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Abstract

Thermites have been used for over a century for joining applications and in this paper we
present fully-dense diluted thermite foils that react in a self-propagating manner and
produce sufficient heat and molten braze to join aluminum, magnesium, and iron-based
alloys. AL:NiO, Al:CuO, and Al:Cu,0 thermite systems were systematically diluted with Ni or
Cu to decrease the maximum reaction temperature and hence the amount of gas generated
during the self-propagating reactions. Velocities and mass ejection were measured for
reactions within free-standing foils as a function of dilution. The dilution that leads to
quenching during propagation within a bond is identified and finally, Al:NiO:10wt%Ni and
Al:Cu0:40wt%Cu foils were used to demonstrate the ability to join aluminum, magnesium,
and iron-based alloys.
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Introduction

For over 100 years the thermite process has been used to join metal components together
by exothermically reacting powder mixtures to create molten metal[1]. In 1895, Dr. Hans
Goldschmidt patented the process whereby aluminum reduces iron oxide to produce
molten iron[2]. The thermite reaction is an oxidation-reduction reaction; a fuel reduces a
metallic oxide, producing molten metal, the oxidized fuel, and heat:

A+MO=A0+M+AH (D
A is the fuel, in our case aluminum, M is the reduced metal, and AH is the heat of reaction.

Thermite reactions have found many uses[1, 3], including lining ceramic pipes[4, 5], and
synthesizing composites[6]. Typical thermite reaction processes for joining applications,
such as joining railroads or electrical connections, involve a crucible and a mold[7, 8]. The
thermite mixture is placed into the crucible and ignited, the molten metal then flows,
usually by force of gravity, into the joint area. The resulting oxide from the reaction, being
less dense than the molten metal, remains outside of the joint interface and can be removed
easily. This technique, however, does not work for certain applications, such as joining
sheets of metal, where flowing molten metal into a narrow gap between two sheets is not
viable. For these types of joints, furnace brazing or other area joining techniques, such as
adhesive joining, are preferred.

Free-standing multilayer reactive foils made by sputter deposition of aluminum and nickel
multilayers have been used to join metals[9-12], ceramics[13, 14], and metallic glasses[15-
17]; this form of reactive bonding can easily be scaled to large areas bonds. These foils have
been commercialized as NanoFoil® and their use in joining applications has been named
the NanoBond® process. The process uses an exothermic intermetallic formation reaction
as a localized heat source to solder or braze components. Additional solder is required and
added as a prewet layer on the surface, or as a freestanding solder/braze foil; often a
metallization layer must also be used to promote adhesion to the bonding component[10,
12]. The strength of these bonds has been found to depend on the strength of solder that is
used [14]. The fast nature of the self-propagating reaction and localization of the heat limits
thermal degradation of the components being bonded [18], allowing heat sensitive
materials and devices to be joined together without thermal damage.

With respect to joining, redox or thermite reactions offer two significant advantages
compared to intermetallic formation reactions. First, the higher reaction temperatures of
the redox reactions make them more capable of enabling brazing of components. Second,
the molten metal produced by the redox reaction can act as a filler (braze) material, thereby
eliminating the need for pre-existing solder or braze on the components being bonded. It is
anticipated that these advantages of the redox reactions have the potential to broaden the
range of joining applications that can be addressed with reactive foils acting as local heat
sources.



Due to their highly exothermic nature, however, thermite reactions can generate substantial
amounts of vapor[3]. Maximum reaction temperatures can exceed the boiling points of the
products and reactants, thereby producing gaseous species. Such gas generation is
detrimental to joint fabrication[19], as it can cause material ejection, creating pores and
voids in the resulting braze, thereby limiting the strength of the bond. As a result, reducing
the gas production of thermite foils is necessary to ensure a strong, pore-free bond. It has
been shown that diluting thermites, or changing the stoichiometry, can have a significant
effect on the reactivity of the reaction. For example, diluting with excess inert product
(oxide) can reduce the reaction temperature and gas production[20-22]. Some diluents can
also enhance the reactivity of the system either due to the intermetallic reactions that occur
before the onset of the thermite reaction[23] or due to enhanced thermal conductivity from
the chosen diluent[24].

The present study contributes to the expansion of exothermic brazing via the utilization of
the thermite-based reactive foils. In detail, we use our recently introduced Redox Foils[25]
that are fully dense thermite foils produced by mechanical powder processing, and explore
key parameters relevant for joining. Al:NiO, Al:CuO, and Al:Cu0 are used as the thermite
systems. Diluents are chosen so as to increase the amount of molten metal or braze that is
generated during the reaction. Hence, we choose elemental Ni and Cu as diluents. Reaction
velocities, mass ejection, and reactivity are quantified, and the stoichiometry of the foils is
systematically altered to lower the adiabatic temperature below the boiling points of all
product and reactant species in order to minimize gas production during their self-
sustaining exothermic reactions. Finally, two diluted thermite chemistries were selected to
demonstrate the ability to join Al 6061, Mg AZ 31 and hot stamped boron steel.

Experimental Procedures

Materials Fabrication

Redox Foils were fabricated by processing the micron-sized powders that are listed in Table
1. Powder sizes were measured using a Horiba LA-950V2 Particle Size Distribution
Analyzer with powders suspended in either water or isopropyl alcohol; D10, D50, and D90
values are also reported in Table 1. These powders were mixed manually in 10 g batches
according to the desired thermite chemistry and the desired dilution with excess Cu or Ni.
The mass percent of diluent is defined relative to the mass of the total powder mixture, and
the remaining mass is composed of the thermite mixture in the stoichiometric ratio as given
in Table 2. Each thermite stoichiometry was fabricated with dilutions that ranged from
Owt% to 40wt% in increments of 10wt%.



D10 D50 D90

Material Supplier Size Purity : T ) )
Al Alfa Aesar -325 mesh 99.5% : 104 16.9 28.6
NiO Alfa Aesar -325 mesh 99% : 8.0 13.4 21.8
CuO Alfa Aesar -325 mesh 97% : 5.6 8.9 13.7
Cuz0 Sigma Aldrich <5 micron 97% 3.3 5.5 8.7
Cu Alfa Aesar -325 mesh, 10%+325 99% : 159 27.0 45.8
Ni Alfa Aesar -325 mesh 998% : 79 15.4 37.5

Table 1: Powders used for fabrication of Redox Foils with size and purity as quoted by manufacturer; the
measured D10, D50, and D90 values for the powders are also reported

Thermite System
2A1 + 3Cu0 + xCu — Al;O3 + (3+x)Cu
2A1 + 3Cuz0 + xCu — Al;03 + (6+x)Cu
2Al + 3NiO + xNi — Al,03 + (3+x)Ni
2Al1 + 3NiO + xCu — Al,03 + 3Ni + xCu

Table 2: Stoichiometric ratios for thermites used in this work where x represents the amount of dilution. In this
paper, dilution is reported as a mass percent of the entire mixture.

After powders were mixed in small batches, they were pressed into a tube for swaging and
rolling. Each batch of powder was pressed into a carbon steel tube by applying 40 MPa of
pressure using an Instron 5582 load frame equipped with a 50 kN load cell; 3 to 4 batches of
powder were incorporated into each tube. Working with small batches helps to minimize
particle segregation during fabrication and ensure a uniform chemistry distribution
throughout the tube and within the resulting Redox Foil. The steel tubes have a 15 mm
outer diameter and a 1.5 mm wall thickness. One end of the steel tube was plugged with an
aluminum rod prior to adding powders, and another was pressed into the tube after the
powders were added. The aluminum rods act to contain the powders and make sure that
the powders deform during the subsequent mechanical processing.

The tubes were swaged using a 3F Fenn Rotary Swager in 13 steps until the final outer
diameter of the tube was 3.17 mm. After swaging, the resulting cylinder was cut and cold
rolled using a 3” rolling mill and 200 um reductions in thickness until the flattened rod was
approximately 1 mm thick. Additional 100 pm reductions were also enabled via cold rolling
until the desired thickness was achieved. After rolling, the Redox Foil was removed from the
steel jacket by filing away the sides of the jacket and peeling off the top and bottom sections.
Final thicknesses of the Redox Foil ranged from 375 to 475 pum. Images of samples during
various stages of the swaging and rolling process are shown in Figure 1(a).
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Figure 1: a) A photograph showing samples from the various stages of the Redox Foil fabrication process. The
radial reductions during swaging produce a 3.17mm diameter tube that is then rolled flat. Once the steel is
removed the Redox Foil is exposed. b) A SEM micrograph of Al:NiO:30wt%Ni showing the microstructure of a
typical Redox Foil. The lightest color is the nickel diluent, the gray is nickel oxide, and the dark gray or black is
aluminum.

Experimental Procedures

The velocity of self-propagating thermite reactions of Redox Foils was determined using
two different methods. The first employs a series of optical fibers at known distances that
capture the light emitted from the propagating reaction, as explained previously[26]. The
second uses a NAC Memrecam HX-6 High Speed Camera. All velocity measurements were
obtained with a foil resting on a ceramic block and clamped at one end to fix the position of
the foil and prevent any translational motion due to the gas generated by the reaction.
Reactions were ignited with a spark on the unclamped side of the foil, and both
measurement techniques yielded similar values, all of which are reported here. Three tests
per chemistry were performed and the error bars represent one standard deviation.

Variations in mass ejection with dilution and thermite chemistry were determined by
measuring the mass of particulates and vapor that were captured on 0.18 mm thick steel
shims measuring 2.5 x 2.5 cm, supported 2.5 cm above the Redox Foil during reaction. The
steel coupon was weighed before and after the reaction and the change in mass is attributed
to the particles and vapor from the reaction that deposit on the shim. Like the velocity tests,
three samples trials were performed for each chemistry.

Differential scanning calorimetry was performed with a Perkin ElImer DSC 8000 using 7 to
10 mg of material per scan. Each specimen was heated twice to 725 °C at 40 C/min in with
argon at 40 ml/min. The first scan captured the power released by the irreversible phase
transformations within the reaction. The second scan provided a baseline to account for the
heat capacity of the reacted sample and the crucible. The power measured in the second
scan was subtracted from the power measured in the first scan in order to determine heat
released by the reaction.

To identify whether the diluted thermite reactions could propagate between two
components being bonded, 3.17 mm thick samples of Aluminum 6061-T6 and Magnesium
AZ31B were cut with a wire EDM to final dimensions of 12.7 mm x 6.35 mm. The bonding
surfaces, those exposed to the Redox Foil, were polished with 320 and 600 grit SiC paper



followed by an acetone and ethanol rinse to create uniformly rough but clean surfaces.
Redox Foils were cut to dimensions as depicted in Figure 2, placed between the bonding
components and a load of 400 N was applied with an Imada manual stand equipped with a
DPS-110R Digital Force Gauge. Once position and loaded, foils were ignited by an electrical
spark outside of the bond area as depicted in Figure 2.

Bonding experiments were performed with samples of Aluminum 6061-T6, hot stamped
boron steel (HSB), and Magnesium AZ31B that were 1.25 mm thick. Samples were cleaned
with an ethanol and acetone wash but were not polished, except for the Mg AZ31, which
was polished to 600 grit in order to be of similar thickness to other alloys tested. The setup
for bonding specimens was the same as the quenching setup in Figure 2 except the
dimensions of the metallic samples were twice as long, measuring 24.5 mm x 6.35 mm. Once
bonded the single lap shear specimens were tested in tension using an Instron 5582 load
frame at a rate of 0.1 mm/min.

Foil Geometry Applied Load

1.6 mm

6.3 mm

Propagation
Direction

—>
4.7 mm Ignition Point

Figure 2: A schematic of the geometry for quenching tests and bonding. Redox Foils were cut to the proper size
and placed between the two bonding components. Reactions in the foils were ignited outside of the bond area
and propagated between the components that were under 400 N of force.

Results

Velocity and Mass Ejection

The velocities of reactions in the Al:NiO:Ni and the Al:Cu;0:Cu systems decrease by over an
order of magnitude as dilution increases from 0 to 40 wt.%, as shown in Figure 3(a).
However, the type of diluent does play a role. Note that when the AL:NiO system is diluted
with Cu instead of Ni reaction velocities do not drop as rapidly with 10 or 20 wt.% dilution.
For 30 wt.% dilution of the Al:NiO system with Cu there is a substantial drop in reaction
velocity but the Al:NiO:Cu foils continue to propagate faster than the Al:NiO:Ni foils for the
same dilution; at 40wt% Cu dilution, however, the propagation velocity drops below that of
40wt% Ni dilution. In contrast to the Al:NiO and Al:Cu0 systems, the velocities of reactions
in the Al:CuO:Cu system remain relatively constant between 1 and 2 m/s for the same range
of dilution (0 to 40 wt.%).
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Figure 3: a) Velocities measured for self-propagating reactions in Redox Foils as a function of wt.% dilution and
dilution chemistry. b) The normalized mass ejection as a function of the volume percent of braze (metal) in the
final reacted product, assuming no loss of braze material. The weight percent dilutions for each set of samples
have been added next to the data points for clarity.

The amount of material that is ejected as the thermite reactions self-propagate is
summarized in Figure 3(b) for the same set of samples and similar trends are observed.
Mass ejection from the Al:NiO and Al:Cu;0 Redox Foils shows a strong dependence on the
amount of dilution, similar to reaction velocities, and there is some dependence on the
chemistry of the dilution for the AL:NiO system. Dilution with Cu instead of Ni leads to more
mass ejection for 10 and 20 wt.% dilutions in Al:NiO foils. However, independent of diluent,
the Al:NiO system ejects less mass, compared to the Al:Cu;0 system. In contrast to both the
AlL:NiO and Al:Cu;0 systems, the Al:CuO system ejects significant mass for all dilutions and
the amount of ejection decreases little with dilution until 40 wt.% of excess Cu is added. For
the Al:CuO foils at least 60% of their mass is ejected until the 40 wt.% Cu dilution is
reached.

DSC

Low temperature reactions were characterized using DSC to understand the effect of
dilution on how heat is released. DSC traces for Al:NiO:Ni, Al:CuO:Cu, and Al:Cu20:Cu are
displayed in Figure 4. For all chemistries studied, increasing the amount of dilution
decreased the magnitude of the exothermic peaks, indicating that less heat is generated by
the reactions on a per gram basis. The temperature of the exothermic peaks does not shift
with increased dilution. This indicates that adding diluent does not substantially increase
the spacing between the two reactants, the fuel and the oxide, as seen in earlier studies [27].
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Figure 4: DSC traces as a function of dilution are presented for three systems a)Al:NiO:Ni b) Al:CuO:Cu, and c)
Al:Cu20:Cu. For comparison the individual DSC traces are shifted along the 7-axis.

Similar DSC characterization was performed on Al:NiO:Cu with 10 and 20 wt.% dilutions to
characterize the reactivity of the samples and to help understand why velocity in the Al:NiO
system increases when the Ni diluent is replaced with Cu (Figure 3(a)). For all DSC traces in
Figure 5 the first peak, which occurs around 450 °C, corresponds to the formation of NiAl;
and NiAlz intermetallics, as determined from previous work [25]. This first exotherm is
suppressed when diluting with Cu because there is less Ni in the system to enable formation
of Al-Ni intermetallics, and because the presence of Cu at the Al/NiO interfaces hinders Ni
diffusion into Al. The second exotherm, which is enabled by the melting of the aluminum
fuel and its subsequent rapid reaction with other components, is shifted to lower
temperatures for both the 10 and 20 wt.% dilutions of Cu in contrast to Ni. The peak of the
exotherm shifts from 633 °C for Al:NiO:10%Ni to 551 °C for Al:Ni0:10%Cu and shifts from
637 °C for A:NiO:20%Ni to 561 °C for Al:NiO:20%Cu. We attribute both shifts to a lowering
of Al's melting temperature due to the Al being alloyed with Cu in addition to Ni.
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Figure 5: Heat flow data recorded for DSC scans of Al:NiO samples diluted with copper and nickel. Dotted lines
are diluted with nickel and solid lines are diluted with copper. The second exotherm shifts to a lower
temperature for copper diluted samples. 20 wt.% diluted samples are offset for clarity.

Quenching and Bonding

Given the reaction velocities reported in Figure 3(a) were characterized using free-standing
foils, we performed additional experiments to determine which samples can self-propagate
through a bond interface. As shown in Figure 2 we ignited foils outside a bond interface and
determined whether or not reactions could self-propagate across the bond area. When
reactions quenched, they typically did so as soon as their reaction front reached the edge of
bonding material. However, in a few cases the reactions propagated into the bond area
before quenching as demonstrated in Figure 6. (In compiling data for Figure 5(d) we labeled
areaction as being quenched whether it stopped propagating at the edge of the bond area
or within the bond area.) The quenching results in Figure 6(d) correlate with the velocities
measurements and mass ejection results in Figure 3. The Al:CuO:Cu foils with the fastest
reactions and the most mass ejection yielded reactions that propagated across the full
bonding area for both Mg AZ31 and Al 6061 components, and for all dilutions. In contrast,
reactions in the Al:NiO:Ni foils quenched in the bonding configuration when 20 wt.% Ni was
added, but quenched at a higher dilution of 30wt.% when Cu was added and the samples
were reacted between Mg AZ31. Similar trends were observed with reactions in the Al:Cu-
20:Cu system; the foils quenched between Mg AZ31 components for 20 wt.% Cu and
between the more thermally conductive Al 6061 components at 10 wt.% Cu. Based on these
dilution limits for quenching and based on measurements of mass ejection, Al:NiO:10%Ni
and Al:Cu0:40%Cu foils were chosen to bond metallic components and bond strengths are
summarized in Figure 7.
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Figure 7: Shear strengths for three different components and two Redox Foils. The error bars represent
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Discussion

As seen in Figure 3 diluting thermite-based materials with excess metal can reduce both
reaction velocities and mass ejection significantly. We attribute these reductions primarily
to a lowering of the adiabatic flame temperatures for the reactions, based on earlier efforts
[25]and theoretical calculations (Figure 8). A lower adiabatic or maximum temperature
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due to dilution will slow atomic intermixing and this in turn will decrease reaction
velocities. Relatively strong decreases in velocity are seen in Figure 3(a) when the AL:NiO
system is diluted with Ni and the Al:Cu0 system is diluted with Cu. These velocity
reductions correlate well with the decreases in the calculated adiabatic temperatures with
dilution that are seen in Figure 8 for the same foils. The adiabatic temperature drops
smoothly for both systems after relatively low levels of dilution are reached. However, if the
adiabatic temperature is pinned to a distinct phase change, such as the boiling of Cu,
dilution may need to reach a critical level before the maximum temperature actually
decreases and velocities drop sharply. Such is the case for the Al:CuO system diluted with
Cu. The calculated adiabatic temperature does not drop below the boiling point of Cu until
more than 50 wt.% excess Cu is added (Figure 8). Thus, one would anticipate only limited
drops in maximum temperatures and reaction velocities in the Al:CuO system when diluting
up to 40 wt.% Cu as seen in Figure 3(a).
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Figure 8: The calculated adiabatic temperature and normalized mass ejection for a given weight percent
dilution. The solid lines are the calculated adiabatic temperatures (right axis) and solid points, connected with
dashed lines, are measured mass ejection (left axis), previously plotted as function of volume percent in Figure
3(b).

Like the reaction velocities, decreases in mass ejection also correlate well with drops in the
calculated adiabatic temperatures as shown in Figure 8. Once temperatures drop below the
boiling point for Ni or Cu, less gas is generated and fewer particles are blown off the foils.
This general correlation is seen for all samples. As the calculated adiabatic flame
temperature decreases below the boiling point of Ni or Cu, mass ejection falls to nearly zero
for Al:NiO:Ni. This is also true for the Al:NiO samples that are diluted with Cu. The
correlation also holds for the Al:Cu,0 samples but some additional dilution appears
necessary to reach nearly zero normalized mass loss. In these samples, some localized hot
spots may exist which could lead to mass ejection, either from vaporization of the products
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or fracturing of particles. Internal porosity in the sample or loosely attached particles near
the surface of the foils could also cause some minimal mass ejection.

In addition to boiling of Cu or Ni, mass ejection can also be caused by oxide reduction and
the formation of gaseous oxygen. Many researchers have found that in Al:CuO thermite
reactions, the CuO decomposes to Cuz0 and O during the reaction[28, 29]. This production
of 02 gas could lead to local pockets of pressure and subsequent expulsion of particles from
the foil. Not only will this generation of O lead to mass loss, it can also promote reaction
velocities in certain cases. When reaction velocities are measured in burn tube
experiments, energy can be transferred ahead of the reaction front via convection from the
hot gases [30] and by advection of reacted molten material [31]. However, these forms of
energy transfer are reduced to due to the effects of dilution in the freestanding velocity case,
and essentially eliminated in quenching/bonding experiments where the foils are
constrained by the bonding components.

As a final comparison of reaction properties relative to the amount of dilution, we note that
when an Al:CuO sample diluted with 40 wt.% Cu reacts completely it produces
approximately 63% Cu by volume, similar to an undiluted Al:Cu;0 sample (Figure 3(b)). In
addition, both samples have similar reaction velocities (Figure 3(a)). This suggests that the
relative amount of Al, Cu and O in the as-processed samples has a large influence on
reaction properties. The slightly higher reaction velocity and mass ejection for the undiluted
Al:Cu;0 samples is attributed to the fact that there is no barrier separating the oxide from
the aluminum fuel in the Cuz0 case. In contrast, for the diluted Al:CuO system, the elemental
copper impedes diffusion of oxygen from the oxide to the aluminum fuel and slows reaction
velocities, likely reducing the maximum temperature and mass ejection.

Beyond the amount of diluent that is added, the chemistry of the diluent can impact reaction
properties in multiple ways, as seen for the Al:NiO system diluted with both Ni and Cu. First,
by adding excess Cu instead of excess Ni, the adiabatic temperature of the reaction is pinned
to the boiling point of Cu and more diluent is required to reduce mass ejection to zero as
seen in Figures 3(b) and 7. Second, because copper has a higher thermal conductivity than
nickel (401 W/m K versus 90.7 W/m K [32]), heat travels along the Cu-diluted Al:NiO Redox
Foil faster than the Ni-diluted foils and reaction velocities are higher, as seen in Figure 3(a).
Similar results were reported by Shen et al.[24] who found that adding small amounts of
silver nanoparticles to Al:CuO composites enhanced combustion velocities. However, after
substantial dilution, the velocity can decrease significantly when too much heat gets drawn
into the diluent and decreases the rate of heat production. This occurs in the Al:Ni0:40%Cu
case where reaction velocity substantially drops below the velocity of the AI:Ni0:40%N:i.

The third impact of diluent chemistry relates to melting temperatures and their impact on
reaction velocities. As seen in the DSC scans in Figure 4(a), the Al:NiO:Ni samples have large
second exotherms slightly below the melting temperature of Al. The exothermic nature of
the second reaction is attributed to the melting of the Al fuel and its rapid oxidation in a
molten state. Thus, the lower the melting temperature, due to alloying of the Al by Ni or Cu,
the earlier the mixing is enhanced and the sooner heat is released. When the Al:NiO system
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is diluted with Cu instead of Ni, the second exotherm shifts to lower temperatures (Figure
5) because the Al-Cu system has a lower eutectic temperature, than the Al-Ni system. We
argue that this lower melting temperature for the Al fuel when diluted with Cu will enhance
the oxidation of the Al, and hence the rate of heat production and the resulting reaction
velocities. This hypothesis is supported by our high speed video observations that the self-
propagating reactions progress primarily in a condensed state, and reaction rates are
controlled by mass diffusion, as many other researchers have reported for other thermite
systems and microstructures[33-38]. Thus, the higher reaction velocities of Al:NiO foils
when diluted with Cu instead of Ni can be explained in part by a lowering of Al's melting
temperature. Similar arguments were posed by Marin et al. who found that depositing thin
Cu layers between Al and CuO layers in sputtered multilayer films enhanced reactivity and
flame propagation speeds [39].

Given the fact that adding diluents to minimize gas production also slows the self-
propagating reactions, highly diluted foils are more susceptible to quenching in a bonding
configuration. Slower reaction speeds provide more time for heat to dissipate into the
surrounding components, which cools and slows the reactions further[40]. The data in
Figure 6(d) demonstrates this effect. The reaction of an Al:Cu;0 Redox Foils with a 20 wt.%
Cu dilution can propagate between two Mg AZ31 components but not between two Al 6061
components. Al 6061 has a higher thermal conductivity (167 W/m K)[41] compared to Mg
AZ31 (100 W/m K)[42] and thus draws heat from the reaction faster than the Mg AZ31
components and thereby enables quenching. To enable propagation of these foils with
higher levels of dilution, reactivity must be enhanced by decreasing the average spacing of
the reactants within the Redox Foils without initiating partial reaction during foil
fabrication. An alternative might be to separate the fuel from the diluent by the utilization of
diluent-oxidizer core-shell geometries. By doing so the formation of less reactive
diluent/fuel interfaces is avoided. In those mixtures, more reactive fuel/oxidizer interfaces
are formed. We recently demonstrated this approach for the Al:NiO:Ni system and reported
positive effects on velocity when Ni is added as Ni-NiO core-shell particles.[25]

Using the data in Figure 6(d) we chose Al:CuO foils with a 40 wt.% Cu dilution and Al:NiO
foils with a 10 wt.% Ni dilution to enable bonding of three different components: Al 6061,
Mg AZ31, and High Strength Boron Steel (HSB). Even though the Al:CuO foils with 40 wt.%
dilution of Cu eject approximately 40% of their mass during self-propagation in a free-
standing geometry, according to our relative measurement, they still enable bonding. In
comparison, the Al:NiO foils with a 10 wt.% dilution of Ni eject essentially 0% of their mass
during self-propagation in a free-standing geometry. Average shear lap strengths range
from 1 to 6.5 MPa. Part of the success in joining can be attributed to the fact that mass
ejection is inhibited during bond, because the components being bonded restrain particle
ejection and reduce evaporation by lowering reaction temperatures. Based on multiple
observations, material loss is restricted mainly to the edges of both Redox Foils. However,
mass ejection and gas production do occur and create both small and large voids across the
resulting composite interface layers.
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Despite the fact that Al:CuO foils eject significant mass when they self-propagate, joints
produced with these foils produce stronger bonds than the Al:NiO:10%Ni foils when
bonding Al 6061 and HSB. The discrepancies in bond strength are attributed to differences
in final product ratios and wetting characteristics. The products of the Al:Cu0:40%Cu foils
are 62.5% Cu by volume (assuming no loss of material due to ejection or vaporization),
while the products of the Al:NiO:10%Ni foils are only 47.4% Ni by volume, the rest of the
products being alumina. With more molten braze, the Al:CuO are more likely to enable
bonding. The more important difference, though, is the fact that the molten Cu wets the
components more readily than the molten Ni. Bonds made with Al:Cu0:40%Cu foils fracture
within the interface or braze layer, while bonds made with the Al:NiO:10%Ni foils fracture
at the braze/component interface, indicating poor adhesion between the Ni braze and
either one of the three components. This suggests that the molten Cu braze material can
wet the bonding components more effectively than the molten Ni braze material and that
the wetting characteristics of the molten braze are critical to the formation of strong bonds.
Undertaking various additional surface treatments to remove native oxides, oils, and grit
from the surfaces more effectively may also improve wetting for any of the braze materials.

For the Mg AZ31 joints, the bond strengths are similar for both the Al:Ni0:10%Ni and the
Al:Cu0:40%Cu foils, but there is evidence of significant melting and potential vaporization
of the Mg AZ31 surface during the reaction. Examination of the fracture surfaces displays
pitting caused by the melting of the surface. This type of behavior is not seen in the Al 6061
and HSB bonds. For the steel bonds, the melting point is sufficiently high that the reaction
does not cause melting. In the aluminum case, the high thermal conductivity transfers heat
away from the bonding surface so rapidly that significant melting of the Al alloy is avoided.
This result suggests that reducing the temperature profile seen by the surface of the Mg
AZ31 should decrease the degree of melting of the Mg surface and may improve bond
strengths.

Conclusions

We have demonstrated the ability to fabricate fully dense Redox Foils using Al:NiO, Al:CuO
and Al:Cu;0 chemistries, and we have shown that one can tailor the reaction properties of
the thermite mixtures by diluting with excess metal. With dilutions ranging from 0 to 40
wt.%, the excess metal decreases the propagation velocity as well as the mass ejected
during propagation in a free-standing geometry. Some of the most heavily diluted foils,
however, are unable to propagate across a bond interface due to heat losses to the
components being bonded. In order to achieve bonding with more highly diluted foils, the
average reactant spacing within the foils must be refined and/or the diluent chemistry must
be optimized to speed heat generation within the foils. Using Al:NiO and Al:CuO Redox Foils
we have shown an ability to bond Al, Mg and Fe-based alloys. Further refinement of the
reactive foil and tailoring the wetting characteristics of the braze to the components being
bonded should increase the strength of the resulting bonds.
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