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Fabrication of Pure Copper Rod by Multi-beam Laser Metal Deposition
with Blue Diode Lasers
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A three-dimensional rod of pure copper was fabricated by multi beam type laser metal deposition
method with blue diode lasers. In order to clarify the mechanism of the 3D rod formation, the melting
and solidification process during a rod formation was captured with a video camera. The pure copper
rod with a length of 100 mm was successfully formed in 25 seconds at the power density for blue
laser of 1.6x10* W/cm?. In order to evaluate the rod shape, the cross-sectional area was measured.
As the results, the long side of the formed pure copper rod was 780 um and the short side was 600
pum, which was larger than the spot at the focal point. Furthermore, in order to evaluate the mechanical
properties, tensile strength and hardness of the rod were measured. The rod had a maximum tensile
strength of 229 N/mm? and an elongation rate of 30%, which was low ductility. The fractured part
was analyzed using a scanning electron microscope. As a result, it was found that the fracture surface
of the rod was inhomogeneous with scattered holes.
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1. Introduction

Pure copper is widely used in many electric parts such
as a solenoid due to having a high thermal conductivity and
a high electrical conductivity. As electric cars become more
prevalent, the market demand for welding, cladding, and
cutting of copper is increasing. Although a thermal spray
method and an electro-less deposition method are generally
used to form a copper layer when adding different functions
on a substrate, these methods have issues such as a low ad-
hesive strength and a poor layer [1-3].

Recently, methods using a laser to form the copper layer
have been reported. Mizoshiri et al. reported that copper
thin films form from CuO nanoparticles in a reduction re-
action with a femtosecond laser, but the purity of copper is
low since CuO remains in the layer [4]. Mao et al. reported
that the copper layer was deposited on the substrate by the
chemical vapor deposition method with CO; laser. It was
difficult to form a thick layer over 1 um [5]. In plasma
transfer arc welding (PTA), copper or copper alloy thin
films is possible to be formed on the metal substrate, since
a plasma arc is used as a heat source. However, the plasma
arc is difficult to control the heat input, and excessive heat
input causes dilution of the substrate material into the layer
[6,7]. Molleda et al. reported a furnace brazing process
coated copper on carbon steel [8]. In their method, the orig-
inal characteristics of the materials such as Cu and carbon
steel are not exhibited because the sample depends on the
blazing material.

Our research has focused on a laser metal deposition
(LMD) method, which can form a dense and highly metal
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layer since a laser can directly melt and solidify the coating
material. The LMD method, which is a laser additive man-
ufacturing technology, is attractive due to its ability to
freely form shapes. Additionally, it is an effective metal sur-
face cladding technique capable of increasing component
lifetimes when an additive material such as a powder or a
wire is melted by a laser and deposited on the substrate [9-
12]. Compared with other methods (e.g., PTA, thermal
spray, etc.), the advantages of LMD are a small heat-af-
fected zone, a low heat distortion of the substrate, and a
high adhesion strength to the substrate.

LMD uses, generally, lasers in the near infrared region
such as a direct diode laser, a disc laser, a fiber laser. How-
ever, pure copper layer formation is challenging due to its
low light absorption at these wavelengths. At the wave-
length of 1 um, the absorption rate for copper is recorded
to only 6 %. The light absorption rate of copper depends
on the wavelength, the light absorption rate increases as the
wavelength become shorter [13]. Himani et al. demon-
strated that the copper was formed on the substrate with
high power green laser [14]. The light absorption rate at a
450-nm wavelength increases to 60%. In response, we have
employed a blue direct diode laser at a 450-nm wavelength
for LMD and developed a blue direct diode laser induced
LMD system [B-LMD]. Our B-LMD is employed multi
beam type LMD system using two lasers to supply a clad-
ding powder from the center nozzle, realizing a low dilution
area and micro cladding [15-20].  In this study, we demon-
strate that a 3D rod of pure copper layer is formed on plate
by B-LMD. Additionally, the cladding process is evaluated
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in real time with a video camera and investigated the me-
chanical property of 3D rod.

2. Experimental procedure
2.1 Powder

A pure copper powder, which was prepared via a pre-
mixed atomization process from Sanyo Spatial Steel co.,
was used in this study. The copper powder having a purity
of 99.99% was produced by a gas atomized method. The
powder size was measured with a particle size distribution
analyzer. The powder had a spherical shape with a particle
size around 35 um and standard deviation of 12 um as
shown in Fig.1.
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Fig.i SEM image of pure copper powder.

2.2 Experimental procedure for 3D rod formation
with B-LMD

Figure 2 (a) shows the schematic diagram of experi-
mental setup for a pure copper rod formation with B-LMD
[18,19]. Two diode laser modules were employed. The out-
put power and wavelength for the one module were 100 W
and 450 nm, respectively. The two lasers were guided to the
focusing head with optical fibers. Each fiber had a core di-
ameter of 200 um. The beam profile at the focal point of
the combined two lasers was set to a spot diameter of 590
um in the x axis direction and 530 um in the y axis direction
at full width at half maximum by a CCD camera (Fig. 2 (b)).
The processing head supplied the powder at a focal point
from a center nozzle. A stainless steel-type 304 substrate
with a 1.0-mm thickness was used. When laser irradiation
and powder feeding were simultaneously performed toward
to the substrate, the powder melted and solidified on the
substrate to form a pure copper layer and then processing
head was going up vertically to form a 3D rod. The laser
power density was set at from 1.6x10* W/cm?. The powder
feed rate was kept constant at 37 mg/s, and Ar gas was
flowed at a rate of 10 L/min as a shield gas to prevent oxi-
dation.

2.3 Evaluation of mechanical properties for 3D rod.

In order to evaluate the rod formation process, the video
camera was set and recorded an illuminated image with a
halogen light via a band pass filter at the horizontal direc-
tion in real time. After rod formation, the cross-sectional
area was investigated with an optical micro-scope (OM) to
measure the crystal grain of cross-sectional surface cor-
roded with ammonium hydrogen peroxide solution. 4
points of the Vickers hardness (HV) were measured on the
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cross sectional area of the pure copper rod to obtain the av-
erage value with micro Vickers Hardness tester before cor-
rosion. Moreover, tensile test was done by using the tensile
tester (Autograph AGS-X, Shimazu co.) at a constant cross-
head speed of 2 N/mm?/s, up to the final failure of the joint
in order to measure ultimate tensile strength (UTS). Since
the diameter of the test piece was 1 mm or less, the grip
interval and test speed were set to 50 mm and 2 N/mm?/s,
respectively. After tensile test, the fracture surface was ob-
served using a scanning microscope (SEM) and OM. To
compare with a ¢1.2 mm tough pitch wire, similar meas-
urements were performed.
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Fig.2 (a) Schematic diagram of B-LMD for rod formation
and (b) beam profile on the processing point.

3. Results and Discussion
3.1 3D rod formation by B-LMD

Figure 3 shows the rod formation process captured with
a video camera. When the powder feeding and the laser
irradiation were simultaneously performed to the substrate,
the powder was melted to form a molten layer and then so-
lidified on the substrate to form a copper thin layer. To re-
peat this process, the pure copper rod with 100 mm was
formed in 25s at the laser power density of 1.6x10* W/cm?,
the powder feed rate of 37 mg/s and the processing head
sweep speed of 4 mm/s, as shown in Fig.3 (e). The thick-
ness of the rods was measured at five points every 20 mm
from the starting point of modeling. As a result, the thick-
nesses at 10 mm, 30 mm, 50 mm, 70 mm, and 90 mm from
the starting point were 723 pm, 757 um, 728 pm, 738 um,
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and 723 mm, respectively, and the overall difference in
thickness variation was within 5%.

(b)t=6.0s

Fig.3 Video camera imges of rod formation at (a) t=0s,
(b) t=6s, (c)t=13.0s and (d) t=20.0s, and (e) is a photo im-
age of 3D rod formation

3.2 Evaluation of cross-sectional area

Figure 4 displays the OM image of cross-sectional sur-
face of pure copper rod at the laser power density of
1.6x10* W/cm?. The rod was cut perpendicular to the
growth direction, and after filling with resin, polishing and
etching, the cross section was observed using the OM. A
dense layer and few voids were observed. It was founded
that the pure copper rod had a long side of 780 um and short
side of 600 um and was larger than the laser spot. Since the
rod is irradiated with the laser defocused, the irradiated area
is wider than focal point. When the laser profile at Z = 300
pum and the cross section of the pure copper rod were over-
lapped, the diameter of the pure copper rod coincided with
the laser irradiation as shown in Fig.5. This is considered to
be the result of two phenomena in multi-beam LMD, one is
that the feed powder is heated by the laser and melts to form
a rod when it reaches the rod tip, and the other is that the
unmelted powder is trapped in the molten layer and melts
by thermal conduction. This is due to the fact that some of
the unmelted powder is trapped in the molten layer and
melted by thermal conduction. At a laser power density of
1.6x10% W/cm?, powders with a particle size of 15 um or
less can be melted in flight [19], however powders with a
larger particle size are trapped in the molten layer in an un-
melted state. After trapping, they are additionally heated by
the laser to melt, which increases the volume. In this exper-
iment, powder was used with an average particle size of 35
pm as shown in Fig.1, resulted in about 1/3 of the powders
are trapped in molten layer in an unmelted state, and the
rods are considered to form at Z = 300 pm position.

It was found that the cross-sectional shape of pure copper
rod was determined by the position irradiated by the laser.
It was expected that the cross-sectional shape of the pure
copper rod could be controlled by changing the method of
laser irradiation. Moreover, Vickers micro hardness of the
rod were measured before the corrosion. The hardness of
the commercial pure copper was 54 HV. The Vickers micro
hardness of the rod was obtained to 65=*15 HV higher than
commercial pure copper. After corrosion with ammonium
hydrogen peroxide solution, the grain size was measured by
the OM. From Fig.4, fine grain was appeared. The hardness
of the fabricated samples was improved owing to the laser
heating rapidly of each layer caused by the rapid melt and
solidification of the material. According to the reference
[20], it reported that the grain size on the fabricated com-
mercial pure copper by LMD processing was became larger
to depend on the laser scanning speed. The size of crystal
grain is attributed to the cooling rate after laser irradiation.
According to reference [21], grain size of weld bead for
pure copper by laser irradiation became large as the laser
sweep speed decreased. This indicates that the pure copper
grains are strongly dependent on the laser input energy.
Therefore, the fine grains of our rod show the same ten-
dency as the weld bead with less heat input.

Fig.4 OM image of cross-sectional surface of 3D rod cor-
roded with ammonium hydrogen peroxide solution.

Intensity (a.u.)
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Fig.5 Beam profile of blue laser at focal position of the
Z=300 pm

3.3 Investigation of mechanical property
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Figure 6 shows the results of tensile strength measure-
ment for the pure copper rod compared with ¢1.2 mm tough
pitch copper wire. The maximum tensile strength of ¢1.2
mm tough pitch copper wire was 243 N / mm? and the elon-
gation rate was 42%, but the rod had a maximum tensile
strength of 229 N/mm? and an elongation rate of 30%,
which was low ductility. The fractured part was analyzed
using OM and SEM. As a result, it was found that in tough
pitch copper, fine voids were formed uniformly in the cross
section. On the other hand, the fracture surface of the rod
was inhomogeneous with scattered holes. It is considered
that this is due to the fact that a slight void was formed in
the rod formed by the B-LMD process as shown in Fig. 4,
and that the starting point was the fracture. It is considered
that this is because a slight void was formed in the rod
formed by the B-LMD process as shown in Fig. 7, which
was the starting point and caused the fracture. Furthermore,
from Fig. 7 (d) and (f), it is seemed that some non-melted
powder remained at the fracture surface of the rod. It can
be assumed that a part of the rod was joined as a powder
sintered and broke at the sintered position having a low
bonding force. Therefore, it is considered that the rod is in-
ferior in the tensile strength of commercially pure copper.

The pure copper rods were formed by the multi beam
type LMD using blue diode lasers, and 100 mm pure copper
rod was formed in 25 seconds. As a results of measuring the
cross-sectional shape of the rod, it was found that the cross
sectional shape of the rod depended on the beam diameter
of the processing point. Furthermore, although the ductility
of the rod was inferior to that of commercially copper wire,
this result suggests that it is possible to form any shape of
pure copper from powder, which will increase the design
possibility of the pure copper products and contribute to the
development of high-performance copper products.
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Fig.6 Correlation between the strain and tensile strength
due to compare with the tough pitch copper and the rod
fabricated by B-LMD
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Fig.7 Fracture surface in (a), (c), (€) tough pitch commer-
cial copper wire and in (b), (d), (f) the rod fabricated by
B-LMD. (a) and (b) show photo of ductile destruction, (c)
and (d) are OM images of cross section, and (e) and (f) are
SEM images in the (c) and (d), respectively.

4, Summary

The 3D rod of pure copper was fabricated from powder
by B-LMD. In order to evaluate the rod shape, the cross-
sectional area was measured. As the results, the long side
of the formed pure copper rod was 780 um and the short
side was 600 pm, which was larger than the spot at the focal
point. Furthermore, in order to evaluate the mechanical
properties, tensile strength and hardness of the rod were
measured. The rod had a maximum tensile strength of 229
N/mm? and an elongation rate of 30%, which was low duc-
tility. The fractured part was analyzed using a scanning
electron microscope. As a result, it was found that the frac-
ture surface of the rod was inhomogeneous with scattered
holes.
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