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We have joined titanium alloy(Ti-6Al-4V ) specimens at room temperature and in air by using
free-standing nanostructured Al/Ni multilayer foils to melt a silver-based braze. The foils are
capable of undergoing self-sustaining exothermic reactions and thus act as controllable local heat
sources. By systematically controlling the properties of the foils and by numerically modeling the
reactive joining process, we are able to conclude that the temperatures reached by the foils during
reaction are critical in determining the success of joining when using higher melting temperature
braze layers. ©2004 American Institute of Physics. [DOI: 10.1063/1.1769097]

I. INTRODUCTION

The use of nanostructured reactive multilayered foils as
a heat source represents an exciting addition to the field of
joining.1–7 The energy released by self-propagating exother-
mic reactions in reactive multilayered foils can be harnessed
to melt bonding layers(solders or brazes) to join compo-
nents. This technique, known as reactive joining, has a num-
ber of significant advantages compared to more conventional
soldering and brazing techniques: no external heat sources
(except to trigger the reaction) are required; joining can be
performed in any atmosphere or under vacuum; and the tem-
peratures of the joined components are never raised signifi-
cantly. Therefore temperature sensitive components are not
compromised and large components with very different co-
efficients of thermal expansion can be joined.

Previous studies have demonstrated the ability to mea-
sure, model, and therefore control properties such as the re-
action velocity, reaction heat, temperature evolution, and
phase formation during self-propagating reactions in
multilayer systems.8–17This knowledge has enabled more re-
cent efforts to optimize the reactive joining of components
made from various materials, using different bonding layers.
For example, Au coated stainless steel joints using AuSn
solder and reactive foils have been shown to be 25% stronger
compared with conventional AuSn solder joints;3 and bulk
metallic glass has been welded using reactive foils without
causing crystallization of the glass components.6

In this study we focus on the reactive joining of a com-
mercial titanium alloy using reactive Al/Ni multilayer foils
and a bonding layer that has a high melting temperature, Tm

(a silver based braze). It is expected that the reactive joining
process will become more challenging as the melting point
of the bonding layers increase. The question arises, will the
rapid formation reaction of the foil, which causes the tem-
perature of the foil to increase and decrease rapidly, transfer
enough heat at a sufficient rate from the reactive foil into the
bonding layers to enable melting.

II. EXPERIMENTAL METHOD

Freestanding Al/Ni multilayer foils were fabricated us-
ing magnetron sputtering, by rotating a water-cooled brass
substrate over fixed Al and Ni guns. The Al target material
was the commercial aluminum alloy, 1100, which has a mini-
mum purity of 99 wt %. The Ni target was a nonmagnetic
Ni-7V alloy. The ratio of the Al to the Ni layer thickness was
adjusted to produce a 1:1 atomic ratio of Al to Ni-V. Two
different sputtering runs were used to fabricate foils for this
study. One run produced foils that contained 2000 bilayers
with a range in bilayer dimension of 25–80 nm and a range
in foil thickness of 50–160mm. The other run produced
foils that contained 4273 bilayers with the same range of
bilayer period, but with a foil thickness range of
107–340mm. The deposition process also included deposit-
ing a thin, 1mm layer of Incusil-ABA braze(Ag-27.3Cu-
12.5In-1.25Ti supplied by Wesgo Metals) on either side of
the Al/Ni multilayer without breaking vacuum. This was
done to enhance wetting during the joining process. Follow-
ing deposition, the coated multilayer was peeled off the brass
substrate so that it was freestanding.

The Al/Ni multilayer foils were characterized in various
ways. As-deposited and reacted foils were examined by x-ray
diffraction to determine phase formation. The heats of reac-
tion were calculated by integrating net heat flow measured
by differential scanning calorimetry(DSC) at a heating rate
of 40 °C/min. The velocities of reaction in the foils were
also measured using an optical system that records the inten-
sity of light from the reaction as it passes through a mask
with slits at a known periodic spacing, as described
previously.18 These measurements were later used as inputs
to numerically predict thermal transport during the joining
process.

The freestanding Al/Ni reactive multilayer foils were
used to join pieces of commercial Ti-6Al-4V alloy. Rectan-
gular pieces of Ti-6Al-4Vs20310 mm2d were sectioned
from a 0.41 mm thick sheet. They were prebrazed with
Incusil-ABA by a conventional method of silk screening the
braze in paste form, oven drying, and a heat treatment ina)Author to whom correspondence should be addressed.
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vacuum near the Tm of the braze(at 710 °C). The prebrazed
layers of Incusil-ABA were ground down to a thickness of
25–30mm. These pieces of prebrazed Ti-6Al-4V were sand-
wiched around a Al/Ni reactive foil with outer layers of
Incusil-ABA [Fig. 1(a)]. A pressure of 35 Mpa was applied
to the assembly and the multilayered reactive foil was then
ignited with a spark. Heat released from the self-propagating
formation reaction of the foil caused the braze layers on the
foil and titanium pieces to melt, wet each other, and then
solidify, thereby effecting a joint. It is important to note that
this joining was performed in air and at room temperature.

The strengths of the joints produced were evaluated by
tensile testing the resulting shear lap specimens[Fig. 1(b)] at
room temperature. Shear strengths were calculated by divid-
ing the maximum load at failure by the joint areas10
38 mm2d. Fracture surfaces were examined by optical and
scanning electron microscopy(SEM) to assess failure modes
and the degree of wetting that occurred during joining. The
integrities of the joints prior to testing were evaluated by
performing cross-sectional optical and SEM microscopy, in-
cluding compositional analysis by energy dispersive spec-
troscopy(EDS).

Heat transfer during the joining process was numerically
modeled. The amount of braze on the titanium components
that melted as well as the duration of melting was predicted.
The model(described in more detail in Ref. 3) is composed
of a simplified description of the self-propagating reaction
linked with thermal transport and phase evolution in the
braze layers and titanium components. The model assumes
one-dimensional motion of the reaction front, which is de-
scribed using the experimentally determined heats and ve-
locities of reaction. Our computation focuses on simulating
heat flow into the braze layers and phase changes within
these layers. The temperature evolution can be obtained by
integration of the energy conservation equation, which is in-
dependently solved within the reactive foil, braze layers, and
titanium components

r
]h

]t
= = ·q + Q̇, s1d

where r and h are the density and enthalpy of the corre-

sponding layer,t is time, q is the heat flux vector, andQ̇ is
the heat release rate. The temperatureT is related to enthalpy
h by a relationship that involves that particular layer’s heat

capacitycp and latent heathf. Note thatQ̇ is nonzero in the
reactive foil layer only, and is furthermore localized within
the moving propagation front. A third-order finite-difference
discretization of the energy equation is used in conjunction
with explicit third-order time integration of the discretized
evolution equations. The boundary conditions for the tem-
peratures in each layer are determined by a thermal interface
model, which accounts for thermal resistance at the inter-
faces between unbonded layers and which is assumed to de-
crease exponentially when melting and wetting occurs.

III. RESULTS

A. Characterization of reactive foils

The heat of reactionDH which is a specific quantity and
is measured in Joule/gram was determined for the Al/Ni
multilayer foils by integrating differential scanning calorim-
etry (DSC) curves. For the 2000 bilayer sputtering run some
of the foil was not coated with braze, so direct measurements
of heats of reaction up to 725 °C were possible. For the 4273
bilayer sputtering run, however, all of the foil was coated
with braze, so DSC scans were conducted up to 600 °C(be-
low the melting point of the braze). The heats of reaction as
a function of bilayer were very similar for the two sputtering
runs when measured up to 600 °C. The heats of reaction up
to 725 °C for the 4273 bilayer sputtering run, were then
extrapolated by evaluating the heat of reaction between 600
and 725 °C for the 2000 bilayer run and adding this quantity
to that already measured for the 4273 bilayer run up to
600 °C. This was all done as a function of bilayer. The re-
sults are plotted as a function of bilayer period,l, in Fig. 2.

FIG. 1. Schematic diagrams showing the geometry of the reactive joining
process:(a) transverse cross-sectional view,(b) longitudinal cross-sectional
view of shear lap specimen.

FIG. 2. Heats of reaction measured using DSC for the two sets of Al/Ni
reactive foils plotted as a function of bilayer period: Scans could only be
conducted to 600 °C for the 4273 bilayer foils, so these values were sys-
tematically extrapolated from 600 to 725 °C using data from the 2000 bi-
layer foils, for which scans were conducted to 725 °C. The plotted line is
fitted to the data of the foils with 2000 bilayers according to Eq.(2).
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The heat of reaction is seen to increase as the bilayer period
increases, and the trend is very similar for both sputtering
runs. There is about a 20% difference in values over the
bilayer range investigated: from 1000 J/g for a 20 nm bi-
layer thickness to 1200 J/g for a 80 nm bilayer thickness.
The reason for this dependence of the heat of reaction on
bilayer period is due to the inevitable intermixing of the
layers that occurs during deposition, and which causes a re-
duction in the maximum possible amount of heat that can be
released,DH0.

11 The absolute amount of intermixing is usu-
ally constant for a given deposition, and is defined by an
intermixed layer of thicknessw. The measured heat of reac-
tion DH however, is dependent on the fractional amount of
intermixing,w/l, and can be expressed as

DH = DH0S1 −
2w

l
D . s2d

The data for the sputtering run that produced 2000 bilay-
ers that is shown in Fig. 2 had previously been plotted versus
1/l and a linear fit indicated that the intermixed layerw was
2.3±0.3 nm and thatDH0 was 1270±20 J/g.3 Using these
values ofw and DH0, heats of reaction were calculated ac-
cording to Eq.(2) for the whole bilayer range investigated
and these are shown by the solid line in Fig. 2. These calcu-
lated heats of reaction were used as inputs for the numerical
modeling.

Reaction velocities were measured as a function of bi-
layer period and the results are plotted in Fig. 3. Velocities
are seen to increase as bilayer period decreases since diffu-
sion distances become smaller and atoms can mix more rap-
idly. Heat is thus released at a higher rate and reactions travel
faster through the reactive foil. The measured velocities
range between 3.4 and 5 m s−1.

X-ray diffraction on the as-deposited reactive foil re-
vealed that all the major diffraction peaks corresponded to Al
and Ni. After reaction in air, all major peaks corresponded to
the AlNi compound.3 These results indicate that the thickness
ratio of Al to Ni for the deposited reactive foils was very
close to the ideal ratio to maximize the heat of reaction for
the formation of AlNi.

B. Characterization of joints

Cross-sections of prebrazed titanium alloy component
pieces were initially examined prior to joining. An important
observation is that an interface layer between the braze layer
and the titanium component forms during the prebrazing pro-
cess. This layer is clearly visible in Fig. 4(a) and semiquan-
titative EDS analysis of this layer indicates that it is a
roughly equiatomic CuTi phasesCu48Ti45Al5Ag1V0.7In0.3d. It
is also quite apparent from Fig. 4(a) that the braze consists of
two chemically distinct phases. EDS analysis indicates that
the lighter phase is Ag richsAg82In10Cu7.5Ti0.5d, while the
darker phase is Cu richsCu57Ti25In12Al4Ag2d. The average
composition of the braze layer after prebrazing was also
measured. It was found to contain a significantly higher
amount of Ti compared to the supplied material(7 wt %
compared to 1.25 wt %). Using a combination of DSC and
differential thermal analysis the liquids temperature of this
prebrazed layer was determined to be 805 °C. This is sig-
nificantly higher than that of the supplied material, which is
quoted to be 715 °C.

FIG. 3. Velocity of self-propagating reactions in the Al/Ni reactive foils that
consist of 2000 bilayers.

FIG. 4. Cross-sectional SEM micrographs of(a) braze on titanium compo-
nent following pre-brazing but prior to joining: the braze contains two
phases and a CuTi layer is observed to form between the braze and the
titanium, (b) reactively joined titanium components: good adherence at all
interfaces and braze flow into cracks in the reactive foil, and(c) melted
regions of the braze following joining where refined microstructure is
evident.
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Shear lap joints were made according to the geometry
indicated in Fig. 1. Some of these joints were cross-sectioned
for microscopy before any testing was conducted. Figure
4(b) shows a backscattered electron SEM micrograph of such
a cross-sectioned joint and it is apparent that there is good
wetting and adherence between all interfaces. In particular,
the interface between the braze layer deposited on the foil
and braze layer deposited on the titanium component is vir-
tually undetectable. Also shown in Fig. 4(b) is a crack in the
reactive foil that occurred and was filled with braze material
during the joining process. This is typical of the larger cracks
in the reactive foil that essentially form braze bridges linking
the braze layers on either side of the reactive foil, and
thereby form a composite adhesion layer between the tita-
nium components. There is also good evidence of melting of
the braze. Following joining the braze microstructure ap-
pears to be highly refined locally, with areas of an extremely
fine lamellar eutectic structure visible[Fig. 4(c)]. The melt-
ing appears to be mostly confined to the Ag-rich phase of the
braze, which presumably has the lower melting point of the
two phases present in the braze. Also, melting is not always
evident all the way through the,30 mm thickness of the
braze layer that was prebrazed on the titanium component,
even for maximum strength joints. The refined microstruc-
ture, which has been observed in a previous study on reactive
joining,3 is due to the very rapid cooling following melting
and is thought to be unique to the reactive joining process.

The tensile shear strengths of the reactively joined tita-
nium alloy specimens are plotted in Fig. 5. In Fig. 5(a) the

results are plotted as a function of reactive foil thickness
while in Fig. 5(b) they are plotted as a function of reactive
foil bilayer period. In Fig. 5(a) it can be observed that shear
strengths initially increase with foil thickness before leveling
off to a value of about 33 MPa. Furthermore, this leveling
off with foil thickness occurs at different foil thicknesses for
the two foil sets investigated. It occurs at about 110mm for
the foil set with 2000 bilayers and at about 190mm for the
foil set with 4273 bilayers. Thus it would appear that joint
strength, which is a good indicator of the success of joining,
does not depend critically on the total foil thickness. Rather,
it would appear that successful joining in this case depends
critically on bilayer period as can be seen in Fig. 5(b), where
the results for both foil sets show a similar dependency. Joint
strength is observed to increase sharply as the bilayer period
increases to about 50 nm, after which joint strength seems to
reach a limiting value for higher values of bilayer period. A
few joints were also made using Ti-6Al-4V blocks(10 mm
thick) instead of the sheet, which enabled shear testing in
compression instead of tension. Shear strengths of up to
102 MPa were thus measured. This demonstrated that the
tensile mode of testing resulted in measurements that were
far below the true shear strengths of the joints due to the
additional nonshear loads imposed on the tensile single lap
shear specimens.

The fracture surfaces of tested shear lap specimens were
examined by optical stereo microscopy and SEM. For speci-
mens that recorded very low shear strengths, fracture oc-
curred almost exclusively along the component braze/foil
braze interface and it was apparent that only a small amount
of the braze on the component had melted[see Fig. 6(a)]. For
higher recorded shear strengths, it was noticed that fracture
also started to occur along the braze/component[Figs. 6(a)

FIG. 5. Tensile shear strengths of shear lap specimens plotted as a function
of: (a) the thickness of the Al/Ni reactive foils,(b) the bilayer period of the
Al/Ni reactive foils.

FIG. 6. Fracture surfaces after tensile shear tests of joints made using reac-
tive foils containing 2000 bilayers:(a) only a small area of the braze on the
titanium component appears to have melted and failure occurs exclusively
along the component braze/foil braze interface(foil thickness=92mm, joint
strength=10 MPa); (b) failure also starts to occur along the braze/
component interface shown by the darker area(foil thickness=98mm, joint
strength=26 MPa); (c) failure along the braze/component interface becomes
more significant(foil thickness=112mm, joint strength=35 MPa); and (d)
failure is now almost exclusively along the braze/component interface(foil
thickness=126mm, joint strength=39 MPa).
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and 6(b)]. In fact, the increase in strength was found to be
proportional to the fraction of failure along the braze/
component interface. For the maximum recorded shear
strength, failure was observed to occur almost exclusively
along the braze/component interface[Fig. 6(d)]. SEM EDS
analysis of the fracture surfaces revealed that when fracture
did occur along the braze/component interface it was local-
ized in or along the CuTi interface layer previously identified
by cross-sectional SEM[Fig. 4(a)].

C. Numerical modeling results

The measured velocities and heats of reaction were fed
into the numerical model for particular foil thicknesses and
bilayer periods in order to replicate the experimental joining
as closely as possible. The model output predicted the
amount and time of melting for the braze layers. In Fig. 7
these outputs are plotted as a function of foil thickness for
inputs that characterize the properties of the two different
sets of foil. In a general sense this plot mimics the experi-
mental shear strength values shown in Fig. 5(a). The pre-
dicted amount of melting of the braze layer on the titanium is
seen to initially increase rapidly with foil thickness until it is
all melted just as the shear strengths are observed to increase
rapidly before leveling off. Furthermore, the predictions in
Fig. 7 for the two different foil sets clearly show different
dependencies on foil thickness, as was the case for the mea-
sured shear strengths in Fig. 5(a), although the separation of
the data is not as pronounced in Fig. 7 compared to Fig. 5(a).
The predicted duration of melting of the braze layer on the
component measured at the interface with the thin braze
layer on the foil is also shown in Fig. 7. This duration of
melting shows a steady increase as foil thickness increases
for both sets of foil. From the experimental data in Fig. 5(a)
it was observed that the measured shear strengths level off at
a foil thickness of 110mm for the foil set consisting of 2000
bilayers. The predicted duration of melting for this same foil
set at 110mm is about 0.75 ms(from Fig. 7). The implica-
tion therefore is that the braze on the component needs to be
molten for at least 0.75 ms at the unbonded interface to
achieve maximum wetting and joint strength.

Numerical parametric studies were also conducted in or-
der to isolate the effects of the velocity of reaction, the heat
of reaction, and the total reaction heat on the melting of the
braze layers. Figure 8 shows the effect of changing only the
velocity of reaction while keeping all other parameters con-
stant. For velocities of 3 m/s and higher, it is predicted that
velocity has very little effect on both the amount and dura-
tion of melting. The lowest experimentally measured veloc-
ity for all the reactive foils investigated was 3.4 m/s(Fig. 3),
so for this study it is expected that velocity of reaction has
little or no influence on results.

The effect of varying the total heat released from the
reactive foil was modeled by changing the foil thickness
only, while keeping the heat of reaction constant at 1000 J/g
and velocity constant at 5 m/s. These results are plotted in
Fig. 9, where it can be seen that the foil thickness(and there-
fore also the total heat) needs to be doubled(from 60 to 120

FIG. 7. Numerical predictions of the amount of melting(thickness of melted
region as measured from the reactive foil interface) of the 25mm predepos-
ited braze layer on the titanium components(solid lines). The duration of
melting at the component braze/foil braze interface is also plotted(dashed
lines).

FIG. 8. Numerical parametric study which reflects the dependence of melt-
ing of the 25mm predeposited braze layer on the velocity of reaction in the
Al/Ni reactive foil. The foil heat of reactionDH and the foil thickness were
kept constant at 1126 J/g and 70mm, respectively.

FIG. 9. Numerical parametric study which reflects the dependence of melt-
ing of the 25mm predeposited braze layer on the total heat released by the
Al/Ni reactive foil. The total heat was varied by increasing the foil thickness
while keeping the heat of reactionDH and the velocity constant at 1000 J/g
and 5 m/s, respectively.

2340 J. Appl. Phys., Vol. 96, No. 4, 15 August 2004 Duckham et al.



mmd before all the braze on the titanium melts and almost
tripled (from 60 to 160mmd before it is molten for 0.75 ms
at the unbonded interface.

The effect of varying only the heat of reaction of the
foils, while keeping the foil thickness constant at 100mm
and the velocity constant at 5 m/s is illustrated in Fig. 10. It
is quite apparent that the melting of the braze is very sensi-
tive to variations in the heat of reaction. A rise of just 25% in
the heat of reaction of the foil increases the amount of braze
that melts on the titanium component by ten times. Increas-
ing the heat of reaction by 38% melts all the braze and in-
creasing the heat of reaction by 55% keeps the braze molten
for 0.75 ms at the unbonded interface. For comparison, one
needs to increase the total foil thickness by 100% and 167%
to achieve the same objectives. The heat of reaction has such
a strong impact because it controls the temperature that the
foils reach during reaction, as can be seen in Fig. 11. This
has important consequences for heat flow as will be dis-
cussed.

IV. DISCUSSION

The upper strength limit of 35 MPa observed in this
study seems on initial consideration to be surprising low if it
is considered that the quoted yield strength of the braze used
for joining is 338 MPa. However, when considering fracture
this is easily understood. For the highest strength specimens,
fracture always occurred in or along the CuTi interface layer
between the braze and the titanium alloy component. This
CuTi layer, which is presumably a brittle intermetallic layer,
forms during the prebrazing process and not during the ac-
tual reactive joining process. Its fracture strength is likely to
be low and is assumed to be limiting the measured shear
strengths. Failure along this brittle interface layer is also
likely to account for the fair amount of scatter observed in
the maximum strength values(Fig. 5). As mentioned previ-
ously, another contributing factor to the low measured
strengths is the mode of testing. Since the test specimens are
single lap and are loaded in tension, there is a significant
amount of nonshear loading which reduces the recorded
shear strengths.

Regardless of the absolute joint strengths the trends ob-
served in this study are very illuminating. For instance, it is
clear that the measured joint strengths of this study do not
depend critically on the total heat released by the reactive
foils during joining, unlike in earlier studies involving lower
melting point solder bonding layers.2,3 Note in Fig. 5(a) that
a 4273 bilayer foil that is 160mm thick results in a joint
strength of 8 MPa. Assuming typical foil dimensions for the
joint area it can be calculated that such a foil produces 101 J
of total heat. However, a 2000 bilayer foil that is only
110 mm thick results in a much higher joint strength of
35 MPa, yet only produces 74 J of total heat. These experi-
mental results can only be explained by considering the heat
of reaction. Figs. 2 and 5(b) show that there is a clear depen-
dency of both joint strength and heat of reaction on bilayer
thickness, regardless of the number of bilayers. The thinner
foil from the above example(110 mm thick), which resulted
in a higher strength, has a bilayer thickness of 55 nm and a
heat of reaction of 1164 J/g, while the thicker foil from the
same example(160 mm thick), which has a smaller bilayer
thickness of 37 nm and a smaller heat of reaction of
1036 J/g resulted in a lower joint strength. Figures 2 and
5(b) suggest that a heat of reaction equal to 1150 J/g(or a
bilayer of 50 nm) is needed to achieve a strong joint in this
particular geometry.

The modeling results of this study provide additional
support for the above interpretation of the experimental re-
sults. When particular measured reactive foil properties are
fed into the model, the predicted amount and time of braze
melting do not demonstrate uniform dependencies on foil
thickness, as seen in Fig. 7. Instead the data for the two sets
of foils show separate trends and some thicker foils with
more total heat are predicted to melt less braze for a shorter
amount of time compared to other thinner foils with less total
heat. The parametric studies also indicate that the success of
braze melting is more sensitive to changes in the heat of
reaction of the foils(Fig. 10) than changes in foil thickness
or total heat(Fig. 9).

FIG. 10. Numerical parametric study which reflects the dependence of melt-
ing of the 25mm predeposited braze layer on the heat of reactionDH of the
Al/Ni reactive foil. The thickness of the foil and the velocity were kept
constant at 100mm and 5 m/s, respectively.

FIG. 11. The predicted maximum temperature reached in the reactive foil as
a function of the measured heat of reaction.
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To understand why the success of melting a bonding
layer with a highTm, such as a braze, is critically dependent
on the heat of reaction of the foil in reactive joining, one
needs to consider the kinetic transfer of heat from the reac-
tive foil to the braze layer. First, the braze material needs to
absorb a sufficient quantity of heat to raise its temperature to
its melting point and to cause melting. Second, this absorp-
tion of heat needs to occur rapidly, to minimize heat dissipa-
tion into the adjoining titanium component. The initial re-
quirement is easily met(about 4 J of energy is required), but
the second requirement depends on a number of factors,
which include the relative temperatures, melting points, ther-
mal conductivities, and heat capacities of the various layers
involved. In this example, where a high melting point braze
layer is involved, the difference between the maximum tem-
perature of the reactive foil,TFmax, and the melting point of
the braze,TBrazemelt, is critical. The smaller this difference,
the more difficult it will be to satisfy the second requirement.
Alternatively, the higherTFmax, the more rapid the heat trans-
fer into the braze layer and thus the more likely it will be to
melt. The maximum temperature that the reactive foil
reaches is in turn dependent on the heat of reaction of the
foil, as can be seen in Fig.11.

The importance of the temperature difference,DT
=TFmax−TBrazemelt, can be used to explain the discrepancies
between the modeling predictions and the experimental re-
sults. The modeling assumed that the braze melts at 715 °C,
which is the published liquidus temperature for this commer-
cial braze. However, due to the extensive Ti diffusion into
the braze layer during the prebrazing process(prior to join-
ing) the melting point of the braze was increased to 805 °C,
as noted earlier. Since the modeling assumes a lower melting
point for the braze, compared to that observed experimen-
tally, the predictions are therefore less sensitive to the maxi-
mum foil temperatures. This explains why the separation of
predicted data points for the two different reactive foil sets in
Fig. 7 is smaller than the separation in Fig. 5(a) for the ex-
perimental results.

Lastly we consider the duration of melting and its influ-
ence on joint strength. When comparing the experimental
strength results[Fig. 5(a)] with the predicted time of melting
of the braze layer on the component(Fig. 7) for the reactive
foil set consisting of 2000 bilayers, it was observed that the
braze layers needs to be molten at the braze/coated foil in-
terface for a minimum time of about 0.75 ms to achieve
maximum wetting and joint strength. This observation is
consistent with an earlier study involving the reactive joining
of stainless steel by melting a AuSn solder layer,3 where it
was found that the AuSn solder needs to be molted for
0.5 ms in order to establish maximum joint strength. The
reason for this minimum time of melting requirement for the
bonding layer is likely related to the facilitation of flow of
the molten material. If the bonding layer is molten for long
enough it can flow to fill in any cracks or crevices and also
expose fresh surfaces to enhance wetting. It is also interest-

ing to note that unlike the case for free-standing bonding
layers(free-standing sheets of solder),2,3 complete melting of
the braze layer that was pre-bonded to the component is not
necessary for good joining results.

V. CONCLUSION

Titanium alloy components have been joined at room
temperature by reactive joining: a process that harnesses the
heat released by self-propagating exothermic reactions in
multilayer foils to melt a silver-based braze. By systemati-
cally varying the properties of the reactive foil and by nu-
merically modeling the reactive joining process for these
conditions we were able to deduce that the maximum tem-
perature reached by the foil during reaction was critical in
determining the success of joining for this high melting point
braze layer. The maximum temperature is directly dependent
on the foil’s heat of reaction. Other factors such as reaction
velocity, foil thickness, and total heat have less impact on
joint strength. Our current results also confirmed previous
observations of highly refined solidification microstructures
associated with reactive joining. They also confirm the no-
tion that a minimum duration of melting of the bonding layer
is necessary to ensure the success of the reactive joining
process.
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