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4 Gasless Reactive Materials

Rapid, self-sustained exothermic
reactions that emit light and heat

Low free energy of the products

Overcome reaction barriers by
physical mixing or by enabling mass
diffusion (e.g., increase T)

A large variety of two-component
systems (Ni/Ti, Ni/Al, etc...)

A + B AB

Self-propagating high-temperature
synthesis (SHS) led to reactive
multilayers

Merzhanov - 1960's

Self-propagating crystallization in
amorphous films

Vapor deposition of laminates

Disordered Powder Compacts

Mass Diffusion
for Reaction

-4011111,
HV WD tflt ..e!

2 00 kV 4 0 mm 51 2 56 m 50 007 x TLD SE

High-energy ball milled (HEBM) Ni/Al
powder compact from Reeves et al. (2010)

Pt/A1

Bilayer{

Ti/A1

Ordered Multilayers

a

500 nm

SEM images from I.() 1.1m

Adams (2015)



5 Combustion Instabilities
1D, 2D, and 3D instabilities are observed in gasless reactive systems - Reeves and Adams (2014)

Spin instabilities are the most commonly observed instability for reactive multilayers

—Td-I

IVLEVA, MERMANOV

Combustion-front surface

Temperature field

Conversion-depth fields

—Td-

Isotherms in the cross section containing a point with the maximum temperature

o Spin instabilities were first observed during
combustion of a Ti cylinder in a N2 atmosphere by
Filonenko and Vershennikov (1975)

o 3D simulations by lvleva and Merzhanov (2000)

1294—T
ime progression in 1 ps inerements—i.-

98 gm-i6J

L.

1..

E-4

1 1 .41
490 gm- gm

66 p-77 gs

r1290
0 4 Distance, mm

4\ 1

LHS Parameters
Tb 10.7 nm
5.11 260 WAnK

CAI 893 .I/kgK
Do 5.17x 10-10 n.0/s
so 2.69510-6 m
kcn 99.5 W/mK
cto 420 J/kgK
AT 4.51 K
hna 1392 J/g

40 j.tm

0.7

o 1D auto-oscillation in Co/Al
multilayers - simulation by
Hobbs et al. (2008)

o Recent results for Sc/Ag by
Adams et al. (2019)

(b) Intermetallic wavefront positions

— 7000 ps
7500

— 8000 As
— 8500 ps
— 9000 ps
— 9500 As )

Net propagation
(=> direction

250 un

31.5 ps

o 2D spin instability in Co/Al
multilayers - experimental
images from McDonald et al.
(2009)



6 Combustion Instabilities, Continued

Spinlike reaction fronts in Co/Al multilayers
from Reeves and Adams (2014)

Observed in free-standing 7.5 itm (total
thickness) 1:1 Co/A1 reactive multilayers

Spin band characteristics depend on Co + Al layer
(Bilayer) spacing

Electron-transparent thicknesses, too (Abere et
al., this conference)

Undesirable for controlled heat release
applications

Spin band mechanism is relatively unexplored

Proposed mechanism is shown at top, right

I emp. Profile Location

A. Forward heat transfer forms diffusion zone
Tf, C

C=1

T, C

To,
C=0

Pre-Heating
Zone

dT/dx cont.

T„„,k.A,

Diffusion-
Affected
Zone
Eft E.

o

T

1►
Previous Transverse Band

Mixed Co„Aly

B. Subsequent transverse band passage
Tf,
C=

T, C

To,
C=0

Next
Diffusion-
ffected Zon

1
T — —

Transverse
Band
(E.)„ D,

Diffusion-
Affected
Zone

(Ed.», (EA
Ddiq D,

•

Mixed Co„Aly

ItMr \MP°

0,8

O.

0.4

0.2

t=144 S Tian

o
o

Ni/A1 Alawieh
et al. (2011)

0.5

Comparable features
have been observed
in 3D simulations
(qualitative so far)



7 Objectives

Implement large 3D computer simulations to gain insight into Co/Al
reaction instabilities

Modeling efforts through the early 2000s considered 1D flame
propagation only

Sandia is uniquely positioned with high performance computing (HPC)
resources to perform high-fidelity 3D modeling and simulation

SIERRA computational framework

Develop an empirically-driven reduced order model for Co/Al
Captures sub-grid product layer growth

Use simulation results to inform a mechanism of instability
Reeves and Adams (2014) model

Enthalpy-based stability criteria discussion
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9 Simulation Geometry and Computational Limitations

1:1 Co/Al Multilayer

Ignition
Source
(Constant
Wall Temp)

Layer-explicit meshing is
not feasible with current
HPC resources
• Volume = (1e6 nm)*(1e6

nm)*(1e3 nm) = 1e15 nm3

• Cell Size = (10 nm)*(10
nm)*(10 nm) = 1e3 nm3
-still coarse

• Total Elements =
(1e15)/(1e3) = 1e12

1 Trillion Elements!!!

-1 mm

•

Band (Tip)
Velocity

Material (Foil)

-1 mm

1 Co + Al Layer - 
Bilayer (BL)

"Through-Plane"
Conductivity

- 1 pim

Sub-Grid
Detai l

  BL
-100 nm

"In-Plane" Conductivity

1
1



10 Simulation Geometry — Channel, Corner, and Notched Slab

Thin Channel
- 10 to 100 K elements

• Uniform hexahedral elements

A x) = = A z = A ft

• Mesh resolution is either 1 gm
or 0.5 gm depending on flame
speed (cutoff is -3 m/s)

• Adaptive time step -20 ns

• -50,000 cycles to reach 1 ms

All dimensions in

2°°

7.5 
7
.
5

105 395 7.5

Square Corner - 2 M
elements

Alternative reduced order models include:
- Besnoin et al. (2002)
- Reduced reaction formalism by Salloum and Knio (2010)
- Generalized thermal properties by Alawieh et al. (2011)
- 2D phase explicit by Gunduz et al. (2009)

Al

Co

I a,
b 

Al

Co

Time

Al
CoAI
Co
CoAl
Al

CoAl
Co

X

7.5

tb

Notched Slab
10 M elements

Reduced model is based on Hardt and Phung
Diffusion-Limited Reaction Model



11 Diffusion-Limited Reaction Model by Hardt and Phung (1973)

• Used at SNL by Hobbs et al. (2008) to model Co/A1 and Al/Pt
• Later extended by Yarrington et al. (2017) (2018) and Kittell et al. (2018)

(9).T
o 
Atom Diffusivity w/ Arrhenius-Type Diffusion Coefficients(s)

Product layer growth rate - 1 /product layer thickness
o Hardt and Phung system of ODEs
o Mass diffusion is piecewise continuous for solid-solid, solid-

liquid, liquid-liquid

Heat of Reaction from Calorimetry
o Net heat release from calorimetry data
o Depends on the BL thickness
o Kittell Q-factor for nonlinear species profiles Sub-Ond Model Geometry

l Diffusion-Limited Reaction Model [Hardt & Phung (1973)]

Prod., Layer Th.netta

Bleyer Layer ,—sre

Energy Equation
Look at (hese
tem s
greater detail

Thermal Conductivity
o Anisotropic conductivity
o Network of resistors in series (in-plane) or parallel

(through-plane)
o Different values for Co, Al, premix, and product
o Anisotropic drives to isotropic with reaction

Specific Heat
o Mass-weighted heat capacity
o Temperature and phase dependent
o Includes latent enthalpies via mush zone
o Irreversible phase change

—tt-

Algorithm

• Choose calculate so and ha

• Choose s, calculate, and F,

• Solve OttEs for s and F

ODEs

Auxiliary Eqns. n Atom Diffusivity w/ Arrhenius-Type Diffusion Coefficient(s)

= Mass Fractions

2 l Heat of Reaction from Calorimetry

Energy Equation
Coupled to ODE Single Arrhenius Term

0 n Coefficient w/ Temperature,
d BL Dependencies

Energy Equation

Bilayer Dependency

Abere Ern drical Fit

Kittell CI-Factor (order of one)

Net Heat Release (FEA Code) Calorimetry Data

Jlkg

;"'L'rgrca
7:7=7"s

A

H&P

EnthalpyttJ/mol.at.1

Used by
• R,Ineett

me,,a em. ttatt,,,,,2008,-

• q,'2°"-T,mdr'n
=eizol

rrOla
Saki-Saki

Soktrixpar

LqurdLqumi

J/mol.at.

Thermophysical Properties —Thermal Conductivity

Energy Equation

Thm arlpsIment s the measured Ilan. vebohes, n Olf cone. .

a I Thermophysical Properties — Heat Capacity w/ Irreversible Phase
 Change

Energy Equation Kittell et al. in J. Appl. Phys. (2018) for Al/Pt Multtlayers - "reversible phase change

C, model for Co/Al -
Irreversible phase change
• Piecewise co.uous functin, with

constant weg end values
• Phase c.ne vie mush zones

*awl depending oni )

Dale Tab. forC,,,,ane

if

if

if

if

if

Ong. value kr C,„

w/ Anisotropic Tensor Conductivity 7-73_,t7,,,,r;
Ttn.efene

Appl. Phys. (2018) for Al/Pt Multilayers

product"

ing. Value for

Heat Release Rate

Resistor Network - ..premtt is not producr
• Drives initial anisotropic values based on measured

remix conductivity towards a single value for the
°duct phase

See Appendix for Full
Model Details
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13 Trends in BL Thickness — Net and Band Propagation Velocity
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14 Trends in BL Thickness — Net and Band Propagation Velocity
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1 5 Trends in BL Thickness — Net and Band Propagation Velocity

Stalled
*

o Net (data, 2009-2019)

— Net (FEA, channel)

•Net (FEA, slab)
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16 I Trends in BL Thickness — Net and Band Propagation Velocity
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17 I Trends in BL Thickness — Net and Band Propagation Velocity
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18 I Trends in BL Thickness — Net and Band Propagation Velocity

30 nm

75 nm

Temp (K)

2000

1800
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1400

1200

1000

800
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9

1
1
1

talled

....l....l....., ....l....1
50 100 150 200 250 0 350

o Net (data, 2009-2019)

0 Band (data, 2009)

— Net (FEA, channel)

•Net (FEA, slab)

A Band (FEA, slab)
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Bands Present

— m"mi iii INChi. ow ow 1.001 
.."1"1"C)

Bilayer Thickness, nm

• All data for total film
thickness 7.5 ,um

• Reeves and Adams (2014)
were the first to observe a
correlation between stability
and a velocity limit -3 m/s

125 nm



1 9 I Trends in BL Thickness — Flame Temperature from Simulations 

30 nm

75 nm

2

2000

1800

1600

ct 1400

c2-1 1200

ELI-) 1000

800

600Temp (K)

2000

1800

1600

1400

1200

1000

800

600

T7n=1946.5 K (CoAl)

Tm=1668.5 K (Co)

Adiabatic Calculation

= Net (FEA, channel)

• Net (FEA, slab)

Band (FEA, slab)

• Band Collision (FEA, slab)

. . . . I . . . . I . . . . I ....1....1....1

25 50 75 100 125 150

Bilayer Thickness, nm

• Adiabatic flame temperature
from enthalpy-temperature
diagram, see later slide

• Deviation from adiabatic
flame temp occurs -50 nm

• Net and band flame
temperatures tend to ride
along the melt isotherms

125 nm



20 I Trends in BL Thickness —Temperature Gradient from Simulations 

30 nm

75 nm

24

2000

ic4 1600

ct 1200

c=1-,
800

400

Net Forward Dir.

TT-n=1946.5 K (CoAl)

T,„„=1668.5 K (Co)

▪ 125 nm
▪ 90 nm
▪ 75 nm

"'"

ii

= 60 nm 

rri

i\tIt\‘\/\\ \\

Nuf= 37.1 nm

T,,,=933.5 K (A1)

=50 n 

▪ 28.6 •
nm

.... .... .... .... .... .... .... .... 

—50 —25 0 25 50 75 100 125 150

Position,

• Forward conduction loss
varies with BL thickness

• Similar to having a multilayer
on a substrate (see Kittell et
al. (2018) for analysis with
quench limits)

125 nm



21 30 nm BL Thickness / Steady Propagation

0 pis

1:1 Steady velocity and temperatures match
FEA channel geometry simulation

1:1 Sharp symmetry and stiff chemistry make
eliminating numerical errors very hard

1:1 Numerical errors can trip physical
mechanisms for instability, but not the
case here w/ 30 nm BL, Co/Al

Temp (K)

2000

1800

1600

1400

1200

1000

800

600 0.5 mm

Bilaye
thickness:
3.2 nm

V . q
GiW4im3)

1 0

7

4

1

-2

Real Wavefront
Morphology



22 75 nm BL Thickness / Mode I Instability

1.0 mm

cfl

0.75 mm

1:1 Front self-propagates, but may "shed" spin bands from the edges

1:1 High-Explosives (HE) analogue: detonation corner turning

Temp (K)

2000

1800

1600

1400

1200

1000

800

600

Image From:
Schwendeman,
Kapila, and
Henshaw (2010)

() solid volume fraction 1 0 gas pressure 1.2

1.0 mm

0.75 mm

Bilayer
thickness:
75 nm

mW/pm3

0.20

0.14

0.08
cDL°

0.02

-0.04

-0.10

■

Real Wavefront
Morphology



23 125 nm BL Thickness / Mode 11 Instability

Ids

0.25 mm 0 75 mm

1:1 Stalled front in normal direction

1:1 Spin band collision moves front
forward

Temp (K)
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6001
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Image From: Reeves and Adams (2014)

K.)
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(1 75 m m
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24 I 75 nm BL Thickness / Mode I: Spin Band Interrogation
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(a) X-Line Values at t 390 ,as
2400

2000

1600

1200

800

400

0

'r Co(s)+Al(s)

N.

-400 -

-800 - — 10K11 — 10K22 — Cp — T = V • q

-1200  
0

• ■•1 ----r—r—r---1
CoAl(s)

:
Co(s)+A1(1)

:

.

•
•
•

100 200 300 400 500

Position, p,m

V.q
(PIMPErn3)

80

40

0

-40

-80

X-Line is BEFORE the spin band

U Thermal conduction losses ahead of the front
are too high for a self-propagating flame

U Thermally-affected area is greater than the
Chemically-affected region (w/ phase change)

U Tensor k11 and k22 are a function of product
layer thickness alone (i.e. Blue curve shows
the reaction zone thickness)



25 I 75 nm BL Thickness / Mode I: Spin Band Interrogation
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X-Line is THROUGH the spin band

U Thermal conduction losses are now lower

U Propagates in the direction of the band tip,
as well as in the outward bulk direction

U Thermal deficit behind the font; could this
be used to define a band thickness?

100 200 300 400 500 U Residual Co in mixture model leads to

Position, ,um solidification exotherms (faint red lines)



26 I 75 nm BL Thickness / Mode I: Spin Band Interrogation
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27 I 125 nm BL Thickness / Modell:Spin Band Interrogation,i
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28 I 125 nm BL Thickness / Modell:Spin Band Interrogation
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29 I 125 nm BL Thickness / Modell:Spin Band Interrogation

(b)
Va
lu
e,
 W
/
m
K
,
 J
/k

gK
, 
K
,
 o
r 
p
W
/
i
i
m
3
 

2400

2000

1600

1200 —

800 —

(c) Flame Front (0°) at t 474 ps
...

nr Co(s)+Al(s)

400

0

-400

-800

-1200  
0

,

.
i-
:-
...... I....I....I....I.

1
1

1
Solid Product

•
.

•
•
•

..
1m 10K11 - T

.
m 10K22 1=1 V • q :- -
- Cp •

•

100 200 300 400 500

Position, p,m

v.q
(A1/1-m13)

200

100

0

-100

-200

Forward flame front AFTER the
collision; brief propagation in NET
DIRECTION



30 I 125 nm BL Thickness / Modell:Spin Band Interrogation
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31 I Enthalpy-Temperature Diagram (Adiabatic Flame Temperature)
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32 I Enthalpy-Temperature Diagram (3D FEA Simulation Results)
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CONCLUSIONS



34 Conclusions

Empirical reduced order models enable large 3D FEA simulations

Multilayer overall geometry and edge effects influence the
stability of weak and/or marginally propagating flames

Enhanced conduction losses around corners

Heat concentrations in thermally insulated corners

Spin bands tend to propagate into thermally (but not chemically)
affect diffusion zones

This supports Reeves and Adams (2014) hypothesized mechanism

Evidence for an enthalpy-based stability criteria with these
multilayer designs

Self-propagating reactions tend to lie between the cobalt and product
melt isotherms
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39 Diffusion-Limited Reaction Model [Hardt & Phung (1973)]

Look at these
Energy Equation terms in

ODEs Product Layer Thickness is

s
da D 1, ; Ddt" greater detail
dt s s Bilayer Layer Thickness is

) b D {,' ; D D 4.2( ,i+40)

,, •+V - q
dt

Algorithm

• Choose tb, calculate ao and bo

• Choose s 1, calculate ai, bi, and F;

• Solve ODEs for s and F
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40 Atom Diffusivity w/ Arrhenius-Type Diffusion Coefficient(s)

Energy Equation

PC

Coupled to ODE

ao

Piecewise Diffusion Coefficient w/ Temperature,
Product Layer, and BL Dependencies

T T

< T T

E 2)
if 

T T
RT 

Single Arrhenius Term

D (T) =

Used by
• Mann et al. in J. Appl. Phys. (1997) — analytical flame model
• Hobbs et al. in Comp. Method. Experim. Heat Transf. X (2008) - SNL

Tchem code
• Salloum & Knio in Combust. Flame (2010) — reduced reaction formalism
• Alawieh, Knio, Weihs in J. Appl. Phys. (2011) — tensor k
• Kittell et al. in J. Appl. Phys. (2018) — quench limits for Al/Pt
• And many others...

—0.49414: .42ato
1.16 x 101-141

1 ',01:1

x 10-7

10 OD

1.38 x 10-7

31C19•40 M697 J/mol.at.
m2/s

Solid-Solid

Solid-Liquid

Liquid-Liquid



41 Heat of Reaction from Calorimetry

Energy Equation

V -9 p

Bilayer Dependency

Abere Empirical Fit
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42 Thermophysical Properties —Thermal Conductivity

Energy Equation

OT
Pc,

w/ Anisotropic Tensor Conductivity

OT OT OT\
k22,a , a ) /

Kittell et al. in J. Appl. Phys. (2018) for Al/Pt Multilayers
- "premix equals product"
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Thermophysical Properties — Heat Capacity w/ Irreversible Phase
43 Change

Energy Equation Kittell et al. in J. Appl. Phys. (2018) for Al/Pt Multilayers - "reversible phase change"

C model for Co/Al
"irreversible phase change"
• Piecewise continuous function, with

constant weights and values
• Phase change via mush zones

(added to Cp depending on )
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EXTRA SLIDES Calculating
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Simulations



45 Calculating the Enthalpy Losses

Here's my solution, starting from the governing FEA heat equation,

What to do with him?

FEA Heat Eqn.
(Exothermic, Q<O)

Integrate from
reactants to products
over time
(or mass fraction)

Evaluate what we can,
almost there



46 Calculating the Enthalpy Losses

First, look at the heat flux vector for our 3D simulation. It is given by,

This term is a bit complicated, but may be calculated
with the post-processing software (EnSight)

When I plot Vq on the colormaps, that's what is being calculated. The heat
release rate has units of [power] / [volume], e.g. micro-Watts per cubic micron. It
is more like a heat flow where positive values are a source/exotherm and
negative values are a sink/endotherm.



47 Calculating the Enthalpy Losses

Moving on, what about the time integration? We can do it in a moving frame of
reference, the function is a steady wave.

v

I'm riding the wave peak!

r
v=0, arbitrary time

kr al\F

Position

Wave Function

(x*, f()) Position

Integrate a mass Integrate over distance in a
point over time moving frame of reference



48 Calculating the Enthalpy Losses

This is the final equation, used to compute the enthalpy loss from the FEA
simulation results. There are a lot of tricky sign conventions that have to be
navigated. All the steps you need are on the previous 3 slides.

V•cie0 !KT

Enthalpy} = {Net Accumulation} _ Heat of
Loss of Heat in Flame Reaction

Notes: subscript "0" is the initial condition (i.e. To, xo, to) and subscript "f" is in
the flame (i.e. Tf, Xf, tf). Since the volumetric heat release, Q, is negative, I put
the absolute value so that you cannot get confused by the sign convention.



49 Calculating the Enthalpy Losses

Case i. Thermally-affected area is
infinite
(i.e. huge thermal sink, zero gradient)

xo

hi]

Case ii Thermally-affected area is close
to zero; exotherm is a delta function at
the flame front

Pv)

1 1Q1
The chemical heat
release does not go to
raising the temperature

v. sharp gradient

- qa 1 1



50 I Calculating the Enthalpy Losses

Returning to the enthalpy-temperature diagram, the stability criteria may be
written via inequalities, based on the final equation that we derived. For
flames, the net accumulation of heat must be equal or greater than the enthalpy
loss to get down to the product melt elbow, i.e.

And for any self-sustained reactions to occur, the net accumulation of heat must
stay above the cobalt melt transition, i.e.

So Mode 1 (net flame and bands) as well as Mode 11 bands lie between these two
inequalities. However, Mode 11 net flames do not exist, because these BL designs
fail the second inequality (but the spin bands achieve it with preheat).



51 Calculating the Enthalpy Losses
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o These are the heating profiles out ahead of the leading flame; they come from the large FEA notched simulations. The
exotherms are positive and the aluminum melt endotherms are negative.

o In order to use the enthalpy loss equations, we can integrate these curves from left to right. Unfortunately, these
simulations do not have enough mesh resolution to get the melt endotherm exactly. So, I have been integrating the
exotherms only and then subtracting the known value of the endotherm.



52 Calculating the Enthalpy Losses

Forward
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Steady flame limit

Self-propagating limit

See the enthalpy-temperature
diagram in Fig. 12, and the
derivation of the loss equation

o I calculated the net heat accumulation for a handful of FEA simulations (channels and notched slabs) but it is
numerically noisy. Basically, I picked a time where I though the profile looked steady; and to make up for the numerical
error I have a linear curve fit through the data.

o From this plot, I estimate that the Mode 1 to 11 transition is at 103 nm (based on the linear best fit).

o At low BL, it looks like the net heat accumulation may stay above the Mode I limit. This is very interesting, and might
help explain why no evidence of spin was observed there. But still something to investigate further; I don't have
enough time to fit the low BL Q-factors to complete the model description there.


