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ABSTRACT Joining of carbon materials via soldering has not been possible up to now due to
lack of wetting of carbons by metals at standard soldering temperatures. This issue has been a
severely restricting factor for many potential electrical/electronic and mechanical applications of
nanostructured and conventional carbon materials. Here we demonstrate the formation of alloys
that enable soldering of these structures. By addition of several percent (2.5—5%) of transition
metal such as chromium or nickel to a standard lead-free soldering tin based alloy we obtained a
solder that can be applied using a commercial soldering iron at typical soldering temperatures of
approximately 350 °C and at ambient conditions. The use of this solder enables the formation of
mechanically strong and electrically conductive joints between carbon materials and, when
supported by a simple two-step technique, can successfully bond carbon structures to any metal

terminal. It has been shown using optical and scanning electron microscope images as well as X-ray

diffraction patterns and energy dispersive X-ray mapping that the successful formation of carbon—solder bonds is possible, first, thanks to the uniform

nonreactive dispersion of transition metals in the tin-based matrix. Further, during the soldering process, these free elements diffuse into the carbon—alloy

border with no formation of brazing-like carbides, which would damage the surface of the carbon materials.
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nique properties of conventional and
nanostructured carbon materials, in-
cluding low-density, high-melting/
sublimation temperature, high thermal and
electrical conductivity, resistivity to corrosion
and erosion, and great mechanical perfor-
mance in a wide range of temperatures, could
make them unrivaled candidates for an ex-
tremely wide range of applications.' ® As an
example particular interest in such materials
is from the transportation industry including
aerospace, rail, and automotive engineering,
where the low weight of plane, train, or car
components is a significant fuel- and cost-
saving factor. In these areas carbon materials
could serve not only as recently introduced
construction elements but also as functional
coatings, sensors, or electrical, thermal, and
optical systems. However, up to now the
usage of carbon materials has been severely
restricted in many applications due to a
major difficulty of joining of these structures
together or to other materials such as
metals.>%'°
The basic techniques that have been
used up to now for joining of conventional
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carbon materials comprised (i) adhesive
bonding,""'? (ii) mechanical joining,'? and
(iii)) brazing.""""*~"* Each of these techniques
has been devised for specific purposes, and
none of them can fulfill the requirements set
for all potential applications.

Commonly used adhesives, epoxy resins,
which are employed mainly for joining
carbon fibers with each other and with other
materials including metals, may be used in
some mechanical applications. However,
due to brittleness, they fail, e.g., under high-
impact loads.

Moreover, the highly insulating properties
of resins exclude them from any electrical or
thermal applications.

The thermally conductive joints need
to be produced via mechanical joining or
brazing. The former technique is a common
method of connecting graphite and carbon—
carbon composites, particularly to other
materials and especially metals. In the case
of electronic and electrical applications,
mechanical joining due to the need for the
use of connectors and terminals increases
the mass and size of devices and is not
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technically practicable in the case of micro- and nano-
electronic systems.

As mentioned above, thermally conductive joints
may also be produced via brazing, which is also
suitable for the preparation of electrical connections.
Brazing offers as well the best strength of carbon—
carbon and carbon—metal joints by overcoming the
fundamental problem of achieving wetting of carbon
materials. These brazing alloys use base matrices such
as copper or silver and reactive elements, e.g., titanium,
vanadium, or zirconium. The presence of the latter
elements ensures wetting and joining of carbons by
the formation of carbides at their interface. Unfortu-
nately, brazing entails the use of very high tempera-
tures that exceed the decomposition temperature
of most materials used in electronic applications such
as printed circuit boards and also may lead to the
combustion of carbon materials, particularly nano-
structured ones.

As may be inferred from the above, particularly
problematic are electrical and electronic connections.
These require very conductive, yet mechanically strong
bonds, easy to apply at both at macro- and micro-
scale using relatively low temperatures. When joining
metals, this normally is obtained in a widely used, low-
cost, and simple process of soldering. The use of this
method, unfortunately, has not been possible up to
now in the case of carbon materials' ~® due to the lack
of alloys that could potentially wet carbons at low
temperatures.”'® Considering the fact that recently
widely explored nanomaterials such as carbon nano-
tubes and graphene are expected to revolutionize the

transport of electric/electronic signals and as a result
almost all parts of current technology, the presented
issue becomes a highly urgent one.

To address this burning problem, we developed
new soldering alloys that for the first time ever enable
low-temperature joining of various carbon materials
including carbon fibers or carbon nanotube assemblies
in both carbon—carbon and carbon—metal arrange-
ments. The use of these carbon alloys allows fast forma-
tion of mechanically strong bonds that are electrically
conductive, simultaneously. The soldering process
itself is simple and inexpensive and can be easily
applied under industrial conditions. Here, we present
the design and analysis of properties of as-made alloys
as well as show examples of the soldered bonds and
their performance tests.

RESULTS AND DISCUSSION

Standard, commercially available, soldering alloys
contain tin, copper, silver, lead, bismuth, indium, gallium,
zinc, antimony, cadmium, germanium, gold, aluminum,
and traces of other metals that due to their nonreactive
nature and high surface tension do not wet carbon-
based materials. On the basis of the example of brazing
alloys, it can be expected that addition of a reactive
component chosen from the transition metals group
to a nonreactive low-melting-point base may improve
wetting in carbon—metal systems, on the condition that
the transition metal is highly active in a given matrix.

Assuming the wetting of a reactive nature as the
main mechanism determining the effectiveness of the
new soldering material, an alloy group in the SAC-X
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Figure 1. (a) X-ray diffraction pattern and (b) optical microscope images for Sn—3.6Ag—0.7Cu alloy.
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a) XRD pattern of Sn-3.6Ag-0.7Cu-2.5Cr soldering alloy
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b) microstructure of Sn-3.6Ag-0.7Cu-2.5Cr soldering alloy
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d) microstructure of Sn-3.6Ag-0.7Cu-5.0Cr soldering alloy
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Figure 2. (a) X-ray diffraction pattern and (b) optical microscope images for Sn—3.6Ag—0.7Cu—2.5Cr and (c, d)

Sn—3.6Ag—0.7Cu—5.0Cr.

arrangement was designed. SAC corresponds to near-
eutectic Sn—3.6Ag—0.7Cu soldering alloy, currently
considered as one of the best replacements for toxic
lead-based soldering alloys. X constitutes active com-
ponents chosen from the transition metals group,
namely, Cr, Ti, and Ni, with concentrations of 2.5 and
5.0 wt %. The effect of adding a small amount of Cr,
Ti, and Ni on the usability of SAC solders has been
discussed in the literature.'® However, so far, use of
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concentrations above 1 wt % has not been a subject
of systematic research. Moreover, past research was
focused on the influence of additives on the micro-
structure and physical or mechanical properties of
SAC alloys without consideration of their applicability
in soldering of carbon-based materials.

According to the Sn—Ag,"” Sn—Cu,'® and Ag—Cu'®
phase diagrams, a near eutectic Sn—3.6Ag—0.7Cu alloy
should contain two intermetallic phases: AgsSn and

VOL.9 = NO.8 = 8099-8107 = 2015 W

Www.acsnano.org

J1D]Le

8101



a) XRD pattern of Sn-3.6Ag-0.7Cu-2.5Ni soldering alloy
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b) microstructure of Sn-3.6Ag-0.7Cu-2.5Ni soldering alloy

c) XRD pattern of Sn-3.6Ag-0.7Cu-5.0Ni soldering alloy
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d) microstructure of Sn-3.6Ag-0.7Cu-5.0Ni soldering alloy

Figure 3. (a) X-ray diffraction pattern and (b) optical microscope images for Sn—3.6Ag—0.7Cu—2.5Ni and (c, d)
Sn—3.6Ag—0.7Cu—5.0Ni.

SnsCug, the first of which was indeed detected by X-ray on the cross section of quaternary Sn—3.6Ag—0.7Cu—
diffraction (XRD) analysis made on the cross section 2.5Cr and Sn—3.6Ag—0.7Cu—5.0Cr alloys revealed the
of alloy ingots (Figure 1). The lack of SnsCug in the presence of intermetallic phases related to the SnAgCu
presented X-ray pattern probably resulted from the matrix (in this case both AgsSn and SnsCug) and pure

fact that the concentration of Cu was very low, ie., Cr, which can be seen in the SAC matrix as uniformly
below 1%, and therefore made it difficult to identify distributed very fine regular grains (Figure 2).
using XRD. Ni does not form any intermetallic phases with Ag*

Cr does not form intermetallic phases with Sn,?° and Cu** but does with Sn.*® Hence, Sn—3.6Ag—
Ag”' and Cu,*? and as a result X-ray analysis made  0.7Cu—2.5Ni and Sn—3.6Ag—0.7Cu—5.0Ni contain
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AgsSn as well as NisSny, which can be found in the
Sn—Ni phase diagram (Figure 3).%* Again, the low
concentration of Cu probably resulted in the lack of
SnsCug in the presented X-ray pattern.

Neither XRD nor optical and scanning electron
microscopy analyses of SAC, SAC-Cr, and SAC-Ni alloys
revealed the presence of compounds preventing
the formation of usable solders such as carbides or
ceramic contaminations, which could be produced
during vacuum induction melting using ceramic
crucibles. (The small peaks present in XRD patterns in
Figures 2a and ¢, which were difficult to recognize and
therefore were left unnamed, cannot be related to
these compounds. Considering the fact that these are
very small peaks, produced in different positions of the
patterns depending on the test, they may be inter-
preted as trace impurities and, as will be seen further,
are not harmful to the solders.) However, unlike Cr and
Ni, Ti forms intermetallic compounds with all elements
of a nonreactive matrix and simultaneously is reactive
to ceramic materials. It was found that formation
of metal—metalloid inclusions, due to reaction with
Al,O3 crucibles, was highly detrimental to castability
and formability of Ti-rich SAC alloys (Figure 4), and as a
result further analysis of these alloys was abandoned.

SAC-Cr and SAC-Ni ingots, evaluated as free of con-
taminations as well as macro- and microsegregations,
were further used for soldering of carbon fibers and
carbon nanotube (CNT) fibers (i.e., wire-like macroscopic
assemblies of axially aligned carbon nanotubes®?%%9)
to the copper layer of printed circuit boards. The
examples of solders and joints prepared with the
use of Sn—3.6Ag—0.7Cu—2.5Cr alloy and CNT fiber
are presented in Figure 5.

According to the phase diagram, the melting range
of as-made nonreactive Sn—3.6Ag—0.7Cu alloy is
approximately 217—220 °C.*® Addition of 2.5 and
5.0 wt % Cr to the near-eutectic SAC matrix does
not change the solidus temperature but significantly
increases the liquidus temperature, which, based on
the equilibrium phase diagram, is ~950 and ~1050 °C,
respectively.?’ In the case of SAC-Ni a high-melting
additive increase the liquidus temperature to ~660
and ~730 °C for 2.5 and 5.0 wt %, respectively.?> A wide
pasty range (solidus—liquidus) enforces soldering using
alloys in a semiliquid state and, due to the low flowing
power just above the solidus temperature (220—300 °C),
the soldering temperature in range 350—450 °C was
found optimal.

A common difficulty in the processing of solders
results from formation of oxides, which hinder move-
ment of the triple line, i.e, the spreadability of the
solder (Figure 5a).

Therefore, the efficiency of low-, medium-, and high-
activity fluxes was tested. The use of highly active
fluxes, such as diluted orthophosphoric acid, improved
the spreadability of Cr- and Ni-rich SAC alloys on a
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mlcrostructure of Sn 3. 6Ag-0 7Cu 2. 5T| alloy

metalloid

inclusion

Figure 4. Optical microscope images showing typical metal—
metalloid inclusions in microstructure of (a, b) Sn—3.6Ag—
0.7Cu—2.5Ti and (¢, d) Sn—3.6Ag—0.7Cu—5.0Ti alloys.

a) soldering using pure carbon solder

solder

1000 pm

but no wetting of carbon material

Figure 5. Images of the solders and their wetting angles
on a Cu base obtained during soldering with the use of
Sn—3.6Ag—0.7Cu—2.5Cr alloy: (a) without application of
fluxes or buffer layers (clear nonwetting behavior toward
Cu), (b) with the use of active fluxes (good wetting of Cu
surface but no wetting of CNT fiber), (c) upon employment
of a two-stage procedure (good wetting of both Cu surface
and CNT fiber). Analogous results were obtained with the
use of Sn—3.6Ag—0.7Cu—5.0Cr, Sn—3.6Ag—0.7Cu—2.5Ni,
and Sn—3.6Ag—0.7Cu—5.0Ni alloys on both CNT and car-
bon fibers.

copper substrate, but simultaneously impaired inter-
action of the solder with carbon-based materials
(Figure 5b). On the other hand, medium- and low-
activity rosin-based or water-soluble fluxes did not
affect the interaction between the solder and carbon
material but concurrently were not efficient in improv-
ing the spreadability of the solder. Considering all the
above and the fact that despite very weak interaction
with the copper substrate, pure Cr- and Ni-rich alloys,
due to their reactive nature, easily adhere to carbon
materials, a two-step soldering method was devised.
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cross-sections of CNT fiber soldered joints
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Figure 6. Cross sections of the soldered joints of carbon nanotube (CNT) fibers performed with the use of Sn—3.6Ag—
0.7Cu—2.5Cr and Sn—3.6Ag—0.7Cu—2.5Ni. (a) Electron image and (b, ¢, d) maps of the distribution of chemical elements for
a Cr-rich alloy. (e, f) Maps of the distribution of chemical elements showing a significant concentration of a Ni- and Cr-rich

phase around the carbon nanotube fiber.

The two-step method takes into account formation
of a buffer layer on the Cu substrate with the aid of any
nonactive lead or lead-free solder. The Cr- or Ni-rich
SAC alloy melted on the surface of the buffer layer,
which has a lower liquidus temperature than the active
solder, undergoes a transition into liquid state under
the protective layer of the surrounding metal and as
a result allows adhering to carbon materials while not
becoming oxidized. Simultaneously, the nonactive or
low-activity flux present in the commercially available
solder wires enables the activation of the base and
improves the spreadability of the molten solder mixture
(Figure 5c).

The microscopic analysis and energy-dispersive X-ray
(EDX) mapping at the cross section of solder joints
made via two-stage soldering using SAC-Cr and SAC-
Ni alloys showed a homogeneous distribution of Snand
other nonactive components and a significant concen-
tration of chromium and nickel around the carbon
nanotube fibers, which indicates intense diffusion of
active components even at a relatively low tempera-
ture (see Figure 6 and Figure S1 in the Supporting
Information). However, none of the analysis techniques
showed any loss of carbon material or formation of new
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compounds on the surface of the fibers. This indicates
that unlike brazing, this joining method is safe for
nanostructured carbon materials.

Based on the two-step soldering procedure, a
method of overlap joining of carbon nanotube fibers
as well as their cords (many fibers bundled in parallel)
was developed. The modified procedure was based
on premetalization of CNT fibers using Cr- or Ni-rich
SAC alloys followed by their spot heating, leading to
formation of a joint (Figure 7). A series of joints of
individual carbon nanotube fibers with a linear density
varying from 04 to 0.8 tex (g km™') was made
using Sn—3.6Ag—0.7Cu—2.5Cr/5.0 Cr and Sn—3.6Ag—
0.7Cu—2.5Ni/5.0 Ni alloys.

The individual carbon nanotube fibers as well as
their joints were subject to a static tensile test. All of
the analyzed samples fractured within the fiber area,
at an average tensile strength of 0.8 N tex™", which is
a typical strength of the CNT fibers used. The lack of
pull-out of the CNT fiber from the solder demonstrates
strong interaction between the carbon nanotube fiber
and the Cr- and Ni-rich SAC solder.

For comparative purposes, the same procedure
was used to form overlapped joints of carbon fibers.
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a) overlap joining of CNT/carbon fibers
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Figure 7. (a) Procedure of overlap joining of carbon/carbon nanotube fibers including the coating of the fibers with
the metal layer and reheating of the coated fiber ends in order to obtain the connection. Images of two (b) carbon nano-
tube fiber cords and (c) tows of carbon fibers soldered together with the use of SAC-X (here Sn—3.6Ag—0.7Cu—2.5Cr)

active alloy.

The tensile tests performed on the joints with a con-
stant length of the overlap of 20 mm (Figure 7 f)
showed that the joints made with SAC-Cr alloys
can transfer up to as much as 20% of the maximum
load of the tow of carbon fibers used (measured
strength of the tow 2.4 GPa) and up to 10% for SAC-
Ni alloys. There was no difference in strength observed
for varying concentrations of Cr and Ni in the SAC-X
alloys.

The electrical measurements performed on similar
samples showed that the resistance of a 18 cm long
continuous fiber tow amounts to 13.9 Q, while the
resistance of a tow with the same length but with
a 2 cm overlapped joint in the middle soldered
together equals 13.1 Q. This indicates that the
contact resistance of the soldered carbon fiber joint
is negligible.

The quality of carbon nanotube fiber electrical con-
nections was assessed by comparison with currently
the best known laboratory connection method using
commercial silver paint. The silver paint is a solution of
silver nanoparticles in organic solvents due to which it
easily infiltrates the interior of the CNT fibers, providing
currently the lowest possible contact resistance, but
a highly brittle joint. For comparison 4 pairs of similar
50 mm long fibers were connected on both ends
using either silver paint or one of the SAC-X solders,
i.e, Sn—3.6Ag—0.7Cu—2.5Cr, Sn—3.6Ag—0.7Cu—5.0Cr,
Sn—3.6Ag—0.7Cu—2.5Ni, or Sn—3.6Ag—0.7Cu—5.0Ni
(Figure 8).

The resistance measured for Sn—3.6Ag—0.7Cu—
2.5Cr and Sn—3.6Ag—0.7Cu—5.0Cr alloys was 2.5%
and 3.9% higher than for silver paint joined counter-
parts, while the Sn—3.6Ag—0.7Cu—2.5Ni-joined fiber
showed no significant change in resistance and
Sn—3.6Ag—0.7Cu—5.0Ni showed an increase of 6.3%
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electrically connected CNT fibers

Figure 8. Joints made for resistance testing: (a) using silver
conductive paint and (b) Sn—3.6Ag—0.7Cu—2.5Cr alloy.

as compared to silver-painted samples. This indicates
that solders provide very good electrical connec-
tion to the CNT fibers although they do not infiltrate
the interior, which is probably the reason for a small
increase in resistance as compared to silver-painted
fibers.

CONCLUSIONS

The presented results demonstrate the usefulness
of Cr- and Ni-rich SAC alloys and the devised two-step
soldering procedure for joining carbon nanotube based
fibers and carbon fibers to each other or to any metal
base that can be wetted by conventional commercially
available soldering alloys. Soldering using Cr- and Ni-
rich SAC alloys does not damage CNTs/carbon fibers,
maintaining their intrinsic electrical and mechanical
performance sufficient for most applications requiring
the transport of electric signals. Moreover, fibers can
be soldered using a standard soldering iron with no
need for controlled atmosphere or high temperatures
typical for reactive brazing, making the process
simple, energy efficient, cost-effective, and industrially
viable. Therefore, the presented new carbon-joining
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technique may enable many new technologies and
significant advancements in the existing industries

METHODS

Preparation of Alloys. Transition metal rich SAC alloys were
made using a Balzers VSG 02 vacuum induction furnace. Lumps
of 99.97% Sn, 99.99% Ag, 99.9% Cu, and 99.9% pure Cr, Ti, and
Ni were melted in 0.2 | Al,O5 crucibles under a controlled argon
atmosphere at the pressure of 0.8 bar. Further, the melts were
casted into 10 mm cold graphite molds. For comparative
purposes a nonreactive Sn—3.6Ag—0.7Cu alloy was made using
the same input materials and casting method.

Materials. Carbon nanotube fibers used for the experiments
were manufactured via direct spinning from the floating cata-
lyst chemical vapor deposition furnace. The details of the
procedure were described earlier.52%2°

Experiments requiring carbon fibers were performed with
the use of standard commercial carbon fiber tow 12000 HexTow
IM10.

Alloys for soldering were cold forged from ingots using
swaging machines. Thus, 1.0 mm wires for hand soldering were
formed.

Joining. Soldering was performed with the use of a standard,
commercial, JBC TOOLS CD, ESD station of 75 W power and
temperature range of 90—450 °C, equipped with a JBC-T245-A
soldering iron. All the bonds were prepared in atmospheric condi-
tions (ambient air, room temperature, atmospheric pressure).

The silver paint used for comparative electrical measure-
ments is a commercial solution of silver nanoparticles in organic
solvents (1-ethoxypropan-2-ol, acetone, ethanol, ethyl acetate).>®
All the electrical tests were performed after 24 h to allow enough
time for drying of the paint.

Analysis of Alloy Composition. The X-ray diffraction patterns of
the alloys were obtained with the aid of a Philips X'pert X-ray
diffractometer equipped with a PW 3020 goniometer.

Elemental mapping of the alloys was performed using a
JEOL 5800 LV scanning electron microscope (SEM) equipped
with an ultrathin window EDX detector.

Electrical Testing. The resistance of joined carbon and carbon
nanotube fibers was measured in a four-point probe arrange-
ment using a dc ohmmeter of a Keithley2000 multimeter.

Tensile Testing. Static tensile tests of joined carbon nanotube
fibers and bonds were performed in a Favimat machine (Tex
Techno Instruments).”” The gauge length was set to 40 mm, and
the testing speed to 10 mm min~".

Tensile tests on soldered carbon fiber samples were per-
formed with the use of a Hounsfield 5 kN tester. The gauge
length was set to 50 mm and testing speed to 10% min~".
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