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Abstract
A robotized laser/wire directed energy deposition (RLW-DED) process has been employed, specifically in applications where
higher deposition rates or larger buildup envelopes are needed. However, this process might have limitations in printing certain
complex shape parts. Fabricating parts with overhang sections, depending on the geometry, might cause a collision between the
laser head and the buildup. Part segmentation and joining the elements back together has been presented to overcome those
limitations. In this study, the welding of additively manufactured parts by RLW-DED has been proposed. Autogenous laser
welding, performed at the same setup used for RLW-DED, was utilized to join the thin-walled 316LSi DED parts. Mechanical
and microstructural testing were then performed on the welded samples. The results showed that the mechanical properties of
welded DED parts are comparable with those of DED parts. Furthermore, a component of complex shape was fabricated to show
the capability of the developed process. Therefore, the welding of RLW-DED parts can expand the application of 3D-printed
parts in industry.
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1 Introduction

Robotized laser/wire directed energy deposition (RLW-
DED) as a metal-based additive manufacturing (AM) tech-
nology has been gaining attention. According to ISO/
ASTM 52900:2015 [1] and ASTM F3187-16 [2], DED is
defined as “an additive manufacturing process in which fo-
cused thermal energy is used to fuse materials by melting as
they are being deposited.” DED is accomplished by feeding
of metallic powder or wire into the melt pool formed by a
highly focused energy source such as laser, electron beam,
or arc. For instance, Williams et al. [3] employed wire and
arc to produce large titanium parts (> 10 kg). They also
evaluated the residual stress in the buildups. Abioye et al.
[4] used laser as a heat source and Inconel wire to fabricate
multi-layer coatings in order to increase the corrosion

resistance of stainless steel components. They showed that
the coating could well protect the parts exposed to corro-
sion. Brandl et al. [5] utilized laser and wire to manufacture
multi-layer depositions. They characterized the microstruc-
tural properties of buildups and showed that grain dimen-
sions at single beads can be used to qualitatively indicate
microstructural and mechanical properties. Industry is no-
ticing DED’s capability to fabricate near-net-shape metal
parts with higher deposition rates. Using a low-cost welding
wire as feedstock and a robot as a kinematic system provides
a high flexibility to print complex geometries with dimen-
sional accuracy within ± 0.5 mm [6]. Also, some efforts
have been made in RLW-DED process by means of vision
system, to increase the process stability [7] and predict and
control the mechanical and microstructural properties of the
buildup in real time [8]. However, there exist some limita-
tions in printing certain parts in the DED process. For in-
stance, a part with very complex form or intrinsic features
could be difficult to fabricate even with a robotized system.
In the DED process, there is no support material. This lack
of support is unlike the powder bed fusion (PBF) process, in
which the melt pool is always supported by the metal pow-
der in the bed. In DED, the motion system, mainly the po-
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sitioning table, provides the possibility for the melt pool to
get support from the previously deposited layer. However,
in special cases, for example, in fabricating a part with an
overhang section, the positioning table needs to be tilted in a
large angle to be able to build the overhang section. Many
researchers developed different methods in the DED pro-
cess for fabricating the overhang parts. Zhang et al. [9] de-
veloped an adaptive slicing algorithm to build non-uniform
thickness layer due to the change in the build direction. By
using this technique, they were able to build the overhang
parts. Dwivedi et al. [10] developed an algorithm to fabri-
cate branching slender structures. However, adding more
overhang sections or branches to the existing overhang part
makes the geometry and thereby the path planning very
complex. Moreover, there might be possible inaccessibility
of laser head to the part and eventually a collision could
happen. Therefore, segmenting part into smaller sub-parts
and joining the elements back together could be a solution to
deal with those limitations in the DED process to some
extent. For instance, a slender branched larger structure
could be divided into several easy to print sub-parts and then
joined back together. It should be noted that, in complex
geometries, the part should be segmented at locations with
no structurally-critical intersections.

Very few studies focused on joining of AM parts. Casalino
et al. [11] studied the possibility of joining selective laser-
melted (SLM) parts to wrought stainless steel parts by using
fiber hybrid laser-arc welding. Then they evaluated the effi-
ciency of the welding process. Wits et al. [12] achieved good
quality welds by adjusting process parameters in a laser
welding of SLM titanium parts. Also, Matilainen et al. [13]
investigated the weldability of SLM 316L components to
cold-rolled sheet metal 316L parts in terms of the existence
of pores and cracks in the weld area. However, to the authors’
knowledge, no study was found in the literature that focused
on joining the DED parts by using an autogenous laser
welding process.

Autogenous laser welding has been used extensively in
joining applications where the higher welding speed and a
lower heat input are desired. Different laser types such as fiber
laser, disk laser, CO2 laser, or diode laser could be used in such
applications. This process can also provide a very small heat-
affected zone (HAZ), low heat distortion, and narrow and
deep penetration, and eventually can produce joints with a
high quality [14]. It is also suitable for welding of dissimilar
materials with high quality joints and small HAZ [15]. Laser

could also offer a better absorptivity in welding a broad range
of materials. In the present investigation, a robotized laser/
wire directed energy deposition system followed by an autog-
enous fiber laser welding were utilized to boost the flexibility
of the DED process. This process is considered as a hybrid
system since it combines two processes to fabricate a part.
This process broadened the range of DED applications. The
main objective of this paper was to investigate the mechanical
and microstructural properties of the butt welds between the
DED thin-wall parts obtained by the autogenous laser
welding.

2 Experimental procedure

2.1 Materials

The feedstock material used in this study was an austenitic
stainless steel (316LSi) in the form of wire from ESAB with
a diameter of 1.2 mm. Also, a commercially-available 304L
stainless steel plate with a thickness of 6 mm was utilized as a
support plate (substrate). The chemical compositions of wire
and substrate are given in Table 1.

2.2 Methodology

A robotized laser/wire directed energy deposition system
(RLW-DED) was used to fabricate the parts. Figure 1 illus-
trates the experimental setup. A 6-axis KUKA robot (KR-
60) coupled with a 2-axis rotary table was used to provide
the kinematics of the deposition system. A 4 kW fiber laser
with 1070 nm wavelength from IPG was utilized as a heat
source. A Precitec YW50 laser welding head was mounted
on the robot arm to deliver the laser beam to the processing
zone. The laser beam was defocused at 10 mm below the
focal point, resulting in 1.6-mm beam spot diameter. Also,
in order to feed the wire, a Binzel wire feeding system with
two synchronized push and pull motors was used.
Moreover, slicing the STL file of the 3D model and gener-
ating the toolpath and code for the robot controller were
done in SKM DCAM offline programming software. The
same setup without the wire feeder was used also for au-
togenous laser welding of the DED parts.

Four thin-walled coupons of the same geometry and
dimensions were built by using a RLW-DED system as
shown in Fig. 2a. All the beads in coupons were deposited

Table 1 Chemical compositions
of wire and substrate Element (wt%) C Mn Si Ni Mo Cr Cu P S Fe

Wire (316LSi) 0.01 1.8 0.9 12.2 2.60 18.4 0.12 0.03 0.03 Bal.

Substrate (304L) 0.03 2 – 8 – 18 – 0.045 0.03 Bal.
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in one direction as shown in Fig. 2b, c. Three beads were
deposited per layer to achieve 4 mm thickness of the wall.

After each track was deposited, the laser head was posi-
tioned for the next bead. The idle time to position the laser
head was kept at a low level by adjusting the robot speed at
higher speed of 250 mm/s. The coupons were machined
before the welding process in order to make the DED
plates with a precise and consistent thickness for butt
welding, and then welded together. Figure 2b, c shows
the configurations of welds and orientation of tensile sam-
ples with respect to joints and DED parts. Two coupons
were welded together such that the tensile samples were
cut out “parallel” to the direction of the DED beads in the
“deposition” direction as depicted in Fig. 2b. This config-
uration is called Weld DED-P for simplicity. Two other
coupons were joined in such a way that the tensile samples
were taken out “normal” to the deposition direction as in-
dicated in Fig. 2c. This configuration is referred to as Weld
DED-N in the rest of this paper. In the Weld DED-N spec-
imens, the tensile loading direction was normal to the
sliced layers. The reason for considering the tensile sam-
ples in two directions was to involve the effects of inherent
anisotropic mechanical behavior of the DED parts. In each
type of configuration, three tensile specimens were pre-
pared. Figure 2d, e depict the welded DED parts. In addi-
tion, two sets of samples, one normal and the other parallel
to the deposition direction, were prepared from DED parts
without joints. Therefore, larger buildups were necessary
to meet the size of the standard tensile specimen. Two thin-
walled coupons with the same size, one for making normal
tensile specimens and the other for making parallel ones,
were fabricated as shown in Fig. 3a–c. The purpose of
preparing tensile samples without a weld was to compare
their tensile properties to those properties of the welded
DED specimens. The tensile samples taken from the

Fig. 1 A robotized laser/wire directed energy deposition system used for
DED and welding processes

Fig. 2 aAs-built coupon used for welding. bWeld DED-P sample: tensile specimens parallel to the deposition direction. cWeld DED-N sample: tensile
specimens normal to the deposition direction (d, e) welded DED parts
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DED part without a weld were designated as DED-P and
DED-N specimens, that is, those specimens in the parallel
and normal direction relative to the deposition direction,
respectively. The processing parameters used for the RLW-
DED process and autogenous laser welding are provided in
Table 2. The main process variables such as laser power,
travel speed, wire feed speed, Z-increment, and overlap
increment were optimized in the previous work [6]. The
optimized process parameters provided the constant and
stable deposition on the entire build. The RLW-DED was
conducted in an open atmosphere; therefore, in order to
achieve a successful process, it is necessary to protect the
melt pool. An inert gas (Argon) was used to shield the melt
pool from oxidation. Shielding could also improve the
properties of deposition and eventually promote the inter-
layer bonding by providing better surface wetting [16]. A
side-feeding nozzle with respect to the laser head was used
to feed the Argon with the flow rate of 15 l/min and 30 l/
min for DED and welding processes, respectively. The pa-
rameters for the welding process were optimized by
welding several dummy samples of wrought plates with
3 mm thickness. The dimensions of the tensile specimens
used in this study were selected according to the ASTM
E08 standard [17] as shown in Fig. 3d. After welding, the

tensile samples were cut out by using a waterjet cutting
machine and were ground to remove the face and root of
the welds.

Tensile tests were performed on an Instron 5582 tensile
test machine with 1 mm/min strain rate at room tempera-
ture. In order to capture the elongation (strain) during the
tensile test, the crosshead displacement of the machine was
used. Also, to verify the value of elongation to failure of
specimens obtained from the machine crosshead, all the
specimens were marked before the test based on the gage
length and after the test the broken parts were put back
together to measure the elongation to failure. The cross-
sections of the joints were mounted, sanded, and polished
using a diamond polishing pad. Then, the samples were
chemically etched in a solution of (HCL:HNO3 = 3:1) for
40 s. Microstructural analysis of the welds was conducted
by using an optical microscope (Olympus DP72) and scan-
ning electron microscopy (SEM LEO 1450) equipped with
an energy dispersive spectroscopy (EDS). A Vickers mi-
crohardness tester machine (Clark-CM700) was utilized
to perform microhardness measurements. A load of 1 kg
with the waiting time of 15 s was applied during micro-
hardness test. A fracture surface analysis was also done by
the same SEM.

Fig. 3 a As-built coupon for
preparing tensile specimens
without weld. b Orientation of
tensile specimens in the parallel
direction (DED-P). c Orientation
of tensile specimens in the normal
direction (DED-N). d The
dimensions of the standard tensile
specimen per ASTM E8 [17]

Table 2 Processing parameters for DED and welding

Process Laser
power (W)

Travel speed
(mm/s)

Shielding gas
flow rate (l/min)

Wire feed
speed (mm/s)

Z-increment (mm) Overlap
increment (mm)

DED 1000 8 15 (Argon) 12 0.85 1.35

Welding* 2900 30 30 (Argon) – – –

*The focal point was positioned at the top surface of the plates
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3 Experimental results and discussion

3.1 Microstructural analysis

Figures 4 and 5 show the cross-section microstructure of
the Weld DED-N and Weld DED-P, respectively. In
Figs. 4a and 5a, the footprint of laser tracks are indicated.
The footprint of laser tracks are indicator of border of each
new track that is being deposited in the cross sectional
microstructure. This could be also recognized as melt pool
boundary. Butt joints with full penetration were observed.
The weld zone was found to be in a “Y” shape in both
coupons with the widest dimension at the crown and the
narrowest at the middle of the bead section as shown in
Figs. 4a and 5a. Also, no HAZ was observed in the joints.
This is attributed to the higher energy density and lower
heat input of the laser welding process compared to arc-
based welding methods such as GMAW. Due to the higher
cooling rates in the laser welding process compared to
GTAW, there is no sufficient time for grains that are locat-
ed between fusion zone (FZ) and the base plates to grow,

resulting in a joint without HAZ [18]. This is considered as
a good characteristic of a laser-welded joint. No noticeable
cracks or inclusions were found in the fusion zone. Due to
the similar nature of laser welding and laser directed ener-
gy deposition during the process of solidification, the final
morphology was found to be mainly columnar dendritic in
both the weld zone and DED parts as shown in Fig. 4b, d. It
can be seen from Fig. 4b that in the fusion zone, the den-
drites were symmetrically distributed around the weld cen-
terline. Also, dendrites were grown epitaxially from fusion
boundary to the weld centerline, opposite to the heat flow
direction [19]. In addition, the similar columnar dendritic
structure directed from the bottom of the tracks toward the
top was observed in the DED microstructure as shown in
Fig. 4d. The magnified views of microstructure in the weld
and DED are displayed in Fig. 4e, f and Fig. 5b. The den-
dritic structure is clear. The darker areas are the primary
dendrite cells that were consisted of the austenite (γ) phase.
The lighter area between dendrites was the skeletal δ-fer-
rite phase. During the solidification of the weld zones and
DED of 316LSi, due to the high cooling rates associated

Fig. 4 The transverse-section images of Weld DED-N sample. a Optical
micrograph showing the weld zone and DED plates. b Distribution of
grains around weld centerline. c Fusion boundary. dDEDmicrostructure.

e SEM image of the weld zone indicating the columnar dendrites. f SEM
image of the DED indicating the columnar dendrites

Fig. 5 The transverse-section optical images ofWeld DED-P sample. aOptical micrograph showing the weld zone andDED plates. b SEM image of the
weld zone indicating the columnar dendrites. c Fusion boundary
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with laser material processing, the δ→ γ transformation
remained incomplete. Thereby, formation of the skeletal
δ-ferrite in the austenitic matrix was the result [20].
Therefore, the final solidification mode of the material ei-
ther in the weld zone or DED was found to be ferritic-
austenitic (FA). The primary dendrite arm spacing in the
weld zone for both Weld DED-N and Weld DED-P cou-
pons was about 2.5–5 μm; whereas, this value for the DED
part was about 4–10 μm. The finer dendrite size in the
weld zone clearly signified relatively higher cooling rate
and lower heat input in the welding process compared to
those experienced in the DED process. Figures 4c and 5c
also demonstrate the fusion boundary between the DED
parts and weld fusion zone. The transition in the size of
grains from DED to weld was clear.

In order to study the variations in distribution of ele-
ments in the weld zone and DED parts, the EDS analysis
was performed, and the results are shown in Fig. 6 and
Table 3. Figures 6a, b show the EDS scanning line for Cr
and Ni elements in the weld zone of the Weld DED-N and
Weld DED-P samples, respectively. The lines are shown in
Fig. 4e and Fig. 5b. No noticeable segregation can be seen
from the EDS profiles that could increase the degree of
homogeneity, mechanical properties, and the pitting corro-
sion resistance of the austenitic stainless steel welds [21,
22]. Also, the alloying elements distribution in different
points located on the dendritic austenite matrix and δ-ferrite
were measured as depicted in Table 3. In this Table, the
weight content of alloying elements in DED was compared
to those in the weld zone. The weight content of chrome, as
expected, was slightly lower at all points in the austenitic
phase both in the weld area and the DED parts. However,
the Ni weight content was slightly higher in these areas.
These results revealed no significant segregation. Thereby
a uniform chemical composition was presented throughout
the entire fusion zone and the DED parts.

3.2 Tensile properties

Tensile testing with the standard specimen taken from the
welded DED parts and DED parts (Figs. 2 and 3) were con-
ducted to evaluate the ultimate tensile strength (UTS) and elon-
gation to failure of the samples. The typical stress-strain curves
of all specimens are illustrated in Fig. 7a. The typical broken
tensile specimens are also shown in this Figure. All tensile
specimens of the welded couponswere fractured in DED parts,
demonstrating that the good quality welds were achieved. The
average values of UTS and elongation along with their relevant
error bar that indicate the range for each value are presented in
Fig. 7b. It can be seen from Fig. 7b that the UTS and elonga-
tion of specimens from the Weld DED-P and DED-P coupons
were higher than those from the Weld DED-N and DED-N
coupons. In other words, regardless of whether the tensile
specimen had a joint or not, the specimen showed higher ten-
sile properties if it was aligned parallel to the direction of de-
position. These results indicated the anisotropic mechanical
behavior of the DED parts. The lower UTS and ductility of
specimens in the normal direction might be attributed to weak-
er metallurgical bonding, presence of imperfections such as
inter-layers/beads pores caused by lack-of-fusion in DED

Fig. 6 EDS line profiles of Cr and
Ni elements across the phase
boundaries for a Weld DED-N
and bWeld DED-P coupons. The
scanning lines are shown in
Figs. 4e and 5b

Table 3 EDS chemical composition of different points across the weld
zone and DED parts

Weld DED

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
Element Wt% Wt% Wt% Wt% Wt% Wt%

Si 0.92 0.66 0.69 0.71 0.81 0.87

Mo 2.92 2.79 3.29 3.02 2.12 2.45

Cr 18.85 19.22 18.78 19.71 19.77 20.66

Fe 63.87 66.65 64.9 66.9 64.55 65.66

Ni 13.44 10.69 12.34 10.66 12.26 10.51
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parts, epitaxial grain growth during solidification, and orienta-
tion of dentrites in the microstructure. The lack-of-fusion is the
major source of porosity in the as-deposited parts that are usu-
ally caused by insufficient melting, mostly occurred at the layer
interface [23]. Furthermore, by comparing the Weld DED-P to
DED-P specimens or Weld DED-N to DED-P specimens, it
can be deduced that the existence of weld joints did not have a
negative effect on the tensile properties of theDED parts. In the
commonly-used laser welding of wrought plates, the joints
usually indicated better mechanical properties compared to
the wrought base plate. This result is because the microstruc-
ture of welds changed greatly [24, 25]. However, in the laser
welded DED parts, the mechanical properties were not im-
proved after welding, since the microstructure and chemical
composition of the joints remained very similar to those of
DED (e.g., columnar dendritic microstructure).

Figure 8a, b show the SEM fracture surfaces of the Weld
DED-N and Weld DED-P coupons, respectively. The orienta-
tion of fracture surface was about 45° to the specimen axis that
is evidence of ductile fracture (see also Fig. 7a). At the higher
magnifications (Fig. 8c, d), fine and uniform dimples were
predominantly observed, indicating the failure of samples in
a ductile manner. Moreover, some torn belts in the fracture
surface associated with columnar dendritic structure were
observed.

3.3 Microhardness

Vickers microhardness measurements were performed across
the fusion zone as depicted in Fig. 9. No significant difference
between microhardness of the fusion zone and DED parts was
observed. The average microhardness values for the fusion

Fig. 7 Tensile test results for DED and welded DED specimens. a Typical stress-strain curves of different specimens along with broken tensile
specimens. b The average UTS and elongation values of all tested specimens

Fig. 8 Typical tensile fracture
surfaces. a Weld DED-N
specimen. b Weld DED-P
specimen (c, d) dimples in the
fracture surfaces showing the
ductile fracture
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zone and DED parts were about 247 HVand 242 HV, respec-
tively. The hardness is a result of grain size, meaning that finer
microstructure results in higher microhardness [26]. The grain
boundaries act as barrier for dislocations and eventually small-
er grain size would have higher microhardness [26]. Owing to
the identical grain morphology, as discussed earlier, and close
values of grain size between the DED and weld zone, a uni-
form hardness profile across the DED and fusion zone was
obtained.

3.4 Porosity

Figure 10a, b illustrate the SEMmicrographs of the transverse
cross-sections of Weld DED-N and Weld DED-P samples,
respectively. A few macropores were observed in both DED
and fusion zone. Generally, the main source of pores in the
welding process is due to the gas entrapment during the solid-
ification process and is found mostly in spherical shape [27,
28]. The pores in the weld zone of DED parts might have two
sources of formation. They may either come from the already
existing pores in the DED parts that were generated mainly
due to the lack-of-fusion or they might be formed in the
welding process as a result of gas entrapment. The DED

process is prone to the production of microscopic or even
macroscopic voids. Upon welding the DED parts, some of
the pores may escape from the fusion zone and some of them
may combine to form larger pores. The porosity was found to
be scattered in the weld zone, similar to the distribution of
pores in DED parts. The size of the porosity was found to be
within the range of approximately 18–35μm in both DED and
fusion zone.

4 A case of fabricating a part with overhang
surface

To further verify the capability of the developed process, a part
with an overhang section was selected. One of the challenges
in the DED process is building complex parts with overhang
sections. As an example, a part that was composed of two
cones is illustrated in Fig. 11a. It should be noted that the part
is a thin-walled structure, where the thickness of wall was
equal to the width of a bead. Therefore, a spiral path planning
was selected to avoid multiple start-finishes of the process.
Building the lower cone is feasible by titling the rotary table
for angle α (Fig. 11b). During the deposition of the lower

Fig. 9 Microhardness profiles
along the cross-sections of the
joints

Fig. 10 Porosity obsereved in a
Weld DED-N and bWeld DED-P
coupons
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cone, the tilting angle of the rotary table was fixed. Then, after
the lower cone was printed, the process should be stopped for
repositioning the laser head. The process started deposition of
the upper cone on the last layer of the lower cone (Fig. 11c).
Figure 11b shows the instance when the lower cone is being
printed. Figure 11c illustrates an instance when the printing of
the upper cone is begun.

However, under the higher values of the angle (α), there
might be a collision between the laser head and lower cone as
can be seen from Fig. 11c. Thus, it would be impossible to
continue printing of the upper overhang section. Moreover, in
the position that is shown in Fig. 11c, the melt pool was par-
tially supported by the lower cone, leading to instability in the
process. Therefore, for such a case, printing the cones individ-
ually and then joining them in order to fabricate the whole part
could be a solution. Figure 12a, b show the lower and upper
cones that were printed by the RLW-DED process. Then, an
autogenous laser welding process was used to join the cones
together on the rotary table (Fig. 12c). The same process pa-
rameters given in Table 2 were used to fabricate the slopped
component. This part was fabricated to show the application
of laser welding in joining the DED parts. The angle (α) in this
case was 35°; however, this part could be fabricated with
higher angles.

Fig. 12d also demonstrates the cross-section of the weld. A
good joint was achieved, confirming the capability of autog-
enous laser welding in joining thin-walled DED parts. The
results proved that the flexibility of the DED process in print-
ing certain complex geometries, especially overhang struc-
tures, could be improved.

5 Conclusions

In this investigation, an autogenous laser welding process was
applied to join the thin-walled elements fabricated by a robot-
ized laser/wire directed energy deposition system. This hybrid
system showed the capability of fabricating complex geome-
tries that are difficult to build by using DED process.
Microstructural analysis revealed sound welds with almost
no HAZ. The dominant grain morphology either in the weld
zone or DED parts was found to be columnar dendritic, since
autogenous laser welding and laser directed energy deposition
processes have identical solidification behavior. The alloying
elements distribution showed a uniform chemical composition
in the weld and DED parts with minimum segregation. Also,
the mechanical test results showed no significant difference
between the welded DED parts and DED parts without weld,

Fig. 11 a A part with overhang
sections. b Illustration of
kinematic system when the lower
cone was printed. c The
occurrence of collision between
laser head and lower cone at the
instance when the upper cone
started to be printed

Fig. 12 a, b The lower and upper
cones fabricated by RLW-DED. c
The final part after autogenous
laser welding of two cones. d The
cross-section of the joint
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in terms of UTS and elongation to failure. However, the ten-
sile specimens taken from normal direction relative to the
deposition direction indicated lower UTS and elongation, re-
vealing the anisotropic mechanical behavior of DED parts.
Microhardness distribution results showed no noticeable dif-
ference between the fusion zone and DED parts, owing to the
close size of the grains in these two areas.

Eventually, this study demonstrated that some limitations
in DED process such as fabricating parts with overhang sec-
tions could be solved by part segmentation and then joining
the elements back together by an autogenous laser welding.
Therefore, product design in DED process could obtain more
flexibility.
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