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Abstract
Green laser sources are advantageous in the processing of copper due to the increase of absorptivity compared with more
commonly available infrared lasers. Laser metal deposition of copper with a green laser onto various substrate metals namely
copper, aluminium, steel and titanium alloy was carried out and observed through high-speed imaging. The effects of process
parameters such as laser power, cladding speed and powder feed rate, and material attributes such as absorptivity, surface
conditions and thermal conductivity are tied together to explain the size and geometry of the melt pool as well as the fraction
of the power used for meltingmaterial. The copper substrate has the smallest melt pool with a high angle, followed by aluminium,
steel and titanium alloy. The incorporation times for powder grains in the melt pools vary based on the substrate materials. Its
dependency on material properties, including surface tension forces, melting temperatures and material density, is discussed.
Oxide skins present on melt pools can affect powder incorporation, most significantly on the aluminium substrate. The lower
limits of the fraction of power irradiated on the surface used purely for melting were calculated to be 0.73%, 2.94%, 5.95% and
9.78% for the copper, aluminium, steel and titanium alloy substrates, respectively, showing a strong dependence on thermal
conductivity of the substrate material. For a copper wall built, the fraction was 2.66%, much higher than a single clad on a copper
substrate, due to reduced workpiece heating. The results of this paper can be transferred to other metals with low absorptivity such
as gold.

Keywords Copper . Laser metal deposition . Additive manufacturing . High-speed imaging . Multi-material . Green 515-nm
laser . Directed energy deposition . Absorptivity . Powder grain incorporation . LMD . DED

1 Introduction

Additive manufacturing is a technology through which com-
ponents are manufactured by adding material in layers. There
are two main types of powder-based additive manufacturing

using laser as the main heat source: blown powder and
preplaced powder. Blown powder laser additive manufactur-
ing, also called laser metal deposition (LMD), is a process
where metal powder is fed into a melt pool created by the laser
beam to produce a fully dense near net-shaped component, as
described by e.g. Gibson et al. [9]. These additive manufactur-
ing methods can be used to produce structures that cannot be
manufactured through conventional processes, e.g. Brueckner
et al. [8] wrote about locally tailored material properties and in
situ alloying among others. It was shown that linearly graded
transitions between miscible material combinations could be
achieved through LMD. LMD can also be applied to material
combinations that have required and beneficial, limited or no
miscibility.

Pogson et al. [17] mention that copper structures of increas-
ing importance such as micro-heat exchangers are difficult to
manufacture through conventional methods. Popovich et al.
[18] summarised that the high electrical and thermal conduc-
tivity of copper along with good corrosion resistance makes
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copper an interesting material for tooling inserts and cooling
components as well as in electrical components when it is
precipitation strengthened or alloyed. Selective laser melting
of dense copper structures was reported by Lykov et al. [13],
and thin-walled honeycomb structures by Pogson et al. [17].
Deposition of a functionally gradient material with varying
fractions of copper and nickel through LMD has been carried
out with a CO2 laser byMazumder and Stiles [16]. Imran et al.
[12] succeeded at depositing tool steel powder onto a copper
substrate through LMD, with and without a buffer layer,
intended to make bimetallic tooling using a CO2 laser.

There is a material-based variation in electromagnetic
absorption, e.g. Brueckner et al. [8]. The wavelength-
dependent absorption of electromagnetic radiation in
twelve different materials, plotted based on spectral reflec-
tance data from the work of Spisz et al. [21], can be found
in Fig. 1. The surface condition is described as ‘as re-
ceived’ and cleaned, which can be assumed to be smooth
but not ideal. The transmission of radiation through a ma-
terial depends on material type, thickness and the wave-
length of radiation used. Metals, that are not thin films, are
opaque to visible and infrared (IR) wavelengths [5].

Bourell et al. [6] explain that it is difficult to create a melt
pool for highly reflective (resulting in low absorption) alloys
such as copper and aluminium. Asano et al. [2] used a blue
direct diode laser to deposit a copper film through a blown
powder process on type 304 stainless steel. Due to the high
absorptivity of the blue light in copper, clads could be depos-
ited with laser power as low as 56 W. Table 1 lists spectral
absorptance for various metals for 457 nm, 525 nm and
1085 nm which are close to the wavelengths of blue, red and
IR lasers respectively. It is clear that the increase in absorp-
tance between IR and green lasers is much higher than that

between green and blue laser systems. High-power green laser
systems are now commercially available, and are more acces-
sible than blue laser systems. Use of green lasers with wave-
length close to 500 nm would increase the absorption of laser
radiation in copper by more than ten times compared with
1070-nm lasers.

Hess et al. [10] demonstrated welding of copper using 515-
nm and 1030-nm lasers combined. Using only an IR laser with
the same line energy, only heat conduction welding could be
carried out on copper.

1.1 Material property impact on laser-generated melt
pool dimensions

A number of physical factors related to the substrate and pow-
der materials as well as their surface condition play a role in
determining the melt pool size and geometry. Absorptivity of
the wavelength of the laser radiation is of high importance,
determining how much energy radiated onto the surface is
absorbed and used in the process. From Fig. 1, it can be seen
that the spectral absorptance for various metals decreases with
increasing wavelength. Absorptivity is temperature

Fig. 1 Spectral absorptance for various high-purity metals with a cleaned but not ideal surface finish plotted using data from Spisz et al. [21]

Table 1 Values for spectral absorptance for copper, aluminium,
stainless steel and aluminium for wavelengths close to blue, green and
IR laser wavelengths, from Spisz et al. [21]

Wavelength (nm) Spectral absorptance for material (%)

Copper Aluminium Stainless steel Titanium

457 (blue laser) 65.2 13.6 43.2 80.8

525 (green laser) 54.5 13.5 40.2 78.6

1085 (IR laser) 4.0 5.2 30.1 65.2
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dependent. Bergström [5] summarised that it can generally be
described to increase linearly with temperature in their solid
phase. On undergoing the solid–liquid transition, the increase
in absorptivity is in the order of 150–200% after which it
continues to increase linearly.

Surface roughness present on surfaces favours the absorp-
tion of laser radiation as explained by Bergström [5], i.e.
sandblasted surfaces absorb more radiation than polished sur-
faces. Oxide layers found onmost metal surfaces can also help
in increasing absorption. Tolochko et al. [22] write that pow-
der materials absorb more radiation than dense materials in
general mainly due to multiple reflections. The temperature
of powder grains also rises faster due to their small volume.
This is significant in the case of LMD, where the powder
grains can be heated by the laser beam before they reach the
melt pool.

An important factor that plays a role in the formation of the
laser-generated melt pool and its properties is thermal conduc-
tivity, which describes the rate of heat transfer from the hot to
the cold end of the material. Copper at room temperature has
high thermal conductivity (385 W/mK), implying that heat is
quickly lost to the colder parts of the substrate. Mazumder
[15] mentions that convection is the most important factor
influencing the melt pool geometry, including aspect ratio
and shape. It is also said to dominate alloying (or dilution)
in laser cladding-like processes. An influence on convection
is the viscosity of the molten material, whose value is also a
temperature-based gradient. Melting and vaporisation temper-
atures of the material are also significant in determining melt
pool properties.

1.2 High-speed imaging

High-speed imaging is an effective tool for studying process
behaviour. A video of the process is captured at a high frame
rate ranging from few hundred frames per second to multiple
hundred thousand frames per second, and later played back at
lower speeds. Phenomena that are generally difficult to ob-
serve then become visible. The concept of using high-speed
imaging to observe laser processes dates back to 1985, when
Arata et al. [1] studied high-power CO2 laser welding. LMD
has been studied through high-speed imaging by Siva Prasad
et al. [20], who described the powder catchment behaviour of
Inconel 718 deposited on stainless steel.

Although it is known that various material properties have
an effect on the melt pool properties, these results are not
available in a visual and comprehensive way elsewhere. This
paper discusses and compares the effects in various metals
influencing the laser-generated melt pool in various substrate
metals with observations from high-speed imaging.
Incorporation behaviour of powder grains in the melt pool is
also compared among the substrate materials.

2 Methodology

Single tracks of 99.9% pure copper were cladded onto various
substrates, listed in Table 2. The feedstock of copper powder
was of size 50 to 90 μm. A coaxial ring-slit nozzle was used
for the deposition where the laser beam and shielding gas
travel through a central hole and the powder along with the
carrier gas is fed through the surrounding slit. Argon was used
as both the carrier and shielding gases. Both the powder and
laser beam interact before reaching the melt pool surface.

A frequency-doubled disk laser source with effective
wavelength 515 nm andmaximum power 1 kWwas usedwith
spot size at focus of 1.7 mm and Gaussian distribution. A
number of parameters with power ranging from 200 W to
1 kW, travel speed from 0.1 to 0.5 m/min and powder feed
rate from 0.65 to 3.9 g/min were used to create the tracks on
the listed substrates.

High-speed imaging was used to study the process behav-
iour from the side. The processes were filmed using a high-
speed camera at a recording frequency of 10,000 frames per
second (fps), making the shortest observable time step 0.1 ms.
Continuous wave laser illumination with wavelength 808 nm
and maximum power of 100 W was used to illuminate the
process. A narrow band-pass filter matching the wavelength
of the illumination laser was used to block out the processing
laser light. The camera was angled at 30° horizontally to cap-
ture the process. The process setup can be found in Fig. 2(a)
and a cross-section image of the process is in Fig. 2(b).

The videos were played back at low speeds to observe the
melt pool dynamics, powder catchment behaviour and solid-
ification properties. Cross sections of the tracks were made to
observe dilution and track shapes. Surface images were also
taken. Image processing software was used to measure melt
pool length, track width, track height from the surface of the
substrate, melting depth and area of the melted regions in the
cross section.

3 Results and discussion

Copper tracks were successfully cladded onto the four sub-
strate materials: copper, aluminium, steel and titanium alloy. A
wall of copper was built on the steel substrate showing the
possibilities of multilayer processing with copper powder

Table 2 List and specifications of the substrate materials

Substrate material Specification

Copper (sandblasted) 99.9% copper

Aluminium (sandblasted) 99.6% aluminium (EN-AW 1100)

Steel 1.2343 (X37CrMoV5–1)

Titanium alloy Ti6Al4V

1559–1568Int J Adv Manuf Technol (2020) 107: 1561



using the green laser; it can be seen in Fig. 3. Table 3 lists the
minimum required power for the given speeds and powder
feed rates for each of the substrate materials.

Measurements of the melt pool lengths from high-speed
imaging of the LMD processes and cross-section images
showed that:

& Melt pool length and track width generally increase with
increasing power. In lieu of varying power for copper, the
cladding speed was decreased in steps since the minimum
power needed to create a melt pool in copper was 1 kW.
This also resulted in increasingmelt pool lengths and track
widths due to increased interaction time between the laser
beam and the substrate.

& With increasing laser power, track height (measured from
the surface of the substrate to the top of the track) is seen to
increase until a certain extent, as the fraction of incorpo-
rated powder increases, and then decreases. This trend was
clear in the case of the steel and titanium alloy substrates,
where a wide range of power could be used (200 W to
1 kW).

& Dilution with the base material decreases with increasing
powder feed rate, or/and reducing laser power. The area of
cross section of the deposited track also increased with
increasing powder feed rate.

Frames from high-speed imaging of copper deposition on a
copper substrate can be seen in Fig. 4. The process is seen to
advance intermittently, as in Fig. 4(b). As the laser beam
moves forward, a molten region is seen to form on the sub-
strate directly in front of the melt pool (in Fig. 4(b)(i)). The
melt pool joins this molten region, lengthening slightly (ap-
proximately one-tenth of the melt pool length). The melt pool

shape and size then regularise, and a molten region starts to
form in front of it again. This cycle takes about 0.12 s.

From the high-speed imaging, as in Fig. 4, it can also be
seen that there is not much melting of the base material im-
plying low/no dilution, and the melt pool angle (the surface of
the melt pool is not horizontal, it is at an angle to the horizon-
tal) is high (35° in this case). Since the horizontal area covered
by the melt pool is low, this decreases the probability of catch-
ment and incorporation of the fed powder grains. Waves ap-
pear on the surface of the melt pool, due to the impact of the
powder grains.

The high-speed imaging sequence of the incorporation of a
powder grain into the melt pool is in Fig. 4(c). In the first
frame, the powder grain arrives at the surface of the melt pool.
It floats on the melt pool, after which it is incorporated or sinks
into the melt pool, 0.3 ms after first contact with the melt pool.
Integration of powder grains in the melt pool can be seen to
happen in as little as 0.1 ms from first contact. Powder grains
that arrive at the edges of the melt pool may remain on the
surface of the clad. They interact with the melt available and
attach, or have a molten surface as a result of their interaction
with the laser beam, but in either of these the powder grains
are not fully melted.

Figure 5 shows frames from high-speed imaging of the
process of the deposition of copper on an aluminium substrate.
An oxide skin is present on the melt pool surface along the
edges and moves dynamically on the surface. Some bright
frothy patches are also present at the front end of the melt
pool. The angle of the melt pool is also very low (almost
horizontal), signifying melting and dilution of the substrate.
This also increases the possibility of powder catchment in the
melt pool.

Powder grains arriving at the centre of the melt pool incor-
porate within 0.1 ms of arriving at the melt pool, as in
Fig. 5(b). They are not seen to be floating or moving, and
likely incorporate at the position of initial impact. Some waves
and movements can be spotted in the melt pool, but no small
ripples are seen.

When powder grains make their initial contact with the
oxide skin (marked on Fig. 5(b)(i)), there are two possible
scenarios. In the first scenario, they break the oxide skin and
incorporate immediately into the melt (within 0.1 ms). In this
case, the powder grains only require 0.1 ms to sink into the
melt, similar to those grains that arrive at the centre of the meltFig. 3 Copper wall built on steel substrate

Fig. 2 Schematic illustration of the (a) side view of the experimental
setup, and (b) cross section of the process overview

Table 3 The minimum required power for given cladding speed and
powder feed rate for the four substrate materials

Substrate material Copper Aluminium Steel Titanium alloy

Laser beam power (kW) 1 0.6 0.2 0.2

Cladding speed (m/min) 0.1 0.5 0.5 0.5

Powder feed rate (g/min) 1.3 1.3 2.6 3.9
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pool. The second scenario is shown in Fig. 5(c). The powder
grain floats on this oxide skin for an extended period of time
(2.8 ms in this case) before incorporating with the melt.
During this time, it might undergo melting, and might even
fully melt prior to incorporation with the melt pool.

In Fig. 6, frames from the high-speed imaging of the depo-
sition process can be seen. Along the entire edge of the melt
pool, a 0.1-mm-wide oxide skin is present. Like in the case of
aluminium, it floats on the melt pool and is broken up by the
impact of powder grains. Figure 6(b) shows the incorporation

of arriving copper powder grains into the melt. Incorporation
happens within 0.1 ms for most observed cases, and generally
within 0.2 ms. The melt pool appears to be flat and small
ripples are formed on its surface on impact of the powder
grains.

Frames from the high-speed imaging of the LMD process
on a titanium alloy substrate can be found in Fig. 7. From the
reference image (Fig. 7(a)), it can be seen that the melt pool is
4.82 mm long, and the laser beam only irradiates the first
1.7 mm. Small patches of oxides can be seen on the melt pool

Fig. 4 Frames from high-speed imaging of copper deposition on a copper
substrate using power 1 kW, powder feed rate 1 g/min and cladding speed
0.1 m/min. (a) Reference image indicating the region of interest. (b)
Progress of the process: movement of the melt pool as the laser beam

moves forward (with white circles indicating the region of interest), and
(c) incorporation of powder grains in the melt pool (the white circles mark
the position of the powder grain)

Fig. 5 Frames from high-speed imaging of copper deposition on
aluminium using laser power 1 kW, cladding speed 0.5 m/min and
powder feed rate 1.3 g/min. (a) Reference image indicating region of

interest; frame sequences for (b) incorporation of powder grains into the
melt pool and (c) incorporation of powder grains arriving on the oxide
skin (the white circles mark the position of the powder grains)
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surface. Figure 7(b) shows the incorporation of a powder grain
into the melt pool. The powder grain is incorporated within
0.1 ms of making first contact with the melt pool. On impact,
small ripples are formed on the laser-irradiated region of the
melt pool. Melt is slowly pushed towards the solidifying edge
of the melt pool, which is at a higher vertical position than the
front of the melt pool.

Figure 8 summarises the frames from the various high-
speed videos (Fig. 8(a)), surface images (Fig. 8(b)) and
cross-section images (Fig. 8(c)) of the clads on the four sub-
strates using the same set of parameters: power 1 kW, powder
feed rate 1.3 g/min and 0.5 m/min. Data regarding melt pool
length, track width and height, depth of melting, dilution,
rough values of percentage of laser power used for melting
and the incorporation time observed for the same parameters
are presented in Table 4. The volume of melted material per
unit time was calculated from the cross-section images, i.e. the
melted area from the images multiplied by the distance trav-
elled per unit time. It includes the volume of the clad (copper)
and the volume of the substrate melted. The lower limit of the
laser power used for melting is calculated as the energy need-
ed to melt the calculated volume of material. This includes the
energy to raise the temperature of the base material and copper
added from room temperature to their respective melting
points, as well as their respective latent heats of melting.
Heat conduction from the melt pool and heating the materials
above their melting temperatures are not considered. This also

gives a value for the lower limit of the overall absorptivity. At
the parameters selected, there is no continuousmelt pool in the
case of the copper substrate.

In LMD, the laser beam interacts with the melt pool, which
might be composed of mainly the base material, mainly the
deposited material or a mix of both the substrate and base
materials depending on the extent of dilution. The absorptivity
for the wavelength of the laser beamwould thus depend on the
mixture of materials. The size and behaviour of the melt pool
depend on the properties of both the base and deposited ma-
terials, i.e. both copper and the material being observed in the
paper.

From the observations made with regard to all four sub-
strates considered, incorporation of the copper powder grains
occurs most often within 0.1 ms after first contact with the
melt pool (and maximum up to 0.2 ms and 0.3 ms in the case
of steel and copper respectively). This is on average lower
compared with the time taken for Inconel 718 powder grains
to incorporate into the centre of a stainless steel 316L melt
pool as seen by Siva Prasad et al. [20]. In that case, the incor-
poration times ranged between 0.28 and 8.16 ms depending
on position of initial interaction between the powder grains
and the melt pool. In the observed videos, the incorporation
time was so short that the particles were not seen to be accel-
erated on the melt pool surface by e.g. Marangoni flow.

Several factors influence the time taken for incorporation
of powder grains in the melt pool. The maximum times taken

Fig. 6 Frames from high-speed imaging of copper deposited on steel
using laser power 1 kW, cladding speed 0.5 m/min and powder feed
rate 2.6 g/min where (a) is the reference image and (b) is a frame

sequence showing incorporation of powder grains into the melt pool
(the white circles mark the position of the powder grains)

Fig. 7 Frames from high-speed imaging of copper deposited on the
titanium alloy using laser power 0.6 kW, cladding speed 0.5 m/min and
powder feed rate 3.9 g/min where (a) is the reference image and (b) is a

frame sequence showing incorporation of powder grains into the melt
pool (the white circles mark the position of the powder grains)

1559–1568Int J Adv Manuf Technol (2020) 107:1564



for incorporation of powder grains in the melt pool were
0.1 ms for aluminium and titanium alloy, 0.2 ms for steel
and 0.3 ms for copper for the same feed material and param-
eter set. The influence of kinetic energy of the powder grains
and the effects due to irradiation of the laser beam on the fed
powder before they reach the melt pool can be considered the
same for all the substrate materials used. Generally, powder
grain size can influence its temperature and melting time, with
smaller grains melting faster. Since the same feedmaterial was
used and only the maximum incorporation time is considered,
this factor can also be ignored. The temperature of the melt
pool could also affect incorporation times, where the lower
incorporation times would be expected with melt pools with
higher temperatures. This trend is seen for the copper, steel
and titanium alloy substrates, while it does not apply to the
aluminium substrate (with the lowest melting temperature
among the materials considered). The most significant factor
to affect incorporation time can be considered to be the surface
tension forces, which are based on the composition of the melt
pool and its temperature [23]. Additionally, wettability of the
different molten materials on solid copper and viscosity of the
molten materials can also have an influence in incorporation.
A trend regarding density of the molten materials and the
maximum incorporation time is seen, without it necessarily
being a cause. The higher the density of the melt, the longer

the measured maximum incorporation times (densities are
8960 kg/m3 for copper and 7810 kg/m3 for steel 1.2343 at
room temperature; 7998 kg/m3 for pure copper [4], 4030 kg/
m3 for Ti6Al4V [19] and 2372 kg/m3 for pure aluminium [3]
at their melting points).

The presence of the oxide skin on the surface of the melt
pool varies between the four substrates. It is seen on the alu-
minium, steel and titanium alloy substrates, but it varies in
quantity and stability. The oxide skin on the aluminium melt
pool covers a large fraction of the melt pool and has the
greatest impact on incorporation of the powder grains. It is
segmented and scanty on the steel and titanium alloy melt
pools, which is a possible reason why the copper powder
grains are not seen to float on the oxide skin in these cases.
It is also likely to be thinner than the oxide skin on the alu-
miniummelt pool. The copper and aluminium substrates were
sandblasted directly prior to cladding, removing surface ox-
ides. Aluminium has a stronger tendency to oxidise than cop-
per. An oxide skin is not visible in the high-speed videos for
the copper substrate. Copper oxides are unstable at high tem-
peratures, although they have a higher melting point than pure
copper (1336 °C for CuO, 1230 °C for Cu2O and 1083 °C for
pure Cu). Depending on the temperature of the melt pool, the
oxides may be molten, or create a thin layer that does not have
a significant effect with respect to powder incorporation. Their

Fig. 8 (a) Frames from high-speed imaging, (b) surface images and (c) cross-section images of the clads of the LMD process of copper onto (i) copper,
(ii) aluminium, (iii) steel and (iv) titanium alloy using parameters: power 1 kW, cladding speed 0.5 m/min and powder feed rate 1.3 g/min

Table 4 Melt pool length, track width, track height, melting depth,
dilution, percentage of laser power used purely for melting and
incorporation time observed for copper powder deposited onto copper,

aluminium, steel and titanium alloy substrates for the same parameters:
laser power 1 kW, cladding speed 0.5 m/min and powder feed rate 1.3 g/
min

Substrate material Melt pool
length (mm)

Track width
(mm)

Track height
(mm)

Melting depth
in substrate (mm)

Dilution
(%)

Laser power used
for melting (%)

Incorporation
time (ms)

Copper – 1.04 0.26 0 0 0.73 0.3

Aluminium 1.74 1.4 0.24 0.306 53.2 2.94 0.1

Steel 2.60 2.34 0.14 0.382 77.5 5.15 0.2

Titanium alloy 6.49 2.96 0.26 0.706 76.2 9.78 0.1
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biggest significance is likely to be between different layers
deposited by reducing wettability [17].

Absorptivity of the green laser beam in the different
substrate materials is a significant reason for the different
melt pool dimensions seen in Fig. 8 and Table 4. From the
data of Spisz et al. [21] as in Fig. 1, the percentages of
spectral absorptance for copper, aluminium, stainless steel
and titanium for the green laser are 55%, 13%, 40% and
78% respectively for smooth surfaces. Note that these
values can strongly shift (either increase or decrease)
based on alloying elements added to the metals. The cop-
per and aluminium substrates used were sandblasted, tex-
turing their surfaces, likely increasing absorption. The
melt pool dimensions are as expected from the absorption
values for aluminium, steel and the titanium alloy.
Although 55% of the laser light irradiated on the copper
substrate is expected to be absorbed, the melt pool gener-
ated is the smallest among the four substrate materials for
the same parameter set.

A very small fraction of the laser energy irradiated on
the surface of the metals is found to be used purely for
melting both the substrate material and the deposited clad.
In the case of copper, 0.73% of the irradiated energy is
calculated to be used for melting. In the case of the titani-
um alloy, where the largest melt pool is formed, 9.78% of
the laser energy irradiated is accounted for in melting of
material. The remaining energy is reflected, scattered or
conducted away from the melt pool, influenced by the
thermal properties of the materials.

In similar calculations made for the copper wall seen in
Fig. 3, 2.66% of the power irradiated was calculated to be
used in melting of material. Compared with copper depo-
sition on a copper substrate, the fraction of the energy used
for melting in the wall is four times higher. This is due to
reduced workpiece heating. Only the physical properties
of copper were considered, since only the first layer of the
clad was built on the steel substrate. Calculations for LMD
by Brückner [7] have previously shown that only about
2.7% of the power supplied to the laser unit, or 9.5% of
the energy radiated on the surface of the metal, is used in
formation of a layer. Hofmeister et al. [11] observe that
heat conduction is the greatest for the first deposited layer
on the substrate and there is heat accumulation on thin-
walled structures.

As the thermal conductivity increases, the amount of
heat conducted away from the melt pool increases, imply-
ing that a material with high thermal conductivity would
form a smaller melt pool than a material with low thermal
conductivity. The order of decreasing values of thermal
conductivity is as follows: copper (385 W/mK), alumini-
um (205 W/mK), steel 1.2343 (42.2 W/mK) and titanium
alloy Ti6Al4V (7.2 W/mK). The size of the melt pools
follows this trend as can be seen in Fig. 8 and Table 4.

The order of increasing melt pool length and track width is
as follows: copper, aluminium, steel and titanium alloy
substrates. The same trend is seen with regard to thermal
diffusivity. It is obvious that melt pool width and length
are correspondent to the thermal conductivity of the mate-
rials. However, some additional factors also play a role in
defining melt pool size and shape such as convection, wet-
tability, absorptivity and vaporisation.

In the case of the steel specimen in Fig. 8, longitudinal
cracks can be seen (Fig. 8(a)(iii) and (b)(iii)). The cracks form
because of thermal stresses in the solidifying clad on the tool
steel substrate. It has been seen in studies regarding welding of
copper and tool steel that hot cracking is an issue. When there
is a mixing of copper and steel melt, steel solidifies before
copper; copper melt can then penetrate into the grain bound-
aries of solidified steel [14]. When the feed rate was increased
in the experiments presented in this paper (Fig. 6), more en-
ergy was used for melting copper rather than melting the base
material. This changed the thermal cycle and reduced the
mixing with the base material (tool steel), resulting in no
cracks. The longitudinal cracks formed during solidification
can therefore be related to the material composition and ther-
mal stresses in the deposited clad and the base material.

From the high-speed imaging frame seen in Fig. 8(a)(i), it
can be seen that the melt pool formed on the copper substrate
is very small with a length less than 0.5 mm and patchy (not
continuous), producing 0% dilution. The powder grains in
LMD often interact with the laser beam before reaching the
surface of the substrate or the melt pool or the substrate.
Effects like multiple reflections and small volume of powder
grains decrease the power required for a temperature rise com-
pared with a dense material. This can cause the surface of the
powder grains to start melting, leading to the sintering effect
that can be seen in the case of the clad with the copper sub-
strate (at cladding speed 0.5 m/min). The cross-section image
(Fig. 8(c)(i)) shows porosity and there is no dilution.
Preheating of the substrate to raise its temperature would in-
crease the absorption of the laser radiation [5], and increase
the chance of forming a melt pool, which in turn promotes
formation of a larger melt pool (since the increase in absorp-
tivity is in the order of 150–200% after the solid–liquid tran-
sition, when it continues to increase linearly).

4 Conclusions

Laser metal deposition of copper on copper, aluminium, steel
and titanium alloy substrates was carried out with a 515-nm
wavelength laser system and observed through high-speed
imaging.

& The copper substrate required the highest power and the
slowest cladding speed to form a continuousmelt pool and
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clad. Aluminium, steel and titanium alloy substrates fol-
low the order of decreasing laser power requirement for
the same cladding speed. Size and geometry of the melt
pool in the process depend on multiple physical and ther-
mal factors of the substrates as well as process parameters.

& Incorporation of the copper powder grains in the melt is
very fast and occurs within 0.1 ms for aluminium and
titanium alloy substrates, but can be 0.2 and 0.3 ms for
the steel and copper substrates respectively. It is affected
by a complex interdependence of multiple material prop-
erties including melt pool temperatures, melting tempera-
tures for the various materials, viscosity and surface
tension–driven forces.

& The oxide skin present on melt pools can have a strong
influence on powder incorporation in the case of the alu-
minium substrate. The scanty oxide skins on the melt
pools of steel and titanium substrates have little effect on
powder incorporation. No oxide skin was seen on the cop-
per melt pool.

& The high angle and small size of the melt pool during
deposition on the copper substrate along with the longer
incorporation time make the probability of powder catch-
ment lower than that for the other substrate materials.
Preheating of the substrate might improve wettability,
and thus the melt pool geometry and the catchment
efficiency.

& The lower limit of percentage of laser power used purely
for melting of material was lowest for a single track at
0.73% (2.66% in a multilayer build) for copper deposition
on copper substrate, 2.94% for the aluminium substrate,
5.15% for the tool steel substrate and highest at 9.78% for
the titanium alloy substrate. These values are strongly in-
fluenced by the degree of absorptance of laser radiation
and the thermal conductivity of the materials. The remain-
ing power is reflected, scattered or used for workpiece
heating.
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