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The use of hybrid manufacturing processes that combine additive and machining operations is on increase and an example of it is the fact that
the most advanced machine tool manufacturers have developed hybrid machines solutions. Nevertheless, cutting fluid required for machining
operations can present several problems for the Laser Metal Deposition (LMD) process. In order to solve this issue, the present work evaluates
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involve several process-stages and multiple setups until the
aircraft sectors to automotive or biomedical among others [7].
different
The integration of LMD and machining processes within a
processes within a single machine presents interesting
single machine strengthens both processes advantages.
opportunities, such as improving material utilization and
However, this combination gives rise to some problems, such
reducing processing times [2]. Modern industry is heading to
as the presence of cutting fluid on the part after the machining
1. Introduction
of the product range and characteristics manufactured and/or
the combination of additive and subtractive manufacturing,
stage, what may degrade the quality of the deposited material.
assembled in this system. In this context, the main challenge in
allowing the manufacturing of ready to use products within
In spite of the emergence of machining processes that use no
Due to the fast development in the domain of
modelling and analysis is now not only to cope with single
one single machine and, therefore, harnessing the potential of
cutting fluid, such as cryogenic or dry machining, their use is
communication and an ongoing trend of digitization and
products, a limited product range or existing product families,
each process [3]. Leading machine tool manufacturers, such as
still quite limited when processing low machinability
digitalization, manufacturing enterprises are facing important
but also to be able to analyze and to compare products to define
DMG Mori or Mazak, have adopted Laser Metal Deposition
materials [8]. Therefore, cutting fluids are in many cases
challenges in today’s market environments: a continuing
new product families. It can be observed that classical existing
(LMD) technology and CNC milling as additive and
unavoidable and widely used when machining.
tendency towards reduction of product development times and
product families are regrouped in function of clients or features.
subtractive manufacturing methods, respectively [4, 5].
The present research work is based on a previous study [9]
shortened product lifecycles. In addition, there is an increasing
However, assembly oriented product families are hardly to find.
Laser Metal Deposition enables the fabrication of fully
and aims to analyze the influence of cutting fluid in the LMD
demand of customization, being at the same time in a global
On the product family level, products differ mainly in two
dense near-net-shape parts with high quality metallurgical
process by depositing Inconel 718 on a part previously
competition with competitors all over the world. This trend,
main characteristics: (i) the number of components and (ii) the
bond to the substrate. The laser generates a melt pool by
impregnated with cutting fluid. Then, the influence of the
which is inducing the development from macro to micro
type of components (e.g. mechanical, electrical, electronical).
melting a thin layer on the surface of the substrate while filler
different oil concentrations and cleaning methods employed is
markets, results in diminished lot sizes due to augmenting
Classical methodologies considering mainly single products
material, in the form of wire or powder, is simultaneously fed
evaluated in terms of porosity and clad quality.
product varieties (high-volume to low-volume production) [1].
or solitary, already existing product families analyze the
To cope with this augmenting variety as well as to be able to
product structure on a physical level (components level) which
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2. Materials and Experimental Procedure
The investigations described in this work are executed on a
5-axis milling center rebuilt as a laser-processing machine. In
addition, a Yb:YAG fiber laser source, Rofin FL010, with a
maximum power output of 1 kW and wavelength of 1070 nm
is employed. The laser beam is delivered through an optical
fiber to the processing cell, generating a circular laser spot of
2 mm on the surface of the workpiece. The powder is fed by
means of a Sulzer Metco Twin 10-C powder feeder and a
coaxial LMD nozzle, the EHUCoax-2015 [10], while argon is
used as both carrier and shielding gas.
Inconel 718 superalloy, widely known and employed in the
aeronautical sector, has been chosen for the realization of the
experiments. MetcoClad 718 gas-atomized nickel-base
superalloy powder, with a particle size range between 44 and
90 µm and similar in composition to Inconel 718, has been
used as filler material for the LMD process. The chemical
composition of the materials is shown in Table 1 and Table 2.
Table 1. Chemical composition (wt. %) of Inconel 718 [11].

pressure, while laser cleaning is carried out at 200 W and
100 mm defocusing distance.
Three cross sections of each sample are extracted, polished
and etched. Afterwards, images of each section are acquired
and Matlab R2017b software is used for analyzing the images
and determining the resulting porosity within the deposited
material. In addition, clad quality is also analyzed in
qualitative terms.
3. Results and Discussion
The results collected after the analysis of the different
samples are presented in the form of percentage of porosity,
which represents the amount of pores within the deposited
material. Afterwards, these results are compared to the
reference test performed on clean substrate, where a 0.002%
porosity is measured, as shown in Fig. 1b. The quality of the
clads is also analyzed by comparing metallographies of the
deposited material etched with Marble solution.
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Table 2. Chemical composition (wt. %) of MetcoClad 718 [12].
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Fig. 1. Reference test (a) metallography; (b) average porosity results.

For the realization of the experiments, Inconel 718
substrate is covered with an oil-water emulsion with the help
of a dropper so that a constant liquid layer thickness was
guaranteed. The emulsion is prepared by mixing water and
Houghton HOCUT B-750 cutting fluid, which is used as
coolant and lubricant in machining processes with oil
concentrations of 5-10% [13]. Hence, oil concentrations of 5,
10 and 100% are selected for the execution of the present
research work. For each concentration, the same LMD tests
are performed, the difference resides on the cleaning methods
employed. A list of the laser parameters used is shown in
Table 3.
Table 3. List of LMD process parameters.
LMD process parameters
Scan velocity (mm·min-1)

525

Protective gas flow rate (L·min-1)

An average porosity of 0.019% is obtained for direct LMD
(no cleaning), while results attained after air blasting, 0.002%,
and laser cleaning, 0.003%, show a considerable decrease on
the average porosity value compared to no cleaning. Results
are shown in Fig. 2.

Value
571

Powder feed (g·min-1)

3.1. 5% concentration results

Direct LMD

Continuous wave laser power (W)
Overlap between tracks (%)

In Fig. 1a above, both the dilution of the deposited material
and the penetration of the laser beam in the substrate are
qualitatively appreciated.

26
8.78

0.5mm

0.019% porosity

Air blasted

0.5mm

0.002% porosity

14

A preliminary test without any cutting fluid is performed in
order to determine clean results and use them as a reference.
Then, for each concentration, 1) direct deposition (without
cleaning), 2) deposition after air blasting and 3) after laser
cleaning are performed. Air blasting is done with 7 bar air

0.5mm

Laser cleaned
0.003% porosity

Fig. 2. 5% concentration tests porosity results.

Magdalena Cortina et al. / Procedia CIRP 74 (2018) 733–737
Author name / Procedia CIRP 00 (2018) 000–000

Besides, the direct LMD test (no cleaning) shows a bigger
penetration of the deposited material within the substrate,
which is reduced in cleaned tests (air blasted and laser
cleaned). An example of the appearance of the cross sections
of the tests is shown in Fig. 3.
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Direct LMD results appears to present bigger penetration
and dilution than the reference test. Moreover, the cleaning
processes do not seem to reduce them to reference values (see
Fig. 5).
a

a

Direct LMD

LMD direction

0.5mm

Direct LM D

LMD direction

0.5mm

b

b

Laser cleaned

LMD direction

0.5mm

Fig. 3. 5% concentration tests (a) direct LMD; (b) laser cleaned.

The collected results show that in this case direct LMD
leads to an average porosity slightly higher than the reference
value. However, both cleaning methods reduce the average
porosity until acceptable values comparable to the reference
(0.002%). Moreover, the excessive dilution present in the
direct LMD test is corrected after cleaning, returning to the
appearance of the reference test in the case of laser cleaning.

In this case, average porosities of 1.876%, 0.074% and
0.016% are measured for direct LMD, air blasted and laser
cleaned tests, respectively (see Fig. 4). Therefore, the average
porosity seems to be significantly reduced by the effect of the
cleaning techniques.
0.5mm

1.876% porosity

Air blasted

0.5mm

0.074% porosity

Laser cleaned

0.5mm

0.016% porosity

Fig. 4. 10% concentration tests porosity results.

LMD direction

0.5mm

Fig. 5. 10% concentration tests (a) direct LMD; (b) laser cleaned.

Although both cleaning methods reduce the average
porosity, only laser cleaning makes it low enough to be
considered admissible. Nevertheless, the dilution attained
after cleaning is qualitatively bigger than in the reference test.
3.3. 100% concentration results

3.2. 10% concentration results

Direct LMD

Laser cleaned

This concentration simulates the situation in which pure oil
is used instead of an emulsion. In a similar way to the
previous results, air blasting and laser cleaning methods prove
to decrease average porosity values from 3.261% (direct
LMD) to 0.752% and 1.157%, respectively (see Fig. 6).
Despite it is demonstrated that the porosity can be lowered
by applying cleaning methods, none of the values attained are
comparable to the reference test and they are therefore
unacceptable.
Regarding dilution, for 100% concentration tests the
penetration of the deposited material within the substrate
starts to be so low that it may affect the metallurgical
bonding, see Fig. 7.
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0.004
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Fig. 8. Average porosity attained for each test.

4. Conclusion
Laser cleaned

0.5mm

1.157% porosity

Fig. 6. 100% concentration tests porosity results.
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The present research work has permitted to establish a
relationship in terms of porosity and clad quality between
LMD and the presence of cutting fluid remnants on the
substrate.
After the realization of this work, it is concluded that the
lower the oil concentration, the lower the average porosity
results, the 5% oil concentration being the most favorable
situation when using lubricant. In addition, the performance
of an intermediate cleaning step between the machining and
the laser process leads to the attainment of both lower
porosity and dilution values. Furthermore, admissible porosity
results similar to the reference value with no lubricant
(0.002%) have been attained for laser cleaning combined with
5% oil concentration usually employed in machining.
However, the cleaning methods studied are not able to reduce
porosity as required when the substrate is impregnated with
pure oil (100% concentration). Nevertheless and with regard
to dilution and clad quality, admissible results are only
attained with 5% concentration (and laser cleaning), being
both dilution and porosity values qualitatively comparable to
those of the reference test.
To sum up, it is therefore demonstrated that admissible
clads in terms of porosity and dilution can be obtained in
hybrid processes of machining and LMD by introducing an
intermediate cleaning stage.
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Laser cleaned

LMD direction

0.5mm

Fig. 7. 100% concentration tests (a) direct LMD; (b) laser cleaned.

The following graph shown in Fig. 8 represents the average
porosity results obtained for each test realized (direct LMD,
air and laser cleaned). Besides, the dispersion of the results is
indicated. The presence of a 100% oil concentration not only
increases the porosity value in the clad, but also decreases the
repeatability, what is detrimental to the LMD process.
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