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Abstract

Laser-based Direct Energy Deposition (L-DED) is one of the most commonly employed metal additive manufacturing tech-
nologies. In L-DED, a laser beam is employed as a heat source to melt the metal powder that is deposited on a substrate layer
by layer for the generation of a desired component. The powder is commonly fed through a nozzle into the molten pool by
means of a carrier gas and therefore, a nozzle design that ensures optimal deposition of the material is of critical importance.
Additionally, its design also affects the powder and gas flows that arise in the nozzle and during the deposition. This, in turn
will affect the characteristics of the generated clad and the performance of the whole deposition. Therefore, an optimization
of deposition nozzle geometry can be as important as the controlling of deposition process parameters in order to obtain best
component qualities. In this context, the present review work is aimed at analysing the different nozzle designs employed
in powder-based L-DED processes and the influence of different geometrical features and configurations on the resulting
powder and gas flows. Concretely, the main characteristics of each design, their advantages and their possible shortcomings
are analysed in detail. Additionally, a review of most relevant numerical models employed during the development of new
and optimised nozzle designs are also addressed.

Keywords Additive manufacturing - L-DED - Nozzle design - Laser

1 Introduction

Metal additive manufacturing (AM) processes are gaining
the attention of high-tech industries such as the automo-
tive, aerospace and biomedical due to the design flexibil-
ity, reduced material waste and process automation they
provide. Among the metal AM technologies, Laser-based
Direct Energy Deposition (L-DED) is one of the most com-
monly employed by industry mainly because its integra-
tion in manufacturing workshops is relatively easy [1]. The
L-DED process is a laser-based AM technology that enables
the generation of completely functional components through
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the deposition of melted metal powder into a melt pool pre-
viously formed by the laser/substrate interaction in a layer
by layer fashion. The powders are delivered through a noz-
zle by means of a carrier gas and usually a shielding gas is
delivered to the deposition area as well to minimise metal
oxidation during the process. Then, either the surface that
works as substrate material or the deposition nozzle follow
a specific path in order to generate the desired geometry
layer by layer through the relative movement between sub-
strate and nozzle. As the heat source travels away, the molten
material solidifies and generates a track [2].

Regarding the application of the L-DED process, apart
from the generation of functional components, the L-DED
technology is also employed for the repair of worn or dam-
aged metal components [3]. Furthermore, some industries
are already using this technology for the creation of func-
tionally graded materials (FGM) in which different materi-
als are employed to build a single component and obtain
different mechanical properties along different directions
[4]. Researchers and industry continue to be interested in
laser-based metal deposition techniques, because of their
unique advantages in applications such as surface coating
and quick manufacturing compared with the larger-grained
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clads produced by conventional build-up techniques [5, 6].
This technology has also shown a good performance in coat-
ing, part repair and manufacturing productivity [7-10]. The
additive nature of laser cladding combined with the unique
laser beam characteristics has given this approach several
distinct advantages, including a limited heat affected zone.

Although DLD technology presents many advantages
over conventional manufacturing processes, it also shows
some shortcomings in regard to the dimensional tolerances
and surface quality achievable. Delamination, crack forma-
tion [11], porosity [12] and part deformations [13] are the
most common shortcomings of this technology [14]. In order
to minimise their negative effects, researchers are focusing
their efforts on controlling and optimising process param-
eters [15]. Furthermore, problems related to the heat gener-
ated during the process, cooling rates and thermal gradients
must be addressed to optimise microstructural characteristics
as well [16]. It is worth noting that deposition nozzle design
plays an important role in powder delivery and deposition
and must be taken into account. Regarding the issues related
to the nozzle design, it is clear that it has a direct effect on
the powder delivery and the shielding performance, as its
design defines both the powder and gas flows [17].

Consequently, studying the underlying physics that
defines and determines the nozzle performance is essential
to improve the process understanding and also to control and
optimise it. Several researchers have focused their efforts
on the development of numerical models for investigating
the influence of process parameters on the deposition per-
formance together with the effects of powder and gas flows
[17-19]. However, due to the process's complexity there is
still much work to be accomplished.

Most works published in the literature are focused on the
analysis of the influence of process parameters in order to
control and optimise the characteristics of melt pool, the
porosity and the mechanical and microstructural proper-
ties of the generated components. However, there are other
issues, such as powder waste and process productivity that
should also be taken into account, especially taking into
account the high cost of feedstock material in additive manu-
facturing of metals. This powder waste is directly related to
the so-called catchment efficiency that is the total amount
of powder particles delivered by the feeding system that
actually fall into the melt pool. This catchment efficiency
depends on several parameters, such as the nozzle geom-
etry, the feeding system and the characteristics of powder
particles [20].

In this context, this paper is aimed at providing a review
of the research focused on investigating the effects of depo-
sition nozzle design on the performance of powder-based
L-DED process. The main objective of this work is to sum-
marise the effects of different nozzle design features on the
powder and gas flows. The review paper is structured as
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follows. In the next section, the L-DED metal AM tech-
nology is introduced with a special emphasis on the main
components of L-DED systems. Then, the different nozzle
designs currently available are presented. In particular, the
research works that analyse the advantages and shortcom-
ings of different designs are reviewed. Next, the influence of
process parameters on the nozzle performance are discussed
based on numerical models reported. Following this discus-
sion, in Sect. 5 of the paper, relevant and recent advances on
powder and gas flow modelling are presented in more detail.
Then, based on the conducted literature review, general rec-
ommendations for the design of optimal L-DED deposition
nozzles are provided and a nozzle design approach is pro-
posed. Finally, in Sect. 7, the main conclusions made based
on the conducted review are discussed.

2 Laser-Based Direct Energy Deposition
Process

L-DED is an AM process that employs a laser as a heat
source to melt a metal in powder or wire form and a nozzle
to deposit it on a substrate. The nozzle and the laser follow
a pre-defined path to generate the desired 3D geometry layer
by layer [2]. Figure 1 shows a schematic diagram of the
L-DED process where its main components are introduced.
A laser beam is employed to create a melt pool on a sub-
strate. The shielding gas, also known as nozzle gas, provides
inert atmosphere into the laser-material interaction area and
thus to minimise any potential oxidation of deposited lay-
ers. Despite its beneficial effect on the process performance,
there is also an issue regarding the shielding gas that must
be considered. Shielding gas might cool down the substrate

Powder, carrier gas Laser beam, inner shield gas

Shield gas

Convergence zone

Melt pool

<« Substrate

Heat-affected zone (HAZ)

Fig.1 Schematic diagram of powder-based DLD process



International Journal of Precision Engineering and Manufacturing

through convection which causes the formation of porosities
[21, 22]. The carrier gas provides the required drag force
for the flow of powder particles into the laser focus area.
As shown in the figure, there is a certain region in which
powder particles and laser should converge that is called the
convergence zone.

L-DED can be used to create parts directly without the
use of any support structures. Consequently, one of the most
important applications of this technology is the direct man-
ufacture of high-added-value components from a range of
advanced alloys. As mentioned above, other L-DED applica-
tions are the repair of damaged parts through the deposition
of material in the damaged or worn areas and for cladding
functional high-performance materials on components. The
geometry of the deposited material and its structural proper-
ties are mainly determined by the melt pool characteristics,
the material employed and the cooling cycle [23, 24].

As for the powder flow required, a carrier gas is used to
drive the metallic powder into the laser focus zone where
there is an interaction between the laser, powder flow and
gas flow. After that, the powder is deposited and the sub-
strate material absorbs part of the laser energy and a molten
pool is formed that contains both molten metal and powders.
The laser beam follows a pre-programmed path to move
away from the molten pool and the material solidified.

Regarding the powder delivery process and according
to the feed orientation relative to the heat source, as it is
shown in Fig. 2, there are five different techniques currently
available [25, 26]: (1) off-axis powder injection [27], (2) dis-
crete coaxial powder [28-30], (3) continuous coaxial powder
injection [31], and (4) inside-beam powder [32]. In addi-
tion to these systems, there are ultrasonic vibration powder
systems that include off-axis powder injection [33], discrete
coaxial powder [34] and continuous coaxial powder injec-
tion [35]. Those systems do not employ carrier gas so they
are also called gas free L-DED systems. Among the avail-
able arrangements, coaxial nozzles are the most employed.
It is worth noting that only the continuous coaxial and the
discrete coaxial methods have omnidirectional capabilities
[36-38].

Considering the importance of nozzle design on the
L-DED performance, some researchers have focused their
efforts on the development of CFD numerical models that
can help in understanding the effects of design parameters
on the powder and gas flow fields occurring inside them.
Numerical simulations of nozzle designs can be used to
understand the effects of gas flow, powder feed rates, powder
concentration and size distribution on the flow fields gener-
ated. One of the most challenging phenomena to simulate
in this process is the displacement of the powder particles
in the gas medium. Nozzle designs affect both the speed
and the direction of the powder flows. The stability of this
powder flow and then the melt pool influence the stability
of the whole process and the quality of the deposited layers
together with the deposition parameters.

The nozzle is one of the main L-DED functional compo-
nents as it is responsible for the delivery of both powder and
shielding gas. Concerning this, in the following section an in
depth analysis of the types of nozzles available is provided
and their advantages and shortcomings are discussed.

3 Different Types of Nozzle Designs

The most important consideration in designing a nozzle is
that it must ensure a focus point between the laser beam and
the powder flow as melt properties and the catchment effi-
ciency depend on them. Therefore, different powder delivery
systems and deposition nozzle geometries have been devel-
oped. Figure 2 depicts schematically five different types of
powder delivery techniques.

Newly developed nozzle designs are mainly based on
prior experience or on the re-design of existing nozzle
designs.

3.1 Off-Axial Powder Feeding

Off-axis powder feeding was created for coating shafts and
other geometries where the deposition approach is unidi-
rectional. Its main characteristic is that powder is fed by a

(b)

(d) (e)

Fig.2 Types of nozzles depending on the powder distribution: a off-axial, b continuous coaxial nozzle, ¢ discrete coaxial nozzle and d, e inside-

beam powder [26]
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Diode Laser

Fixed Pomider Nozzle

Substrate

Fig.3 Diagram of a nozzle with off-axis powder feeding system [39]

system separated from the main nozzle. Figure 3 shows an
example of an off-axis powder feeding nozzle.

The geometry of the nozzle determines some characteris-
tics of the gas-powder stream, such as the vertical axis point,
molten pool vertical separation (also known as standoff dis-
tance) [39, 40] and main and secondary flow gas velocity.
The internal geometry of these nozzles is typically a circular
and converging—diverging one [39]. To avoid choking, it is
recommended the off-axial nozzles delivering the support
gas jet to be slanted at various angles relative to the laser
beam. The powders are infused into the powder nozzle using
cylindrical inlets from the feeding system [41] and they
bounce against the nozzle walls as they follow their path.
These collisions determine the powder concentration distri-
bution and dispersion in the focus point. Design parameters
that have the greatest influence on the process performance
are the nozzle design itself, particularly the nozzle diam-
eter, the distance between off-axial nozzles and the laser
beam, inclination in respect to the laser beam direction. It is
important to control these parameters so that a straight and
non-turbulent flow can be ensured.

According to their applications, off-axis nozzles with a
lateral feed system are the most commonly utilised ones.
When these nozzles are employed, relatively high deposition

Diode Laser

Coaxial Continuous
Nozzle

rates can be achieved and a shielding gas can also be added
to the system.

Regarding the shortcomings of the off-axis nozzle design,
it has been shown that the deposited layer has a shape con-
sistency only in one direction, especially when the laser head
moves along a straight line or when the substrate spins [39,
42]. Therefore, it can be stated that off-axis powder feeding
nozzles are only suitable for 2D applications such as thin
layer preparation and also for cladding shafts and axisym-
metric components in general. Additionally, they have a
relatively poor catchment efficiency. As an example of this,
in the work by Dias et al. [43] authors compared catchment
efficiencies achievable in off-axis and coaxial nozzles that
can reach values of 20% and above 30% respectively.

3.2 Coaxial Nozzle

The main characteristic of coaxial nozzle designs is that the
delivery of both laser beam and powders are coaxial to each
other. As it is shown in Fig. 4, depending on the way the
powder and shielding gas are delivered, nozzle designs fall
into two types, i.e. continuous or discrete coaxial nozzles.
Coaxial discrete nozzles have been designed as an evolution
of off-axis nozzles.

In the following two sub-sections, both alternatives are
further analysed and discussed.

3.2.1 Continuous Coaxial Nozzles

Continuous coaxial nozzles (Fig. 4a) consist of coaxial
cones spaced apart by a given value that are defined by their
annular outlets. The powder stream encloses the laser beam
into a conical shape and both the cone and laser beam are
coaxial. In this type of nozzles, powder particles (mixed
with the carrier gas) are distributed in a conical annular
channel that surrounds the laser beam. These systems are
known as continuous because the powder particles flow from
everywhere along the annular space. The annular coaxial

Diode Laser

Discrete Coaxial
Nozzle

Fig.4 The two types of coaxial nozzle designs depending on the powder delivery: (a) continuous and (b) discrete coaxial nozzle [39]
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Fig.5 Coaxial nozzle designs
depending on the nozzle tip
position: a inward and b out-
ward [46]

Powder and |
Carrier Gas

(a)

nozzle's internal structure consists of concentric cones with
gaps between them through which the powder, carrier
gas and shielding gas are fed. These gaps can be adjusted
according to powder size distributions, and it is an important
parameter to consider, as it may affect the flow fields in the
nozzle and therefore the performance of the deposition. In
addition, cone angles also must be considered when design-
ing an L-DED nozzle.

One of the main advantages of continuous coaxial noz-
zles is that they can improve the nozzle efficiency because
the cone angles can be changed to adjust the size of the laser
beam into the deposition area [39]. However, their tilting is
limited due to the action of gravity on the powder cone [44].
Experiments suggest that with a maximum tilt angle of 20°,
this nozzle may function satisfactorily [45]. An additional
benefit of these adjustment capabilities is that at the noz-
zle exit a uniform and homogeneous powder flow can be
ensured.

According to the nozzle tip position, coaxial continuous
nozzles can also be divided into inward and outward nozzle
designs as shown in Fig. 5 [46]. Inward design (Fig. 5a) is
a continuous coaxial nozzle design and the outward design
(Fig. 5b) is the also known as an Extreme High Speed Laser
Material Deposition (EHLA) nozzle [47].

The inward coaxial design has an advantage as the powder
is delivered from the centre with bouncing to the extended
wall of the nozzle, which ensures a convergence of the par-
ticles in the focal point. Figure 6 shows a schematic diagram
of this bouncing phenomena that occurs in inward coaxial
nozzle designs. Additionally, by selecting an inward coaxial
nozzle design, the ejecting effect of the inner shielding gas
[28, 48] can be decreased as the powders bounce from the
nozzle surface into the centre of the nozzle (see Fig. 6) and
this determines the powder distribution [49, 50].

On the other hand, the powder is melted somewhere
above the substrate in nozzles with the outward coaxial
(EHLA) design and therefore is delivered in a liquid state
to the melt pool. This process reduces significantly the time
needed for melting the powder in the melt pool and thus

Diode Laser and |
_~ Inner Shield Gas

_ Shield Gas
-

_ Shield Gas

" Ah
Ah

| “Diode Laser and
Inner Shield Gas

Powder and
Carrier Gas |

Fig.6 Tip section shows the powders bouncing for inward coaxial
nozzle design

allows an increase of the feed rate from a few metres to
hundreds of metres per minute. So, very high production
rates can be achieved. Another advantage of the so-called
EHLA systems is that they require a very low heat input,
which leads to minimal distortions of the depositions and
a reduced heat affected zone (HAZ). With this nozzle type,
layer thickness between 10- 200 pm can be employed while
dilution zone is smaller than 5 pm [51] and minimal poros-
ity values below 0.15% can be ensured [52]. However, this
design has some limitations, too. In particular, the EHLA
nozzle designs are not suitable for non-rotational depositions
and cannot be employed with reflective materials, such as
pure copper for example [47, 53].

One of the main issues of coaxial continuous nozzle
designs (see Fig. 4a) is that the inner shielding gas may eject
the powder out of the focus point if the deposition param-
eters are not optimised for each specific nozzle design [48].
Different solutions have been suggested in the literature to
address this issue. One of the possible solutions is to change
the inner geometry of the nozzle by adding some corners
(Fig. 7), so that powder streams follow different trajectory
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| Diode Laser and
Inner Shield Gas

Shield Gas

|
Powder and |
Carrier Gas |

|

Fig. 7 Continuous coaxial nozzle design with some corners [17]

| Diode Laser and
| Inner Shield Gas

Shield Gas

Ventilation

Powder and )
Carrier Gas

Fig.8 Continuous coaxial nozzle design with a ventilation channel
(60]

angles after hitting the nozzle surface. This change in the
nozzle wall geometry ensures that, when powders hit the
nozzle surface, they change their flow direction. This may
have a similar effect to the one shown in Fig. 6 for the inward
coaxial nozzle reducing the ejection effect of the powder.
This phenomenon between particles and corners that is also
common in the pipe erosion field has been simulated in the
literature [54-58]. In Sect. 4 of this paper, more information
about the bouncing phenomena will be introduced.

The use of ventilation has also been proposed as an alter-
native for decreasing this possible ejection effect of the inner
shielding gas as shown in Fig. 8. Concretely, in this alterna-
tive solution a ventilation or vacuum channel is added to
the design. This channel separates the shielding gas flow
from the powder delivery flow and reduces the interaction
between them and, in turn, decreases the above mentioned
ejection effect. Another solution is a pressure reduction of
the inner shield gas to zero while increasing its velocity,

@ Springer KE;E

which pushes the powders to the centre of the nozzle [18,
19, 59].

The continuous feeding system ensures a constant flow of
powder into the melt-pool. The carrier gas helps a controlled
amount of powder to be delivered into the laser-material
interaction area by using either a coaxial or off-axial (lateral)
nozzle setups. However, it should be noted that the coaxial
nozzles have shown to have a greater catchment efficiency
when compared to off-axis nozzles with their skewed pow-
der-laser energy distribution [43].

3.2.2 Discrete Coaxial Nozzles

Discrete coaxial nozzles (Fig. 4b) have been created to
achieve a multidirectional deposition at a reasonable cost.
Their operation is based on a series of discrete injectors
positioned around the nozzle's rotational axis, with pow-
ders delivered coaxially to the laser beam. This configuration
generates a cone coaxial to the laser beam axis. This coni-
cal shape is specific to those configurations where three or
more discrete powder jets are utilised. The symmetry rises
with the increase of the number of distinct powder jets. Usu-
ally, three or four injectors are employed while each of them
has its own powder flow control. The same result can be
achieved by using separate powder nozzles for each pow-
der jet [39, 61]. It is worth noting that the discrete coaxial
nozzles may be tilted up to 180°, which allow a multi-axis
deposition to be achieved [30, 45]. The main disadvantage
of this nozzle design is that the powder flow is not uniform
as a consequence of its working principles.

By comparing both continuous and discrete coaxial noz-
zle designs, it has been shown that continuous nozzles have
an improved performance. Concretely, Zhong et al. [62]
conducted a comparative analysis of their performance
when used to manufacture Inconel 718 components. It was
observed that continuous coaxial nozzles enabled the gen-
eration of tracks with 18% higher height, a higher deposition
rate and 8 m/s powder velocity. On the other hand, due to
the powder bouncing effect, the discrete coaxial 3-jet nozzle
design was found to offer a greater accessibility for creat-
ing features in 3D-applications but had a lower capture effi-
ciency than the coaxial nozzle layout [26, 62]. In addition,
changes in the powder stream density of discrete nozzles in
different deposition directions were reported that resulted in
varying deposit geometry [26].

3.3 Inside Beam Powder Nozzle

Inside beam powder nozzles are an alternative to the coax-
ial nozzles. Figure 9 shows a schematic diagram of the so-
called inside beam powder nozzles. As it can been seen in
the figure, this design includes a powder feeding tube that
starts somewhere outside the main nozzle and is introduced
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Cone Mirror

Ring Mirror
Powder and
Carrier Gas

Melt Pool

Fig.9 Schematic diagram of an inside beam coaxial nozzle [32]

vertically and coaxially inside the laser nozzle. The vertical
direction is advantageous to benefit from the gravity in the
powder delivery [32]. The system ensures good laser and
powder coupling in a focus point and also a low energy loss.
Additionally, as shown in the figure, the laser nozzle has
a space inside for adding and relatively easy replacement
of powder tubes of different sizes that can be considered
another advantage in terms of easy nozzle maintenance.

The main disadvantage of this design is that they are not
suitable for applications where the substrates are not normal
to the nozzle [32]. Additionally, layer thickness that can be
deposited is lower than in other nozzle designs. However,
there is still further research to be done in order to prop-
erly understand and control the performance of inside beam
coaxial nozzles.

Finally, a summary of the main characteristics of the noz-
zles’ design analysed and discussed in Sect. 3 are presented
in Table 1 together with their advantages and limitations.

4 Influence of Process Parameters on Nozzle
Performance

In this section, the effects of process parameters on nozzle
performance are analysed with special focus on those affect-
ing the powder flow. The most relevant numerical simula-
tion models reported in the literature that study powder and
shielding gas flows are reviewed too.

4.1 Powder and Gas Flows

Lin et al. studied the effects of different coaxial nozzle exit
configurations on the powder flow characteristics and noted
that nozzle geometry had a great effect on the flow [46].
Different parameters were considered when powder flows
along the nozzle and their trajectories from the nozzle exit
were analysed [17]. For instance, collision and bouncing

phenomena occurring in the nozzle should be considered.
Figure 10 shows the results obtained when the influence of
collision and bouncing parameters on the powder distribu-
tion at the nozzle exit were investigated. Concretely, the
figure shows the process simulation results when different
bouncing parameters were considered for 20 um powder par-
ticles assuming elastic (Fig. 10a) and non-elastic (Fig. 10b)
rebounds.

As it can been seen in the figure, the type of interaction
between the powder and the nozzle walls, i.e. whether these
are elastic or non-elastic impacts, influences the resultant
powder flow in the nozzle exit. It can be stated based on the
results that powder flow is more stable and better controlled
in the case of non-elastic interaction of powder particles
with the nozzle walls. It is seen that in the case the flux
reaches a stabilized shape in the form of a cylinder with a
lower focus point when compared to the elastic condition
[63, 64].

As mentioned, the elastic contact condition between pow-
ders and the inner wall of the nozzle has a substantial effect
on the powder stream convergence during the powder travel
through the nozzle. In an ideal situation, the powder stream
will be parallel to the passage wall, maintaining a straight
trajectory both in and outside of the nozzle and thus forming
a flawless powder stream and convergence. Multiple colli-
sions between powders and the inner walls of the passages
caused the powder stream to diverge after exiting the nozzle,
resulting in a large and dispersed powder spot. Further simu-
lations showed that designing a longer conveying tube was
beneficial and enhanced the powder stream convergence;
concretely, when the length exceeded 10 mm, the powder
stream had an excellent convergence and a uniform Gauss-
ian spot [48].

The effects of the powder delivery tube on the output and
the powder bouncing and colliding on the powder flow were
analysed by Pan and Liou [50]. Authors noted that regardless
of the nozzle exit arrangement, the powder stream structure
is mostly determined by the width and outer diameter of
the powder output tube. Additionally, Liu et al. [19] inves-
tigated the evolution of the flow distribution depending on
powders colliding with interior walls of a coaxial nozzle
recurrently until getting out of the nozzle tip. When powder
particles collide with each other and reach a plane normal to
the nozzle tip, their location and flight direction are distrib-
uted. Authors concluded that the collision behaviour within
the nozzle is significantly affected by powder diameter and
restitution coefficient, resulting in a change in powder con-
centration distribution below the nozzle. Additionally, they
noted that powder diameter can affect the properties of the
powder stream. Consequently, they suggested that screen-
ing the powder to a specific diameter range can improve the
powder stream [19].

@ Springer KE;E



International Journal of Precision Engineering and Manufacturing

[z€] a1zzou

) 0) [eULIOU JOU JJeIISqNS
UO 3sn I0J 9[qe)ns JON

11X9 9Y) Je wIojIun
Jou ST uonNqLISIp IpMod

[z9 ‘o7l
ASUQIOLJo TUAWYIILD JOMO|

s9[zzZou

[e1xe00 URY) Soje1 uonisodop
pue ssouyoIy) JoAR[ JoMO]

[oUUBRYD WNNOBA
10 UOTJB[NUAA ey} Jo Surpueyq

Kyrxordwoo ugdiseq

S[BLIQJBW QATIOQ[I
yim pakordws oq jouue)

[€6 ‘L] suonisodap
[BUONIBIOI-UOU JOJ 9[qeIns JON

soAneU
-I9)[e 1ay1o se aanonpoid se JoN
[¢] Aouaronyge JudwydIed Ppoon)
[8p] yutod
snooj oY) uLoy ropmod )
03[0 Aewr se3 Jurpyarys Jouuy
s9[Sue ou0d Jo SunT) pAywI|

Kouaroyje mo|
suorn

-eoridde (qg 103 9[qeIns A[uQ
[6€ ‘92] uonosaip

Quo ur AJuo Aou9)sisuod adeys

sasodand

Qoueudurews pue Jredax
10} 9pISUI WOOI SeY 9[ZZON
SSOT AS19U9 MO

Surd
-n0d 1opmod pue Jose] poon

suonisodap
[EUOT}ORIIPT[NW SMO[TE 1]
[t ‘0¢] suonisodap
SIXe-G 10} SuImojre pa)n
9q ued s10303fur uonrsodag
suornjeordde
g 10J AIQISsa00E poon)

paonpar st safonted
19pmod uo 1999 uonoafd Ay,

paonpai sI S0
-naed 1opmod Jo 109530 uonoalyg

ZVH paonpay
SUONIOISIP [BWIUIA]
jndur jeay Moy A1oA

Kyanonpoid y3ryg
pokordwo
9q ued sojer padJ IoYSIH

[8v “8cl
PaseaIdap SI se3 Jurp[arys

3 Jo 10952 Sunoalo ayJ,
jurod [e00J oY) UT 9FI0AU0D
soronaed xopmod jey) ansug

%9 9} Je weans Iopmod
SNOQUITOWOY pue WLIoJIUN
[6€] Aouaronyge oaoxdwr
0} pasueyd 2q ued SI[IUL UOD)

suorn
-09S [ESLIPUI[AD JO JOJOWEID
9pISINO 2y} JO SUIKB[ISAO )
10§ pue sjred ornowIASIxe
Suneos 1oy udisop ewndQ
sojex uonisodap ySIH

[ze] Aqrerxeoo
9[ZZOU 3} Ul PAINPOIIUT ST
Jey) 2qn) € y3noIy) 9[zzou

urew oy} wody pajeredas wo)
-SAS ® WIOIJ POISAT[P ST JOpMOJ

sIxe
9zzou oy} punore pauonisod
s10399[ur 9321081p Y3noIy)
P21oNpu0d SI KIOAI2P Iapmod
1opmod dyy woig sed Jurprerys
oy sejeredos ey pappe SI [oU
-UBYD WNNOBA JO UONR[IIUIA Y
SIQUIOD YJIM ANowoad
JoUUT POYIPOW (1M SI[ZZOU
[eIxe00 JO ased renonted y

91e)s pinbig
B Ul PAISAI[OP PUR 2)e1sqns
Q) 9A0QE PA)[OU ST JOPMOJ

I9110US A[IYSI[S ST 9U0d Se3
Surp[erys Jouur pue Jase] opoIq

weaq Jose[ dy) SpUnoLIns Jey)
[ouUEBYD Je[nuUE [ESIUOD B UL
PANQLISIP dIe SWEANS JOPMOJ

wa)sAs pasy opmod deredog

S[oUURYD UOTIB[IIUAA I

SIOUIOD UIIA\

(VTHH) preminQ

premuy

jLaelicly)

wnaq apisuy

9RI0SIq

snonunuo)) PIXDO)

v-fJo

soSejueApesiq

sagejueApy

SoNSLISIoRIRY D)

Anowoag 9[zzoN

u31s9p Yoed Jo JurwodlIoys pue sjyoudq ‘sontadoid :suSisop o[zzou jo Arewrwung | d|qeL

@ Springer KE:E



International Journal of Precision Engineering and Manufacturing

Fig. 10 The powder transport

toward the substrate consider- 10

ing a elastic and b non-elastic sk
rebounds [63]
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Fig. 11 Powder stream structure obtained with a Ti6Al4V and b
316L alloys [65]

4.2 Powder Material Properties

In addition to powder flow, powder properties also affect
the deposition performance. Powder mass, for example, has
shown to have an effect on the dimension of the so-called
convergence zone. Figure 11, extracted from the study by
Morville et al. [65], shows a simulation of the powder stream
structure obtained for Ti6Al4V (Fig. 11a) and 316L steel
(Fig. 11b) alloys when the same gas velocities and powder
sizes were used for both materials. As it is shown in the fig-
ure, an increase in material density (316L steel has higher
density than Ti6Al4V) leads to an increase in the width of
the convergence zone.

It can be seen that at the exit of the nozzle both powders
have a convergence trend. However, the distance at which

108
15
20k
> OF
35
4o
ask
L 1 1
<10 0 10
X, mm

)

(b)

this convergence occurs, referred to as a focus plane and the
dimensions of this convergence region are different for each
material. These differences are due to the different densities
of these two materials [65].

Another important parameter that affects the powder flow
along the nozzle is the particles’ size distribution. As men-
tioned before, researchers have attempted to simulating the
L-DED process in order to control the effects of different
parameters and thus to optimise it. In those models, it was
important to consider the influence of the particles’ size dis-
tribution because it affected the obtained results. As shown
in Fig. 12, bigger particles could perform in a similar way
to the smaller ones and this affects mainly the shape and
location of the focus regions [63, 64, 66].

5 Analytical and Numerical Modeling
for Nozzle Design Optimisation

As shown in previous sections, many research works in
the literature that focus on the analysis of different nozzle
geometries are based on numerical modelling of the process.
In this section an analysis of the most relevant works that
develop numerical and analytical models of the powder and
gas flows will be presented and discussed in detail.

Usually, these models consider the shielding and carrier
gas as continuous phase while powder particles are taken as
discrete phase [19, 48, 67]. Navier—Stokes differential equa-
tions are considered normally for modelling the continuous
phase. Additionally, Reynolds method for the calculation of
average time-dependent equations is considered along with
the k-¢ turbulent flow model. In order to model the discrete
phase for the powder particles flow, a two-phase model is
considered taking the trajectory of the powder particles as
the second phase.
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Fig. 12 Particles' size effects on focal regions: a 20 pm, b 40 um and ¢ 80 um [63]

From the literature review it was observed that studies
conducted up to date are mostly employed for the optimisa-
tion of coaxial nozzle designs based on numerical models
of the interaction between powder particles, shielding and
carrier gas and nozzle walls.

One of the main parameters that influence process
behaviour is the concentration of powder in the focus
point, which affects the laser attenuation and catchment
efficiency [19, 38]. The powder concentration is in turn
influenced by powder and shielding gas flows, powder
properties and nozzle geometry [68]. Pinkerton et al.
[38, 69] developed a mathematical model to predict the
distribution of powder concentration and employed it for
the evaluation of nozzle geometry. Based on their model,
authors studied the influence of three geometrical charac-
teristics of coaxial nozzles on the powder concentrations
obtained. Concretely, powder injection angle, diameter of
the powder exist passage and outlet powder passage width
were varied to analyse their effect on powder concentra-
tions obtained in the focus point. In the study published
by Yang [68], a Gaussian model was adopted to predict
powder concentrations under different process parameters
with the aim of optimising the design of coaxial nozzles.
Author noted that the nozzle width at the exit affects the
maximum concentration value and its location. Yang
observed that smaller exit diameters yield to smaller pow-
der flow diameters and higher concentration values in the
focus point. Another conclusion extracted from this work
is that smaller nozzle angles enable the optimisation of
powder catchment efficiency as they provide better focus
properties. Lin [70] developed a numerical model to study
the powder concentration considering inward and outward
coaxial nozzle configurations. The results of the model
showed that for the inward arrangement powder forms a
columnar structure and its concentration decreases with
increasing flow rate. With the outward configuration, the

@ Springer KE;E

powder forms a clear focused stream. As for the inward
configuration, powder concentration also tends to decrease
with increasing flow rates. Comparing both configurations
and according to Lin’s model, the peak powder concentra-
tion in inward nozzle configuration is half of the concen-
tration achieved with outward configuration. Pan et al. [50]
also developed a numerical model to simulate powder flow
in L-DED and to analyse the influence of different noz-
zle design parameters and arrangements on the obtained
flows. The novelty of this model is that it considers the
influence of powder particle shape effects. That is, authors
take into account the influence of the non-spherical shape
of particles, which is more realistic and induces more dis-
persion, which affects the focusability at the nozzle exit.
As for the influence of nozzle designs, in this study, four
different coaxial nozzle designs are simulated. From their
studies, authors conclude that both the width and the outer
diameter of the powder outlet passage have the greatest
influence on powder stream structure. Unlike the models
presented above, in the model by Liu et al. [19] collisions
between powder particles and with the internal walls of
the coaxial nozzle were also considered to analyse powder
stream structure. Authors employ the model for the calcu-
lation of powder particle trajectories and powder concen-
tration distribution. However, in this study, a given coaxial
nozzle design was considered in this model and only the
influence of process parameters and powder characteristics
were analysed. In the study conducted by Li et al. [48]
presented above, a numerical simulation is conducted to
analyse the influence of nozzle geometries and powder
feeding parameters on the convergence of particles. They
compare powder flows on coaxial continuous nozzles and
discrete nozzles and show that coaxial continuous noz-
zles with ring slit can form smaller focus spot. In fact,
the noted that this ring slit can be employed to adjust the
location of the powder focus.
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Laser beam

Fig. 13 Cross section of the
three different nozzle designs
considered in the study by Fer-
reira et al. [49]. The figure is
reused under the Creative Com-
mons Attribution License

Axial gas (AG)
—— Shaping gas (SG) ="

Vo Carrier gas (CG) \

Laser beam

Laser beam
‘ Axial gas (AG)
Carrier gas (CG,
/ . /m gas (CG)

— Shielding gas

Nozzle A Nozzle B Nozzle C
Nozzle A Nozzle B Nozzle C
Z (mm) Vo (m/5) 7 (mm) Vo (m/s) 7 (mm) ' v, (m/s)
8 /1 1 A09a s sk /|
6 V4 el A208 N |ar22
al 14 ak 2 al 12
2r 2 18 2 1
Nozzle outlet ——>of of . of , 1
: 1 2} 2} 4
4k = s i 14 al il o
-6 1 6l | 12 e L
B 1 -8 1 1 S ; 1 06
-10 1 10 4 -10+ 1
a2} 1 12} | Rt 12t {1 B o4
-14 | B J14 - ] 0.6 -14) B
-6} 1 16} 4 0.4 -6} ’f ] -
-18 B .18 - o) 0.2 -18+ B
-20 R 20} R 5 =r -f I
221 y 221 . . 22t [X¥ ) 4 ¥0.02
. 3o 0 5 10
x (mm) x (mm)

Fig. 14 Particle trajectory simulated for the three different nozzle designs considered in the study by Ferreira et al. [49]. The figure is reused

under the Creative Commons Attribution License

Fig. 15 Influence of passage
length on powder focal spot
diameter [28]. The figure is
reused under the Creative Com-
mons Attribution License

Diameter of Powder focus spot (mm)
N

35
3 L
2.5 1 1 1 1 1 1 1 1 i J
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Recently, Ferreira et al. [49] presented a combined exper-
imental and numerical study of powder flow considering the
three different nozzle geometries shown in Fig. 13.

Length of feeding passage (mm)

Authors analysed the influence of each nozzle configura-
tion on process behaviour. As an example, Fig. 14, extracted
from this study, shows the velocity of particles at the nozzle
exit.
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Fig. 16 Influence of different passage diameters on powder focus spot size: a 2.0 mm, b 1.5 mm and ¢ 1.0 mm [28]. Numerical study on powder

stream characteristics of coaxial laser metal deposition nozzle

Li et al. [28] conducted a numerical study of the pow-
der flow characteristics considering a coaxial nozzle. They
studied the effect of three nozzle design variables on the
evolution of the powder particle flows and focus location.
Figures 15, 16 and 17, extracted from this work, show the
evolution of powder focal spot diameter for different lengths
of feeding passage, different passage diameters and different
nozzle shrinkage conditions, respectively.

According to the model results, it is observed that an
increase on feeding passage leads to reduced focus spot
diameter.

Figure 16 shows that focus point diameter decreases as
well with decreasing powder passage diameter.

Finally, according to the results shown in Fig. 17, intro-
ducing a shrinkage condition on the powder passage leads
to a wider focal spot diameter.

One of the most recent works published concerning the
numerical modelling of powder flow in L-DED is the one

Fig. 17 Powder focus spot 12.90 5.80
diameters with and without 12.50 5.56
passage shrinkage: a no shrink- 12.11 5.32
age and b 2° shrinkage [28]. 11.72 5.08
Numerical study on powder 11.32 484
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laser metal deposition nozzle 1053 436
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Fig. 18 The structure diagram of the new cladding nozzle: a verti-
cal view, b bottom view. 1. Central laser beam inlet, 2. Water cool-
ing channels outlet, 3. Inner 6-way powder feeding channels inlet, 4.
Outer 9-way powder feeding channels inlet, 5. Protective gas chan-

nels inlet, 6. Water cooling channels inlet, 7. Protective gas channels
outlet, 8. Outer 9-way powder feeding channels outlet, 9. Inner 6-way
powder feeding channels outlet, 10. Central laser beam outlet [71].
The figure is reused under the Creative Commons Attribution License

Table 2 Suitability of each
nozzle design for different
applications

Application Off-axial Continuous coaxial Inside beam

Inward Outward Discrete
(EHLA)

Simple geometries v v

Complex geometries v

Coatings

Cylindrical components

Non-rotational components v

Reflective materials v

High productivity demands v

Precision requirements v

conducted by Zhang et al. [71]. In their work, authors propose
anew coaxial nozzle design and they employ numerical mod-
elling of the process to evaluate the feasibility of that design.
Concretely, in the new nozzle design, powder feeding is con-
ducted through inner and outer channels and it is composed
by a new type of laser with an inner beam and outer beams.
Additionally it has water cooling channels that are proved to
significantly reduce the temperature generated in the nozzle
and in turn, enable the reduction of thermal deformation in
the nozzle (Fig. 18).

As shown in this section, analytical and numerical model-
ling of powder flow is widely employed for the optimisation
of nozzle designs and for the evaluation of the influence of
different geometrical parameters.

6 Future Research and Development
Directions

Based on the review presented in this paper, the most rel-
evant parameters and considerations that should be taken
into account in optimising the nozzle design are presented

next. Among the different nozzle geometries available, as
it was already stated, coaxial nozzle designs have per-
formed better than discrete coaxial nozzles in terms of
productivity. Considering this, design improvements
are generally suggested and made to coaxial nozzles. In
fact, most numerical and analytical works that are aimed
at optimising nozzle designs take into account only this
type of nozzles. Inner shield gas must be used in these
nozzle designs and thus the laser and optical systems can
be protected. With the introduction of ventilation chan-
nels, the effect of pushing the inner shield gas in powders
outwards is reduced. While the powders flow through the
coaxial nozzles, as a result of the used carrier gas, until
the substrate surface is hit. In addition, since the particles
are not always spherical, this has an addition effect on
their collision with the surface. It has been shown that
inward nozzle designs ensure better focusability of powder
as the ejecting effect of the inner shielding gas is reduced.
Powder size distribution is one of the important param-
eters affecting the convergence zone and other important
results such as component microstructure and mechanical
properties [72]. Concretely for EHLA coaxial nozzles, the
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APPLICATION

The type of nozzle selected limits the geometry that can be generated.

GENERAL CHARACTERISTICS

Select if the nozzle will be coaxial, off-axial or an inside beam nozzle.

N
MODELING

Employ analytical or numerical models to predict powder flow for the
nozzle configurations of interest and a range of process parameters.

Validate model predictions with preliminary experimental tests to

VALIDATION
adjust adaptable geometric parameters.

Fig. 19 Schematic diagram of the suggested approach for the design
of a new L-DED nozzle

commonly employed particle size distribution is between
10 and 45 pm. However, as another example, the L-DED
system integrated in Mazak hybrid machines works with
particle size distribution between with 20—-150 pm. Each
particle size distribution behaves differently in terms of
generated flow field. As a consequence of this, the focal
size and nozzle stand of distances also change. Working
in a narrower range will increase the powder catchment
effect and make the focal area smaller. This could lead to
clogging of the feedstock material in other nozzle configu-
rations, but as mentioned above there is no information in
the literature of the appearance of clogging phenomenon
in this type of nozzles. Carrier gas, inner shield gas and
shield gas velocities should be calculated according to the
geometry of the nozzle and particle size distribution.

Based on the literature review conducted, in Table 2 the
suitability of each nozzle designs for different applications
is summarized.

It has been shown along the review paper how differ-
ent geometric parameters of the nozzle can affect relevant
parameters such as powder concentration in the focal point,
the location of the focal point, etc. This in turn affects the
geometry and quality of the melt pool and, in turn, the qual-
ity of the deposition. Therefore, when designing or optimis-
ing an already existing nozzle design, a systematic approach
must be followed that takes into account all the influencing
parameters mentioned in this review. As a summary of this,
a schematic diagram is presented in Fig. 19 in the form of a
workflow with the most important considerations.

As shown in the previous diagram, the first consideration
would be the type of part geometries that will be generated
in the L-DED machine. As shown in Sect. 3, depending on
the nozzle type selected, there will be certain geometries that
cannot be generated. In addition, there are certain applica-
tions that perform better with specific nozzles. Then, the
general characteristics of the nozzle design must be selected.

@ Springer KE;E

Whether the nozzle will have continuous or discrete pow-
der feeding system and an inward or outward configuration,
among other considerations regarding the dimension of the
nozzle and its components. It has been shown in Sect. 5 of
this paper that through analytical and numerical simulations
of powder and gas flow the performance of nozzles can be
evaluated in order to improve not only process parameters,
but also geometric features during the nozzle design. There-
fore, the following step in the approach would be to simulate
and predict process performance and powder stream for dif-
ferent design variables in order to select those that work best
for the intended application. Finally, once the nozzle design
is selected and numerically tested, a series of experimental
tests should be carried out to validate model predictions and
to ensure the expected process performance.

7 Conclusions

In the last decade, metal additive manufacturing technolo-
gies have gained the attention and interest of the industry.
Among these technologies, the present review paper focuses
on the L-DED process that is currently employed for the
manufacturing and repair of components in aerospace, gas
and oil and automotive industries among others. The study
and analysis of the influence of process parameters on the
resulting component properties is the focus of many investi-
gations that aim to gain a better understanding and control of
this relatively new technology. Among the different param-
eters that influence the process performance, the review
paper is focused on the analysis of deposition systems and
more specifically on the different deposition nozzle designs
currently available.

Concretely, a thoughtful analysis of the characteristics
and benefits of each design is conducted. As discussed in
the paper, depending on their characteristics, the nozzle
designs can be divided into three main groups: (1) off-axial,
(2) coaxial nozzle and (3) inside beam powder delivery sys-
tems. Among these options, the coaxial nozzle design has
been proven to be the best L-DED head option in terms of
process productivity and also the deposition performance.
Therefore, it has been the most investigated and widely used
system. It has been shown that in order to overcome some
of the shortcomings of the coaxial nozzle designs, different
alternatives have been developed. Particularly, the advan-
tages provided by inward and outward nozzle configurations,
coaxial nozzles with corners and with ventilation systems
solutions are reviewed.

Additionally, the most relevant analytical and numerical
models that have been developed to control and optimise
certain nozzle design features are also reviewed. Most of this
models study the influence of different nozzle arrangements
and design feature values on the characteristics of powder
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stream. It has been shown that these models can be effec-
tively applied for the optimisation of nozzle designs. These
models are mostly focused on the study of coaxial nozzle
designs because they are the most commonly employed.
However, with the broadening of metal additive manufactur-
ing applications, further model developments will be needed
in the near future that include other nozzle configurations
and enable their use for process control regardless of the
nozzle geometry selected.

At the end of the present review paper, a systematic
approach is proposed for the design of new L-DED nozzles.
The approach summarises the most relevant considerations
that must be taken into account when designing or optimis-
ing a deposition nozzle.
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