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Abstract. Among Directed Energy Deposition (DED) processes for metallic materials, Wire Laser
Additive Manufacturing (WLAM), distinguishes itself by the use of a laser beam to melt a metallic
wire and produce beads. Successive depositions of overlapping beads generate volumes to obtain
parts. Thus, controlling bead geometries is essential for the additive manufacturing process.
Several research works have studied these geometries and the influence of the main manufacturing
parameters on their dimensions, but few investigated the effect of feeding direction or wire angle.
Moreover, all studies on wire angle were carried out with lateral feeding and a constant laser
orientation. This paper focuses on the influence of the deposition head orientation for a coaxial
wire feed with 3 laser beams on bead geometries. An experimental campaign is conducted with
different orientations relatively to a horizontal substrate and the external profiles are measured
using optical instruments in order to extract the average profiles and characteristic dimensions.
Results indicate an influence of the head rotation around its axis and lateral tilt on the height, width,
and asymmetry of the beads.

Introduction

Metal additive manufacturing represents a major challenge for the development of new production
strategies. Several processes are already in use, with either powder or wire as feedstock material.
The use of wire results in simpler installations by reducing the constraints linked to powder
handling, while producing solid parts with large volumes, as observed in Wire Arc Additive
Manufacturing (WAAM). Wire Laser Additive Manufacturing (WLAM) 1is also based on a
metallic wire, but with a laser beam as energy supply. Several configurations can be found in this
category, depending on different technological choices or additional elements. For example, hot-
wire limits the laser power required for manufacturing [1]. Differences are also possible in terms
of material and power input, as the wire can be supplied along a different axis as the laser beam or
along the same one, resulting in a coaxial configuration. This technology can be achieved by the
use of multiple laser beams [2] or a ring beam [3].

Because of the wide variety of experimental devices and possible use cases, each installation
requires the set-up of manufacturing recipes, often in an empirical manner by conducting several
experiments. The usual approach consists in manufacturing single beads to define the initial
process parameters, then in the study of overlapping beads to obtain surfaces, and finally in the
study of layers, for single-bead walls or massive parts. Two profiles can be identified to describe
single bead geometry: the external profile, also called reinforcement, and the internal profile,
called penetration (Fig. 1). Rather than describing the complete geometries, specific dimensions
are often used to characterize beads, as seen in figure 1 with width W, height H, contact angle 0.
and penetration P. Other typical dimensions not shown in the figure are the cross-section area A,
which is considered as the additional area relatively to the initial part, and the dilution ratio, defined
by the ratio between the area of the bead penetrating the substrate and the total area.
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The existing literature proposes several models to describe the reinforcement profiles, including
elliptical [4,5], sinusoidal [6] or polynomial models of degree 2 [7,8] or 4 [9]. A comparative study
by Ding et al [10] highlights that most of these models present a satisfactory representation of the
beads, while Xiong et al [11] establish that the optimal model is linked to the ratio between wire
feed speed and travel speed. Most studies focus on relations between bead dimensions and the
main process parameters: laser power, wire feed speed and travel speed, showing that width and
height can vary independently. Abioye et al [12] and Medrano-Tellez [13] establish that the link
between power and wire feed speed is essential to guarantee stability, with two main process
defects: dripping when power is too high compared to wire speed and stubbing when it is too low.

\\

= = external profile
-===- penetration profile

Fig. 1. Cross section of a bead with its dimensions.

One study focuses on feeding direction and found that it influences the appearance of the beads,
with front feeding resulting in smoother beads [14]. For lateral configurations, where both laser
beam and wire have different axes, the angle between wire and substrate also influences the
produced geometries. However, the deposition head considered in this study uses three laser beams
distributed around the wire to obtain a coaxial configuration. No articles investigating the influence
of orientation and inclination on bead geometry for coaxial heads were found in the available
literature. Most papers for coaxial technologies focus exclusively on wire feed speed, travel speed
and laser power, with an occasional mention of the distance between the beams intersection point
and the workpiece [15]. However, head orientation relatively to the travel direction can vary during
manufacturing. In addition, variations in head tilt relatively to the substrate can be used to gain
collision-free access to specific areas of the workpiece, or to manage gravity.

Therefore this study focuses on whether the tilt and orientation angles of a 3-beam coaxial head
to the substrate have an effect on produced external bead geometries. This paper presents the
experimental setup and process conditions before describing the method used to identify the effect
of both head tilt and rotation. The obtained results are then presented and discussed before
concluding.

Experimental Setup

The additive manufacturing cell (Fig. 2) is based on laser-wire technology, implemented by a
Coaxworks head carried on a ABB IRB4600 robot and using an Ytterbium fibre laser power source
with a maximum power of 4 kW. The feedstock is a 1.2 mm diameter IN718 wire and the parts
are produced on S235 JR steel substrates which are 80mm long, 40mm wide and 10mm thick. A
Xiris weld monitoring camera is attached to the head, enabling process monitoring. In addition,
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the head's optics are protected by a flow of compressed air to expel smoke and spatters, and the
weld pool is protected from oxidation by a flow of Argon at a pressure of 2 bars.

Spindle

Milling robot
IRB6640-185/2.8

Additive Manufacturing
Robot
IRB4600-45/2.05

Coaxial Head

Process Camera

Substrate
Vice
Workpiece
table
Positioner
IRBP A-250

o

Fig. 2. Overview of the WLAM setup.

The head divides the initial beam into three laser beams, equally placed around the vertical axis
of the head (z-axis) at 90, 150 and 30° angles to the x-axis respectively for beams 1, 2 and 3, and
with an angle of 17.5° to z. In standard production configuration, the head is oriented so that its z-
axis follows gravity.

Initial tests established a process window depending on three usual parameters (power, wire
feed speed and travel speed) regarding both stubbing and dripping defects. In addition, two
additional phenomena were observed. At low laser power and low wire speed, lack of fusion
appears (Fig. 3a), where the energy is sufficient to melt the wire, but not the substrate, resulting in
a bead without adherence. This phenomenon was already observed by Medrano Tellez [13], who
characterizes it by a head speed too high for the power. In contrast, with low travel speed and high
wire feed speed while keeping sufficient laser power to melt it, a wider and higher melt pool than
other beads is obtained. Its behaviour is close to that of a liquid (Fig. 3b), similar to what can be
observed in WAAM.

e ‘~A
Fig. 3. Beads and process views for two defects: lack of fusion on the left and liquid behaviour
on the right.

Method

According to the process window, an operating point with a travel speed of 1 m/min, a wire speed
of 2 m/min and a power of 2.2 kW is used for all experiments. These parameters were determined
with a working distance of 2 mm, which means that the intersection point of the three laser beams
is 2 mm below the substrate surface. The dotted red segments on figure 4 stand for the axes of the
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three laser beams, the continuous red segment for the head axis, and the black outline for the laser
spot boundaries.
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Fig. 4. Power density and laser spot limit for different head orientations.

During manufacturing the substrates remain fixed and the head travels along the x¢ axis of the
substrate in the positive direction, with different orientations. To describe the head orientation, an
intrinsic Euler formalism is used, corresponding to a rotation of angle ¢ (precession) about zo,
corresponding to the tilting direction, followed by a rotation of angle 0, called tilt, about x' and
finally a rotation of angle y about z". The angle a =y + ¢ will be used and referred to as head
rotation, as it approximates the total rotation of the head around its axis when 0 is small (0.2°
deviation for 6 = 7.5°). The limits of these angles are fixed by technological constraints (cable
management and laser safety), with o constrained in the interval [-70°;70°] and 0 inferior to 8°.
For the experiments 0 varies on two levels between 0 and 7.5°, ¢ on 8 levels between 180 and
135°, and a on 5 levels between -60 and 60°. Only the value ¢ = 0° is considered for 6 = 0°.
Therefore 45 tests were carried out, with four 60 mm beads deposited on each substrate, spaced
8 mm apart with a waiting time of around 1 minute to reduce the possible effects of thermal
accumulation. Preliminary tests established that geometries of beads produced under these
conditions are independent of manufacturing order. The produced parts were measured using an
optical 3D measurement system over an area of 3.6 mm by 3.6 mm in the bead centre. The

deposition direction xo was identified before subdividing the yo axis into 1000 intervals between -
2 and 2 mm, resulting in a local height distribution for each value of y, corresponding to the
variations in height inside the measurement window. The mean value and the standard deviation
o of the z values according to y were determined, leading to a statistical bead profile over the entire
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measured area. Under the assumption of a Gaussian distribution of the values, a 95% confidence
interval can be considered as £1.96 c. Using this mean profile, the parameters H, W and A were
determined with their confidence intervals. A new value A; is added, which represents the ratio
between the area on the right of the bead (corresponding to positive values of y) to the total area,
with the middle of the base serving as centre. This value is only determined for the mean profile
and expresses if the bead is tilted to one side, serving as an indicator for asymmetry.

Results and Discussion

Among the 5 beads produced with 8 = 0° and varying a, the angles o = -60° and a = -30° present
stubbing, contrarily to the other beads which have a smooth appearance (Fig. 5). For a = -60°, the
measurement area is not located in the centre but close to the start when stubbing is not as apparent.
The dimensions as functions of the angle a are displayed on Fig. 6. The confidence interval for a
= -30° is much larger than for the other values, while it does not appear for a = -60° after the
measurement zone shift.
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Fig. 6. Variations in bead dimensions for different head rotations.

These results do not show a significant evolution of the dimensions depending of the head
rotation, except for A,. This variation limited to around 4% of bead area indicates that the rotation
without head tilt may introduce a slight asymmetry in bead profiles. It is notable that the
configuration corresponding to an almost even ratio between left and right is achieved with o = -
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30°, which places the beam number 3 on the front and the other two on the back, resulting in a
symmetrical distribution on both sides of the melt pool (Fig. 4). Moreover, more matter is displaced
to the right when beam 3 is placed on the side where y is positive, and more on the left when on
the y negative side.

Some configurations with 6 = 7.5° lead to dripping at the start of the bead, where a drop of
material remains on the wire before being deposited, leading to a shifted start of the bead (Fig. 7).
The rest of these beads is stable, which would rather indicate a defect in the starting parameters,
particularly the duration between wire positioning and laser start. The variations in dimensions as
a function of ¢ for different values of a are plotted in figure 8, and the dripping conditions do not
lead to a wider interval, except for ¢ =-135°, a2 = -30°.

¢ =90°, a=-60°
¢ =-90°, o= 60°
=-90°, 0. =-30°

¢ =-135°, o = -30°

Fig. 7. Beads with dripping at the start.
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Fig. 8. Variations in bead dimensions for 0 = 7.5°.

No significant variations in bead area can be observed, as the differences between mean values
are inferior to the confidence intervals. This was expected as the ratio of wire feed speed to travel
speed remains constant. Changes can be observed for the width and height, but they remain small
(around 10%) and seem to be more related to head rotation than to the tilting direction. To help in
the geometry comparison, 5 profiles are selected and displayed on Fig. 9.
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Fig. 9. Comparison of selected bead profiles for 0 = 7.5°.

The width seems to depend little on the tilting direction, but more on the head rotation when
the head is tilted (Fig. 8), whereas it does not seem to vary without tilt. Indeed, the widths for
o = 60° are always smaller than those obtained for a = 0°, in turn smaller than for a = -30°. Fig. 9d
compares beads and illustrates the width variation. The maximum width is then obtained for
a = -30°, which corresponds to the only configuration tested where one laser beam is at the front
of the wire and two beams are at the back (Fig. 10). The effects of head rotation on the ratio
between area on the right and total area are observed again, and Fig. 9c shows the asymmetry in
the full profile between two orientations.

Irradiance (kW/mm?)

2 -2
x (mm) y (mm) x (mm)
Fig. 10. Laser spot on a nominal bead model with 0 = 7.5° ¢ = -45° and o = -30°, 3D view on
the left and top view on the right.

In contrast to the two previous quantities, bead height depends on the tilting direction. Indeed,
variations due to the angle ¢ are greater than those observed by varying the angle a, but only for
a= 60 or -60°. The height of the beads therefore depends on both tilting direction and head rotation.

To ease the analysis, the head axis and laser spots are plotted in Fig. 11 for all the configurations
of Fig. 9.
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Fig. 11. Comparison of the different configuration of Fig. 9.

For the following discussion two terms are introduced: the front/back tilt to describe the angle
around the y axis, and the lateral tilt to describe the angle around x. Thus, between ¢ = 45 and
+45° lateral tilt does not vary, while the head is tilted either towards the front (¢ = +45°) or the
back (¢ = 45°) of the melt pool. Fig. 9a shows that this variation from front to back tilting does
not affect bead profile significantly. Fig. 9b highlights that change in lateral tilt leads to change in
height without affecting width. Maximum height is obtained by tilting the head to the left side,
where two beams are located. Indeed, as seen in figure 11, both a = 60 and -60° correspond to
configurations where one laser is aligned with the y axis and on the right side (y positive).
However, the configuration a = 0° also corresponds to a beam aligned with the y axis, but no link
between a and H is observed for this value. When o = 0°, beam number 1 is aligned with y and
located to the left of the profile, while for a = 60° it is beam 3 on the right side and beam 2 on the
right side for o = -60°. The observed variations may also be influenced by defects in the power
distribution between the beams, or defects in wire positioning. Further studies would allow to
quantify their effects on the presented results.

Summary

In this paper the influence of orientation parameters on single beads external geometries was
investigated. The beads were measured to extract mean profiles with their associated confidence
intervals, allowing to obtain dimensions for the different tested angles. Results showed that head
rotation mainly influences the width and asymmetry of the beads, with symmetrical and wide beads
obtained when one beam is placed at the front and two beams at the back. For configurations with
one beam on one side of the melt pool and the other two on the opposite side, the height of the
bead depends on the lateral tilt of the head. No influence of front or back tilting was observed in
this study.

The measured variations for a tilt angle up to 7.5° are around 10% of nominal values. A higher
tilt angle could amplify these effects but achieving it on this setup would require using the 2-axis
positioner, changing gravity direction relatively to the part. This study focused on external
geometries without studying the penetration. However, a change in power density can lead to
variations in bead-substrate interactions. Further analysis of dilution and penetration are part of
the perspectives of this work.
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