Available online at www.sciencedirect.com

ScienceDirect

Available
online atonline
www.sciencedirect.com
Available
at www.sciencedirect.com

ScienceDirect
ScienceDirect

Procedia CIRP 00 (2018) 000–000

www.elsevier.com/locate/procedia

Procedia CIRP
00 (2017)
000–000
Procedia
CIRP 74
(2018) 201–205
www.elsevier.com/locate/procedia
th

th
10th
CIRPConference
Conferenceon
onPhotonic
PhotonicTechnologies
Technologies [LANE
[LANE 2018]
2018]
10
CIRP

Characteristics28th
of CIRP
Fe-based
powder coatings
Design Conference,
May 2018, fabricated
Nantes, Franceby laser metal
deposition with annular and four stream nozzles
A new methodology to analyze the functional and physical architecture of
a,
a
b
Pedro Ramiro
Mikel Ortiz aoriented
, Amaia Alberdi
, Aitzol
Lamikiz
existing products
for an*,assembly
product
family
identification
a

b

Tecnalia Research and Innovation Paseo Mikeletegi 7, 20009 Donostia-San Sebastián, Spain
Department of Mechanical engineering, Faculty of Engineering of Bilbao, University of Basque Country, Alameda de Urquijo s/n 48013 Bilbao, Spain

Paul Stief *, Jean-Yves Dantan, Alain Etienne, Ali Siadat

* Corresponding author. E-mail address: pedro.ramiro@tecnalia.com
École Nationale Supérieure d’Arts et Métiers, Arts et Métiers ParisTech, LCFC EA 4495, 4 Rue Augustin Fresnel, Metz 57078, France

* Corresponding author. Tel.: +33 3 87 37 54 30; E-mail address: paul.stief@ensam.eu

Abstract

The present work focuses on performing a comparative study in the field of Laser Metal Deposition (LMD) analyzing the obtained clads in
Abstract
terms of geometry and quality when vertically using a discrete coaxial nozzle or an annular one. A Fe-based alloy powder (Eutroloy
16606A.04) was used for the study, a heat treatable alloy, with high wear-resistant to abrasion and fatigue stress, typically employed for coating
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a)

b)

Fig. 1. a) Powder mass flow of a continuous coaxial nozzle of 0.50mm b)
single clad macrophotography: P=2.5KW, R50%, F=8.3mm/s, 4-way nozzle.

that is not necessary to preheat the substrate, as occurs in
thermal spraying process, to obtain defects free coatings [4].
Hardening started with a heating process in an oven at
850ºC for 2.5h, quenched in oil, tempered at 250ºC for 2.5h
and cooled down slowly at room temperature. The hardness
was measured before and after the hardening process,
obtaining a hardness of 33 and 52 HRC respectively.
The powder used to produce the coatings was Eutroloy
16606A .04 (Fe-based) and was characterized in terms of
morphology determined by SEM, size distribution determined
by laser diffraction, fluidity according to ISO 4490 standard
and chemical analysis. Low sphericity, small powder grain
size and low fluidity have consequences of producing
irregular powder mass flow rate. In this case, the powder
presented a regular mass flow (Table 1).
Table 1. Properties of Eutroloy 16606A.04 powder and chemical
compositions of both powder and substrate materials (wt %)
Shape

Size (µm)
d50

Fluidity
(s/50g)

Density
(g/cm³)

Tap
Density
(g/cm³)

spherical

113

11.9

7.9

4.6

C

Si

Mn

Cr

Mo

W

V

Powder

0.86

0.31

0.31

4.60

4.90

6.50

1.70

Substrate

0.40

0.31

0.76

1.04

0.16

‐

‐

2.2. Hybrid (LMD+machining) machine
All tests were performed in an IBARMIA ZVH45/1600
Add+process hybrid machine. This multiprocess machine
combines the LMD technology with 5 axis milling and
turning capacity. This machine is equipped with a Precitec
YC52LMD coaxial head with the possibility of assembling
annular or 4- stream powder feed modules. The system also
uses a Sulzer Metco TWIN-10-C Powder Feeder and an YbFiber Rofin FL030 Laser generator of 3kW with a continuous
wavelength of 1.07 µm. The laser head features a focusing
screw that offers the possibility of moving up to 10mm the
collimating optics in the direction of focusing optics changing
the laser beam diameter in the powder focus.
2.3. Experimental testing
The experimental testing consisted on first, performing
single clad tests at different conditions of laser power (P),
feed rate (F), laser head focusing screw and powder mass flow

rate (ṁp) for selecting four optimum process combinations for
each nozzle. Then, the selected combinations of parameters
were validated by performing overlapped tests.
The tests were performed with the laser beam focused at
different distances above the substrate surface depending on
the distance of the minimum diameter of the powder focus
that each nozzle featured (Figure 1-a). This distance was
determinate for each nozzle by means of an image analyser
software (Clemex Captiva®).
The substrate material was cleaned and degreased before
the additive process with acetone and centered with a
roundness of ±0,01mm deviation. The bar was rotated in the
horizontal turning spindle. Since the powder feeding is
regulated by a rotating wheel, the parameter that defines the
powder mass flow rate is the percentage of the maximum
rotation of the wheel. The relation between the powder feeder
rotating wheel speed percentage (R) and the powder mass
flow rate (g/s) was defined by collecting and weighting the
powder delivered in three minutes at different values of R and
can be expressed by the linear equation 1.
2.3.1. Single clads
In order to select optimum process parameters in terms of
quality (no pores and cracks), efficiency and MDR for each
nozzle, first, single clads were carried out at all parameters
combinations stated in Table 2. The conclusions obtained in
the study performed with the discrete 4-stream nozzle that had
been previously carried out [4] were used to define an
improved process parameter window for the study of the
annular nozzles. In the mentioned study, higher laser power
than 2000W was necessary to obtain an acceptable clad
integrity.
All clads were observed in the microscope to analyse the
microstructural integrity of the deposition using optical and
scanning electron microscopy. The samples were chemically
etched by Vilella etching. In addition to the microstructural
integrity, each single clad was measured geometrically in
terms of height (H), width (W), penetration (b) and area (A)
by employing image analyzer software (Clemex Captiva®), as
shown in Figure 1-b. The dilution (d), the Material Deposition
Rate (MDR) and the powder efficiency (η) were calculated
using the following equations:
ṁ� � ������ � 𝑀𝑀�%�

𝑀𝑀𝑀𝑀𝑀𝑀 � 𝐴𝐴 � � � �

𝑀𝑀𝑀𝑀𝑀𝑀
ṁ𝑝𝑝

(1)

��

(3)

𝑑𝑑𝑑�%� � �

(2)

𝑏𝑏
� � ���
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(4)

Table 2. Main process parameters. Single clads tests conditions.
P (W)

R (%)

F (mm/s)

Coaxial Nozzle
(focusing screw)

1500-2500

50-75%

12.5-20.8

Discrete 4-stream (10)

1500-2100

10-20-30%

8.3-15

Annular 0.5mm (2)(4)

2100-2700

30-40%

8.3-15

Annular 1.0mm (6)(8)
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2.3.2. Overlapped clads
The analysis of single clads served to select the optimum
processing conditions for each nozzle. In the 4-stream nozzle
case, the optimum parameters consisted on a powder feed rate
correspondent to a R50% and 2.5 kW of laser power. In the
case of coaxial nozzles, the test conditions with focusing
screw values of 4 and 8 were selected as optimum parameters.
These conditions were used to fabricate overlapped clads by
rotating the steel bar meanwhile the laser track moved along
the traversal axis. To obtain a uniform thickness, all the
coatings were created with 40% and 50% overlapping of the
single clad width. In the overlapped clads, in addition to the
characteristics measured and calculated in the single clads (H,
W, b, MDR, η and d), the productivity rate (Pr) was also
calculated as the surface area coated per minute, which can be
calculated using the equation 5. The cylinder was weighted
before and after the cladding process for obtaining the
deposited powder.
��� � � � �� � ��������� � �
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In the 0.5mm coaxial nozzle case, the best clads were
obtained with a focusing screw value of 4 and 2100W laser
power whereas in the case of 1mm coaxial nozzle, the
focusing screw value was 8 and laser power value 2700W.
Table 3. Efficiency values for the 0.5mm annular nozzle, (focusing screw 4).
R (%)

P(W)

F(mm/s)

10

2100

8.3-15

73.20-65.01%

20

2100
2100

8.3-15
8.3-15

79.10-73.98%
71.82-65.91%

30

Efficiency (%)

3.1.1. Relationship between clad characteristics and process
parameters

(5)

2.4. Thermographic measurements
The temperature of the melt pool in the overlapped case
was registered using an Optris Thermographic camera with a
wavelength of 0.5 µm. Infra-red cameras provide detailed
information with a higher spatial and temporal resolution than
the pyrometers. The camera was joined to the headstock with
an articulated arm. A protective lens was used to protect the
camera from damages due to laser reflections.
The camera was positioned in a fixed position focused to
the melt pool, being the measured area the same in all
coatings. The evolution of the maximum, minimum and mean
temperature values was compared and a relation between the
trend of the temperature and the main process parameters was
found in agreement to Bi G et al [5]. The emissivity was set in
order to delimiting the measurements to the range of
measurement (1000-2000ºC) of the thermographic camera.
Thus the obtained temperature values are considered relative.
3. Results and discussion
3.1. Single clads analysis
All single clads were cracks free but the efficiency was
noticeably lower at fewer power and focusing screw values.
The clad quality, geometric characteristics and efficiency
were higher at higher laser power and lower speed rates.
Furthermore, the efficiency has an inflexion point that
depends on the powder mass flow (Table 3) and the type of
nozzle. The higher efficiency was reached with an annular
nozzle of 0.5 powder focus diameter (79%). The annular
nozzle of 1mm reached an efficiency of 69% and the 4-stream
nozzle of 45%.
In the discrete 4-stream nozzle case, the best clads were
obtained with 2500W laser power and 50% powder feed rate.

Fig. 2. Area (linear) and height (logarithmic) trend, 4-stream nozzle,
R50%, P=2500W, Focusing screw 10. Y-axis: area and height values.

The single clads done with annular nozzles showed the
same relationships between the clad characteristics and the
main process parameters (P and F) found using the 4-stream
nozzle. The dependence with such parameters and the type of
trend for each characteristic was explained in a previous work
[4]. 6 clads were done to validate this trend with the 4-stream
nozzle at the bests conditions (2500W, R50%, focusing screw
at 10) and a feed rate range of 10.4 to 41.7mm/s. The
dependence with such parameters for each characteristic is
summarized in Table 4. Some examples of these relationships
are shown in Figure 2.
Table 4. Dependence of the single clads parameters.
Clad Characteristic
Width, efficiency and
deposition rate

Dependence
parameter
√𝑷𝑷𝟑𝟑
𝑭𝑭

Type of trend
Logarithmic and
polynomial

Logarithmic and
√𝑷𝑷
linear
𝑭𝑭
Note. Adapted from “Characteristics of Fe-, Ni- and Co-based powder
coatings fabricated by laser metal deposition without preheating the base
material”, by Ramiro et al, 2018, Procedia CIRP, 68, p. 381-386.
Height and area

3.2. Overlapped clads analysis
All the coatings showed homogenous characteristics after
the third overlapped clad. The coatings done with the same
parameters of the best single clads and showing a dilution
range between 20-40% presented the best quality. In most
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cases, the dilution of the coatings with cracks or lower
hardness was higher than 40% and big pores or lack of fusion
appeared with dilution fewer to 20%. The coatings in the
range of 20-40% of dilution showed defects free structure or
with fewer than 10 pores of 75-35µm, and high hardness. The
best coatings done with the annular nozzle of 1.00mm were
overlapped at 40%. In the other nozzles, at 50%. With the
annular nozzle of 0.50mm, it was necessary to decrease the
feed rate to 5mm/s at R20% to obtain a good quality clad. The
results regarding the best coating parameters and their
associated characteristics for each type of nozzle are
summarized in Table 5.
Table 5. Best coatings parameters and characteristics.
Coaxial nozzle
Annular
D0.5mm
Annular D1mm
Discrete
stream

4-

R (%)

INPUTS
P
F
(W)
(mm/s)

Overlap
(%)

Focusing
screw

20

2100

5

50

4

40

2700

8.3

40

8

50

2500

12.5

50

10

OUTPUTS
H
(mm)

d
(%)

MDR
(g/s)

η
(%)

Pr
2
(mm /s)

HRC

1.90

27.5%

0.10

76.8%

6.65

61

1.47

28.6%

0.21

80.0%

17.4

63

1.15

22.7%

0.16

45.0%

18.2

62

3.3. Monitored temperature analysis
The mean and minimum temperature values showed low
differences varying the coating parameters. On the contrary,
the maximum temperature showed logic variations as a
function of the employed process parameters.
The temperature evolution in all cases featured a peak
value at the beginning of the coating with a gradual
decreasing until the third clad, where the signal became more
regular. The noise measured was caused by the disturbances
produced by the powder flow. A quantitative analysis of the
measurements points out that the temperature of the melt pool
increases both increasing the overlap value and the laser
power or on the contrary, reducing the powder flow or feed
rate value.
On the other hand, a high increase in the range of the noise
was detected when the protective lens of the laser head
suffered damage (Fig. 3). This fact combined with the
sensibility of the temperature changes related to variations in
values of laser power, feed rate and powder flow rate suggest
the possible application of the non-coaxial camera set-up like
an alarm system to detect an incorrect operation of the coating
process comparing the noise with a control signal.

1550
1500

Temperature (°C)

204
4

1450
1400
1350
1300
1250
1200
1150

41

42

43

Time (s)

44

45

Fig. 3. Maximum temperature measurement with a 0.50 mm coaxial nozzle,
2100W, 15 mm/s, R30%, overlap 40%. Red line: control signal, Black line:
Increase of the noise due to the damage of the protective lens.

4. Conclusions and future work
This study demonstrated that coating by laser metal
deposition a hardened 42CrMoS4 steel substrate with
Eutroloy 16606A.04 without preheating process and defects is
possible using both annular and 4-stream nozzles. However,
the best results for vertical applications were obtained with
the annular nozzle of 1.00 mm with zero defects, a hardness
of 63 HRC, a productivity of 17.4 mm²/s, a MDR of 0.21 g/s
and an efficiency of 80%.
Regarding the single clad analysis, the obtained trends in a
previous work between clad characteristics and both laser
power and the feed rate were observed in the clads done with
annular nozzles and was validated with the 4-stream nozzle.
The possibility of obtaining an equation for each single clad
characteristic as a function of these parameters has to be
studied.
The thermographic measurements of the melt pool
obtained by means of a non-coaxial disposition have shown
logic variations depend on the employed process parameters.
This fact suggests the possible application of the presented
camera set-up like an alarm system to detect an incorrect
operation of the coating process. A deeper study of this
possibility has to be done.
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