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Abstract
In electrical and mechanical industries, forming a pure copper layer on various substrates would improve the performance 
of automotive motors, batteries, etc. However, the formation of a pure copper layer has yet to be reported on a pure copper 
substrate. Here, a pure copper layer is formed on a pure copper substrate (C10200) using a multi-beam laser cladding system 
with blue diode lasers. The powder mass efficiency increases with the laser intensity. These results are used to construct a 
powder temperature model. At a laser intensity of 6.5 × 104 W∕cm2 , 9.65% of the powder forms a copper layer. In the supplied 
powder, approximately 5% of the powder is melted on the fly. In addition, about 5% of the powder is melted after trapping 
on the substrate. Hence, melting powder on the fly and melting the trapped powder on the substrate form the copper layer.
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1 Introduction

Pure copper has high thermal and electrical conductivities 
[1]. Forming a pure copper layer improves the performances 
of the electrical and mechanical components [2–4]. Com-
mon methods to form a material layer on the target substrate 
include thermal spraying, arc welding, and plasma trans-
ferred arc welding. However, they have some problems. 
Thermal spraying is suitable for rapid processing, but the 
adhesive strength is weak because it is mechanically joined 
by the anchor effect. Although arc welding and plasma trans-
ferred arc welding have good adhesive strength between 
the substrate and the layer, the excessive heat input results 
in a large dilution [5–7]. Therefore, we focus on the laser 

cladding method using a powder. It produces cladding lay-
ers on the substrate by melting a powder material via laser 
irradiation to form a dense and highly pure layer. Hammati 
et al. [8] reported dilution in the laser cladding process and 
showed that the hardness of the layer decreases as the dilu-
tion ratio increases. Because dilution is a serious problem 
even in laser cladding, many studies have investigated it. In 
the conventional method, the laser is irradiated perpendicu-
lar to the substrate surface. Then powders are supplied to 
the focal point from a powder nozzle in a processing head. 
To melt the unheated powder, a large molten pool must be 
formed because some powder is unheated on the fly [9–12]. 
In contrast, it is possible to uniformly heat the powder using 
multiple lasers. The powder can be melted without a large 
molten pool, and the powder trapped on the thin molten layer 
can form the material layer by laser irradiation [13–15]. 
Hence, it is important to form a stable molten layer on the 
substrate.

However, it is difficult to form a stable molten layer on 
pure copper substrates using a laser at the near-infrared 
(NIR) wavelength range of 900–1100 nm, which is used for 
conventional laser cladding. The light absorptivity of copper 
at the NIR wavelength is only 10% under room temperature 
[16]. Ernie et al. [17] showed that the light absorptivity of 
pure copper depends on the temperature of the material. 
When the laser is irradiated on a pure copper substrate at a 
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wavelength of 1000 nm, the reflectivity at room temperature 
(21 °C) is 96%, but it greatly decreases to 76.3% at 200 °C. 
Hence, the absorbed energy to the substrate increases as the 
substrate temperature increases.

Morimoto et al. [18] reported welding a pure copper 
sheet using a fiber laser at a wavelength of 1090 nm. As a 
result, the behavior of the molten pool is unstable during 
laser irradiation. In general, the light reflectivity of metal 
decreases as the wavelength becomes shorter [16]. The light 
reflectivity at a 450 nm wavelength of pure copper is only 
34%, but is 96% for near infrared lasers. The reflectivity is 
constant from 21 to 200 °C, indicating that a blue diode laser 
is superior to form a stable molten layer. Sato et al. installed 
six modules of 20-W blue diode laser in a multi-beam laser 
cladding system and achieved a total output of 100 W at the 
processing point. A pure copper layer forms on a stainless-
steel substrate with this system [19–22]. The penetration 
depth depends on the laser intensity. However, heating of the 
powder by laser irradiation is not fully discussed. Because 
pure copper has a high thermal conductivity, it is difficult to 
melt a pure copper substrate with a 100-W-class blue diode 
laser cladding system. Consequently, there are no reports 
about pure copper formation on a pure copper substrate with 
blue diode lasers.

In this study, two modules of a 100-W class blue diode 
(total output power of 200 W) are installed into a multi-beam 
laser cladding system. A pure copper layer is formed on a 
pure copper substrate. The model of flying powder in laser 
dual-beam laser cladding is constructed, and the melting effi-
ciency of the powder is calculated with this model. Compar-
ing the experimental results with the results calculated from 
the model, the mechanism of layer formation is clarified.

2  Experimental procedures

2.1  Material property

Pure copper powder (Sanyo Special Steel) with a 99.99% 
purity was prepared by a gas atomized method. The pow-
der had a spherical shape and particle size distribution of 
10–60 μm. The average particle size was 34 μm, and the 
standard deviation was 12 μm (Fig. 1). The substrates were 
oxygen-free copper (C10200) plates with dimensions of 
10 mm × 7 mm × 0.5 mm.

2.2  Copper layer formation using a multi‑beam 
laser cladding system

Figure 2 shows (a) a schematic diagram of the multi-beam 
laser cladding system and (b) laser beam profile at the 
focal point. This system was equipped with two modules 

of a 100-W class blue diode laser (Blue Impact, Shimazu). 
Each laser beam was guided to the processing head by a 
optical fiber and combined at a focal point with a focusing 
lens. The laser spot diameter was set at 534 μm in the X 
direction and 480 μm in the Y direction at the full width 
at half maximum. For the focal point, pure copper powder 
was supplied at 13 mg/s from the supply nozzle in the 
center of the processing head. The pure copper powder 
was continuously melted and formed a 5-mm-long pure 
copper layer. Table 1 shows the experimental conditions. 
The copper layer was conducted between the laser inten-
sity of 4.2 × 104 ∼ 6.5 × 104 W∕cm2.

The copper-coated sample was cut using a microcutter, 
filled with a resin, polished, and chemically etched. The 
surface and cross section were observed using a digital 
microscope (VHX-3000, Keyence) to measure the cross-
sectional area. In addition, the powder mass efficiency ep 
is calculated as

Fig. 1  SEM image of a pure copper powder and b distribution of the 
powder diameter
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where � is the density of pure copper, Slayer is the cross-
sectional area of the pure copper layer, vlaser is the laser scan-
ning speed, and mp is the powder feed rate.

3  Results

Figure  3 shows the cross sections of the pure copper 
layer on the pure copper substrate. At a laser intensity 
of 4.2 × 104 W∕cm2 or less, the pure copper layer was 
detached from the substrate, although the pure cop-
per powder was melted and deposited on the substrate. 
At a laser intensity of 5.1 × 104 W∕cm2 , the layer was 

ep =
� ⋅ Slayer ⋅ vlaser

mp

locally bonded to the substrate. At a laser intensity of 
5.9 × 104 W∕cm2 , the layer was completely bonded to 
the substrate with a width of 450 μm, which was smaller 
than the laser spot diameter. At a laser intensity of 
6.5 × 104 W∕cm2 , the layer had a 620 μm width, which 
was larger than the laser spot diameter. Figure 4 shows the 
surface image and cross-sectional image of laser irradiated 

Fig. 2  Schematic of a copper layer formation and b laser beams pro-
file at the processing point

Table 1  Experimental conditions

Laser wavelength [nm] 450
Laser intensity [W/cm2] 4.2 ∼ 6.5 × 104

Scanning speed [mm/s] 1.5
Powder feed rate [mg/s] 13

Fig. 3  Surface image of C1020P sample a before laser irradiation 
and after laser irradiation at an intensity of b 4.2 × 104 W∕cm2 , c 
5.1 × 104 W∕cm2 , d 5.9 × 104 W∕cm2 and e 6.5 × 104 W∕cm2.

Fig. 4  Surface and cross-sectional image of C1020P sample after 
laser irradiation without pure copper powder
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substrates without a powder supply (bead-on test). At a 
laser intensity of 4.2 × 104 W∕cm2 or less, the substrate 
surface did not have a melting mark and the region where 
the crystal grains changed on the cross section.

On the other hand,  at  a  laser intensity of 
5.1 × 104 W∕cm2 , a melting mark was observed on the 
surface of the substrate. Additionally, there was a region 
where the crystal grains were refined on the cross section. 
This intensity corresponded to the threshold where the 
copper layer was formed on the substrate. Under the condi-
tion where the copper layer formed, the width of the melt-
ing mark corresponded to the width of the copper layer.

As a result of the bead-on test, the crystal grains were 
refined in the molten layer. In the conventional laser clad-
ding method, there is a region where crystal grains changed 
[22]. However, an area where crystal grains changed was not 
observed in Fig. 3c, d, or e. Hence, copper layer formation 
was realized with a minimum molten layer on the substrate.

Figure 5 shows the cross-sectional area and powder mass 
efficiency as functions of laser intensity. The cross-sectional 
area and the powder mass efficiency increased as the laser 
intensity increased. The powder mass efficiency had the 
greatest value of 9.68% in the experiments.

4  Discussion

4.1  Heating of the powder in multi‑beam laser 
cladding

To calculate the ratio of powder that is melted on the fly, the 
powder temperature should be considered. In this study, two 
laser modules are evaluated for simplicity. Figure 6 sche-
matically diagrams multi-beam laser cladding. The substrate 

is placed on the x − y plane, and the blue laser beams are 
irradiated at an incident angle � . Pure copper powder is sup-
plied perpendicular to the substrate. All the copper powder 
passes through the rim and the top of the laser beams to the 
substrate. Therefore, the powder temperature is calculated 
under the following conditions:

• The laser intensity distribution is constant;
• The powder moves linearly at a constant speed;
• The powder temperature is uniform;
• Laser beams 1 and 2 have same intensity.
• The powder flow has a low optical density so as no shadow-

ing or reduction in intensity occurs.

The copper powder receives energy by laser irradiation on 
the fly. The laser–powder interaction time t is given as follows 
using the interaction length L and the powder speed vp

The energy Qp that the powder receives by laser irradiation 
on the fly is given by

where A is the laser absorptivity, dp is the diameter of the 
copper powder, and I is the laser intensity of laser beam 1 
or 2 shown in Fig. 6. The energy Qp can also be expressed 
using the temperature rise ΔT  as

(1)t =
L

vp

(2)Qp = A
�d2

p

4
It =

�Ad2
p
IL

4vp

(3)Qp = mcΔT =
�d3

p
�

6
c
(

Tp − T0
)

Fig. 5  Cross-sectional area Slayer and powder mass efficiency ep of the 
copper layer as functions of laser intensity

Fig. 6  Schematic of the multi-beam laser cladding method
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where m is the mass of powder, c is the specific heat, � is the 
density, Tp is the powder temperature when reaching the sub-
strate, and T0 is the initial temperature (room temperature). 
From Eqs. (2) and (3), the powder temperature Tp is given as

In the case of a multi-beam laser cladding system, the 
powder is heated by laser beam 1 and 2 similar to Fig. 6. 
Let LY1 and LY2 represent the interaction length with the 
respective laser beams, and the total interaction length L is 
given as their sum

Regardless of position Y, the total interaction length is con-
stant. From Eqs. (4) and (5), the powder temperature Tp can 
be expressed as

Equation (6) shows that all powder particles are heated uni-
formly by laser irradiation. Hence, a pure copper layer can 
be formed without dilution.

5  Temperature of copper powder

To consider the temperature of the powder, it is necessary to 
measure the powder speed in Eq. (1). Here, the powder speed 
is measured by a high-speed video camera (NAC, Memcam 
Q1v) and a metal halide lamp. The powder supplied from 
the nozzle is captured under the condition of 1.5 × 104 fps 
and the shutter speed of 5 × 10−5 s. The average speed of 30 
particles is recorded as 7620 mm/s.

The powder temperature Tp is calculated by Eq. (6). Table 2 
shows the calculation conditions. The light absorption rate 
of pure copper at a wavelength of 450 nm is 64% [22]. The 
laser spot diameter is based on the measurement results of the 

(4)Tp =

(

3A

2�pcp

)(

I

vpdp

)

L + T0

(5)L = LY1 + LY2 =
dL − Y

tan �
+

Y

tan �
=

dL

tan �

(6)Tp =

(

3A

2�pcp

)(

dLI

vpdptan�

)

+ T0

laser beam profile. Figure 7 plots the powder temperature as 
a function of laser intensity. The pure copper powder with a 
diameter of 15 μm or less is melted by laser irradiation at a 
laser intensity of 6.5 × 104 W∕cm2 based on the model, which 
corresponds to about 5% in the supplied powder. At the laser 
intensity of 5.9 × 104 W∕cm2 , the pure copper powder with 
a diameter of 13 μm or less is melted, which is less than 5%. 
At the laser intensity of 5.1 × 104 W∕cm2 , the pure copper 
powder with a diameter of 10 μm or less is melted. However, 
there is no powder under 10 μm in the supplied powder.

Some powder reaches the substrate in the solid state. This 
unmelted powder is captured on the molten layer shown in 
Fig. 4b and is subsequently melted by laser irradiation or 
heat conduction. At a laser intensity of 4.2 × 104 W∕cm2 
or less, the molten layer is formed on the substrate, and the 
layer does not bond to the substrate. At a laser intensity of 
5.1 × 104 W∕cm2 or above, the molten layer forms on the 
substrate. Since only the powder supplied into the molten 
layer is bonded to the substrate, the copper layer width cor-
responds to the width of the molten region formed by laser 
irradiation without a powder supply.

6  Summary

A pure copper layer is formed on a pure copper substrate 
with a high-intensity blue diode laser installed in a multi-
beam laser cladding system. The powder mass efficiency 
increases as the laser intensity increases. Based on these 
results, a powder temperature model is constructed. At a 
laser intensity of 6.5 × 104 W∕cm2 , 9.65% of the powder 
forms a copper layer. In the supplied powder, approximately 
5% of the powder is melted on the fly. In addition, about 5% 
of the powder melts after being trapped on the substrate. 
Hence, both the melted powder on the fly and the powder 
trapped on the substrate form the copper layer.

Table 2  Calculation conditions

Laser absorptivity Ap [-] 0.64
Density ρp [g /cm3] 8.94
Specific heat cp [J/(g·K)] 0.379
Laser spot diameter d

L
 [μm] 534

Powder speed v
p
 [mm/s] 7620

Melting temperature Tm [°C] 1084
Incident angle � [°] 23
Initial temperature T1 [°C] 21

Fig. 7  Powder temperature as a function of laser intensity
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