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Heating rate dependent ignition of Al/Pt nanolaminates through pulsed laser
irradiation
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Direct laser irradiation of sputter deposited Al/Pt nanolaminate multilayers results in rapid local
heating and exothermic mixing of reactant layers. Milli- and microsecond pulsed laser irradiation
under certain test conditions leads to single-point ignition of rapid, self-propagating, formation
reactions. Multilayers having bilayer thicknesses of 328 nm, 164 nm, and 65 nm are characterized
by their ignition onset times and temperatures. Smaller bilayer thickness multilayers require less
laser intensity for ignition compared with larger bilayer designs (when utilizing a particular pulse
duration). The relationship between laser intensity and ignition onset time is used to calibrate
an activation energy for ignition within a finite element reactive heat transport model. The local
heating rate is varied from 10*K/s to 10°K/s by selecting a laser intensity. Kissinger analysis was
performed on the heating rate-dependent ignition temperatures measured with high speed pyrome-
try to experimentally determine an activation energy in the foils of (6.2 * 1.6 x 10* J/mole atoms).
This value is then compared to an activation energy produced from model fits to an ignition onset

time of 7.2 x 10* J/mole atoms. Published by AIP Publishing. https://doi.org/10.1063/1.5026507

I. INTRODUCTION

Reactive nanolaminates consist of alternating layers of
metals, alloys, or compounds that undergo self-propagating
high-temperature synthesis reactions when ignited."™ The
bimetallic systems are often fabricated using vapor deposition
processes, such as electron beam evaporation or magnetron
sputtering, and can be ignited through thermal,”® mechani-
cal,> or electrical’ means. In addition to their applications in
joining,®? brazing,'® sealing,'' and ignition of secondary
reactions,12 these materials offer an ideal uniform system to
study reactions and phase transformations subjected to rapid
heating and large compositional gradients.'*'® The heating
rate in the self-propagating front can be as fast as 10" K/s in
Ni/Al'* and over an order of magnitude greater in the more
energetic Al/Pt bimetallic system.'” Reactions under these
conditions have been shown to form unique product phases.'®
Intermediate heating rates between 10*K/s and 10°K/s have
also been shown to change the phase formation sequence in a
few nanolaminate systems'*?° compared with that developed
at heating rates of 10° to 10°K/s utilized in traditional
calorimetry.

To characterize the kinetic properties that underly mix-
ing and reaction, experimental data are typically used to
parameterize numerical models through a combination of
analytical expressions,”' %’ continuum'*?*~** and molecular
dynamics'*?*7 simulations. These models describe igni-
tion and steady wave propagation as a function of design
parameters such as the bilayer thickness***® and premixed
volumes.”>** Recent work has shown the importance of
experimental verification across a range of temperatures and
heating rates as the data near the lower heating rates for
ignition are not represented well with models calibrated to
steady state wave measurements.”'>!? By calibrating across
a range of heating conditions, the full range of temperature
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dependence on mass transport can be determined to alleviate
this discrepancy.'?

This work uses pulsed laser irradiation to investigate
reactive nanolaminate ignition at different heating rates
spanning the range from 10*K/s to 10°K/s, with the larger
rate being an order of magnitude faster than high heating
rate calorimetery'®*° and the lower rate approximately two
orders above hot plate ignition.” Our study focuses on equia-
tomic Al/Pt, a system chosen for its high exothermicity,
consistent propagation behavior,'® and low predicted pulsed
laser ignition temperatures easily measurable with commer-
cial pyrometers.'” Unlike most heating methods, laser igni-
tion also allows for the direct characterization of the local
ignition zone. Specifically, there is direct optical access dur-
ing laser heating which makes locally focused pyrometry
and high-speed videography possible. Quantitative analysis
of the nanolaminate’s laser-materials response through both
Kissinger analysis and a finite element reactive heat transport
model is then used to calculate and interpret the activation
energy of ignition.

Il. METHODS

The reactive multilayers for this work were deposited
with direct current magnetron sputtering on a Unifilm
Company system having a base pressure of 5 x 10~ Torr.'®
The alternating layers of Al and Pt were deposited onto oxi-
dized Si substrates with a one-to-one stoichiometry starting
with a Pt layer. The total film thickness was held constant at
~1640nm, and the bilayer thickness was varied to 65nm,
164 nm, and 328 nm. Cross sectional scanning transmission
electron microscopy confirmed that the variation in the layer
thickness was <3 nm with an amorphous premixed interlayer
at each interface that varied between 8nm and 11nm,

Published by AIP Publishing.
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000000-2 Abere, Yarrington, and Adams
consistent with the average premixed thickness reported in
previous work.'®

The ignition experiments were performed via laser heat-
ing of the Pt surface of free-standing foils. To be clear, the
deposited films were separated from their Si substrates and
all experiments irradiated the first deposited Pt layer. This
was done because Pt is the smoother of the two surfaces and
thus minimizes contributions from field enhancement during
laser absorption that could arise at a surface asperity. The
heat source for laser ignition was a Northrop-Grumman
eDriveTM 20 W diode laser with a central wavelength of
808 nm. The laser pulse duration was set between 10000 us
and 500 pus as measured using a fast photodiode. The rise
time of each pulse was much less than the laser pulse dura-
tions. The laser was focused using a Mitutoyo 5x micro-
scope objective to a flat-top beam profile with <10% ripple
within the full width half maximum as described in Ref. 40.
Under these focusing conditions, a beam radius, @, of
155 = 5 um was measured using a WinCamD beam profiling
camera. Laser intensity is nominally reported as the on-
surface value after accounting for losses in the optical deliv-
ery system, and absorbed intensity can be calculated by
multiplying this value by one minus the Pt reflectivity. The
small total thickness and large thermal conductivity of the
material (estimated to be on the order of 10? W/m-K‘“) allow
for the assumption that the laser uniformly heats a foil in the
transverse direction at lower heating rates on the order of
10*K/s."” The irradiation conditions for which this assump-
tion breaks down and the laser must be treated explicitly as
a surface heating technique will be discussed below.
Videography recorded the foil over the timespan between the
leading edge of the pulse and the reacted foil breaking apart,
using a Phantom v12 high-speed camera with an interframe
time of 1.79 us. Timing for the leading edge of each pulse
was determined by subtracting the measured duration from
the last high speed camera frame with transmitted laser light
and setting the camera acquisition window accordingly. This
experimental setup allows for temporal resolution of ignition
onset equal to the interframe time, which is at least two
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orders of magnitude shorter than the laser heating time for
all pulse durations tested. Temperature measurements prior
to ignition were performed within the laser heated zone using
a Metis H318 pyrometer aligned to the laser beam location
on the back (Al) side of the foil using a fiducial mark placed
on the screen of an in-situ microscope and camera. The
pyrometer has an interframe time of 200 us, a spot diameter
of 300 um, and emissivity calibrated to thermocouple mea-
surements of a ~1.6 um thick Al foil on a hot plate. The
reaction onset time is considered to be the frame of first light
emission in the high-speed videography based on the method
described in Ref. 40. The timestep at which the pyrometer
jumps from under 700°K to over 1000 °K (the detector’s
upper bound) is less than 20 us. This observed temperature
behavior is indicative of a transition from a laser heating
regime to a propagating flame within the model described
below.

A finite element reactive heat transport model was
developed and used to investigate ignition and its underly-
ing processes. This model was implemented in Aria, a
Galerkin finite element based heat transfer code developed
and maintained by Sandia National Laboratories, and mod-
ule in the SIERRA computational framework.** The nanola-
minate is treated as a continuum in a 2D axisymmetric finite
element model and uses a diffusion limited sub-grid model
to track conversion from reactants (Al/Pt) to products
(AlPty) in the form of product layer thickness. The reactive
multilayer is shown schematically in Fig. 1. Here, A is the
bilayer thickness, which is subdivided into segments of ag
and by equal to half of the nominal thickness of the Pt and
Al layers with no intermixed layer for a given bilayer
design, respectively. For the initial conditions at time t=0
on the left side of Fig. 1, s(0) is set to 10 nm for each bilayer
design to account for the premixed interfacial layer formed
during deposition.'® As the foil reacts (left to right in Fig.
1), the product layer thickness, s(t), increases while deplet-
ing the reactant half-layers to thicknesses of a(t) and b(t).
This conversion proceeds per the governing rate described
in the following equation:

K, Eqn. 2 Laser irradiation of
Pt surface
Keon Eqn. 3 Longitudinal A=808 nm FIG. 1. This diagram shows the Al/Pt
> multilayer notation with bilayer thick-
ness or the reaction model an
A for th i del and
Pt Pt depicts the progression from pristine
Al/Pt to the growth of a product layer
Al Pt of thickness s(t) with composition
Reaction at Xy Al,Pty upon laser irradiation. Here, a(t)
ds Al and b(t) are the half thicknesses of the
ete,Eqn. 1 A ke
at’ Pt and Al layers at time t, respectively.
thermal circuit model for calculating
AlPt, A thermal circuit model for calculati
the foil thermal conductivity, k, in the
Pt a(t)T Pt longitudinal and transverse directions
l Qo A is shown schematically on the left.
b S(t) Alxpty Individual material layer widths are not
0 b(t) drawn to scale. Within the simulation,
$(0) = 10nm to account for the premix-
Al Pt ing in the as deposited nanolaminate.
X'y

v

Transverse
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. Doexp(%ETA> <1 +Z—z)
== 0 : (1)

where E, is an effective activation energy of the global reac-
tion, R is the gas constant, Dy is a diffusion coefficient, and
T is the temperature. The growth rate of the product layer
thickness is described by the reaction model derived in Ref.
43. In the continuum model, the layered structure is assumed
to have a square wave concentration profile in the transverse
direction. As the simulation steps forward in time, the prod-
uct layer thickness increases depending on both the growth
rate defined by Eq. (1) and the energy from reaction. The
rate equation can be classified as diffusion limited, meaning
that it is based on an Arrhenius diffusion relationship that
decreases with increasing product layer thickness [i.e., s(t),
the product layer thickness, is in the denominator of Eq. (1)].
The rate law described in Eq. (1) is coupled to the governing
equations through the heat generated at each time step. The
increase in the AlPt thickness is proportional to the heat gen-
erated in the reaction, and this heat is added as a volumetric
heating term in the energy conservation equations. To take
into account the added stiffness due to volumetric heating,
the reaction species equations are subcycled adaptively.
Further details of the model can be found in Ref. 17.

Laser heating is modelled as a radially varying Gaussian
flux boundary condition with magnitude equal to the incident
intensity reported from experiment minus the Pt reflectivity
on the top surface extending from the axis of symmetry to a
distance equal to the beam radius of w. Two different mod-
els of nanolaminate thermal conductivity, k, are compared
(1) an isotropic rule of mixtures and (2) a thermal circuit
model from Ref. 28 with resistors in parallel and in series in
the longitudinal and transverse directions of the foil, respec-
tively, as shown schematically in Fig. 1. The longitudinal
thermal conductivity, kj,,(t,T), and transverse thermal con-
ductivity, Kg.,(t,T), are calculated from Egs. (2) and (3),
respectively,

kion(1,T) = kAIEf()t]):(l) . kPr(T)F(v?((ZV)V(f) -1
+ kaip(T)[1 = F(1)], )
~1
(PO FOm@ -1 1 F()
S5 ) = (m(ﬂw(r) kWD) mm) ’
3)

where a progress variable F(t) is defined as 1—s(f)/
(bo - w(t)) and w(t) is 1 + a(r)/b(¢). Within the 2D axisym-
metric model, the thermal conductivity at tensor (i,j) is given
in Eq. (4). The 2D axisymmetric assumption was justified by
the very small Biot number, indicating that heat transfer
within the material in the transverse direction occurs on a
much faster time scale than bulk heating. A mesh size of
400 nm was employed, resulting in a mesh depth of 4 in the
transverse direction. Values for the material property input
into the model are summarized in Tables I and II in the
Appendix

Date: 15-June-18
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k[on(t, T) 0 0
kfj(f, T) = 0 kjgn(f, T) 0 (4)
0 0  kya(t,T)
lll. RESULTS AND DISCUSSION

Ignition of the Al/Pt nanolaminate foils in response to
laser irradiation is defined as the rapid local mixing and reac-
tion of metal species within a multilayer that gives rise to a
self-propagating, higher temperature, formation reaction that
continues to the freestanding edges of a mounted specimen.
Ignition originates at the center of the irradiated zone, and the
reaction wave reaches a near constant velocity within tens of
microns beyond the laser spot radius. Outside the irradiated
zone, the reaction was observed to self-propagate at a steady
measured front velocity of 14 m/s, 34 m/s, and 64 m/s in the
328 nm, 164 nm, and 65 nm bilayer designs, respectively.

An ignition onset time is measured as the time between
the leading edge of the pulse and first light emission by the
reactive material as viewed in a high speed videograph.
Figure 2(a) shows the relationship between laser intensity and
ignition onset time for four descriptive experiments in a
164 nm bilayer foil. In the case shown in Fig. 2(b), a 1000 us
pulse at 930 W/cm? does not ignite the foil, which corre-
sponds to an infinite ignition onset time in Fig. 2(a).
Increasing the pulse duration to 5000 us at the same laser
intensity leads to ignition 2260 us into the pulse as shown in
Fig. 2(c). In order to ignite the foil with the 1000 us pulse,
the laser intensity must be increased to 1440 W/cm? as shown
in Fig. 2(d). The minimum intensity for a given pulse dura-
tion capable of igniting the foil is referred to in this document
as the go/no go threshold intensity. This condition occurs
when the ignition onset time is equivalent to the pulse dura-
tion. Increasing the laser intensity above the go/no go thresh-
old value to 1880 W/cm? leads to ignition during the pulse
after 640 us for the 1000 us pulse as shown in Fig. 2(e).

The different cases of the material response to laser irra- 2

diation listed in Fig. 2 are plotted for five pulse durations in
each of three different bilayer designs in Fig. 3. The ignition
onset time decreases with increasing laser intensity for each
of the nanolaminate designs shown in Fig. 3. The ignition
onset time for a given laser intensity is independent of the
pulse duration, which leads to a single continuous relation-
ship in each plot. Furthermore, the relationship between igni-
tion onset time and go/no go threshold for the 1000 us pulses
in Fig. 2 is consistent across all pulse durations and bilayer
thicknesses tested. This can be seen graphically in Fig. 3
where the intensity at which an experimental data point
intersects the dotted guideline of its pulse duration corre-
sponds to the measured go/no go threshold. To restate, the
physical significance of the threshold laser intensity is the
point at which the dwell time required to ignite the foil for
local heating with a given photon density is equal to the
pulse duration for ms and us long laser pulses.

The relationships between laser ignition thresholds for
different pulse durations and bilayer designs are also appar-
ent in Fig. 3. For each bilayer, the mean value for laser igni-
tion threshold intensities for 10 000 us, 7500 us, and 5000 us

ID: aipepub3b2server Time: 16:48 | Path: D:/AIP/Support/XML_Signal_Tmp/Al-JAP#181008

208

209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
2
2
227
8
9
230
231
232
233
234
235
236
237

238

[35]
S5 0SS TR ST (S I

2

240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260



|

J_ID: JAPIAU DOI: 10.1063/1.5026507 Date: 15-June-18

PROOF COPY [JAP18-AR-01037R2] 017824JAP

265
266
267

000000-4

Abere, Yarrington, and Adams

(@) Ignition of 164 nm Bilayer Al/Pt

Ignition onset time [us]

Stage: Page: 4 Total Pages: 9

J. Appl. Phys. 123, 000000 (2018)

Point in Time During Laser Pulse That Foil Ignites

(b) Intensity [W/cm?]

4000
) Foil does not Ignite
5000 ps pulse N
- . 930
. 1000 ps pulse
1000 3
3000 - (c) Intensity [W/cm?] Time [ps]
2500 Ignition
930 -
[ !
(d) Intensity [W/cm?]
1500 L Ignition
1440
i
1000 g | '
1000 Time [us]
(€) Intensity [W/cm?]
a0 .\\lgniiion
1880 [
0 A 1
0 1000 2000 1
Intensity [W/cm?] 640 1000 Time [us]

FIG. 2. The graph in (a) shows the relationship between laser intensity and ignition onset time for four experiments in (b)—(e) for a 164 nm bilayer Al/Pt foil.
For each of the laser pulses plotted in [(b)—(e)], note that the rise time < pulse duration and thus appears as a delta function. In (b), the 1000 us pulse at 930
W/em? does not ignite the foil. Increasing the pulse duration to 5000 s at the same intensity in (c) leads to ignition after 2260 us. In order to ignite the foil at
the end of a 1000 us pulse, the intensity must be increased to 1440 W/cm? in (d). This intensity corresponds to the go/no go threshold for the 1000 us pulse.
Further increasing the intensity of the 1000 us pulse to 1880 W/cm? leads to ignition during the pulse after 640 ys.

pulses increases with decreasing pulse duration but is sepa-
rated by less than the error arising from experimental vari-
ability. However, the go/no-go thresholds for the 1000 and
500 us experiments are clearly separated thereby demon-
strating a pulse duration dependence on the ignition thresh-
old. The threshold intensity for 500 us pulses is a factor of
~1.5 less than that for 1000 us for all three bilayer designs.

Laser Ignition Delay

Ignition onset time [us]

65nm 164 nm 328 nm
10000 ¢ 0 10000 ps pulse
E *,
i Za E . 7500 ps pulse
Ka ®
I A 5000pspulse
ve “ +
|
£ , *
A ]
= . A
o
1000 & 1000 s pul
[ & L] us pulse
S A% o .
° ° ..
°
-5 —._ s == 500 ps pulse
S .
e e
100 . s
100 1000 10000

Intensity [W/cm?]

FIG. 3. This graph depicts the relationship between laser intensity and igni-
tion onset time for Al/Pt bilayer thicknesses of 65 nm, 164 nm, and 328 nm.
For each bilayer design, the go/no go threshold for a specific laser pulse
duration corresponds to the laser intensity at which the ignition onset time
equals the pulse duration.
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Decreasing the bilayer thickness between 328 nm and 65 nm
reduces the laser ignition threshold at each pulse duration.
This trend agrees with previously reported laser ignition
thresholds both specifically in Al/Pt* and more generally in
reactive nanolaminates.® The range of A chosen for this
work lies in the regime of bilayer thicknesses where propa-
gation velocity is inversely correlated with the power density
necessary for ignition. In this regime, the foil sensitivity

increases with decreasing A due to the increased interfacial 2

density and corresponding reduction in diffusion path length
necessary for atomic mixing. It should, however, be noted
that reducing bilayer thickness to a length at which a
decrease in the steady-state propagation velocity is observed
due to contributions from a larger volume fraction of pre-
mixed material with lower chemical potential energy would
result in an increase in the laser ignition threshold.*

For a given bilayer design, increasing laser intensity also
raises the ignition temperature as shown in the pyrometry data
of the 164 nm bilayer in Fig. 4. The increase in laser intensity
corresponds to a faster heating rate that in general results in the
higher observed ignition temperature.**** In the pyrometry
measurements shown in Fig. 4, a heating rate of 2.3 x 10*K/s
corresponds to an incident laser intensity of 657 W/cm?, while
a heating rate on the order of 10° K/s corresponds to the laser’s
maximum output of ~1000W/cm? for the 155um focused
beam radius. Although the pyrometer was unable to collect
enough light at the short acquisition times necessary to mea-
sure ignition temperatures at the highest (~4000 W/cm?) laser
intensities tested, the finite element simulations predict that
those heating rates are on the order of 10°K/s.
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Laser Ignition Temperature for 164 nm Bilayer

Ignition Temperature [K]

800  Model with Anisotropic
750 | Thermal Conductivity
700 / *

650

600

Model with Isotropic

Kissinger Equation Fit
with propagated error

FIG. 4. This graph shows the relation-
ship between heating rate and ignition
temperature in the 164 nm Al/Pt foil. The
experimentally measured temperatures
from high speed pyrometry are fit to the
Kissinger-Akahira-Sunose Equation with
an error band determined by propaga-
tion of the instrumental uncertainty in
the pyrometer. These values are com-
pared to model values from this work
and Ref. 40.

550 Thermal Conductivity
Experimentally
500 Measured
450 Heat Spreading Model
400 |t O / [40]
350 [}
300 1 L I ]
0 1x10° 2x108 3x 108

Heating Rate [K/s]

From this physical understanding of the pulsed laser
ignition threshold of reactive nanolaminates, it is now pos-
sible to predict the ignition onset time for a given laser
intensity using a diffusion-limited single step reaction
mechanism within a finite element reactive heat transport
simulation. This is performed by calculating the time at
which the reactants are completely transformed to product
at the spot center. In previous work, an E, of 7.2 x 10*J/
mole atoms for these calculations was determined by fitting
it in the model to match the ignition delay time for a single
laser intensity of 790 W/cm? in a 164nm bilayer foil."’
While most material properties used in the model were
obtained from the literature, the thermal conductivity of the
product phase was also calibrated from the same experi-
mentally measured ignition delay time. This resulted in a
product phase thermal conductivity of 70 W/m-K. In this
work, the pyrometry measurements of laser heating rate
dependent ignition temperatures were used to validate
model predictions of E5. A value of 6.2 % 1.6 x 10* J/mole
atoms is calculated by performing isoconversional analysis
with the Kissinger-Akahira-Sunose*®*’ equation on the
measured ignition temperatures at different laser heatJ/ing
rates shown in Fig. 4. The reported error band included in
the figure (indicated with dashed lines) represents a propa-
gation of the instrumental uncertainty in the pyrometer.
The Kissinger-Akahira-Sunose equation is provided in Eq.
(5) below with f defined as the heating rate. T;, represents
ignition temperature. The reported error in this calculation
represents the uncertainty as to when, within the pyro-
meter’s time step, ignition occurs between the last mea-
sured point before the heating rate increases by more than
two orders of magnitude as the foil ignites. The previously
fit value to ignition onset time in the 164 nm bilayer is con-
sidered valid for the simulations in this work as it falls
within this range

Ex
R Tignition

In = Constant — ®)

p
T2

ignition
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4x10°

The calculated relationship between laser intensity and
ignition onset time is shown in comparison to the measured
values using Fig. 5. For the 164 nm bilayer design in Fig. 5,
the simulations accurately fit the experimental data indepen-
dent of the thermal conductivity model used. Calculating
thermal conductivity with either an isotropic rule of mixtures
or an anisotropic thermal circuit model produced a linear
correlation factor of 0.99 and 0.98 to the experimental data,
respectively. This model fitting over all tested laser pulse
durations corresponds to three orders of magnitude in foil
heating rate.'” Differences were found when investigating
the thinner bilayer design. In this case, the anisotropic model
showed an improved fit for the thinner 65 nm bilayer design.
Figure 5 shows an increase in the linear correlation factor

Model Fits to Laser Ignition Delay

Ignition onset time [ps]
10000

65nm 164 nm
65 nm C‘ E z t
Te4om @ xperimen

65nm [Jl] 1sotropic Thermal
164 nm [Jl] Conductivity Model

65 nm ’ Anisotropic Thermal
164 nm’ Circuit Conductivity Model

L]
1000 | « ¢

a

*

100 1000 10000

Intensity [W/cm?]

FIG. 5. The model fits to ignition onset time comparing an isotropic thermal
conductivity model to an anisotropic thermal circuit model for the 164 nm
and 65 nm bilayer designs of Al/Pt. While both models have linear correla-
tion factors >0.98 for the 164 nm bilayer data, the use of the anisotropic
thermal model for the 65 nm bilayer improves linear correlation from 0.65 to
0.81.
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between the model and experiment from 0.65 to 0.81 by
implementing the thermal circuit model. Due to the decades
of difference in ignition onset time tested, the calculated cor-
relation factors should be considered as predominately a
measure of model fit for the millisecond laser pulses.

The reduced linear correlation between the model and
experiment when decreasing bilayer thickness from 164 nm
to 65 nm likely arises because the thermal circuit model does
not explicitly account for all of the thermal transport physics
within the nanolaminates. The thermal circuit model does
not have a term for interface scattering as a mixed (metallic
and covalent/ionic) bonded intermetallic interface grows into
the metallically bonded reactants.*® The number of these
thermal scattering sites increases from 40 to 100 between the
164nm and 65 nm bilayer foils. Moreover, the amorphous
premix phase has a reduced thermal transport due to a lower
density of states for heat transport within the electron sys-
tem.*’ The volume fraction of the disordered phase increases
from 12% in the 164 nm bilayer nanolaminate to 30% vol-
ume fraction in the thinner design.

Predicted ignition temperatures for different heating
rates based on Eq. (5) are plotted in Fig. 4 for activation
energy across the range of 6.2 = 1.6 x 10* J/mole atoms with
a solid curve for the median E, value bookended by dashed
curves to show the range of potential ignition temperatures
based on the propagated error in the calculation of E,. For
heating rates on the order of 10°K/s from irradiation on the
order of 4000 W/cmz, the calculated ignition temperatures at
the higher rates fall within the error propagated range from
Kissinger analysis. This contrasts with the much lower igni-
tion temperatures shown in Fig. 4 that are predicted from a
pure heat spreading model*® demonstrating the importance
of incorporating the reactive heat equation into the contin-
uum model. However, the reactive model in this work breaks
down when predicting ignition temperature at lower heating
rates of ~10*K/s from irradiation at 660 W/cm? regardless
of whether an isotropic or thermal circuit model is used for
the 164nm bilayer, which suggests that the disparity does
not originate from model inputs for ground state thermal
conductivity. Moreover, the ignition temperatures from the
continuum model do not follow the shape of an isoconver-
sional relationship and begin to decrease with higher heating
rate at 3 x 10°K/s.

There are several potential sources for the disparity
between the experiment and simulation that arise because the
current model is not accounting for dynamic thermal properties
arising from material phase evolution during ignition.
Compared to the 10°K/s heating rates, one fundamental differ-
ence during ignition at 10*K/s is that radial heat loss occurs
faster than the laser can heat the ignition zone.'” This in turn
leads to pre-ignition reactions and the observed temperature
deficit in the high-speed videography in Ref. 17. In this lower
regime of heating rates, the global single step reaction mecha-
nism is not accounting for the heat of reaction from the evolu-
tion through intermediate phases. The resulting overestimate
of ignition temperature in Fig. 4 indicates that the pre-ignition
phase formation likely involves less exothermic reactions.
With regard to model predictions at higher heating rates, the
decrease in the predicted ignition temperature at 3 x 10°K/s
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with respect to slightly larger values at a reduced heating rate
of 8 x 10°K/s corresponds to laser irradiation conditions at
which the go/no go threshold intensity has greatly increased
over lower heating rates as shown in Fig. 3. This higher thresh-
old intensity is indicative of the inclusion of an additional con-
ductive pathway for heat loss in the foil’s transverse direction
as the laser must be considered as a surface heating source for
heating on shorter timescales. Under these conditions, the uni-
form heating assumption based on the time independent Biot
number has likely broken down. Thus, the laser heating rates
on the order of 10°K/s represent the boundary for the applica-
bility of the existing mesh within the finite element model for
the 1.6 um- thick foil. This boundary condition to the model
assumptions can be further seen in Fig. 5 where an increasing
percentage error becomes apparent on the log-log plot at the
highest laser intensities.

In comparing the finite element model to laser induced
reaction of this bimetallic system, the balance between ther-
mal and mass transport in determining reaction kinetics
becomes clear. In contrast to the thermal transport properties,
the correspondence between Kissinger analysis of pyrometry
data and the continuum model fit to ignition onset time in
determining an effective activation energy of reaction shows
that a single-step reaction diffusion limited mechanism is
adequately capturing the underlying mass transport proper-
ties of ignition. Additionally, the insensitivity of the effective
activation energy of ignition to the dynamic nature of ther-
mal transport indicates that this term is dominated by the
portion of the activation energy attributable to mass diffu-
sion. Both the Kissinger analysis and continuum model val-
ues are consistent with a previously reported activation
energy for mass diffusion of Al into a metastable amorphous
Al-Pt phase of 6.9 x 10" J/mole atoms,’® a likely pathway for
the solid-state mixing during ignition. Furthermore, the three
orders of magnitude in heating rate covered within this study
demonstrate the viability of laser irradiation experiments to
explore reaction kinetics at a tunable heating rate and moti-
vates the use of shorter nanosecond laser pulses to match
heating rates to those within the propagating wave. This will
allow for a bridging of the disparate kinetics between igni-
tion and propagation in reactive multilayers that are typically
treated as parallel systems.

IV. SUMMARY

Laser irradiation experiments were performed on equia-
tomic Al/Pt nanolaminates with bilayer thicknesses of
328 nm, 164 nm, and 65 nm. High speed videography showed
that the laser ignition onset time is a continuous function of
laser intensity, and pyrometry showed that higher heating
rates associated with larger laser intensities result in
increased ignition temperature. A finite element reactive heat
transport model was fit to the experimental data, showing
that the kinetic pathway to ignition is governed by an activa-
tion energy attributable to mass transport and can be cap-
tured as a single step diffusion limited mechanism. While a
thermal circuit model improves upon a simple rule of mix-
tures description of thermal transport, the reduced correlation
between the model and experiment for smaller bilayer
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thicknesses shows the need for an expanded understanding
of transport across the initial amorphous premixed layers to
more accurately model bilayers with substantial premixed
volume before then considering the dynamic thermal proper-
ties of the reacting foil during the ignition event.
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APPENDIX: MODEL PARAMETERS AND MATERIAL
PROPERTIES

Table I lists the nanolaminate design and model parame-
ters. Constituent molecular weights, densities, A, and the 1:1
stoichiometry were used to define ap and by. a; and b; were
determined similarly by defining s; = 10nm and subtracting
from A.

The Al and Pt columns in Table II refer to properties of
the pure elements. The third column titled AlPt refers to the
mixture properties of the subgrid material model derived
from the constituents, which is necessary to represent the
nanolaminate as a continuum. AlPt does not represent the
properties of the product phase.

TABLE 1. Initial conditions and parameter values for the diffusion-limited
product layer growth model. Subscript i is the initial condition used for the
simulations and includes an initial product layer of 10 nm.

E,,J/mole atoms 7.194

Do, m%/s 23%x1077

s; (nm) 10

ag (nm) 15.5;78;39

bo (nm) 17;86;43

a; (nm) 10.7;73.2;34.2

b; (nm) 11.8;80.8;37.8

A = 2(ag+ by) (nm) 328;164;65

TABLE II. Material properties of aluminum, platinum, and AlPt.

Property Description Al Pt AlPt

H¢ (J/kg) Enthalpy of 0 0 —0.904 x 10°
Formation

M,, Molecular 27 195 222

(kg/kg-mole) weight

T (K) Melting point 933.5 20414  933.52041.4

Hiys (J/kg) Latent enthalpy ~ 0.397 x 10° 0.114 x 10° 0.0483 x 10°

Cer J/kg-K)  Effective C at Ty, 79400 22800 9660;20 000

Ty, (K) Boiling point 2792.2 4098.2 Unknown

C (J/kg-K) Specific heat 896.9 132.8 226

p (kg/m®) Density 2700 21500 11600

K (W/m-K) Thermal conductivity 237 71.6 Eq. (4)
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