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Abstract
Reactive joining of various materials by using different types of reactive multilayer foils is considered. An electron
beam deposition method is presented for producing reactive composite foils. These foils may provide efficient joining of
traditional PCBs.
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Introduction
Many methods of joining materials require a heat

source. The use of external heat sources leads to the
heating of the entire volume of bulk materials to a tem-
perature high enough to melt the solder or braze layers.
The disadvantage of this method is the sensitivity of
some bulk materials to the high temperatures required
in the process of heating.

For example, in many microelectronic applications
semiconductor devices have to be bonded to a printed
circuit board (PCB). Traditional bonding techniques
require high temperatures to achieve a successful bond.
These high temperatures may damage or destroy semi-
conductor devices. It would be beneficial for these
applications to develop new approaches to reduce bond-
ing temperatures for PCBs and semiconductor devices.
A reactive multilayer structure (generically referred to
as a "foil") can solve the problem with external heat
sources.

The aim of this study is to show the possibility of
joining traditional PCBs by using the reactive multi-
layer foils. In order to develop the technological basis
for this technique a literature review was conducted
concerning the current experimental results in this area.

1. Principles of joining with SHS reaction
A reactive multilayer foil is made up of two alter-

nating layers of materials, such as Nb/Si, Ni/Si, Ni/Al,
Ti/Al, Ti/a–Si etc [1, 2]. When a pulse of activation
energy, such as a spark or a flame, is applied to the foil,
the layers of the foil react chemically and generate heat
very rapidly. Thermal diffusion leads to more atomic
mixing and initiate a self-propagating exothermic reac-
tion along the entire foil.

The front propagation velocities of the SHS reaction
can reach up to 30 m/s, with maximum temperatures
ranging from 1000∘ to 3000∘C [3], and a local heat-
ing rate rising to 109 K/s [4]. These parameters of
the SHS reaction can be controlled by changing the
thickness, the number or the materials of the foil layers.
As a result, a reactive multilayer foil can be used as a
controlled local heat source.

The heat released by the SHS reaction in a reac-
tive multilayer foil can melt bonding layers (solders or
brazes). After cooling a strong bond will be created,
joining two or more bulk materials. If no solder or
braze layers are used, the heat of the SHS reaction will
be directed to the bulk materials. A surface of each
component will melt, and a strong bond will be created
after cooling.

This method is known as reactive joining and can be
performed at room temperature in any atmosphere. No
external heat sources are required as well. Because of
small localized heating, reactive multilayer foils can be
used to join temperature sensitive components or ma-
terials without thermal damage. The reactive joining
technique is being broadly investigated nowadays.

2. Examples of reactive joining of different ma-
terials

The intensive generation of heat during SHS reaction
for a wide variety of materials used in reactive joining is
the result of various physical and chemical phenomena.
For silicides and aluminides [2] the heat is released due
to exothermic reactions of intermetallic compounds for-
mation. Exothermic reactions of borides and carbides
formation, reduction–oxidation reactions in the ther-
mites [4] are broadly used in reactive joining as well.
The heat released during metallic glass devitrification or
phase transitions in alloys also can be potentially useful.
Different metals and alloys, metallic glass, polymers,
ceramics, composite materials and semiconductors are
among the materials which may be or have already been
joined by reactive joining method. It would be inter-
esting to compare different approaches of joining these
materials by using various types of reactive multilayer
foils.

Typical scheme of reactive joining includes stacking
two sheets of solder and one reactive multilayer foil
between two bulk materials. In most cases both sides of
the foil are coated with a brazing layer so as to enhance
wetting of the foils by the solder. The total thickness
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Fig. 2. Cross-sectional SEM micrograph of reactively joined
titanium components [5].

of the foil ranges to optimize the joining process. In
order to enhance bonding, the specimens also can be
coated with additional adhesive layers. These layers: a)
promote adhesion after removal of the native oxide, b)
prevent surface oxidation, c) enhance wetting by the
solder. As a rule, the joining process takes place in
air and at room temperature by initiating SHS reac-
tion in reactive multilayer foils. Currently, Ni/Al foils,
created by physical vapor deposition [4] (in particular,
magnetron spluttering), are mostly used in the research.
These foils are usually ignited with a spark under an
applied pressure.

Following the described scheme, room temperature
soldering of stainless-steel specimens was investigated
[1]. The joints were obtained by using AuSn solder
and Al/Ni reactive multilayer foil. The specimens were
coated with Ni and then Au adhesive layers while both
sides of the foil were covered with a silver based Incusil
ABA braze.

Fig. 1. Cross-sectional SEM micrograph of reactively joined
stainless-steel components [1].

Cracking was observed within the reacted foils.
Molten solder typically flowed into these cracks (Fig-
ure 1). The boundaries between the Au and Ni layers
remained distinct because of insufficient time and tem-
peratures to enable significant intermixing of Au and
Ni. It was shown that the shear strength of the joints
depends on the melting and wetting of the AuSn solder
onto the stainless-steel components. Its highest value
equals about 48 MPa in comparison with only 38 MPa
for conventional solder joints of the same specimens.

In contrast with the previous work, no solder was used
for joining of commercial titanium alloy Ti-6Al-4V [5].

The joints were obtained by stacking Al/Ni reactive
multilayer foil between two titanium alloy specimens.
Both sides of the foils as well as the specimens surfaces
were coated with a silver based Incusil ABA braze.

Cracking was observed within the reacted foils.
Molten braze typically flowed into these cracks (Fig-
ure 2). It was shown that the shear strength of the joints
depends on a bilayer period of the foils. It equals only
35 MPa for the bilayer period of 50 nm in comparison
with 338 MPa for the yield strength of the braze.

The same as in the previous work, no solder was used
for joining of lightweight alloys such as TiAl, Ti-6Al-4V,
TiNi, Al 7075, and Inconel 718 [6]. The only coating
was Ag–Cu–In braze at both sides of the Ni/Al foil.
The surfaces of the bulk materials were polished and
ultrasonic cleaned prior to joining. Of all the materials
studied, only Ti-6Al-4V and TiAl alloys were success-
fully bonded. Cracking was observed within the reacted
foils. Molten braze typically flowed into these cracks.
It was shown that the number of cracks depends on the
pressure.

No solder or braze layers were used in reactive joining
of a metallic glass alloy Zr57-Ti5-Ni8-Cu20-Al10 with
an excellent glass forming ability [3, 7] as well. The
temperatures reached are high enough to melt the glass
near the foil. The melted glass flows into the resulting
cracks in the reactive foil, thus joining two components.
It was shown that the highest shear strength of the
joints is equal 483 MPa. However, the presence of
a brittle intermetallic might compromise the fracture
toughness of the joints. This problem can be solved by
increasing the pressure applied during joining.

In addition to metal-to-metal bonding, the reactive
joining method is effectively used for low temperature
bonding of semiconductors, ceramics and heterogeneous
materials. In particular, successful reactive joining of
silicon wafers, which are a basis for MEMS devices, was
demonstrated in [8, 9]. The silicon wafers bonding was
achieved by two methods. In the first method the joints
were obtained by using AuSn solder and Al/Ni reac-
tive multilayer foil. In addition, the silicon wafers were
coated with Cr and Au adhesive layers. In the second
method [9] a Parylene-C layer was bonded to a sili-
con wafer with a Parylene-C coating by placing Ni/Al
reactive multilayer foil on the top of the Parylene-C
layer.

Fig. 3. (a) Cross-sectional SEM micrograph of reactively
joined silicon wafers; (b) molten solder flowed in a crack in

the reacted foil [8].
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In the first case cracking was observed within the
reacted foils. Molten AuSn solder typically flowed into
these cracks (Figure 3). Intermixing between the solder
and the reactive foil at the interface was observed as
well. In the second case two Parylene-C layers joined
as a single layer without a distinguishable interface.
In both cases, the obtained joints were so strong that
applied mechanical loads destroyed either silicon or
Parylene-C but not the bond.

Reactive joining of microelectronic devices with the
use of Al/Ni multilayer foils was illustrated in [10]. A
strain gauge (quartz) was bonded onto a stainless steel
membrane and a temperature-sensitive IR-emitter was
bonded onto a covar socket without any thermal dam-
age. The joints were obtained by using SnAg solder and
Al/Ni reactive multilayer foil. In addition, IR-emitter
was coated with a thin adhesive layer of nitride, while
the strain gauge and the stainless steel membrane were
covered with a thin adhesive layer of chrome–nickel.
Both device surfaces were then covered with a wetting
layer of Au.

Fig. 4. (a) Quartz strain gauge (top view) bonded on a
steel membrane; (b) IR-emitter bonded on a covar socket.
SEM images of the bond interface are shown below [10].

Despite some defects in the microstructures of the
bonded interfaces, tensile tests showed that strong bond-
ing adhesion can be created by reactive bonding pro-
cesses (Figure 4). Fracture stress of 18 MPa and 13.5
MPa was measured for the bonded quartz strain gauge
and IR-emitter respectively. These results underline the
general potential of reactive bonding for microelectronic
devices.

Other various materials, including low temperature
co-fired ceramics (LTCC) and the polished copper plate
were joined with the use of Ni/Al reactive multilayer foil
in [11]. However, no satisfying tensile strength could be
achieved, especially for the LTCC. It could be explained
by defects in the microstructure of the obtained joints,
in particular, the formation of cracks in the ceramic.

While in all the mentioned works Ni/Al foils were
created by magnetron spluttering, the authors of [12]
used cooled rolling technique to fabricate reactive foils

for bonding a copper sheet onto a printed circuit board.
An eutectic Sn–Pb solder alloy was used in this joining
method. The surface of the reactive foil after joining
was uneven with many cracks. Molten solder typically
flowed into these cracks. However, the quality of the
joint was poor due to the uneven structure of foil, the
presence of structural defects and a bad wetting of the
foil with the solder (Figure 5).

Fig. 5. (a) Optical microscope image of Al/Ni multilayer
foil; (b) SEM micrograph of the interface between Al/Ni

foil and Sn-Pb solder [12].

Of all the mentioned research, only one experiment
studied the reactive joining of PCBs. However, it was
performed with the use of the foil, fabricated by cold
rolling method, which did not assist the high quality
of the joint. Therefore, production of the foils that
provide efficient joining of PCBs is one of the key as-
pects of this problem. This foil can be obtained by the
novel technique developed in the E. O. Paton Electric
Welding Institute.

3. Elaboration technique of composite reactive
multilayer foils

New opportunities can be obtained by using the
method of electron beam evaporation and condensation
of substances in a vacuum. Among the foils that were
created by this method, Ni/Al and Ti/Al were already
used in diffusion bonding of microdispersed composite
AlMg5+27 % Al2O3 [13] and the 𝛾-TiAl-based alloy
[14] respectively.

Electron beam deposition is performed on the instal-
lation, which is described in details in the work [13].
The scheme of the process of electron beam deposition
is presented in Figure 6.

In order to perform layer by layer deposition of ele-
ments, the vacuum chamber is separated by a vertical
continuous screen (5) into two equal parts. Each of these
parts includes a copper water-cooled crucible with Ni
(or Ti) and Al ingots (4). Heating electron beam guns
(1) heat the substrate (2) up to the specified temper-
ature. Then the evaporation guns (3) melt the ingot
surface, from which evaporation onto the substrate is
performed. In order to separate the foil from the sub-
strate, a thin layer of NaCl is deposited on the substrate
surface before the beginning of the deposition process.

The intensity of evaporation determines the thickness
of individual element layers, while the rate of substrate
rotation determines the bilayer thickness. The total
foil thickness depends on the duration of the deposition
process.
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Fig. 6. The scheme of the process of electron beam
deposition: 1 – heating electron beam guns; 2 –substrate;

3 –evaporation electron beam guns; 4 –crucibles with
evaporation ingots; 5 –separating screen [13].

The method allows depositing any elements at high
speed, compared with magnetron spluttering method.
Therefore, it is cost-effective and gives the possibility to
create foils of any thickness. In addition, the method
has the opportunity to vary the structure of multilayer
condensates.

In particular, it is possible to create composite re-
active multilayer foils, for example, the Sn/Al–Ni/Sn
foil. This structure consists of outer layers of Sn solder
and the inner layer based on reactive multilayer Ni/Al
structure. It can be achieved by using three copper
water-cooled crucibles with Ni and Al ingots to form a
multilayer structure and Sn ingot to form outer layer
of solder. The propagation of the SHS reaction in the
Ni/Al inner layer, will be accompanied by melting outer
solder layer. This composite structure can be especially
useful in reactive joining of PCBs.

Conclusions
The experiments performed in the area of reac-

tive bonding actually showed the prospectivity of this
method for various materials, including stainless-steel,
titanium alloys, bulk metallic glass, silicon wafers and
different microelectronic devices. The method allows
rapid low temperature joining without thermal damage
of components, which is especially important for bond-
ing semiconductor devices to a printed circuit board.
Among the factors that enable the successful joining of
components, the most significant are: a) solder coating
of a multilayer foil; b) coating of the components to
be joined with adhesive and wetting layers; c) joining
under applied pressure. Temperatures reached during
reactive joining can successfully melt any solder or braze
layers which flow into the resulting cracks in the foil
due to applied pressure.

Production of the composite reactive foils that are
covered with the solder may provide efficient joining
of PCBs. Such a foil can be obtained by the electron
beam evaporation technique developed and successfully
used in the E. O. Paton Electric Welding Institute.
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