount of Al decreased 8 at% in the reacted foils and is attributed to the
evaporation or sublimation of Al from the samples. Although it was not examined extensively, position
dependent x-ray spectra were collected from Al-rich foils with respect to the laser initiation site. The Al
percentage gradually decreased with closer proximity to the laser initiation site over a range of several
hundred microns. This correlated decrease was small and is reflected in the error of Table 3.
Additionally, the Al-rich samples exhibit the introduction of 3 at% oxygen, signifying that a small amount
of aluminum oxide formation occurs.

There are two main possibilities for the introduction of oxygen: oxidation with molten Al may
occur during the reaction propagation or it may transpire long after the reaction passes, as the sample is
removed from the microscope vacuum and introduced to the atmosphere. It is possible that oxygen in
the form of H,O would be available for bonding to the specimen inside the vacuum of the column as the
vacuum near the sample is estimated to be approximately10™ Pa. It is also possible that the excess Al at
surfaces and grain boundaries becomes oxidized after the dynamic experiments as specimens are left in

atmosphere.

4. Discussion

Al/Ni reactive multilayer films are deposited in a state that is far from equilibrium. However, as
the films react, the combination of high reaction temperatures and nanoscale diffusion distances allow
them to approach equilibrium rapidly. Thus, to help understand the presence of morphological
transients in the Al-rich and Ni-rich samples and the lack of such transients in the balanced samples we
consider regions of the equilibrium Al-Ni phase diagram where phase separation of the NiAl

intermetallic and Al-Ni liquid are expected. Although the samples may not achieve full equilibrium at
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high temperatures and even though small V contributions are not considered, the simple Al-Ni
equilibrium system serves as an unyielding point of reference for the transient states of these reactive
nanolaminates

Considering the reaction temperature (~1700 + 100 K calculated by thermal expansion in
diffraction [5]) and as-grown chemical compositions, the Ni-rich and Al-rich foils both fall into two-phase
fields of NiAl + liquid on either side of the congruent melting point in the equilibrium phase diagram
[25]. The stoichiometrically balanced foils are confined to the solid NiAl region of the phase diagram
throughout the reaction process and fall short of entering the liquid phase field. Thus, the equilibrium
phase diagram suggests the Al-rch and Ni-rich samples could show phase separation while the balanced
foils should not.

The reaction front regions of all foils are observed to be at least partially solid at all times by
crystalline diffraction patterns. This is within the time resolution of 15 ns, equivalent to a maximum of
200 nm of reaction front travel. In addition, time-resolved image data suggest that cellular features
form in a short time of < 100 ns. This leaves only two types of phenomena that can explain the sudden
formation of the cellular structure: solid + liquid or solid + solid phase separations.

Observations of cellular-type structures in other materials systems are known to occur in
dendritic solidification, cellular precipitation, and eutectoid transformations (pearlite formation) and the
dimensions of the structures often vary inversely with growth rate [27-29]. Here, in terms of
dimensions, the plan view images in Figs. 4 and 5 suggest the periodicity of cellular features extends
across the thickness of the multilayer structure. In addition, they show that the transient structures have
in-plane dimensions (390 + 55 nm and 790 * 220 nm periodicity) that greatly exceed the bilayer
thickness of the RMLF (21-25 nm).

The idea that the phase separation is governed by a mechanism of purely solid state diffusion

[30] is improbable considering that features 390 to 790 nm wide form in ~100 ns. Intrinsic solid state
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diffusivity or diffusion coefficients, D, are 1.9 and 0.65 Mmz/s at T,, and Dy, the pre-exponential factor
(which is independent of pressure and temperature) is 1.7 and 1.9 m?/s for Al and Ni respectively [31].
Even at elevated temperatures, the diffusivities are too low to account for the features observed with
these large separation distances. Using the numbers above we calculate a characteristic distance for

solid state diffusion, d=(Dt)1/2

, of approximately 0.3 nm. If we use the calculated diffusivity of Ni in liquid
Al of 1.8 x 10% m?/s [32] at 1770 K, then the characteristic length is about 40 nm, nearly twice the foil
bilayer thickness, therefore enough to ensure complete mixing of neighboring layers but not enough to
explain formation of the cellular structure (390 to 790 nm) via liquid state diffusion in ~100 ns. Thus the
explanation must invoke a mass transport mechanism significantly faster than solid or liquid state
atomic diffusion, leaving bulk convective motion in the liquid phase as the most likely candidate.

Liquid is capable of very rapid convective motion once it forms as a separate phase, including
beading up on a surface under the influence of surface tension. This is especially true on small size
scales, since the surface energy driving the motion scales quadratically with size while the mass scales
cubically. Therefore we hypothesize that the observed cellular structures arise from a complex
evolution of mechanisms, as follows: When the heat from the reaction front arrives at a given point,
solid-state atomic diffusion is initiated at some unknown time before the cellular front, with Ni being the
more rapidly diffusing species. The atomic mixing releases heat and further accelerates the process.
When the local temperature is high enough, the Al layers melt and atomic intermixing near the Ni layers
accelerates even further. At this stage the liquid Al(Ni) layers are most likely still aligned parallel to the
thinning Ni layers. The liquid layers provide enhanced mobility through convective flow and could
permit rapid coalescence of the liquid layers into thicker volumes that minimize interface energies. If
the newly formed liquid volumes extend through the thickness of the films, they would be visible as

cellular structures in plan view, as seen in Fig. 4 and 5, and one would expect them to form convex

curvature at the surface-vacuum interfaces to minimize surface energies. As the liquid Al(Ni) layers are
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coalescing, atomic diffusion in the liquid (near the interfaces) can lead to chemical ordering and then to
the nucleation of NiAl and the displacement of excess elements. Thus, we hypothesize that the cellular
structures form in the Al-rich and Ni-rich samples through a coalescence of the liquid layers within the
films and the nucleation of the B2 NiAl intermetallic. When these samples cool and re-enter a single-
phase region, the remaining liquid is absorbed back into the solid B2 NiAl intermetallic.

This hypothesis is consistent with the observations reported here and with the known
thermodynamic properties of the materials. It is especially telling that the balanced 1:1 stoichiometric
foils do not produce a visible transient cellular structure during reaction propagation. At 1700 K, they
are expected to transition directly into NiAl, as is detected in the diffraction patterns. The calculated
maximum temperature does not exceed the NiAl melting temperature of 1911 K. Thus, while the Al
layers near the reaction front will melt and thereby enhance chemical mixing, the liquid phase is not an
equilibrium phase during the rapid heating experiment. Only the B2 NiAl intermetallic is in equilibrium
in the binary samples. Thus, the binary samples are unable to form liquid solutions that are stable
enough to allow for coalescence and formation of a solid/liquid cellular structure. The lack of cellular
structure in the stoichiometric film therefore supports the hypothesis that bulk motion of the liquid is
essential to the formation of these structures.

Unlike slow-heating experiments [23], our observations of the off-stoichiometric foils show that
the B2 NiAl phase is the first and only intermetallic phase to nucleate and grow near the hot reaction
front. This is consistent with the hypothesized solid + liquid mechanism in which NiAl is formed shortly
after the thermal front passes. We estimate the thermal front to reach 3.7 um ahead of the visible
cellular front based on the assumption of a linear thermal profile (see Appendix). Within this region, it is
likely that atomic mixing and partial layer melting occur before any intermetallic forms because the B2
NiAl should form when the local chemistry is nearly balanced. This would require significant Ni diffusion

and the subsequent heat release and melting of the Al layers. Because of experimental limitations
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involving thermal diffuse scattering and low signal-to-noise ratios, the DTEM diffraction measurements
are unable to detect any minority liquid constituent that may be present before the cellular front.
However, in situ XRD studies of similar Al/Ni nanolaminates have detected Al(Ni) liquids during the self-
propagating reactions [6].

Further in support of a transient liquid phase, several different analytical studies (HAADF STEM,
XEDS, and EELS) have shown that there is an increase in foil thickness at the narrow dark regions
between the “cells” [5]. Such increases in thickness can be attributed to the liquid regions beading up at
the sample surface during the dual phase transient state and then persisting on cooling from a solid-
liguid mixed region into a single-phase solid region of the phase diagram. The presence of liquid can
also explain the observed contrast of the cellular features as the liquid phase, which increases thermal
diffuse scattering, produces darker image intensity. Some of the dark intensity can also be attributed to
the liquid beading up in lines on the surface and the resulting mass thickness contrast.

The hypothesized liquid-solid mechanism also offers a potential explanation of the X-ray EDS
studies in which a comparison of pre- and post-mortem Al-rich foils revealed an obvious change in
composition. The Al-rich reacted specimens had lost a significant atomic percentage of aluminum and
gained a small percentage of oxygen atoms. If Al-rich liquid is exposed on the surface at temperatures
well above aluminum's normal melting point, this would allow the surface atoms to evaporate rapidly
into the vacuum of the microscope column. During this time (estimated at 230 ns from the length of the
cellular features), Al atoms would also have an opportunity to oxidize with H,O contamination in the
column, thus accounting for the increase in post-mortem oxygen content.

Whatever the mechanism of Al depletion in the rapid reactions of the Al-rich foils, it should
affect the transient morphology as the composition gradually (within hundreds of nanoseconds) moves
closer to 1:1, complicating the trajectory through the two-phase field. The Al depletion clarifies why the

final phase is NiAl despite the growth composition that could lead to Al;Ni, in a second, late forming
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phase transition, as observed by time-resolved diffraction [6] in thicker foils that have less opportunity
for the Al to vaporize.

The oxidation reaction was unexpected because RMLFs were grown to terminate with half-
thickness Ni layers (3.2 nm and 6.2 nm in the Ni-rich and Al-rich samples respectively), specifically to
reduce the chance of an oxidation reaction. The evident oxide formation complicates the reaction
thermodynamics as it is another exothermic reaction contributing to the dynamics. However, the timing
of the oxidation reaction is crucial relative to the main mixing reaction in understanding its influence on
the overall reaction temperature and phase formation that would require further study to elucidate.

The length of the cellular features may be related to time scales associated with atomic mobility.
Al-rich foils are expected to have shorter such time scales than the Ni-rich foils for four reasons: (1)
more Al atoms are present, and Al has a lower melting point and greater mobility at a given temperature
than Ni, thus more of the liquid phase should form, accelerating (as argued above) the mass transport,
(2) the Al-rich foils were grown with a shorter bilayer distance of 21 nm vs. 25 nm, so that even with the
same mobility the atoms had less distance to travel in the Al-rich film to complete the mixing event, (3)
the liquid phase striations are more closely spaced in the Al-rich foils, so again the time scale for
evolution of these structures would be expected to be reduced, and most prominent, (4) the
evaporation of Al significantly lowers the foil temperature and changes the composition, enhancing
solidification rates and driving the system into the single phase NiAl region. Due to the high heat of
vaporization of Al (283 kJ mol™), evaporating 8 at% Al can cool the foil by as much as 800 K (assuming an
initial temperature of 1700 K). Although this estimate is an upper bound, it indicates that concomitant
effects of Al depletion and evaporative cooling lead to more rapid solidification of NiAl phase, which
together with above mentioned effects, may account for the shorter cellular features indicative of faster

evolution.
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The differences in the periodicity of the cellular structures between the Al-rich and Ni-rich foils
could be due to several effects, including the reaction driving force, grain size, and layer morphology and
thickness. Identifying the origin of the observed difference in periodicity would require further
investigation to probe the influences of these various effects.

Taken together, these findings reveal unexpected complexity in the dynamics, including
phenomena such as spontaneous structure formation on a sub-micron scale, the important role of the
liquid phase in the reaction propagation, and possible effects of rapid evaporation and oxidation that
further alter the dynamics. Moreover, these effects appear to be markedly different in varied
stoichiometries, especially in the 1:1 stoichiometry in which most of the effects do not appear at all.
These types of measurements can give insight into how processes on different time and length scales

contribute to the complex unfolding of material events far from equilibrium.

5. Conclusion

In all three types of RMLFs studied, the NiAl intermetallic formed within nanoseconds after the
mixing reaction front and it is the only phase present after the foils are reacted. Dynamic imaging
revealed the presence of transient cellular structures only in off-stoichiometric foils. The cellular
features are found to form as the material passes through a two-phase field of liquid + NiAl. Varying
dimensions of the cellular features appear, which we speculate can be traced to differences in excess
reaction energy and atomic mobility. Unlike in slow heating experiments, AlsNi, does not form in Al-rich
foils due to Al depletion during the self-propagating reactions; therefore, the material at the reaction
zone does not travel through a purely thermal trajectory into the two-phase field of liquid + NiAl.
Finally, this study confirms that new questions on very fine spatiotemporal scales can be answered using

dynamic TEM.
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7. Appendix

If one assumes a constant and linear thermal profile moving at a velocity, v, one can calculate the
distance, Ax, over which the temperature rises from 300 K to a maximum of 1800 K. One can simply use
the heat released by the foil as the reaction propagates a distance Ax or one can use the heat needed to
raise the Ni/Al foil to 1800 K over the distance Ax. Both are shown below for a velocity of 13 m/s. Note

that the width of the thermal ramp is only ~3.7 um.

49 _pdr
dt - dx Wwhere K is thermal conductivity and dQ has units of J/m?
A
AQ _ AT
At Ax
Ay = K AT At . 2

AQ where AQ has units of J/m

AT ™

\%

AH,_pAx where AH,, has units of J/g and v is velocity
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KAT

AH,_pv where K is volume averaged and p is mass weighted

Ax =

_ (612 -mT'K)(1500K)
(10007 /g)(5.1x10°g/m*)(13m /5)

3.7 um
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Figure captions

Fig. 1. Schematic representation of a DTEM snap-shot process

In a time-zero snap-shot the electron pulse probes the sample as the reaction front passes the center of
the microscope optic axis and micrograph (or area used for diffraction). Plan-view observations are
made so that the electron pulse transmits through all of the sample layers and the viewing z-direction is
normal to the multilayers.

Fig. 2. Rotationally averaged diffraction ring intensities

Snap-shot ring diffraction patterns are displayed as the rotational average with respect to reciprocal
spacing for clarity. A, B, and N correspond to foils of Al-rich (3 Al : 2 Ni atomically), balanced (1 Al : 1 Ni
at.), and Ni-rich (2 Al : 3 Ni at.) respectively. Timing of the single-shot data acquisition is as indicated
with reference to the mixing reaction front arrival at the viewing optic axis, to (see Fig. 1).

Fig. 3. Series of low magnification single-pulse images of the nanolaminates

The foils are shown at times before (left), during (center), and after (right) the propagation of the mixing
reaction. The center micrographs show the partially mixed state of the reactive foils at the following
times after sample drive laser initiation: 8.0 us in Al-rich (A), 13.2 us in balanced (B), and 9.9 us in Ni-rich
(C) foils. The fully reacted foils are a NiAl intermetallic phase, occasionally displaying tearing and
rumpling of the electron transparent material (A, right).

Fig. 4. Time resolved image of the reaction front in Al-rich foils

Foils grown to a 3:2 Al:Ni ratio imaged with 15 ns temporal resolution. The dotted line approximately
indicates the mixing front as it travels towards the lower left of the image. Cellular features are only 3
um long. This micrograph was generated using a 50 um objective aperture.

Fig. 5. Plan-view bright field micrographs of the Ni-rich foils

This series of images shows the progression of the Ni-rich mixing front as it enters the image view (A),
after 970 ns the structure moves further from the initiation point (B), and begins to fade away after the
Al/Ni layers have completed mixing (2.3 us) (C).

Fig. 6. Dynamic series of the reaction front progression in stoichiometrically balanced foils

The two series of single-pulse images show the passing of the reaction front in the center during frames
at (A series) 18 us and (B series) 7.3 us. The B series has many ~1 um features of residual NaCl substrate
crystals that disappear as the reaction front passes.
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Fig. 1. Schematic representation of a DTEM snap-shot process

In a time-zero snap-shot the electron pulse probes the sample as the reaction front passes the center of
the microscope optic axis and micrograph (or area used for diffraction). Plan-view observations are
made so that the electron pulse transmits through all of the sample layers and the viewing z-direction is
normal to the multilayers.
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Fig. 2. Rotationally averaged diffraction ring intensities

Snap-shot ring diffraction patterns are displayed as the rotational average with respect to reciprocal
spacing for clarity. A, B, and N correspond to foils of Al-rich (3 Al : 2 Ni atomically), balanced (1 Al : 1 Ni
at.), and Ni-rich (2 Al : 3 Ni at.) respectively. Timing of the single-shot data acquisition is as indicated
with reference to the mixing reaction front arrival at the viewing optic axis, to (see Fig. 1).



Fig. 3. Series of low magnification single-pulse images of the nanolaminates

The foils are shown at times before (left), during (center), and after (right) the propagation of the mixing
reaction. The center micrographs show the partially mixed state of the reactive foils at the following
times after sample drive laser initiation: 8.0 us in Al-rich (A), 13.2 us in balanced (B), and 9.9 us in Ni-rich
(C) foils. The fully reacted foils are a NiAl intermetallic phase, occasionally displaying tearing and
rumpling of the electron transparent material (A, right).
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Fig. 4. Time resolved image of the reaction front in Al-rich foils

Foils grown to a 3:2 Al:Ni ratio imaged with 15 ns temporal resolution. The dotted line approximately
indicates the mixing front as it travels towards the lower left of the image. Cellular features are only 3
um long. This micrograph was generated using a 50 um objective aperture.
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Fig. 5. Plan-view bright field micrographs of the Ni-rich foils

This series of images shows the progression of the Ni-rich mixing front as it enters the image view (A),
after 970 ns the structure moves further from the initiation point (B), and begins to fade away after the
Al/Ni layers have completed mixing (2.3 us) (C).
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Fig. 6. Dynamic series of the reaction front progression in stoichiometrically balanced foils

The two series of single-pulse images show the passing of the reaction front in the center during frames
at (A series) 18 us and (B series) 7.3 us. The B series has many ~1 um features of residual NaCl substrate
crystals that disappear as the reaction front passes.



