OPTIMIZATION OF THE EFFICIENCY OF THE LASER METAL DEPOSITION
PROCESS APPLIED TO HIGH HARDNESS COATINGS BY THE ANALYSIS
OF DIFFERENT TYPES OF COAXIAL NOZZLES
RESEARCH ARTICLE

Pedro Ramiro Castro, Mikel Ortiz Edesa, Amaia Alberdi Gurrutxaga, Aitzol
Lamikiz Mentxaka.

TECHNOLOGY AND
MECHANICAL
ENGINEERING
Machine-tool and
Accessories

OPTIMIZATION OF THE EFFICIENCY OF THE LASER METAL
DEPOSITION PROCESS APPLIED TO HIGH HARDNESS
COATINGS BY THE ANALYSIS OF DIFFERENT TYPES OF
COAXIAL NOZZLES
Pedro Ramiro Castro1, Mikel Ortiz Edesa1, Amaia Alberdi Gurrutxaga1, Aitzol Lamikiz Mentxaka2
1TECNALIA

RESEARCH AND INNOVATION, Industry and Transport Division, Advance Manufacturing Area, Paseo Mikeletegi 7,
20009. Donostia-San Sebastián, Tfno: +34 902760000. E-mail: pedro.ramiro@tecnalia.com
2UNIVERSITY

OF THE BASQUE COUNTRY (UPV/EHU). Faculty of Engineering of Bilbao (ETSII)– Department of Mechanical
Engineering - Plaza Ingeniero Torres Quevedo 1, E-48013 Bilbao. Tfno: +34 946014221.
Received: 10/May/2018 – Reviewing: 11/May/2018 - Accepted: 20/Jul/2018 - DOI: http://dx.doi.org/10.6036/8836

ABSTRACT:
Laser Metal Deposition (LMD) or laser cladding is a technology capable of coating, repairing and manufacturing components by
injecting molten metal powder on a substrate. Some of the advantages of this technology are: wide range of materials available in
powder, reduced thermal distortion, coatings and repaired parts of high quality. However, the biggest advantage can be its relative
ease of implementation in a multiprocess machine tool and subsequent automatization.
The supply of hybrid machines in the world market that implements the LMD process is increasing (IBARMIA, DMG MORI, MAZAK,
OKUMA, etc...), making the production more flexible in a single machine and introducing this process in more applications and
industrial sectors.
However, hybridization also presents problems that are difficult to solve. Some of the most noteworthy are those associated with the
use of powdered metallic material both from the point of view of the safety and hygiene of the operators and also of the efficiency of
the process, waste management and integrity of the machine itself, being its most serious effects at lower efficiency of the process.
In this article, the study of the efficiency of different LMD nozzles is addressed for the coating of a hardened steel using for it the
hybrid multiprocess machine IBARMIA ZVH45 /1600 Add + process, with the aim of finding the most efficient and, therefore, the one
that generates less waste, and which, in turn, offers good productivity.
Keywords: Laser cladding, hybrid manufacturing, LMD, coatings, hardened steel, wear resistance, annular coaxial nozzle.

1.- INTRODUCTION
Currently the number of multiprocessing machines that offer the combination of machining with laser cladding is
increasing, being able to perform machining operations and combine the two processes at convenience. This fact,
increases the flexibility of multiprocessing machines by converting them into hybrid machines [1-3] and changing the
classic concept of manufacturing by allowing the generation of "near-net shape" structures through additive
manufacturing. The alternative to this method is to obtain the preform by machining a large amount of material.
However, although the process of depositing by laser cladding injecting metal powder supposes advantages with respect
to the generated waste comparing it, from a quantitative point of view, with the conventional machining, from the
qualitative point of view the waste generated by laser cladding is more difficult to manage. In fact, one of the main
challenges of hybrid machines, and which is also the most unknown, is the difficulty of combining the operations of
laser cladding and machining due to the different types of waste that are generated.
Depending on the conditions of cladding, the efficiency of the process in terms of the amount of powder that is added
with respect to the one that is injected, can reach 50 % [4], which means that the other 50 % of the remaining powder
falls within of the machine and it disperses. Thus, the powder wasted is an element present in the environment [5], in
the swarf, in the cutting oil, and in the table and the guide rails of the machine. At this point, it is important to consider
that the granulometry of the powder used in LMD ranges from 30 to 145 microns in diameter. Thus, some of the
problems to solve are:
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•

Conventional filtration systems do not separate these particles from the cutting oil, so, when reused, the cutting
oil presents the particles of metallic powder, coming into contact with the piece and tool [6], damaging the
surface of both and causing a deficient machining process. In addition, these particles come into contact with
all elements of the coolant system causing damages.

•

The metallic powder present in the chips can come into contact with the different elements of the chip
extraction system, accumulating and causing damage in the medium-long term.

•

The contact of the cutting oil with the particles of metallic powder generates sludge that must be treated
separately by means of paper-band filters more typical in grinding processes [7].

•

The contact or inhalation of metallic powder has risks for the operator's health depending on the material,
environmental concentration and exposure time [8-9].

Therefore, it is necessary to develop systems for cleaning, filtering and extracting residual powder from the laser
cladding operations. However, the cost and efficiency of these systems will be more critical at lower efficiency of added
material, regardless of the possibility of reusing them [10-11]. As a consequence, all these problems can be reduced
with high efficiency processes, where the material provided hardly generates waste.
Although the main parameters that govern the LMD process are the laser power, laser spot diameter, feed rate and the
powder mass flow [12], the maximum efficiency that can be achieved is very influenced by a correct selection of other
parameters (like the distance from the nozzle to the substrate), the selected type of nozzle (lateral, discrete 4-stream or
continuous coaxial) and to the working position (with the laser head working vertically or inclined on horizontal or
inclined substrate). However, although the influence of these factors is well known, the quantification of their effects is
not clear in many cases.
A very common case in the industry is the coating of revolution components [13-14], which will later be used in
machinery of different sectors. Normally, in the production of coatings with high hardness in geometries of revolution
by means of LMD, the typical working position is with the laser head working vertically while the substrate rotates on
its own axis of revolution, so that the powder flow does not suffer great deviations of direction by gravity. Although
theoretically continuous coaxial nozzles achieve higher efficiencies than discrete nozzles working vertically [15], it is
not clear if is possible achieve the same productivity in both coated surface per minute and in the amount of material
deposited per hour.
In this work has been developed a study of the clads deposited by three types of nozzles (two continuous coaxial of
different diameter and one discrete of 4-stream) in terms of efficiency, productivity and quality to compare their results
and quantify which is the best option for the application described above.

2.- MATERIALS & METHODS
2.1.- MATERIALS
The powdered materials used for coatings are usually nickel, cobalt or iron based alloys typically used in coatings made
by thermal spraying process due to their high hardness, high corrosion resistance and / or good properties in high
temperature applications. Although there is a large amount of works being done with cobalt and nickel base alloys [1617] generally preheating the substrate [18-19], the material selected for the coatings has been an iron-based alloy,
specifically Eutroloy 16606A, due to the good results in previous works obtaining good quality coatings with high wear
resistant without preheating the substrate [4], being this one the same substrate than in this work.
The substrate that has been used is a hardened cylinder of 74 mm diameter and 160 mm length of alloy steel 42CrMoS4
with a hardness of 52 HRC, typically used in the production of screws, crankshafts and shafts.
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2.2.- HYBRID MACHINE
As indicated above, all tests were performed in an IBARMIA ZVH45/1600 Add+Process hybrid machine (Fig. 1.). This
multiprocess machine combines the LMD technology with 5 axis milling and turning capacity. This machine is
equipped with a Precitec YC52LMD coaxial head, a Sulzer Metco TWIN-10-C Powder Feeder and Yb-Fiber Rofin
FL030 Laser generator of 3 kW with a continuous wavelength of 1.07 µm.

Fig. 1. IBARMIA ZVH45/1600 Add+process
One coaxial discrete nozzle and two coaxial continuous nozzles have been used for this work. The laser head has a
modular system that allows change easily from one type of nozzle to another. The discrete nozzle (Fig. 2.a) consists of 4
coaxial tubes with a diameter of 2 mm that inject the powder in the cladding process. Its greatest advantage is the
possibility of deposit material in angle position without large losses of efficiency compared to the same process working
vertically since the powder is injected at higher speed than in a continuous coaxial nozzle and the deviations due to
gravity only slightly affect the trajectory of the powder flow. On the other hand, continuous coaxial nozzles (Fig. 2.b),
distribute the powder in a coaxial ring that falls by gravity, injecting the metallic powder more efficiently, but with the
disadvantage of being designed to work only vertically. In this work, two continuous coaxial nozzles with a powder
flow with minimum theoretical diameters of 1 mm and 0.50 mm have been used.

a)
b)
Fig. 2. Powder flow image analysis of a discrete nozzle a) and continuous b).
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2.3.- EXPERIMENTAL PROCEDURE
2.3.1.- Nozzles characterization
The process of laser cladding by metallic powder is characterized by melting the substrate generating a melt pool where
the injected powder is "trapped" generating a high-quality metal bond. The main parameters of the process are the laser
power (P), the feed rate (F), the injected powder mass flow (ṁp) and the laser spot diameter. However, before selecting
the main parameters of the process, it is important to characterize in each nozzle the focal distance of the powder
(distance in which the powder flow converges and reaches its minimum diameter), the width of the melt pool and the
powder distribution in the flow, since this will allow to get the maximum performance to each type of nozzle. The three
selected nozzles have different points and diameters of concentration of the powder flow, so each one will require
different sizes of melt pool in the substrate. It should be noted that the diameter of the powder is reduced, converging at
the distance where the diameter is minimum and then re-dispersed (Fig. 2), and that the efficiency of the additive
process depends on the amount of metallic powder “trapped” in the melt pool. Therefore, the size of the melt pool
should be of a dimension similar to or greater than the diameter of maximum concentration of the powder flow to be
able to trap as much material as possible.
Firstly, the focal distance of the injected powder has been determined. A wrong selection of this distance will define a
work position that will not be able to take full advantage of the deposition process, regardless of the values of the main
parameters. This distance has been determined first in a rough way by means of the image analysis of the powder flow
for different nozzles (Fig. 2). This analysis was carried out using the Clemex Captiva® software. From this approximate
value, its value has been optimized by measuring the concentration of powder at different working distances, for that
purpose has been used the same methodology as that used by Tabernero et al [12], which consists of using containers
with different diameters and measure the amount of powder that each of them collects. Through this study, have been
found the minimum diameter of the powder flow for each type of nozzle and its position with respect to it.
As mentioned above, the amount of powder that can be "trapped" by the process depends on the size of the melt pool
that can be generated in the substrate by the laser and depends (without injecting powder) on the three parameters with
which calculates the energy density: laser power, spot diameter and feed rate. To study the effects of these three
parameters on the width of the melt pool, the traces left by the laser beam on the substrate have been measured for
different conditions of spot diameter, laser power and feed speed at the optimum distance between substrate and nozzle.
It must be considered that the maximum power that can be used is defined by the limit of the equipment used
(recommended not to exceed 2700 W) and the power density (laser power divided by the area of the spot). High power
values with a reduced spot diameter will generate smoke and particles that can damage the laser head lens. Therefore,
this study has also served to establish the power limits for each diameter of the beam depending on the violence of the
process and the perceived damage to the laser head's protective lens. As an example, in the case of the continuous
coaxial nozzle with a diameter of 0.50 mm, the maximum power used was 2100 W.
The diameter of the laser spot depends on two aspects. The first is the adjustment of a manual mechanism (called
focusing screw) present in the laser head that moves the collimator lenses increasing or decreasing the diameter of the
spot. The second is the divergence of the laser beam itself, which causes the diameter to increase at a greater distance
from the laser head to the substrate.
Obviously, at a lower speed the width of the melt pool will be greater because the laser interacts more time in the same
area. In this sense, in previous studies [4] it was found that the efficiency of the process increases with decreasing the
feed rate. However, it was also observed that for values of feed rate below 750 mm/min efficiency seems to reach a
maximum value. Due to this fact, feed rates of 500 and 900 mm/min have been selected in this study.

2.3.2.- Study of the single clad
Once the nozzles have been characterized and the focal distance have been determined, an optimization study of the 4
main parameters for each type of nozzle has been made. For that purpose, single clads have been done at different
parameters combining the values defined in Fig. 3. a. The previous characterization of the nozzles has allowed to select
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the range of adequate analysis for each of the parameters. These parameters are the laser power (P), feed rate (F), mass
flow of injected powder (ṁp) and the diameter of the laser spot.
The range of the feed rate has been the same for all nozzles since it has been tried to maintain the productivity of the
process in coating speed. Establishing the range of power and mass flow has been more complicated since, depending
on the nozzle used, both the distance and focal diameter of the powder flow and the diameter of the laser beam in the
working zone vary. In addition, it has been tried to obtain a mass deposition rate higher than 0.5 kg/h in all the cases
studied. Therefore, the test range of the power and the mass flow of powder have been calculated for each nozzle using
as an indicator criterion the power divided by the mass flow which results in the energy per unit mass of powder. In this
calculation, the total mass flow has not been considered, only has been considered the mass flow remaining within the
dimensions of the width of the melt pool at that power. The range of energy per gram of powder is in all nozzles
between 16 and 7 KJ/g. The data necessary for this calculation have been obtained in the characterization of each
nozzle.
Regarding to the powder injected, the powder mass flow is regulated by a rotating disk that transports the powder from
the container where it is deposited to the component where it is mixed with the gas that is going to carrier it to the
nozzle. As the powder mass flow cannot be established directly as it is regulated by the percentage of the speed of
rotation (R) of the powder feeder disc, has been proceeded to weigh the powder collected in a container for 3 minutes to
associate the different rotation percentage values with the powder mass flow. The clads have been deposited in a
cylinder (Fig. 3.b and c) and studied in terms of microstructure, height (H), width (W), penetration in the substrate (b)
and cross-sectional area of the clad (A) (Fig. 4. b). For this, cross sections of all the clads were obtained, and were
analyzed and measured using the Clemex Captiva® software. The dilution (d), efficiency (η) and mass deposition rate
(MDR) have been calculated by the following equations:
(1)

(2)

ṁ

%

100

(3)

Type of nozzle

P [W]

R [%] / ṁp [g/min]

F [mm/min]

Focusing screw value

Discrete 4-stream

1500-2000-2500

50-75 / 21.9-31.6

500-900

10

Continuous 1 mm

2100-2400-2700

30-40 / 12 -15.8

500-900

8

Continuous 0.50 mm

1500-1800-2100

20-30 / 7.9-11.8

500-900

4

a)

b)

c)

Fig. 3. Parameters window for each nozzle; b) Schematic diagram of the laser cladding process; c) Single clads
deposited on a cylinder of 42CrMoS4 steel
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2.3.3.- Study of the overlapped case (coatings)
The study of the single clad has allowed to select the best combinations of parameters to deposit coatings with different
nozzles. Clads that have not presented defects (pores and cracks) and with a MDR higher than 0.50 Kg/hour have been
considered fit.
These conditions have been used to overlap 8 clads in a steel cylinder by rotating on the turning spindle while the laser
head advances on the horizontal axis. The coatings were made with a percentage of overlap between clads of 40 % and
50 % of the width of the single clad to generate uniform coating thickness (Fig. 4. a and c). In the coatings obtained, in
addition to the characteristics studied in the single clad (H, W, b, MDR, η and d), the productivity of the process (Pr)
has also been calculated by means of equation 4, understanding productivity as the surface coated per minute. In
addition, the cylinder has been weighed before and after being coated to obtain the weight of the material deposited and
thus calculate the efficiency. The structure of the coatings has also been analysed and Rockwell C hardness (HRC)
measurements of each coating have been made.
Pr = W·(1 - % overlap)·F

(4)

b)

a)

c)

Fig. 4. a) Coatings of Eutroloy 16606.A on a cylinder of 42CrMoS4 steel; b) Schematic diagram of the single clad; c)
Schematic diagram of the overlapped clad (coatings)

3.- RESULTS
3.1.- NOZZLES CHARACTERIZATION
The study of the distribution of the powder flow at different heights and diameters (Fig. 5.a) has revealed the optimum
working distance where the greatest amount of powder is concentrated in the smallest diameter for each type of nozzle.
Knowing this distance, the study of the width of the melt pool at different powers and diameters of the laser spot (Fig.
5.b) has been made to select the one closest to the diameter of the powder focal point.
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1,4

Focusing screw 2

2,90

1,2

12.5

1

14.5

0,8

Focusing screw 4

Laser track 2,70
width
2,50
(mm)
2,30

Focusing screw 6

2,10

Focusing screw 8

1,90
0,6

16.5

0,4
-2,5

-2

-1,5

-1

-0,5

0

0,5

1

1,5

2

2,5

1,70

Focusing screw 10

1,50
1000

1500

2000

2500

3000

Laser power (W)

Radius (mm)

a)
b)
Fig. 5.a) Powder distribution at different heights using a discrete 4-stream nozzle; b) melt pool width using a discrete
4-stream nozzle at different values of focusing screw, distance of 14.5mm and feed rate of 900 mm/min
The study of the width of the melt pool has been carried out considering that the power density is greater at a lower
value of the focusing screw. Therefore, as soon as it was perceived that the laser head could suffer damage with certain
powers and values of the focusing screw, was desisted to continue with that value of the focusing screw at higher laser
powers (Fig. 5.b).

3.2.- STUDY OF THE SINGLE CLAD
The analysis of the results has allowed to obtain the following conclusions in relation to the powder efficiency and the
mass deposition rate:
• The efficiency of the discrete 4-stream nozzle is less than 50%. However, with the continuous nozzles in all
cases an efficiency higher than 50% has been obtained.
• With the 0.50 mm continuous nozzle and R = 20 %, the maximum efficiency value (80 %) has been obtained.
However, in these cases, the MDR is less than 0.50 kg/h.
• With the discrete 4-stream nozzle, have been obtained higher MDR than with the 1 mm continuous nozzle, and
with the latter, higher rates than with the 0.50 mm continuous nozzle.
Regarding the quality of the clads deposited, it should be noted that the clads with a powder flow higher than that
corresponding to 50 % rotation R, have presented pores. Table 1 contains the best results in terms of efficiency, MDR
and quality (without pores or cracks) for each type of nozzle.
The results show that, for the same mass flow, the feed rate has a higher influence than the laser power in the height and
the area of the clad (logically reducing the speed deposits more material in less surface) while the efficiency and width
depend more on the laser power, obtaining the best results with the maximum power used.
INPUTS

Type of nozzle
Discrete 4-stream
Continuous 1 mm
Continuous 0.50 mm

R
[%]
50
40
30

P
F
Focusing
[W] [mm/min] screw value
2500
500
10
2700
500
8
2100
500
4

OUTPUTS

H
[mm]
0.87
1.06
1.15

W
A
η
MDR
[mm] [mm²] [%] [kg/h]
3.32
2.28 45.76 0.58
3.48
2.71 68.76 0.64
2.41
2.19 71.82 0.52

Table 1. Results of the single clads

3.3.- STUDY OF THE OVERLAPPED CLAD (COATINGS)
The results obtained in the coatings are shown in Table 2. The results corresponding to the continuous nozzle of 0.50
mm have been omitted because, with the parameters used, all the coatings have presented defects related to lack of
fusion due to an excess of powder (areas with big holes and minimal dilution with the substrate) from the third
overlapped clad. In the case of the discrete 4-stream nozzle, the coatings made with a 50 % overlap have not presented
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pores. In the case of the continuous coaxial nozzle of 1 mm, the coatings done with an overlap of 50 % have presented a
minimum pore concentration of 75-35 µm. However, those obtained with an overlap of 40 % have not presented
defects.
On the other hand, it has been observed that the productivity has a linear trend with the height of the coating for each
type of nozzle (Fig. 6. b) and the productivity of the continuous coaxial nozzle of 1 mm is bit higher than with the
discrete 4-stream nozzle. However, the productivity obtained with the continuous coaxial nozzle of 0.50 mm is lower,
due to the lower clad width.
INPUTS

OUTPUTS

Type of nozzle

R [%]

P
[W]

F
Focusing
[mm/min] screw

Overlap
(%)

H
[mm]

d
[%]

Pr
[mm²/min]

η
[%]

MDR
[kg/h]

HRC

Discrete 4-stream

50

2500

500

10

50

1.27

21.9

830

43.7

0.58

62

Continuous 1 mm

40

2700

500

8

40

1.47

28.6

1044

80

0.75

63

Table 2. Results of the coatings

a)

b)
c)
Fig. 6. a) macrophotography of a coating deposited using discrete nozzle; b) relation productivity-coating thickness; c)
Hardness measurements of one coating deposited using the continuous coaxial nozzle of 1 mm

4.- CONCLUSIONS
The results of this study show the potential of the coatings of Eutroloy 16606A fabricated by laser cladding process on
steel 42CrMoS4 as an alternative in the repair of coatings in cylindrical geometries and in the selective coating of areas
of complex geometry, allowing to recover or improve the properties of the base material and increase its life cycle.
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The continuous coaxial nozzle of 1 mm is the best option for coating with the laser head working vertically exceeding
to the other nozzles in terms of efficiency, productivity and MDR without loss hardness and quality of the coating. The
continuous coaxial nozzle of 0.50 mm is not an option if it is intended to maintain the mass deposition rate of the
process since it must reduce the mass flow of powder (and consequently the MDR) to obtain coatings without defects.
In addition, the generated clads present smaller width reason why the productivity is minor compared with the other
nozzles.
Using vertically a 1 mm continuous coaxial nozzle, it is possible to obtain coatings of Eutroloy 16606A on a 42CrMoS4
steel substrate without preheating it, with an 80 % efficiency of the deposited powder, coating thickness of 1.47 mm,
productivity of 1044 mm²/min, hardness of 63 HRC and mass deposition rate up to 0.75 kg/hour, thus exceeding the
results obtained with the coaxial discrete 4-stream nozzle and the continuous coaxial nozzle of 0.50 mm.
The heat affected zone of the substrate has a reduction in hardness due to a tempering process of a depth no greater than
4 mm from the surface of the coating.
A correct selection of the working distance, type of nozzle and main parameters notably increases the efficiency of the
process not only without losing productivity but also increasing the mass deposition rate, reducing the residual powder
by 0.56 Kg per hour of process and, therefore, reducing the workload to which all elements related to the management
of powdered metallic material are subject.
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