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Two Pt wires with diameters of about 800 nm were successfully welded by Joule heating in a scanning
electron microscope. Melting and solidification at the point contact of the thin wires occurred continuously
under a constant current supply and the welding process was completed within several seconds. This rapid and
self-completed welding is due to the geometrical features of the nanocontact and the heat transport properties
of the thin wires. The current required for joining wires in a scanning electron microscope was much lower
than that in air. This is remarkable for longer wires and was found to be due to greater insulation under
high-vacuum conditions. The difference in the thermal boundary conditions, in other words the difference in
the melting conditions at the nanocontact, was evaluated experimentally and a parameter, comprising the
applied current, the geometrical quantities of the wires, and a function for calibrating the thermal boundary
conditions, with which the conditions for welding thin wires under different vacuum levels could be deter-
mined, is presented.
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I. INTRODUCTION

The importance of cutting and welding technologies for
low-dimensional materials, e.g., metallic or semiconductor
nanowires �NWs�,1–6 carbon nanotubes �CNTs�,7–12 polymer
nanofibers,13 and nanoparticles,14 has been increasing day by
day because these technologies are indispensable for modi-
fying these materials for specific purposes or assembling
them in systems in many fields of application. Moreover,
welding technologies for low-dimensional materials have
been found to be effective for manipulating materials11 and
for generating functional elements, e.g., thermoelectric15,16

and optical elements,17 etc.
Techniques that use an electron beam2,3,9,11 or laser

beam14 can provide local noncontact heating of small-scale
materials and these are capable of welding two objects at a
specified point without problems arising from the geometry
of the objects. These techniques, however, are difficult to
apply at shadow points that are obscured from the electron or
laser beam. In contrast with the above-mentioned techniques,
cutting and welding techniques for conductive materials uti-
lizing Joule heating can be used for a wide range of applica-
tions because heat can easily be induced by a current
supply.5,6,8,12 A metal particle12 and a metal nanovolume
solder6 have recently been found to be effective for Joule
heat welding of low-dimensional materials.

Welding is accomplished by phase transition of the mate-
rial at the contact point. First, melting at the point of contact
occurs and then the molten part solidifies. Low-dimensional
materials show unusual thermal behavior due to their specific
geometry and properties.18 Moreover, the melting point of
low-dimensional materials is found to be lower than their
bulk equivalents.19–21 Consequently, controlling the melting
and solidification phenomena for low-dimensional materials
is not an easy task. Very recently, a parameter that governs
the melting phenomenon at the nanocontact of two thin wires
in air was presented.22

In this paper, we report on Joule heat welding of thin Pt
wires performed in a scanning electron microscope �SEM�

and in air and discuss the difference in welding conditions
due to the difference in the environmental conditions, i.e.,
the vacuum level. Thin Pt wires with diameters of about 800
nm were successfully welded in both an SEM and in air, but
the currents required for welding were remarkably different
in each environment. The difference in the conditions for
successful welding was found to be due to the difference in
heat transfer from the wire surface to the environment and
this can be accurately described by a thermal function. The
welding conditions for two wires can be determined by a
parameter that includes the thermal function. The welding
process was continuously recorded together with the circuit
voltage history. From in situ monitoring of the welding pro-
cess, it was found that melting and solidification at the point
of contact of the wires occur continuously over a period of
several seconds in a self-completed manner under constant
current supply.

II. MELTING OF NANOCONTACTS

Let us consider the electrothermal problem, where two
thin wires having the same cross-sectional area A are in con-
tact with each other with a current I flowing through them.
The temperature at the point of contact governs the melting
phenomenon. The contacts melt provided the temperature
there reaches the melting point of the material. However, it is
not an easy task to determine the temperature at the contact
point due to the complex geometry, such as the shapes of
asperities, the actual area and location of the contacts, etc.
An alternative parameter, which governs the melting phe-
nomenon of the contacts, has been proposed.22 The param-
eter U is described by the following equations:

U = u0f �1�

and
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u0 = I
l

A
, �2�

where f is a function of the geometrical quantities used to
represent the difference in thermal boundary conditions be-
tween the actual situation and in ideal conditions and l is the
total length of the wire system. The function f has the value
unity in ideal conditions. In ideal conditions, no heat transfer
from the wire surface occurs and the temperature of both
ends of the wire is kept at room temperature, T0. The tem-
perature at the middle of a wire system without a contact, T,
depends on the parameter U defined in Eq. �1� and is given
by

T =
1

8K�
U2 + T0, �3�

where K is the heat conductivity and � the electrical conduc-
tivity, respectively. Moreover, for simplicity, if � is consid-
ered to be independent of temperature, u0 /� corresponds to
the voltage between the ends of the wire system.

It was verified from welding and cutting experiments in
air that U governs the melting phenomenon at the contact
point between two thin wires and gives the successful weld-
ing conditions whether the thin wires are joined or not. The
welding of two wires is successful provided that the value of
U is in a specific range, i.e., UC�U�UU, where UC is the
critical value of U for melting of the contact between the
wires and UU is the upper value of U. In our previous ex-
periments in air, the value of UC was found to be about 70%
of UU. The reason why the points of contact between two
wires melt locally by Joule heating is due to the formation of
a specific temperature field in that region. The specific tem-
perature field is formed throughout the contact region due to
the higher current density and smaller contact volume and
the points in contact melt provided that the temperature at
the contacts exceeds the melting point of the material. The
wide margin of U for successful welding gives this welding
technique utilizing Joule heating a wide area of applications.

III. EXPERIMENT

Thin Pt wires with a diameter of 800�200 nm were used
in the experiments. The thin wires were Ag-coated, making
the overall diameter about 75 �m. This type of wire is
known as Wollaston wire.23 The Ag-coated Pt wires were cut
into 10 mm lengths and then the Ag around the tips of the
wires was removed by HNO3 to expose the Pt wire. Figure
1�a� show a transmission electron microscope �TEM� micro-
graph of a cross section of the examined Pt wires. No clear
grain boundary was observed in the TEM image. The se-
lected area diffraction patterns obtained at any point on the
wire showed the same pattern, demonstrating that the wire
was of an elongated grain structure.23 The wires were fixed
onto chips containing Cu electrodes and two chips each car-
rying a Pt wire were placed on piezoelectric manipulators.
The piezoelectric manipulators were assembled on the SEM
holder for welding the Pt wires in SEM �Fig. 1�b��. One
manipulator moved in the z direction and the other moved in
both x and y directions. The SEM was a JSM-6490 �JEOL,

Tokyo, Japan� and the chamber was kept under high-vacuum
conditions of about 10−4 Pa.

Using the piezoelectric manipulators, the tips of the wires
were brought into contact with each other �Fig. 1�c��. Here, a
small compressive force was applied to the wire system to
obtain a stable electrical contact. This was indispensable to
keep the wire straight during the melting phase. After contact
was confirmed, a constant direct current was applied to the
wire system for 20 s. A power source, 6430 �Keithley Instru-
ments, Ohio�, placed outside the SEM was used to supply
power and measure the voltage and current was carried into
the SEM by an electrical feedthrough. The experiments were
conducted for combinations of wires with different lengths.
The lengths of the exposed Pt wires are denoted by l1 and l2,
as shown in Fig. 1�c�. After the current supply had been on
for 20 s, it was determined by SEM observation whether
welding was successful or not. The same process was per-
formed repeatedly with increasing current until the wires
were successfully welded. The whole process for welding
two Pt wires was conducted in situ while under observation
in the SEM. The variation of voltage with time was also
measured. The same experiments were also conducted in air,
where a high-resolution digital microscope was employed
and the magnification of the microscope was sufficient for
welding experiments.

IV. RESULTS

Figure 2 shows SEM micrographs during the welding pro-
cess of two thin wires. Figures 2�a�–2�d� correspond to the
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FIG. 1. �Color online� �a� TEM images of the examined Pt thin
wire. Selected area diffraction patterns inserted were obtained at the
different positions on the wire where the electron-beam direction
was parallel to the �001� of the Pt and those showed that the exam-
ined points existed at the same grain. �b� The SEM holder with
three-axis piezoelectric manipulators developed for welding two
thin wires. �c� The magnification view of A in �b�. The Pt wires to
be joined are of lengths l1 and l2. Inset shows the details around the
tips of the wires. All the experiments were conducted in SEM under
the high-vacuum condition.
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points labeled in the circuit voltage history shown in the
lower part of Fig. 2. As reported in our previous experiments,
the circuit voltage slightly decreases immediately after the
current is supplied.5 In the SEM micrographs shown in Figs.
2�a� and 2�b�, the shape of the parts in contact changed dur-
ing this period, i.e., several seconds after the supply was
switched on. On the other hand, as shown Figs. 2�c� and
2�d�, with current still flowing through the wire, from points
�c� to �d� the circuit voltage remained constant and no visible
change in the contact region was observed. These experi-
mental results show that a changing voltage indicates melt-
ing in the contact region, whereas a constant voltage indi-
cates that the contact region has already solidified.

From the SEM observations, the welding mechanism of
two thin wires is considered to be as follows. First, the con-
tact region of the wires melts locally by current-induced
heating and the contact area increases. The increase in con-
tact area brings about a decrease in circuit resistance and the
circuit voltage decreases under the constant current supply.
The reduction in Joule heating reduces the temperature in the
contact region and the material there solidifies as the tem-
perature falls below the melting point. Note that this welding
process is a self-completed mechanism and that melting and
solidification in the contact region are achieved within sev-
eral seconds of turning on the constant current supply.

The results for joining Pt wires are summarized in Table I.
Attempts were made to weld two Pt wires of lengths l1 and l2
using a current supply of I. A total of 15 samples �S1–S15�

with different combinations of wires were welded in the
SEM, of which 11 samples were successfully welded. Ex-
periments were also conducted in air on five samples �A1–
A5� and of these, four combinations were welded. The
samples are numbered in order of the total length of the
wires. The results are classified into three categories. Suc-
cessful welding is denoted by S and incomplete welding by
N. The symbol M indicates that the welding failed after join-
ing. In this case, the welding was at first successful, but a
point in the wire was cut immediately due to higher Joule
heating. After the welding was completed, a small shear
force was applied in the vicinity of the joint by inclining the
wire at about 5°. If the wires separated under this force, the
joint was classified as N. The joints were classified after
observation with SEM. Note that welds in the SEM were
achieved at lower currents than in air �see Table I�. In fact,
welding was achieved at currents of less than 3 mA, which
was insufficient to join the wires in air. This suggests that the
temperature reached at the contact point of the wires in the
SEM was higher than that in air for the same constant cur-
rent. This is most likely due to the difference in insulation
provided by the vacuum. Heat transfer from the wire surface
is restricted under vacuum conditions and this would cause
the temperature to rise in the wire system.

V. DISCUSSION

A. Thermal function

The difference in the conditions for successful welding
between the SEM and air may be due to the difference in
thermal boundary conditions between them. In the SEM, the
chamber is kept at a high-vacuum level and, therefore, the
wire may be affected by greater insulation. The difference in
boundary conditions can be described by a function f and the
function is determined from the experiments for cutting thin
wires. The current required to cut a wire of length l, for the
case where the temperature of both sides of the wire is con-
stant at T0 and no heat transfer from the wire surface occurs,
can analytically be determined to be

�IC�0 = ��TM − T0�8K�
A

l
, �4�

where TM is the melting point of the wire. On the other hand,
in the experiments, the current required to cut a wire is de-
scribed by22

�IC�exp = ��TM − T0�8K�
A

l

1

f
. �5�

Therefore, the function f is given by

f =
�IC�0

�IC�exp
. �6�

To determine f in the SEM and in air, cutting experiments
for the Pt wires were conducted. As well as the thin Pt wires,
cone-shaped Ag probes were also attached to the Cu elec-
trode chips and these were used to locally supply current to a
segment of the Pt wires �see Fig. 3�a��. The length of the Pt
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FIG. 2. In situ observation of the welding process of two Pt
wires. �a� Before current supply. �b�–�d� are the snap shots obtained
from the SEM movie at 1, 6, and 21 s after starting the current
supply. The corresponding time history for circuit voltage is shown
in the lower figure. The applied current was constant at 2.2 mA for
21 s. The welding process that consisted of the melting and solidi-
fication at the contact was completed over several seconds after the
current supply.
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wire with current flowing, i.e., the distance between the root
of the wire and the contact point of the Ag probe, l, was 50,
100, 200, 300, or 400 �m. A small force, which was needed
to shear the molten part of the wire and thus cut the wire,
was applied by bending the wire with the Ag probe. Current
was supplied to the wire system for 20 s. If the wire re-
mained intact, the supply was stopped. The current was in-
creased by 0.1 mA and the experiment repeated. This process
was repeated until the wire was cut �Fig. 3�b��. For all values
of l examined, the wires were cut at the center. Figure 3�c�
shows the current required to cut wires in the SEM and in air
for various values of l. The current decreases as l increases
and the currents required for cutting the wire in the SEM are
lower than those in air.

Figure 3�d� shows the relationship between f and d / l for
the SEM and air environments. Here we assume that the
melting point of the Pt wire is TM =2042 K �Ref. 24� and
that T0=293 K. Because the value of d is constant in the
present study, smaller values of d / l indicate longer l. By

nonlinear fitting, we obtained the following f for each envi-
ronment:

f1 = − 29.1 � 102�d

l
�2

+ 90.7
d

l
+ 2.9 �7�

for the SEM environment and

f2 = − 126 � 102�d

l
�2

+ 407
d

l
�8�

for the air environment. The function f2 is the modified func-
tion and a similar function has been reported previously.22

Here, we performed similar experiments for different values
of l and expanded the range of d / l. The present functions of
f1 and f2 are valid for d / l�0.016.

Values of f greater than unity indicate that the temperature
at the middle of the wire in a realistic situation is higher than
that for the ideal conditions considered, in which there is no
heat loss from the wire, and this is due to the difference in

TABLE I. Results of welding experiments.

Sample
No.a Symbolb

l1

��m�
l2

��m�
l c

��m�
I

�mA�

S1 S 202.8 186.6 389.4 1.0

S2 S 289.1 66.4 355.5 1.0

S3 S 104.2 179.4 283.6 1.7

S4 S 130.7 110.8 241.5 2.0

S5 S 96.0 143.0 239.0 2.2

S6 S 75.1 126.1 201.2 2.5

S7 S 35.7 151.5 187.2 1.7

S8 M 66.4 114.6 181.0 2.9

S9 S 69.2 86.1 155.3 2.8

S10 N 70.5 80.3 150.8 2.2

S 2.6

S11 N 53.8 84.5 138.3 2.2

S 2.4

S12 N 62.5 74.5 137.0 2.0

M 3.5

S13 M 48.2 74.5 122.7 3.5

S14 S 50.1 57.3 107.4 4.5

S15 M 57.1 33.1 90.2 5.3

A1 N 243.0 53.9 296.9 3.0

S 3.5

A2 N 141.7 104.3 246.0 3.0

S 4.5

A3 N 108.1 75.2 183.3 3.2

S 4.0

A4 N 66.9 56.8 123.7 4.1

S 5.6

A5 M 46.6 61.9 108.5 6.5

aExperiments were conducted in a SEM �S1–S15� and in air �A1–A5�.
bS indicates successful welding and N incomplete welding. The case of a joint that was cut during the current
supply due to higher Joule heating is classified as M.
cThe diameter of all wires was 800 nm and l is given by l1+ l2.
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temperature at the ends of the wire. Although the tempera-
ture of both ends of the wire was considered to be constant at
T0 for the ideal conditions, it is higher than T0 in a realistic
situation. On the other hand, if the temperature at the middle
of the wire in a realistic situation becomes less than that of
the ideal conditions, f becomes less than unity. This situation
is brought about by the difference in heat loss from the wire
surface. In a realistic situation, heat loss occurs from the wire
surface and this becomes significant for longer wires. On the
other hand, there is no heat loss from the wire surface for the
ideal conditions.

In the examined range of d / l, f1 is larger than f2. This
indicates that the temperature of the wire easily increases in
the SEM compared to in air. This is due to the difference in
heat loss from the wire surface and the significant effect of
insulation in the SEM. Actually, this tendency was more re-
markable for longer wires �smaller d / l�. The larger surface
area of longer wires gave greater heat exchange between the
wire and the environment due to the larger surface-to-volume
ratio. Needless to say, if the temperature distribution in the

wire changes, heat conduction in the wire also changes. As a
result, the temperature at both ends of the wire would
change. For shorter wires �larger d / l�, f1 approaches f2. This
is because heat loss from the wire surface is ineffective for
shorter wires, which have insufficient surface area, and the
difference between the environments is minimal. In both
SEM and air, the value of f approaches 3.5 for shorter wires.
This value of f depends on the balance of heat conduction in
the wire and indicates that the temperature at each end of the
wire is greater than T0.

Let us consider the difference in the limit of �IC�exp for
longer wires. From Eqs. �5� and �7�, the value of �IC�exp for
longer wires in the SEM is given by

lim
l→�

�IC�exp = lim
l→�

A��TM − T0�8K�

�
1

− 29.1 � 102d2

l
+ 90.7d + 2.9l

→ 0. �9�

In the case of the SEM, a very small current, i.e., almost
zero, is enough for cutting extremely long wires. This is due
to the greater insulation in the SEM. On the other hand, from
Eqs. �5� and �8�, the value of �IC�exp for longer wires in air is

lim
l→�

�IC�exp = lim
l→�

A��TM − T0�8K�

�
1

− 126 � 102d2

l
+ 407d

→ 4.8 mA. �10�

In the limit of f2 for longer wire, a critical current for cutting
the wire exists. Because of the heat loss from the wire sur-
face, the temperature at the middle of the wire never reaches
the melting point unless the current is greater than this criti-
cal value. In this experiment, the critical value for cutting the
wire is about 4.8 mA and wires of any length would not be
cut under 4.8 mA.

B. Condition for joining Pt wires

Figures 4�a� and 4�b� display the relationships between
the values of U and d / l for the welding and cutting expe-
riments done in the SEM �a� and in air �b�, respectively.
The parameter U defined by Eq. �1� corresponds to the tem-
perature at the middle of the wire system without a contact
and it governs the melting phenomenon at the nanocontact
between two thin wires. Two wires were found to be success-
fully welded provided that the value of U is in a specific
range, i.e., UC�U�UU. The values of UU and UC were
determined for thin Pt wires in air in our previous study.22

UU was 3.1 MA/m and UC was found to be about 70% of
UU�=2.2 MA /m�.

The values of U for successful welding are found to be in
a specific range for both SEM �Fig. 4�a�� and air �Fig. 4�b��
environments and the welding conditions defined by U were
found to be independent of environment. Because the differ-
ence in thermal boundary conditions was calibrated in U by
f , the difference in welding current between the SEM and air
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FIG. 3. �Color online� SEM micrographs obtained in the cutting
experiment in the case of l=200 �m �a� before and �b� after a
current supply of I=2.7 mA. Inserted micrograph in �b� shows the
swelled tip of the cut wire. �c� Current required for cutting thin Pt
wires in SEM and air for various wire lengths. �d� The relationships
between f and d / l for SEM and air environments obtained from the
cutting experiments.
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environments was due to the difference in the thermal
boundary conditions, e.g., the heat loss from the wire surface
and the temperature at both ends of the wires. In other words,
the specific temperature distribution at the nanocontact be-
tween two thin wires, that gives roughly 70% higher tem-
perature than that at the center of a wire system without a
contact,25 is preserved independently of the thermal bound-
ary conditions of the wires. This finding is important for

understanding welding of thin wires under various environ-
ments and thermal boundary conditions. The current to
achieve successful welding can be decided provided that f
for the environment is known. Moreover, longer thin wires
may possibly be fabricated by repeatedly welding wires. In
this case, the current should be decided by considering the
total length of the wires to be joined and the environmental
situation.

VI. CONCLUSIONS

Thin Pt wires with diameters of about 800 nm were suc-
cessfully welded by current-induced heating in a scanning
electron microscope and in air. It was observed from in situ
observations of the welding process that melting and solidi-
fication occur continuously under a constant current supply
and that the process is self-completed within several seconds.
The current required to weld two wires in the SEM was
much less than that in air. This was due to the difference in
pressure between the environments. Due to the insulation
under vacuum conditions, the temperature of the wire is eas-
ily raised by Joule heating. The influence of the thermal
boundary conditions on the welding process brought about
by the geometrical features of the thin wires, i.e., wide sur-
face area compared to diameter, was substantial. The differ-
ence in the thermal boundary conditions between the micro-
scope and air were evaluated by a thermal function and
welding conditions that are independent of the surrounding
environment were found.
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after joining due to higher Joule heating �M�. The data for the
cutting experiments are plotted with solid squares �C�.
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