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Abstract
In the laser-wire directed energy deposition (LWDED) process, the laser-wire interaction (LWI) length directly influences 
wire melting and the deposition of a uniform layer. However, the effect of LWI length on bead morphology has not been 
studied due to the lack of a reliable method to calculate LWI length for off-axis wire feed systems. In this work, an analyti-
cal model is introduced to predict LWI length at non-planar orientations. The model development considers laser beam 
diameter, wire thickness, wire feed angles, and substrate tilt angles. It discusses the centre and trailing wire positions on the 
substrate. Single-bead-on-plate experiments were performed to present the effect of LWI length at non-planar orientations on 
bead geometry. The experimental findings reveal that the variations in substrate angles and wire feed angles influence bead 
width, height, and peak shift. The deposited bead geometry was investigated to demonstrate the effect of LWI and laser spot 
size. This work contributed to investigating the bead geometry at non-planar orientations for the off-axis wire-fed robotic 
LWDED process. At non-planar orientation, the predicted maximum LWI length was 1.07 mm at a 15° substrate angle and 
10° wire feed angle. The melt pool depths were 336 µm, 261 µm, 290 µm, and 183 µm, respectively, with the corresponding 
laser energy densities of 29 J/mm3, 22 J/mm3, 25 J/mm3, and 16 J/mm3. These findings aid in deciding substrate positions 
and orientations in additive manufacturing (AM) of thin-walled overhang tubular parts and repair of conformal parts.

Keywords Laser-wire interaction · Non-planar orientation · Analytical model · Off-axis · Bead geometry · Additive 
manufacturing

List of symbols
�  Wire feed angle
�  Substrate tilt angle
�  The angle between the laser head and the horizon-

tal plane
�  The angle between laser head and the vertical plane
�  Half divergence angle
P  Laser power
f  Modulation frequency
d0  Laser beam diameter
D  Duty cycle

ν  Laser scan speed
S  Wire feed
r0  Initial laser spot radius
r  Laser spot radius at tilt position
q  Fixed angle between the wire nozzle and the laser 

head
Lw  Laser-wire interaction length
Dwire  Wire diameter
w  Bead width
h  Bead height
u  Bead peak shift

1 Introduction

Additive manufacturing (AM) is recognized for produc-
ing complex parts for critical industry applications. It used 
3D computer-aided design (CAD) models to produce parts 
rapidly [1]. AM process takes longer build time, support 
material, and dynamic adhesion strength between layers and 
substrate. These unique advantages and challenges affect 
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tensile strength, surface finish, and tribological properties 
[2–4]. Metal AM process categories include directed energy 
deposition (DED), powder bed fusion (PBF), and solid state 
(cold spray, friction stir deposition, ultrasonic AM) [5–7]. 
The DED process uses wire and powder as a feed material 
for planar and non-planar depositions. This technology can 
employ different polymer, ceramic, and metal alloys [8–10].

Laser-wire directed energy deposition (LWDED) is an 
advanced joining, surface modification, and AM process 
[11, 12]. The process deposits material when the substrate 
is horizontal (planar) or non-planar and the laser head is 
orthogonal or at an angle. Advances in this process intro-
duced robotic assistance to control positions at non-planar 
orientations and to introduce new deposition strategies for 
building intricate geometries [13–15].

The feed materials in wire and powder form are supplied 
through a coaxial or off-axial nozzle to form a metallurgical 
bond with the surface [16, 17]. Off-axial wire feed LWDED 
is used for applications in aerospace, biomedical, and auto-
mobile industries due to its advantages, such as a small heat-
affected zone (HAZ), high bonding strength, and low dilu-
tion rate [18, 19]. The mechanical properties and structure 
of the bead are not uniform over the entire length. The layer 
formation is influenced by different process parameters such 
as laser power, material feed rate, material feed angle, scan 
speed, and laser head tilt angle. These parameters are also 
important in achieving the desired geometrical surface finish 
for single-layer and multi-layer thin-walled parts. The posi-
tion of the bead peak is influenced by gravity at non-planar 
orientations, affecting the surface finish of the deposited 
layer.

Laser-wire interaction is important as it is related to depo-
sition quality. The deposition quality depends on the length 
of the LWI, which results in full, partial, or no melting [20, 
21]. As the length of the material interacting with the laser 
increases, it absorbs more energy, increasing melting [22]. 
The distance the wire travels primarily influences the laser 
spot diameter and profile. Using different scanning strate-
gies, LWDED can be used as laser cladding, thin-walled 
parts, and bulk multi-layer deposition.

The relationship between the bead geometry and process 
parameters investigated a single and multi-layer deposition 
in LWDED [23]. A local closed-loop architecture can also 
control bead geometry [24]. Roch et al. [25] investigated the 
influence of process parameters on bead geometry during 
single-layer deposition by changing the laser head orienta-
tion. Asymmetric beads form as the laser head is tilted at 
an angle. A machine learning-based numerical model was 
proposed to predict layer geometry via real-time molten pool 
data [26, 27]. However, only powder-based DED processes 
were studied analytically to establish and predict the rela-
tionship of bead geometry with a tilted nozzle head while 
keeping the substrate horizontal and tilted [28–32].

The wire-based DED process has not yet been investi-
gated to find a relationship with wire feed angle, laser beam 
spot diameter, and bead width at non-planar orientations [33, 
34]. The study of beads morphology on inclined substrates is 
not as well understood as on horizontal substrates. The wire 
feed angle and substrate tilt angle are significant variables in 
the off-axial method. LWI is directly responsible for forming 
beads after solidifying the melt pool on the substrate. An 
inclined substrate position can profoundly affect the bead 
morphology. It is imperative to consider LWI length when 
predicting the change in the bead morphology to achieve 
reliable and precise results [22]. The LWI directly influ-
ences the melting of the deposited material; hence, it must 
be predicted.

This work novelty establishes and discusses the relation-
ship between LWI length, laser beam spot diameter, and 
bead width when depositing a single layer at non-planar ori-
entations. A new analytical model for non-planar depositions 
is presented to predict the laser-wire interaction length in 
off-axial laser-based DED. This work is required to predict 
the next layer bead characteristics for the supportless thin-
walled deposition at the non-planar configurations. Also, this 
work can be helpful in deciding the favourable build angles 
and their effect on repairing randomly broken parts like gear 
teeth, impeller blades, and supportless additive manufactur-
ing of conformal geometry parts.

The remainder of the paper is structured as follows: 
Sect. 2 presents the experimental setup of the LWDED sys-
tem and characterization methodology. Section 3 introduces 
the analytical description for the LWI length at the centre 
and trailing wire position. Section 4 discusses the experi-
mental results and demonstrates the LWI prediction and 
complexity of non-planar orientations for bead geometry in 
the LEDED process. Section 5 analyses the reason for the 
LWI model at the trailing position.  Section 6 provides con-
clusions and highlights the research contribution and future 
scope.

2  Experimental procedures

An in-house robotic laser-wire DED experimental setup was 
developed and used to conduct all the experiments, as shown 
in Fig. 1. The setup consists of an off-axial nozzle that feeds 
metal wire through a self-developed wire feeder. KUKA 
6-DOF robot controls the motion with a fixed platform. The 
experimental setup uses a fibre laser with a wavelength of 
1080 nm and a maximum power output of 1 kW.

The stainless steel 316L wire with a diameter of 0.8 mm 
was deposited on a mild steel substrate of 100 mm × 100 
mm × 6 mm. The chemical compositions of the wire and 
substrate material were provided by the manufacturer 
and are listed in Table 1. The oxide layer on the substrate 
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surface was removed and cleaned with ethanol before the 
single-layer experiment. This work investigates the non-
planar orientations with the substrate angle (θ) and wire 
feed angle (α), as shown in Fig. 2 (a-d).

Primary geometric parameters used to characterize the 
bead morphology are width (w), height (h), and peak shift 
(u), as shown in Fig. 2 (e). The figure presents the cross 
section of a single layer when both the substrate and the 
laser head are tilted.

This work investigates the correlation between LWI 
length, laser spot profile, and bead width when deposit-
ing a single layer at non-planar orientations. So, it was 
not necessary to consider all parameters of the laser-wire 
DED process.

Table 2 presents the experiment design of the four-level 
substrate and wire feed angles while keeping the deposi-
tion parameters constant. The pulsed laser power (P) was 
600 W, the laser beam diameter  (d0) was 1.8 mm, the 
modulation frequency (f) was 80 Hz, the duty cycle (D) 
was 50%, the laser scan speed (ν) was 4 mm/s, and the 
wire feed (S) was 13 mm/s. The unidirectional deposition 
strategy was used to deposit the layers adjacently with 

approximately 15 mm hatch spacing. Three sets of samples 
were prepared from each experiment.

The energy density for a pulsed laser can be given as [35]

Here, PPeak is the peak laser pulse power (W), ν is the 
deposition speed (mm/s), and A is the laser spot area. To 
calculate the laser spot area, laser spot diameter d can be 
expressed as follows:

where d0 is the initial laser bead diameter, θ is the sub-
strate angle, α is the wire feed angle, and β is the half diver-
gence angle. Optical images of the bead cross section were 
obtained by cutting, mounting, and polishing. The samples 
were chemically etched using a highly aggressive etchant 
aqua regia that can be used to reveal the grain structure of 
steel. It is a mixture of nitric acid and hydrochloric acid at 
a 1:3 ratio exposed for approximately 15 s. Microhardness 

(1)Laser energy density =
PPeak

A × �

J

mm3
.

(2)d = d
0
×

cos (�)

cos (� + � + (30 − �))
mm

Fig. 1  Laser-wire DED experi-
mental setup developed for this 
study using a 6-DOF robotic 
system. The inset figure shows 
the single-layer deposition at 
substrate angle θ 

Table 1  Chemical composition 
of the wire and substrate used 
for this study

Elements Cr Ni Mo Mn Si C S P Fe

SS 316L Wt.% 18.62 12.44 2.36 1.85 0.44 0.025 0.008 0.01 Bal
Mild steel Wt.% – – – 0.7 0.4 0.16 0.04 0.04 Bal



 Progress in Additive Manufacturing

test was performed using Vickers hardness tester (WILSON 
402MVD) with 100g load, 10 s dwell time, and 400 µm for 
each indent. The indentations were tested and reported in 
three sample sets, with a total of 30 indentations. Optical 
images were imported into open-source image processing 
software to measure the bead parameters.

3  Analytical model for laser‑wire interaction 
length

3.1  Model description

The wire was fed off-axially to the substrate for laser-wire 
interaction through a nozzle. There are three different posi-
tions (i.e. lead, centre, and trailing) to have a wire interaction 
with the laser beam spot diameter  d0, as shown in Fig. 2 (f). 
Besides, the horizontal substrate was tilted at an angle θ, and 
the diameter of the laser spot on the substrate increased [31]. 
Establishing the LWI model aids in finding such correlations 

Fig. 2  Schematic showing different orientation configurations a sub-
strate, nozzle, and wire at reference position b substrate at an angle 
c inclined wire feed nozzle d both substrate and wire feed nozzle 
inclined e Geometric parameters to characterize the bead morphol-

ogy on the inclined substrate f Different wire positions for interaction 
with the laser beam: (1) lead (2) centre, (3) trailing position g Laser 
spot shape change to elliptical shape at non-planar orientations

Table 2  Design of experiment

Experiment No Substrate angle (θ°) Wire feed 
angle (α°)

E1 0 10
E2 0 20
E3 0 30
E4 0 40
E5 15 10
E6 15 20
E7 15 30
E8 15 40
E9 30 10
E10 30 20
E11 30 30
E12 30 40
E13 45 10
E14 45 20
E15 45 30
E16 45 40
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between LWI length, laser spot profile, and bead width of 
single-layer deposition of the non-planar LWDED process.

The laser spot profile changes when it is not perpendicu-
lar to the substrate, and the relationship can be discussed 
based on the sine theorem. The assumptions for representing 
the complete model during the interaction between the laser 
beam and the wire are as follows:

1. The laser beam appearance was conical.
2. The wire has a uniform size, and it was fed at a constant 

rate.
3. The wire feed nozzle was fixed to the laser head at a 60° 

angle.
4. The wire was fed up to the centre axis of the laser beam 

in Case 1, and the wire fed up to the trailing position 
of the laser beam diameter in Case 2 for the laser-wire 
interaction, as shown in Fig. 3 (a) and (b), respectively.

The relation of all the angles was established with �and� 
from Fig. 3 (b). Using triangle BAC, the fixed angle between 
the wire and the laser head q was calculated as

q = � − � = −60 , minus sign indicates the angle direc-
tion and � was the angle between the laser head and the 
horizontal plane.

In this study, the value of q was constant, and the relation 
of angles with � and � was as follows:

where � was the angle between the laser head and the verti-
cal plane as shown in Fig. 2 (c).

3.2  Laser‑wire interaction length for Case 1: centre 
wire position

The wire fed to the substrate interacts with the laser to get 
melted when the laser energy is absorbed, and the melt pool 
solidifies on the substrate to form a layer. Figure 3 (a) shows 
the schematic of the wire positioned at the centre of the laser 
beam diameter.

In triangle OCD, angle D (θD) was calculated as

� + � + 180 − (� + �) = 180 + q,

(3)� = 60 + �,

(4)� = 90 − �,

(5)� + � + 60 = 90,

(6)� = 30 − �,

� + (� + �) + �D = 180,

Using the sine theorem and Eqs. (3), (4), (5), and (6), the 
LWI length Lw was expressed as follows:

�
D
= 180 − (� + � + �).

L
w

sin(�D)
=

CD

sin(180 −
(

�D + � + �
)

)

Fig. 3  Schematic showing the wire length in contact with the laser on 
the inclined substrate for a Case 1 and b Case 2
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3.3  Laser‑wire interaction length for Case 2: trailing 
wire position

In this case, the position of the wire was touching the sub-
strate at the trailing position shown in Fig. 3 (b). The length 
of the CD was neglected due to the large vertical distance 
between the substrate and the wire. So, it was assumed that 
there was no deposition at CD. Now, the LWI length was 
equal to the length BE,

Lw = BE,
BE = BA – EA.
Now, in triangle OEB, to find angle x was,

Using the sine theorem and Eq.  (8), length EG was 
expressed in the triangle EGF as

This model considers the wire diameter Dwire fed to the 
substrate. Now the length AG = rc was expressed from tri-
angle EAG as

where the length rl = rc + rb. The triangle BAC and EAG 
express length BA and EA, respectively.

The LWI length was expressed by subtracting Eqs. (12) 
and (13) as

L
w

sin(180 − (� + � + �)
=

CD

sin(� + � − �)

(7)L
w
= r

b
×
sin(60 + � + � + �)

sin(60 + �)

� + 180 − (� + 60 + �) + x = 180

(8)x = 60 + �

(9)EG = D
wire

×
cos(� + �)

sin(60 + � + � + �)

(10)rc = EG ×
sin (60 + �)

sin (� + �)

(11)rb = r
0
× cos (30 − (� + �))

(12)BA =
2
√

3

× r
l
× sin(120 − (� + �)),

(13)EA = r
c
×
sin(120 − (� + � + �)

sin(60 + �)
.

(14)

L
w
=

2
√

3

× r
l
× sin(120 − (� + �)) − r

c
×
sin(120 − (� + � + �))

sin(60 + �)
.

Further, the LWI length model expressed in Case 2 was 
considered for experiments investigating the relationship 
between laser beam spot shape and bead width.

4  Results

4.1  LWI length prediction

The LWI length was calculated through Eqs. (8–14) to find 
a relationship using the proposed analytical description. 
According to Eq. (14), in the LWI length prediction model 
and selected process parameters, Fig. 4 illustrates the pre-
dicted LWI length and experimentally measured width val-
ues. It can be seen from the figures that the predicted LWI 
length of a single layer was close to the measured width 
values. It demonstrates the effect of the LWI length on the 
bead width.

The increase in substrate angle resulted in a decrease in 
bead width. The LWI length prediction was more consistent 
with the measured bead width when the wire feed angle was 
30°. The width initially increased at a substrate angle of 15°, 
followed by a decrease, except for the wire feed angle at 30°. 
The maximum predicted LWI length was observed for the 
15° substrate angle and the minimum for the 45° substrate 
angle. The predicted LWI length, bead width, and laser spot 
profile were consistent with the substrate angle.

The longer LWI length results in a broader bead and 
reduced penetration depth. Figure 5 presents the bead cross 
section at which geometry is acceptable. The penetration 
depends on the laser energy density available during the 
experimental conditions. The change in LWI time and laser 
energy density affected the melt pool depth. The melt pool 
depth for experiments E8, E10, E11, and E14 was 336 µm, 
261 µm, 290 µm, and 183 µm, respectively, with the corre-
sponding laser energy density of 29 J/mm3, 22 J/mm3, 25 J/
mm3, and 16 J/mm3. In experiment E11, where the wire feed 
angle equalled the substrate angle, and the wire was fed per-
pendicular to the substrate, cracks appeared at the bead–sub-
strate interface. The fast-cooling rates using a pulsed laser 
led to the formation of brittle microstructures that promote 
cracking. The inset in Fig. 5 illustrates the martensite for-
mation at the interface. The microhardness results shown in 
Fig. 6 reveal a uniform distribution along the bead area and 
the variation from interface to HAZ. The E14 experiment 
results in a minimum HAZ depth as less heat is transferred 
to the surrounding area due to lower laser energy density. 
Fine grain formation at higher laser energy density increases 
the microhardness near the interface area. The maximum 
microhardness was observed for the E8 experiment. In 
contrast, the minimum was observed for the E11 experi-
ment, demonstrating the effect of laser energy density on 
microstructure formation. The shape of the melt pool area 
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changes with different laser spot shapes. The information on 
melt pool direction is helpful in selecting the layer height in 
multi-layer deposition.

4.2  Complexity of non‑planar orientations

All the experiments were carried out at a single process 
parameter by changing the substrate angles to 0°, 15°, 30°, 
and 45° and the wire feed angles to 10°, 20°, 30°, and 40°. 
Melt pool geometry characteristics are not conspicuous 
when α and θ change with the horizontal plane. When the 
substrate was at 0° and the wire feed angle was at 10°, the 
bead height shifted in the direction of gravity, i.e. negative 
y, as shown in Fig. 2 (e). When the wire feed angle was 
increased, the peak shift was reduced at the same substrate 
angle. It was due to the increased solidification rate of using 
a pulsed laser at a lower frequency. Figure 2 (g) shows the 

change in the laser spot profile on a tilted substrate. The laser 
spot position shifts by a distance of l, depending on the wire 
feed and substrate angles.

The melt pool solidification on an inclined surface with 
a non-orthogonal laser position helps us understand layer 
deposition. When the substrate angle is increased, the centre 
of laser energy density shifts towards the tilt direction by 
distance l. So, the solidification rate of the material at the 
shifted centre of the laser spot is lower in the tilt direction, 
which causes the material to fall towards the tilt direction 
before solidification. The laser spot profile at 30° substrate 
and wire feed angles gave the symmetrical bead profile. At 
this position, the laser spot profile was circular, resulting in 
minimal effect of gravity.

The bead profile exhibits significant sag when the laser 
spot centre is shifted with higher substrate angles. It is due 
to the concentration of the wire melt pool shifting towards 

Fig. 4  Predicted values of LWI length compared with the experimentally measured width (w) at four wire feed angles (α), a 10° b 20° c 30° d 
40°
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the elevated side, gradually increasing the amount of molten 
material as the laser centre shifts at higher substrate angles.

A higher wire feed angle of 40° significantly affected the 
Bead width, as shown in Fig. 7 (a). It was due to the wire 
feeding from a higher angle, making less contact with the 
substrate and laser spot profile, which reduced the width 
length. The melted wire accumulates in a smaller area, 
reducing width and increasing height.

Discussing the significance of tilt angles in determining 
bead height is essential, as this aspect has yet to receive 
adequate attention. It was observed that the bead height 
decreases overall as the substrate angle increases as shown 
in Fig. 7 (b). The maximum height was observed for the E5 
experiment condition, while the minimum was for E2. The 
maximum height was achieved when the substrate angle was 

at 15° for both 10° and 20° wire angles. When the substrate 
angle was 30°, the height was similar for wire feed angles 
of 10°, 20°, and 30°. However, there was no deposition for 
the 40° wire feed angle when deposited at the 30° and 45° 
substrate angles.

The peak shift is related to the path planning of the multi-
layer overhang part. When a new layer is added, it is built on 
top of the previous layer. Therefore, the bead shape or peak 
shift changes due to gravity in non-planar orientation. Fig-
ure 7 (c) shows the peak shift results for different wire feed 
and substrate angles. The peak shift for a 10° wire feed angle 
was almost the same due to reduced gravitational effects at 
the lower angle. As the substrate angle increases, the peak 
shift values gradually decrease. At a 30° substrate angle, the 
peak shift almost disappears. The minimum peak shift was 

Fig. 5  The cross-sectional view 
of the bead showing changes in 
bead geometry at different non-
planar orientations. The inset 
figure shows the martensite 
observed in HAZ and near the 
bead–substrate interface due to 
the high cooling rates of using a 
pulsed laser
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observed in E11 when the laser beam was perpendicular to 
the substrate. Maximum peak shift was observed at a wire 
feed angle of 20°. However, at a substrate angle of 45°, the 
values are approximately similar because the effect of the 
wire feed angle on the bead parameter was minimal at this 
angle.

The penetration depth can vary based on the specific 
applications and materials used in LWDED. Earlier studies 
have shown that the penetration depth is over 0.2 mm with 
wire feed material and less than 0.02 mm with powder feed 
material at different orientations [32]. The beads with shal-
low penetration depths appeared at the extreme substrate and 
wire feed angles, as shown in Fig. 7 (d). A lower penetration 
depth at non-planar orientations can be due to laser irradia-
tion into the substrate. The penetration depth is greater when 
the laser is orthogonal [36]. The higher difference between 
θ and α at non-planar configuration increases penetration 
depth. As previously discussed, the change in the laser spot 
profile reduces the laser trajectory, resulting in lower pene-
tration depth. Using a pulsed laser leads to rapid cooling and 
solidification of the steel without deep heat penetration. The 
low penetration depth is beneficial as it reduces the remelt-
ing and recrystallization area in previously deposited layers.

The penetration depth and bead width decrease while the 
bead height increases with higher deposition angles. The 
dilution for all the processing conditions was calculated by 
considering the bead reinforcement and penetration areas 
[37]. A processing parameter condition that creates a deposit 
with a dilution ≤ 50% was considered to produce thin-walled 
geometries. The dilution of single-layer track deposits in all 
the experiments was below 12%, as shown in Fig. 7 (e). Non-
planar orientation does not affect dilution, while heat input 
and melting behaviour primarily drive the process.

5  Discussion

The change in substrate angle forms the elliptical laser 
spot size. The major length d of the ellipse was calculated 
using Eq. 2. The advantage of using wire is that there is 
no material flow distribution problem while depositing at 
non-planar orientations. The LWI length change and ellip-
tical laser spot formation affected the bead morphology. 
The lower laser energy density was observed if the laser 
spot area increased. Similar results for microhardness in 
the HAZ region were observed for E10 and E14 experi-
ments at a 20° wire feed angle.

It shows that the wire feed angle is significant to achieve 
repetitive results at different substrate angles. It is neces-
sary to note that the laser energy density found no direct 
effect on bead morphology at non-planar orientations. It 
highlights the significance of the non-planar angles on 
bead geometry. The width, height, penetration depth, and 
peak shift were affected by changes in energy density 
as the substrate angle increased in the non-planar con-
figuration. The diameter and shape of the laser spot affect 
the width of the bead. It was apparent that both angles 
could change the laser spot size. As the laser spot pro-
file changes, the width of the melt pool also changes as 
it absorbs the laser power to form beads after solidifica-
tion. One possible factor contributing to the bead width 
variation was the bead’s shrinking due to surface ten-
sion effects. The laser beam interaction with the wire at 
increasing substrate angle introduced spattering, which 
causes deviations in the bead height. The shape of the 
melt pool can also get shifted because of the gravitational 
effect, which reduces bead height.

However, increasing the substrate angle reduces peak 
shift at a similar wire feed angle. The wire feed angle 
from the substrate surface increases at higher substrate 
angles. This means that the wire was being deposited from 
an angle closer to vertical. The effect of LWI length for 
predicting the bead morphology and toolpath planning 
was not considered in earlier studies [29, 38–40]. The 
results also demonstrate the significance of laser orien-
tation for constructing thin-walled multi-layer overhang 
parts in industrial applications without requiring support 
structures.

6  Conclusion

This work established the relationship between LWI 
length, laser beam spot diameter, and bead width for the 
evolution of bead morphology at non-planar orientations 
during the robotic off-axial wire-fed LWDED process. An 

Fig. 6  Maximum microhardness at interface observed for E8 experi-
ment demonstrating the effect of laser energy density on microstruc-
ture formation
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Fig. 7  The schematic showing the experimentally measured values of a width b height c peak shift d penetration depth e % dilution at respective 
substrate angle (θ) and wire feed angle (α)
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analytical model was proposed to predict the LWI length 
at the off-axial nozzle position, considering laser beam 
diameter, wire thickness, wire feed angles, and substrate 
tilt angles. This model was discussed for the centre and 
trailing wire positions on the substrate. It investigated the 
effects of the wire feed angle α and the substrate angle θ 
on the width, height, and peak shift of the bead param-
eters. Experimental results present the relation between 
LWI length, laser beam diameter, and bead width. Higher 
wire feed angles tend to reduce bead width while increas-
ing bead height due to reduced contact with the substrate.

The analytical model results revealed that the LWI pre-
diction suits automatic toolpath planning in multi-axis 
LWDED. It is a new approach highlighting the signifi-
cance of laser spot shape change with substrate angle and 
wire feed angle change to predict the changes in beads 
geometry at non-planar orientations. The minimum peak 
shift was observed for both θ and α at 30°, where the laser 
beam was perpendicular to the substrate, and the maxi-
mum peak shift was observed at a wire feed angle of 20°. 
The melt pool depths were 336 µm, 261 µm, 290 µm, and 
183 µm, respectively, with the corresponding laser energy 
densities of 29 J/mm3, 22 J/mm3, 25 J/mm3, and 16 J/
mm3. Single-layer deposition is influenced by heat input 
and melting behaviour at non-planar orientation on bead 
geometry and dilution. The fast-cooling rates using pulsed 
laser leads to the formation of brittle microstructure that 
promotes cracking.

The effect of LWI on multi-layer parts can be investi-
gated further by varying the laser power, wire feed, and 
deposition speed. The morphological, mechanical, and 
thermal challenges in robotic LWDED can be addressed 
further to develop the path planning algorithm. Defining 
the angle limits suggested in this work results in colli-
sion avoidance to complete the deposition process. The 
substrate and wire feed angles can be further optimized 
to determine the orientation and position of the laser-wire 
interaction for interlayer adhesion. The procedure was pro-
posed to calculate the LWI length, and discussion on the 
substrate and wire feed angle in this work can be used for 
path planning of repairing non-planar randomly broken 
parts like gear teeth, impeller blades, and supportless AM 
overhang geometry parts.
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