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Abstract. This research introduces a 6-degree freedom underwater welding robotic system to ignite nano heater
foils for metal joining, thus extending these nano heaters from soldering, brazing, and joining of components in
the microchip industry to underwater welding. Ni/Al reactive multilayers are utilized to perform aluminum sheet
component joining. These commercially available nano heaters release large amounts of heat when an electrical
ignition stimulus initiates an exothermic reaction. The integrity of the welds performed by nano heater underwater
welding is ensured by introducing openings in the nano heater foil, allowing for weld areas in a lap joint. The
generated temperature field is simulated during such welding, establishing the Al sheet and nano heater thickness and
the opening geometry conditions for reaching the melting temperature at the weld interface to generate successful
and sound joints in the experiments. The proposed robotic system will eliminate the underwater occupational
risks/hazards associated with underwater welding.

INTRODUCTION
Currently, establishing and maintaining underwater

structures is hindered by several obstacles such as scarcity of
highly technically skilled staff and the availability of appropri-
ate, efficient, and safe technology, hazardous work environment
[1], in addition to the economic feasibility. Underwater welding
is more challenging than dry land welding due to the harsh
ambient conditions such as high pressure, cooling rates, and
hydrogen content [2], [3], [4], [5]. Underwater welding tech-
niques are classified into three main categories; dry welding,
wet welding, and local cavity welding [4], and [5]. In the
dry welding techniques, such as dry hyperbaric welding, a
chamber is evacuated from water and substituted with air or
a gas mixture. On the other hand, the wet welding technique
involves a professional diver carrying out welding underwater
without any protection from the surrounding pressure or water.
Shielded metal arc welding and flux cored arc welding are the
most commonly used wet welding techniques. Wet welding
allows the joining of complex underwater structures [6], [7],
[8], [9], [10], [11]. However, the exposed nature of wet welding
technique causes an increase in the cooling rate, which leads to
the loss of ductility of weld and an increase

in porosity [12], [13], [14]. Dry welding techniques produce
stronger welds than wet ones, but this type of welding is more
expensive since it needs extensive equipment to perform welds
in dry environments. Certainly, when establishing a dry envi-
ronment underwater, a wider variety of welding techniques can
be utilized and stronger welds can be performed. In addition,
however, dry welding takes longer time than wet welding [15],
[16], [7], [17], [18]. The last underwater technique (local cavity
method) offers similar conditions to open air welding. The
downside of this welding mechanism is the lack of visibility.
These three techniques require professional divers to perform
underwater welds consequently having health risks on the divers.
Previous researches aimed at understanding the relationship
between such manufacturing processes and the resultant product
structure and properties by inspection techniques in underwater
environment, minding the interaction of the automation proxim-
ity and propulsion with the process [19], [20], [21], [22], [23],
[24], [25], [26]. Researchers tried to overcome these challenges
by creating automated operations to eliminate risks related to
underwater manufacturing and bringing about an improved
product quality, project duration, and cost through operational
feasibility at higher depths [9], [19], [27], [28], [29], [30], [31],
[32].
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This paper seeks to automate welding and inspection
of aquatic infrastructures, thus enabling underwater manufac-
turing operations by introducing a novel and facile underwater
method for both wet and dry welding based on nanoheater foils,
now becoming commercially available. For the first time in
the literature, this paper proposes a welding arrangement of
lap metal joints with nanoheater foils at the weld interface,
carrying a number of openings so that the molten metal estab-
lishes sound welding poles upon solidification without being
obstructed by the refractory inter metallic products forming
upon reaction of the nanoheaters. The paper also introduces an
automated ignition technique of the nanoheaters by underwater
robotic remotely operated vehicles without the need for welding
power transmission and for precise, rigid contact of the robot
with the welded structure. To the authors’ knowledge, this
is the first demonstration of such underwater robotic welding
based on nanoheaters. Reactive multi layers are comprised of
two or more energetic reactive materials placed in alternating
layers. The multilayer initiate an exothermic reaction when
simulated with an external stimulus [33]. There is a wide range
of different reactive multilayer combinations reported in the
literature. Metal/metal-oxide, metal/metal, metal/semiconduc-
tor, metal/metalloid, and metal/organic are few examples of
the possible multilayers combinations. Reactive multilayer
nanofoils RMNFs react either by thermal explosions or by
self-propagating reactions [34]. Lately, RMNFs have attracted
the attention of researchers due to their ability to join heat-
sensitive components [34], [35], [36], [37]. Specifically, Ni/Al
systems have small thermal penetration depths [30]. In addition,
long-term storage (3 years) of Nanofoil R© at room temperature
caused a small increase in inter-mixing thicknesses for bilayer
thicknesses greater than 35nm. This led to trivial changes
inthe heat of the reaction. Consequently, it can be surmised
that Nanofoils R© are stable at room temperature [38]. Ni/Al
multilayer systems have high heating rates, low on set reaction
temperatures (below the melting point of Al and Ni), and their
reaction velocity reaches 10 m/s [33]. Furthermore, they have
gasless and rapid reaction rates.

Scientists are exploring other nanoheater structures; for
instance, [39] proposed various methods to fabricate Ni/Al nano
particles, Ni/Al nano wires, and aluminum matrix embedded
with nickel particles. Galvanic replacement reaction and ultra-
sonic consolidation are the couple of fabrication methods used
by [39].

Most researchers focused their efforts on fabricating,
characterizing, and modeling the different phases of Ni/Al nano
heaters in air with other combinations of nano heaters. On the
other hand, this study tries to explore the feasibility of Ni/Al

reactive multi layers underwater. This study aims at facilitating
construction of underwater infrastructure based on welding by
prefixing nano heater foils at the joints of the components. The
commercially available Ni/Al RMNFs (Nanofoil R©) are used to
perform the welds. Ni/Al RMNFs are specifically chosen due to
their attractive characteristics. These Ni/Al reactive multi layers
are ignited underwater via 9V battery once the electrode is in
contact with the nano foil. This instantaneous self-propagating
exothermic reaction is caused by inter facial diffusion which
creates low-melting phases. The reactions generate energy to
overcome the heat lost to the surrounding (water) and, at the
same time, melt the component surfaces all the way to the
foil openings to establish the welded areas. The temperature
can be increased via thermite reactions and gas blow pressure
displacing water and moisture from the welding joints.

In another innovation of this paper, holes in isometric
arrangement are created on the nanoheat foils to allow for flow
of the component melt and strengthen the welds formed. The
holes are large enough to allow maximum melt flow, while,
at the same time, leaving enough Ni/Al material among the
holes to reach the melting point of the component material.
This optimization problem is hereby explored by finite element
simulation in this research.

This paper is structured as follows: Section II describes
the remotely operated underwater vehicle (ROV) used to ignite
the RMNFs using attached electrodes. Section IV discusses the
temperature values reached when one nanofoil is sandwiched
between aluminum 6061 T6 (Al6061) plate of different thick-
nesses. After deducing which Al6061 plate thickness did not
reach the melting point of Al6061 when using 1 Ni/Al nanofoil
from section IV, the nanofoil thickness is increased to reach
the liquidus melting point of Al6061 for thickness of plates.
Eventually, an isometric hole array is introduced to the RMNFs
to allow the flow of Al6061 melt through the holes.

REMOTELY OPERATED UNDERWATER VEHICLE
(ROV)

The 6-degree of freedom underwater robotic welding
system for inductive ignition by proximity to the nanoheater
foil joints is also introduced and demonstrated in this study.
The electrical four-thruster system uses optical video feedback
and Inertial Measurement Unit (IMU) real-time control, with
data transmitted to the surface on a 10 Mbps Ethernet protocol,
and with a backup Li-polymer battery system on board. This
tethered ROV is paired with 9V battery to perform automated
underwater construction at depths up to 100 m as shown in
Figure 1.
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Fig. 1. ROV after assembling all thrusters, fins, end-Caps, and wiring

The ROV thrusters were designed to overcome a drag
force (2.664 N) generated when it is moving at 1 knot. The
thrusters are powered by commercially available sealed, brushed
motors (Seabotix). The ROV uses four thrusters in total. Two
Sabertooth motor controllers were utilized to control the four
thrusters. Two thrusters rotating in opposite directions are used
to prevent tilting (turning moment).

The ROV uses a high definition camera to help the
user maneuver the ROV remotely. Sensors such as gyroscope,
pressure sensor, and compass are added to the ROV to allow
the user to recognize its orientation and direction. The user can
control the ROV from a PC by generating commands using the
live feeds of data obtained from the camera and sensors.The two
electrodes are attached to 9V terminals of the battery placed
inside the ROV.

One electrode is clamped to the Al6061 plate by an
alligator clip or magnetic fixtures while the other electrode,
which

will establish contact with the nanofoil to ignite the RMNF
electrically, is manipulated by the robot.

NANOFOIL IGNITION
The exothermic reaction is initiated by an electrical

current provided from a 9V battery. This reaction generates a
large amount of heat which melts the Al 6061 plates eventually
resulting into a weld. Ignition tests are done in both ambient
air and under water conditions. A 101 mm long Al6061 plate is
clamped with an alligator clip attached to the positive terminal
of the battery. A 0.06mm x 1.1 mm x 1.9 mm nanofoil is
attached to Al6061 plate on the other end. Then a multi-wire
cable as illustrated in Figure 2 connected to the negative ter-
minal of the battery is brushed against the nanofoil which led
to ignition of the nanofoil. This test setup is used for both
conditions (water and air) as shown in Figure 3. The nanofoil is
successfully ignited in both tests. After ignition, a NiAl phase
material is produced as indicated in Figure 4.

Fig. 2 Multi-wire cable
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Fig. 3 The ignition test setup submerged underwater

Fig. 4 Formation of NiAl after Nanofoil ignition

SIMULATIONS AND RESULTS
This section discusses the thermal simulations performed

using ANSYS Workbench (Transient thermal toolbox). Initially,
the temperature results of one nanofoil (h x L x L = 0.06mm
x 50.8mm x 50.8mm) placed between Al6061 plates of differ-
ent thicknesses are attained. Then the Ni/Al foil thickness is
increased to raise the temperature values reached to ensure that
the melting point of Al6061 is reached. These simulations are
carried out to deduce the required nanofoil thickness to reach
the melting point of the joined plates, consequently resulting
into a weld. More simulations are performed on nanofoils with
holes. The introduction of holes improves the strength of the
welds.

Simulations Setup
ANSYS Workbench (Transient thermal toolbox) was

utilized to perform the various simulations. The simulations are
carried out to observe the effect of increasing plate thicknesses
on the temperature response when one nanofoil is placed be-
tween the Al6061 plates. The commercially available Nanofoils
of 0.06mm x 50.8mm x 50.8mm (h x L x L) dimensions are used
in the simulation setup. The external faces of the sandwiched
setup are perfectly insulated. A schematic illustration of the
modelled system is shown in Figure 5.

Fig. 5 Simulation model



2017 Int. J. Tec. Eng. Stud. 188

Nanofoil properties and Aluminum 6061 properties listed
in Table 1 and Table 3 respectively are assigned to the corre-
sponding plate in ANSYS. The specific heat capacity of the

Ni/Al RMNF is calculated using equation (2) using the enthalpy
equation (1) and the constants summarized in Table 2.

TABLE 1
PROPERTIES OF NANOFOIL (“NANOFOIL R© FOR APPLICATION”, 2008)

Composition Before Reaction Alternating Layers of Ni and Al
Composition After Reaction Ni50Al50
Foil Density (kg/m3) 5600-6000
Heat of Reaction (J/g) 1050-1250
Reaction Velocity (m/s) 6.5-8
Thermal Conductivity (W/m.K) 35-50

Assume that after the reaction, NiAl(s) is formed.
Hence, the following equation is used to calculate the enthalpy
[14].

∆H(T ) = AT +
B

2
T 2 − C

T
+

D

3
T 3 + E (1)

Cp(T ) =
d∆H(T )

dT
+BT +

C

T 2
+DT 2 (2)

A volumetric heat generation equation is formulated to
obtain the power generated by the Nanofoil per unit volume.
It is assumed that a large impulse of power is generated at ap-
proximately 4.2 ms. This hypothesis is based on the following
calculations. The volumetric energy released by the Nanofoil
Evolumetric(

J
m3 ) is calculated as follows:

Evolumetric = Qaverage x ρaverage (3)

Qaverage is the average heat of the reaction released by
Nanofoil when stimulated by external stimuli and ρaverage is
the average density of the Nanofoil specified in Table 1. The
volumetric energy released per unit time provides the volumetric
heat generation. The average velocity of the reaction and the
width of the Nanofoil (50.8mm) are used to calculate the time
as shown below:

D =
width

vaverage
=

L

vaverage
(4)

The time taken to reach steady-state (3τ) is calculated
by multiplying the time by a factor of 3. This is assumed to be

the time period required to release the chemical energy of the
Nanofoil.

3τ = 3D (5)

Hence, the power generated per unit volume of reactive
multilayer or the volumetric heat generation Q̇ is the volumetric
energy released in 3τ.

Q̇ =
Evolumetric

3τ
(6)

The profile of the volumetric heat generation is illus-
trated in Figure 6. An impulse of 3.17 × 1011 watts of power
is generated by 1m3 of Nanofoil in 4.2 milliseconds (3τ). The
classical Laplace equation 7 was used to model the thermal
simulations:

ρCp
∂T

∂t
= −k.∇2T + h (7)

Where T is the temperature field varying with time t,
and k, ρ,Cp (equations 1 and 2) are the conductivity, density,
and specific heat capacity of the processed materials. As al-
ready mentioned, adiabatic boundary conditions were assumed
because of the very short (few ms) duration of the nanofoil
ignition leading to welding (Figure 6). The nanofoil specific
volumetric heat generation Q̇ (equations 3, 4, 5, 6) was taken
from the manufacturer’s specification information as above, and
the material specific heat of fusion/solidification E was assumed
at the melting point (660◦C for Al). Both these effects are
included in the enthalpic term h at the respective domains in
Equation 7.
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Fig. 6 The predicted volumetric heat generation profile of the Nanofoil R©

Simulation Results Using One (0.06mm x 50.8mm x
50.8mm) Nanofoil R© Without Holes

One nanofoil with out holes sandwiched between alu-
minum 6061 (Al 6061) plates of various thicknesses is sim-
ulated to approximately predict the temperature reached and
confirm that the joining of the two Al 6061 is achieved. Six
different simulations were performed for each Al 6061 plate
thickness. The ANSYS results analyzed showed that welding
occurs only when using 0.1 mm and 0.2 mm thick Al 6061
plates as shown in the Figure 7. The steady-state temperature
is Tss = 1149.3◦C that is 1.8 times higher than the melting
point of Al 6061 (Tmelt = 652◦C) when placing one 0.06mm
x 50.8mm x 50.8mm between two Al 6061 plates of 0.1 mm
thickness. This means that welding 0.1 mm thick Al 6061 plates
is feasible using one 60µm thick Nanofoil R©. Increas-

ing the Al 6061 plate thickness to 0.2 mm led to the drop of
the steady state temperature to 692◦C. Hence, joining of 0.2
mm thick plates is also possible with 1 nanofoil. However,
introducing holes to the nanofoil causes the energy released
by the reactive multilayer to decrease, consequently lowering
the steady state temperature and preventing the welding of the
plates. Furthermore, simulation results indicated that the steady
state temperatures significantly drop for plate thicknesses larger
than 0.2 mm (i.e., 0.5 mm, 1 mm, 2 mm, and 5mm). This leads
to the conclusion that thicker nanofoils are required to attain the
desired steady state temperatures. By doing so, the energy re-
leased by the nanofoil increases leading to higher temperatures.
Thicker nanofoils are achieved by stacking 60µm Nanofoil R©

on top of each other.

TABLE 2
CONSTANTS OF ENTHALPY EQUATION [19]

Phase Temperature Range (K) A B x 103 C x 10−5 D x 106 E x10−3

NiAl(s) 298-1912 41.84 13.81 0.0 0.0 -131.5

TABLE 3
PROPERTIES OF ALUMINUM (AL 6061) [40]

Liquidus Melting Temperature (◦C) 652
Density (kg/m3) 2700
Specific Heat Capacity (J/kg.◦C) 896
Thermal Conductivity (W/m.◦C) 167.3
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Fig. 7 Steady-state temperatures

Steady-state temperatures reached when sandwiching
one 0.06mm x 50.8mm x 50.8 mm Nanofoil R© between differ-
ent aluminum 6061 plate thicknesses (0.1 mm, 0.2 mm, 0.5 mm,
1 mm, 2 mm, and 5 mm) compared with the liquidus melting
point of Al 6061.

Simulation Results after Increasing the Thickness of
Nanofoil

In this section, the Nanofoil thickness is increased (h

> 60µm) to overcome the low temperature reached. The
amount of reactants i.e., Ni and Al increases resulting into a
higher release of energy from exothermic reaction, reaching
temperatures higher than or equal to the melting point of Al
6061 which ensures welding. Multiple simulations were carried
out to obtain the Nanofoil thickness needed to make welds.
Table 4 summarizes the total nanofoil thickness required to
achieve temperatures greater than the melting point of Al 6061.

TABLE 4
SUMMARY OF THE REQUIRED NANOFOIL THICKNESS REQUIRED TO REACH THE LIQUIDUS MELTING POINT OF AL6061 T6

Al6061 T6 Number of Nanofoils R© Nanofoil R©

Plate Thickness H-(mm) (0.06mm x 50.8mm x 50.8mm) Total Thickness - h (mm)

0.1 1 0.06
0.2 2 0.12
0.5 4 0.24
1.0 6 0.36
2.0 16 0.96

Introducing Holes to the Nanofoil
Welds generated from nanofoils without holes have a

layer of NiAl between the joined Al 6061 plates, which de-
creases the integrity of the welds. For enhancing the strength of
the welds, an isometric array of holes is punched to the nanofoils
as illustrated in Figure 8. Creating holes on the Nanofoil makes
the welds produced stronger by allowing the flow of Al 6061
melt through the introduced holes. A total number of 22 holes

are introduced to the nanofoil. Each hole is named according to
its position on the nanofoil, and the letters R and C represent the
row and column or location of the hole in that row, respectively.
For instance, RxC 1x2 indicates the second hole inthe first row.
The holes are filled with Al6061 assuming there is sufficient
compressive force applied on the plates to fill the holes. A
schematic illustration of the notation used to identify each hole
is shown in Figure 9.
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Fig. 8 Isometric hole array

Fig. 9 The nomenclature used to indicate the holes. The temperature results considered at the center of RxC 3x3

The temperature values at the center of RxC 3x3 are
specifically analyzed, since it is located at the centerline of the
nanofoil. Therefore, if temperature at this point is greater than
the melting point of Al 6061, it can be assumed that melting oc-
curred at all the other holes. The temperature values versus time
at the center of RxC 3x3 are analyzed. Increasing the nanofoil
thickness led to a drastic rise in the temperature reached. This
is evident in all the simulation results shown in Figures 10-14.
This rapid rise in temperature is due to the impulse of heat
generation in the first 4.2 ms as shown in Figure 6. After the
instantaneous discharge of energy from the nanofoil, the temper-

ature drops due to Newton’s law of cooling. Thus, increasing
the hole diameter by an increment of 0.5 mm decreases the
temperature by 100◦C for 0.2 mm thick Al 6061, larger holes
can be introduced. It can also be observed that the temperature
decreases with increasing hole diameter. This can be linked to
the decrease in the amount of reactive material (Ni and Al) in
the reactive multilayer. By analyzing the plots further, it can
be observed that a spike in temperature (blue curves, d = 0)
can be explained with the large generation of heat when the
self-propagating reaction is initiated.
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Fig. 10 Temperature response of 0.06 mm thick Nanofoil R© (1 x 60 m thick foil) sandwiched between two 0.1 mm thick Aluminum plates 6061
plate. Holes of different diameters are introduced to the Nanofoils R© (2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, and 4.5 mm).

Fig. 11 Temperature response of 0.12 mm thick Nanofoil R© (2 x 60 m thick foil) sandwiched between two 0.1 mm thick Aluminum plates 6061
plate. Holes of different diameters are introduced to the Nanofoils R© (2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, and 4.5 mm).

Fig. 12 Temperature response of 0.24 mm thick Nanofoil R© (4 x 60 m thick foil) sandwiched between two 0.1 mm thick Aluminum plates 6061
plate. Holes of different diameters are introduced to the Nanofoils R© (2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, and 4.5 mm).
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Fig. 13 Temperature response of 0.36 mm thick Nanofoil R© (6 x 60 m thick foil) sandwiched between two 0.1 mm thick Aluminum plates 6061
plate. Holes of different diameters are introduced to the Nanofoils R© (2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, and 4.5 mm).

Fig. 14 Temperature response of 0.96 mm thick Nanofoil R© (16 x 60 m thick foil) sandwiched between two 0.1 mm thick Aluminum plates 6061
plate. Holes of different diameters are introduced to the Nanofoils R© (2.0 mm, 2.5 mm, 3.0 mm, 3.5 mm, 4.0 mm, and 4.5 mm).

A dimensionless parameter (H/h) of the foil/nanofoil
thickness ratio is derived and compared with the final tempera-
ture after 4 seconds of igniting the nanofoil. It can be noticed

that as this ratio increases, the temperature reached decreases as
shown in figure 15. As expected, this means thicker nanofoils
(h) are required to melt thicker Al6061 plates (H).

Fig. 15 Final temperature (4 seconds after igniting nanofoil) versus the dimensionless factor H/h.
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CONCLUSION AND RECOMMENDATIONS
This paper has presented an automated underwater pro-

cess which eliminates some of the risks accompanied with
underwater welding. The use of Ni/Al reactive layers and
ROV with attached electrodes have eliminated the human factor.
Furthermore, the nanofoil thickness was increased to raise the
steady state temperature of the system. Punching holes on
the nanofoils strengthened the weld generated by allowing the
flow of melted metal through the holes. Further simulations
should be performed to consider the quenching effect when the
joint is submerged underwater. Furthermore, Apollonian hole
arrangements should be studied to see their effect on the weld
strength. Future research directions also include exploring other
reactive multilayer combinations such as Ru/Al systems, which

generate higher temperatures and velocities. In addition, Ru/Al
bimetallic foils are found to be more ductile than Ni/Al [26].
Ultrasonic consolidation might also be an interesting topic for
researchers to consider in combination with nanoheater heat-
ing and leading. This technology, i.e., ultrasonically-assisted
nanoheater welding, is very promising for underwater welding
of metallic components. Nanofoil welding with ultrasonically-
assisted techniques will offer stronger welds and might provide
a simultaneous way to ignite the reactive multilayer.
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