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Time- and angle-resolved x-ray diffraction to probe structural and chemical
evolution during Al-Ni intermetallic reactions

Choong-Shik Yoo,"® Haoyan Wei,! Jing-Yin Chen,! Guoyin Shen,?

Paul Chow,? and Yuming Xiao?

' Department of Chemistry, Institute for Shock Physics, Washington State University, Pullman,
Washington 99164, USA

2HPCAT at Advanced Photon Source, Geophysical Laboratory, Carnegie Institution of Washington,
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(Received 10 May 2011; accepted 16 October 2011; published online 8 November 2011)

We present novel time- and angle-resolved x-ray diffraction (TARXD) capable of probing struc-
tural and chemical evolutions during rapidly propagating exothermic intermetallic reactions between
Ni-Al multilayers. The system utilizes monochromatic synchrotron x-rays and a two-dimensional
(2D) pixel array x-ray detector in combination of a fast-rotating diffraction beam chopper, providing
a time (in azimuth) and angle (in distance) resolved x-ray diffraction image continuously recorded at a
time resolution of ~30 s over a time period of 3 ms. Multiple frames of the TARXD images can also
be obtained with time resolutions between 30 and 300 us over three to several hundreds of millisec-
onds. The present method is coupled with a high-speed camera and a six-channel optical pyrometer
to determine the reaction characteristics including the propagation speed of 7.6 m/s, adiabatic heating
rate of 4.0 x 10° K/s, and conductive cooling rate of 4.5 x 10* K/s. These time-dependent structural
and temperature data provide evidences for the rapid formation of intermetallic NiAl alloy within
45 us, thermal expansion coefficient of 1.1 x 107 K for NiAl, and crystallization of V and AgsIn in

later time. © 2011 American Institute of Physics. [doi:10.1063/1.3658817]

INTRODUCTION

Understanding the dynamic response of solids under ex-
treme conditions of pressure, temperature, and strain rate is a
fundamental scientific quest and a basic research need in ma-
terials science.! Specifically, obtaining an atomistic descrip-
tion of structural and chemical changes of solids under rapid
heating and/or compression over a large temporal, spatial, and
energy range is challenging but critical to understanding ma-
terial stability or metastable structure, chemical mechanism,
transition dynamics, and mechanical deformation. In this re-
gard, developing time-resolved x-ray diffraction applied to
single-event dynamic experiments is timely and synergistic
to many proposed activities centered at third- and fourth-
generation light sources.’

The high brightness of third-generation (3G) synchrotron
x-rays has revolutionized the field of physical sciences, ma-
terials research, and bio- and geo-sciences in recent years.
The machine characteristics of 3G synchrotrons are ideally
suitable for probing dynamic phenomena with a fast time-
resolution even in ps. Yet, these measurements are mostly
concentrated on probing non-single event phenomena where
the signal can be averaged over multiple x-ray exposures.
Because of an insufficient amount of x-ray photons, the ap-
plication of time-resolved x-ray diffraction to single event
phenomena is largely limited to single crystals with known
structures.’ Obtaining a powder x-ray diffraction with a rea-
sonable signal to noise ratio requires an order of 10°~107 pho-
tons, which translates into roughly 10-100 bunches of x-ray
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pulses (~103 photons per bunch at 16IDD station/Advanced
Photon Source (APS), for example) from a typical 3G syn-
chrotron source. Hence, in order to obtain time-resolved struc-
tural information of polycrystalline samples, it is necessary to
accumulate the x-rays over an order of us even using Xx-rays
from an undulator at 3G synchrotron sources. On the other
hand, the 4G light source such as the linac coherent light
source can provide substantially brighter x-rays in sub ps,* but
it too is limited to obtaining a structural snap shot rather than
a structural evolution during the phase and chemical changes
which occur over a long time period of interest.

Because of high spatial resolution and high brilliance,
synchrotron x-rays have been widely utilized to develop time-
resolved x-ray diffraction techniques. Previous efforts on
in situ structural characterization of single event phenomena
have achieved a time resolution of only about milliseconds
limited by slow detectors.” Recently, two research groups
have accomplished a substantially faster time resolution to
50 ws and 125 pus using 2D and 1D pixel detectors, respec-
tively, in studies of Al-Ni intermetallic reactions.®® These
methods, however, have several limitations: (1) a limited
range of reciprocal space between 2 and 4 A~',%7 which
makes it difficult to solve unknown structures; (2) a discrete
recording of detector with a down time of 5 us to 125 us
between each exposure for data readout;® (3) to reduce the
amount of data that can be handled, the pixel array detector
has a small active area (15 x 13.8 mm?, 100 x 92 pixels) and
can only record a small (eight) number of successive frames;
and® (4) for the angular detector, 1D diffraction lines instead
of 2D diffraction rings are recorded.?

In this paper, we report a simple yet powerful time- and
angle-resolved x-ray diffraction (TARXD) technique based on

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) A schematic of TARXD setup to probe structural and chemical evolutions during rapidly propagating intermetallic reactions. The
system employs intense monochromatic synchrotron x-rays, a 2D array detector (PILATUS) and a custom-designed diffraction chopper. (b) Plots of time-
resolution (or x-ray exposure time) and recording time in each 2D detector frame as a function of chopper frequency (or rotation speed). The inset shows the

slot opening of chopper (1.56°), which defines the x-ray exposure time.

a custom-designed fast-rotating diffraction beam chopper and
a large 2D pixel array x-ray detector (PILATUS 100 K). The
chopper resolves the powder diffraction beam, spatially, into
a time domain with a resolution in microseconds, which is
then recorded onto a large 2D pixel array detector, continu-
ously, over a long time period (several milliseconds). Hence,
the present method eliminates the need for expensive and
sometimes difficult-to-find fast detectors and overcomes the
most of above-mentioned limitations.

EXPERIMENTS

Time-resolved synchrotron x-ray diffractions for single
event phenomena are typically obtained using an x-ray streak
camera and an intensified 2D-charge coupled device (CCD)?
or a fast 1D pixel array detector.>™* The former is limited by
low sensitivity of a phosphor screen in the x-ray streak cam-
era and high noise in an intensified CCD, yet the latter by a
relatively long read-out time (~100 us) of an array detector,
a relatively small readout capability, and a low signal collec-
tion. Therefore, our approach is to use a 2D pixel array de-
tector (PILATUS) in combination with a fast running chop-
per (Fig. 1). The PILATUS detector is a silicon hybrid pixel
detector system with a high dynamic range over five orders,
high count rate capability in >2 x 10% photons/s/pixel, high
detection efficiency of nearly single photon counting (99%
at 8 keV and 55% at 15 keV), and a very good point spread
function. It has been developed to achieve the best possible
signal to noise ratio for a protein crystallography at the Paul
Scherrer Institute.”!° It has nearly a same level of sensitiv-
ity as an intensified x-ray CCD but a substantially reduced
noise level. However, because of its long read out time of a
large number of 2D pixels (~2.7 ms for PILATUS 100 K), it
is typically used for static powder x-ray diffractions or time-
resolved x-ray diffraction in a gated mode in a pump-probe
experiment.!!

To overcome this limitation, we use a fast-rotating
diffraction beam chopper made of a metal disc (150 mm in
diameter), which has four orthogonal opening slots of 1.56°.
In this configuration, a quarter turn of the chopper covers the
entire detector area of 83.8 x 33.5 mm? with 487 x 195 pixels
(pixel size 172 x 172 um?). The diffraction chopper is placed
in front of the detector, and the incident beam is aligned
to the center of the disc as close as possible. As the disc
rotates, the slot will sweep across the entire detector ac-
tive area, clockwise, along the Debye-Scherrer’s rings. Thus,
only small portions of diffraction rings are recorded at dif-
ferent azimuth angles of the detector at different times. In
the present setup, it is noteworthy that unlike the previous
time-resolved method utilizing in-line chopper for the pri-
mary x-ray beam,'? the diffraction beam is dispersed as a
function of time to record the materials structural change.
As the diffraction arcs are recorded continuously, there is
no down time between different time stamps within the first
frame of the detector, which is critical to capture the entire
picture of the rapidly propagating reaction. At the maximum
rotation speed of the chopper ~6750 rpm, the system yields
a time-resolution of ~35 us and a total continuous recording
time of 2.3 ms on each frame (Fig. 1(b)). The time-resolution
is defined as the full-opening time as the slot passes in front
of a pixel. Operating the detector in a kinetic mode, multiple
frames can be recorded over several hundreds of milliseconds
with a relatively small read out time of 2.7 ms between the
frames.

To demonstrate the capability of the present TARXD
technique, we use Al-Ni nanofoils from Reactive Nano Tech-
nologies Inc. The foil samples are made of 24 nm Al and
16 nm Ni multilayers with an overall thickness of 40 um,
which translates to an atomic ratio of about 1:1. The Ni lay-
ers contain 10 at.% V that is added to render a non-magnetic
sputtering target.'> The nanofoil surfaces are also coated with
a very thin INCUSIL solder layer (1 um or less) containing
Ag, Cu, and In."* The presence of V and INCUSIL solder are
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FIG. 2. (Color online) (Left panel) A series of micro photographic images
showing highly exothermic intermetallic reactions between Ni and Al nano-
multilayers. The burn front speed gives the reaction propagation rate of
7.7 m/s. (Right panel) The optical signal measured by an optical fiber
(a), which is used to generate a triggering signal (b) for the PILATUS de-
tector as shown in (c) for a high time-resolution mode. Note that the detector
is “off” for ~3 ms between the frames (“On”) to read and store the data.

not expected to interfere with the Al-Ni chemical reaction, but
provide a good test for the sensitivity of the present TARXD
system in probing such minor impurities, as will be shown
later.

Upon heating, the nanofoil samples undergo highly
exothermic intermetallic reactions between Al and Ni on a
time-scale of microseconds-—ideal to test the current TARXD
system. Figure 2 (left panel) illustrates a series of high-speed
camera images showing the propagation of reaction front.
These images were originally recorded at 54 000 frames per
second, but only those frames selected every 278 us are
shown in the figure. The sample strip was sandwiched be-
tween two ring holders. On the left, a Nichrome wire was uti-
lized as an ignition element to thermally start the reaction. The
red lines indicate the position of the reaction front. Based on
this slope, we obtain the propagation speed of 7.6 m/s, repro-
ducible over a large number of measurements and also consis-
tent with the previously estimation of 7.3 m/s.® Thus, we used
this signal for precise timing of the present time-resolved ex-
periments, as illustrated in Fig. 2 (right panel).

As shown in Fig. 2(a) (right panel), the emitted light from
the Al-Ni chemical reaction was measured by a photodiode
(PD) through a 1-mm diameter optical fiber at ~6 mm away
from the x-ray beam center. The PD is obtained from Thorlabs
(Model DET10A, 10 V bias voltage). The PD output was then
directly fed into a digital delay generator (Berkeley Nucleon-
ics 505) to produce an electrical pulse of 3 ms duration at a
designated trigger level (Fig. 2(b)). The sharp leading edge of
this electrical pulse (around nanoseconds) was used to trigger
the x-ray detector and any other recording devices such as an
oscilloscope. The detector worked in a kinetic mode, record-
ing successive exposures of 3 ms with same readout time in
between, as shown in the feedback signal of the detector in
Fig. 2(c)(right panel).
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FIG. 3. (Color online) Time-resolved temperature changes during the initial
stage of intermetallic reactions between Ni and Al nano-multilayers showing
together with the raw PMT records of six optical channels set at different
wavelengths in the lower inset and the gray body fits of the records at times
noted as #1, f, and 73 in the upper inset. The time zero signifies the instant
of trigger and the reaction starts with an induction period of ~700 pus and
reaches the peak temperature of 1680 K within ~100 us then cools down
over the next 10 ms.

The temperature evolution during the reaction was mea-
sured by using an optical pyrometer following the Planck’s
law. The pyrometer has six measurement channels con-
structed using Hamamatsu H7732P-11 photomultiplier tubes
(PMTs) with a rise time of 2.2 ns. A narrow bandpass filter
(AX = 10 nm at FWHM) was placed in front of each PMT
to define the wavelength in the range between 550 nm and
800 nm every 50 nm increments. Neutral density filters were
also placed in front of each PMT to regulate the incident light
intensity within the linear response regime. The incident light
was transmitted through 200 um diameter optical fibers to
each PMT. On the pyrometer probe side, they were arranged
in a hexagonal pattern forming a 7-in-1-fiber bundle. The ex-
tra one (center fiber) was used for alignment. After PMTs, two
Tektronix digital phosphor oscilloscopes (DPO2000 series of
bandwidth 100-200 MHz) were used to record and display
the signals from PMTs. Terminators of 50 €2 impedance were
connected in parallel with the oscilloscopes to match the cable
impedance in order to avoid signal distortion from reflections.
Before measurements, the entire pyrometer system, includ-
ing PMTs, fibers, filters, and other optics used, was calibrated
with a blackbody radiation source from Optronic Laboratories
(OL 480).

Time-resolved temperatures of the sample (Fig. 3) are ob-
tained by fitting the measured emission intensities at six dis-
crete wavelengths between 550 nm and 800 nm to a grey body
radiation equation (see the insets). On the leading edge, the
temperature rises from 1200 K to 1600 K in about 100 us,
consistent with the phase transformation window observed
from the x-ray diffraction data (Fig. 4). Accordingly, the reac-
tion heating-rate of the present 40 um-foil is ~4 x 10 K/s—
fast enough to be considered as an adiabatic heating. In fact,
the measured peak temperature 1680 (£100) K is nearly same
(within the uncertainty) as the previously measured 1740 K

Downloaded 29 Nov 2011 to 164.54.164.42. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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FIG. 4. (Color online) TARXD of Ni-Al nano-multilayers in static (a) and
dynamic (b-f) conditions probing the intermetallic reaction yielding AINi al-
loy. The record (b) was obtained in high time-resolution of 45 us, whereas
those of (c-f) were in low time-resolution of 280 us. The red lines in (b) and
(c) signify the onset of the reaction. The diffraction lines of Al, Ni, and AINi
are indexed for comparison. Note that broad diffraction lines of unreacted Al
and Ni nano-layers and sharp lines of AINi products which develop larger
crystallites over ~10 ms (c). Also, note that on a set of new diffraction lines
from V and AgzIn appears in (d) and (f).

for the 30 um-foil,” and slightly lower than the calculated
value 1840 K based on an adiabatic approximation.” !> Af-
ter the temperature reaches the peak value, it gradually de-
creases in a sigmoidal mode for the next 10 ms, yielding
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an average cooling rate of about 4.8 x 10* K/s—100 times
slower than the heating rate. Note that the peak temperature
is much higher than the melting temperature of Al (933 K at
ambient pressure) but lower than those of Ni (1726 K) and
AINi (1911 K). Because of the limited spectral range below
800 nm and relatively low thermal emission intensity, the
present pyrometer is only suitable for temperatures higher
than 1200 K.

RESULTS AND DISCUSSION

All diffraction experiments were carried out using
monochromatic synchrotron x-rays at 14.353 keV (or
0.8638 A in wavelength) from an undulator at the 16IDD sta-
tion of the Advanced Photon Source. The x-ray beam size is
focused down to ~100 um with Kirkpatrick-Baez mirrors.
Figure 4 shows (a) angle-resolved x-ray diffraction (ARXD)
of the Ni-Al sample in a static condition and (b) TARXD of
the sample during the first 3 ms of the reaction recorded with
an exposure time of ~45 us. Figures 4(c)—4(f) show another
set of diffraction images recorded at substantially low time-
resolution: a 280 us exposure time and a 20 ms frame time
with a 3 ms black-out time between the frames. Nevertheless,
the initial chemical reaction can still be clearly observed in the
first exposure (Fig. 4(c)). Time runs clockwise, and the onset
of reaction is marked in red lines in Figs. 4(b) and 4(c). A

10 15 20 25 30 35 40

(b) 0-3 ms

(d) 100-120 m

|
|

(f) 525-545 ms'
i
5

10 15 20 25 30 38 40
2-Theta Angle (Degrees)

FIG. 5. (Color online) Caked images of TARXD images in Fig. 4, as plotted in the 26 (Bragg angles) vs. azimuth angles (time). The vertical lines in (b) and (c)
signify thermal expansion of the AINi (110) lattice during the initial reaction period and thermal contraction during the later cooling period. This thermal cycle
effects result in kinks in the diffraction lines as indicated by a red arrow in (c). The onset of the reaction is also marked by an arrow in (b). The diffraction lines
for Al, Ni, and AINi are indexed in (a) and (b) and those from V and AgzIn are marked in (d) and (f), as shown in Fig. 4.
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small segment of white strip in Fig. 4(c) is the region where
double exposure occurs because of the overlap of the signal
from the next incoming slot.

Several features are pertinent to these TARXD records:
(1) the broad Debye-Scherrer’s diffraction rings from unre-
acted Al and Ni nano-layers. Based on the Scherrer equation,
it gives the grain size of 12 nm for Al and 7 nm for Ni—about
the half the layer thickness. (2) Relatively sharp diffraction
rings from the product of AINi, which appear initially contin-
uous but later become spotty, indicating development of large
grain products over roughly 10 ms time period. (3) Some ad-
ditional features appear in later times of about 100 ms (d) and
500 ms after the initial reaction (f). These features, respec-
tively, correspond to the diffraction features of V (bcc, Im-3m)
and AgzIn (hcp, P63/mmc) as previously observed.®

Figure 5 plots the ‘“caked” records of angle-resolved
diffraction images in Fig. 4 in the Bragg angle (or 20) vs.
the azimuth angle (or time). Similarly, the onset of the reac-
tion is marked by a red arrow in Fig. 5(b), and the diffraction
lines are also indexed. By integrating the caked diffraction
patterns for an arbitrary time period (Af), we then obtain time-
resolved diffraction patterns as shown in Fig. 6. The static
pattern clearly represents that of Al and Ni nanolayers in fcc
with the lattice parameters of 4.031 A and 3.518 A, respec-
tively. These measured lattice parameters are slightly smaller
than the bulk values of Al (4.040 A) and Ni (3.524 A). As
the reaction propagates to the X-ray probing site (at ~770 s
after the ignition), a new set of sharp diffraction lines (at
~17, 24 and 35 degrees) appears indicating the onset of re-
action. These features can be easily assigned to a cubic (Pm-
3m) structure of AINi with the lattice parameter of @ = 2.893
A—about 0.45% larger than that at ambient condition 2.880
A.'® This initial reaction occurs within 45 us, evident from
the coexistence of the reactants and product only at 767-812
us. At substantially later times (100-500 ms after the initial
reactions), there are several diffraction features from minor
impurities of V at around 100-120 ms and AgsIn at ~200 ms
and after. The measured lattice parameters of a = 3.026 A for
bee Vand a = 2.927 A and ¢ = 4.765 A for hep AgsIn are in
good agreement with those reported; @ = 3.030 A for V and a
=2.956 A and ¢ = 4.786 A for AgzIn.'”-'® The observation
of these by-products, on the other hand, demonstrates the ca-
pability of the present TARXD, using a large 2D pixel array
detector in combination with a fast running chopper, to probe
structural and chemical changes over a long period time with
relatively high time and spatial resolutions.

The present TARXD provides a high-resolution image
over a wide range of Bragg angles (26 to 45°), sufficient to
characterize unknown crystal structures across the phase and
chemical changes as well as to determine thermoelastic prop-
erties accurately. For example, note on the subtle shift of the
(011) diffraction line of AINi (marked by the red vertical lines
in both Figs. 5(b), 5(c), and 6). The lattice expansion and re-
traction lead to the kinks in the diffraction lines as indicated
by the red arrows in Figs. 4(c) and 5(c). This clearly indi-
cates that the lattice expands during the initial stage of reac-
tion (to 4—7 ms), then slowly returns back to the ambient value
(a = 2.893 A) in later times over nearly 5 s, as illustrated in
Fig. 7. Based on these results, we estimate a linear thermal ex-

Rev. Sci. Instrum. 82, 113901 (2011)
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FIG. 6. (Color online) ARXD patterns of reacting Ni-Al multilayers at dis-
crete times obtained by integration of the caked images over a discrete time
period. Also marked are the (hkl) indexes of different chemical species. The
shift of the diffraction lines as indicated by the red lines indicates the lattice
expansion and contraction of AINi compound formed in the reaction.

pansion coefficient of 1.1 x 10~® K for NiAl—in good agree-
ment with the previously calculated value 1.4 x 107° K!° and
the measured ones, 1.2 x 107° K2° and 1.5 x 107° K.® The
data in Fig. 7 also yield the thermal conduction rate of 4.5
x 10* K/s for NiAl.
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2.924

2.904

a(A)

2.884

time (ms)

1 10 100 1000
time (ms)

FIG. 7. (Color online) The lattice parameters of Al, Ni, and AINi (open sym-
bols) plotted as a function of time. It shows the lattice changes during the
exothermic intermetallic reaction and subsequent cooling. The lattice param-
eters at ambient conditions are also marked in solid symbols for comparison.
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CONCLUSIONS

We have presented TARXD capable of probing struc-
tural and chemical evolutions during the intermetallic reac-
tions of nano-multilayer between Al and Ni in a microsecond
time resolution over a long time (nearly a second) of interest.
The TARXD data show rapid formation of NiAl intermetal-
lic phase and later-time crystallization of V and AgslIn, as
well as determine a linear thermal expansion coefficient of 1.1
x 1076 K for NiAl.

The present method employs a high-resolution 2D PILA-
TUS detector in combination with a fast running diffraction
chopper, offering a new way of obtaining time-resolved pow-
der x-ray diffraction patterns in a microsecond time resolu-
tion with high sensitivity nearly comparable to an intensified
CCD but a substantially lower level of noise. The simplicity
of the present TARXD method is also beneficial, as it can be
readily applicable to a wide range of dynamic experiments
to study both single event phenomena of solids under ther-
mal, electric, or mechanical impact conditions and non-single
event changes using dynamic-DAC and high frequency pulse
lasers. The time resolution of the system can be enhanced to
1 ws or better simply by use of a faster chopper and a narrower
slot, as long as there are sufficient x-ray photons for pow-
der diffraction. The spatial-resolution can also be increased
by use of a larger detector such as PILATUS 300 K or 2 M of
which active area can be 10-100 times of the present one. Op-
erating synchronously with an in-line x-ray chopper, it may
be even feasible to perform a single-bunch (100 ps) time-
resolved powder x-ray diffraction of single dynamic events
on the proposed Energy Recovery Linac (ERL).”!
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