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Abstract

Wire + Arc Additive Manufacturing (WAAM) is an additive manufacturing process that has received
an increasingly interest in recent years and is being catalogued as being part of the 4th industrial
revolution, since it reduces specialized labour, waste, time and cost when compared to conventional
methods. In this work a representative complex structure from a 5 meters height part was produced
using WAAM. The material used was an ER70S-6 mild steel wire and a CMT process was employed. A
beta WAAM software developed by Cranfield University was used and its application in Free Forming
AM was validated in this work, generating the deposition paths. After a considerable amount of trials,
a final part was deposited. Microstructure, macrostructure, porosity, microhardness, path efficiency
and substrate deformation were studied and compared. Microstructure and macrostruture were in
agreement with the literature as well as porosity. The correlation between vickers hardness and UTS
and YS resulted in a final part with a mean value of UTS of 823.27 MPa and of YS of 465.64 MPa
which are in the range expected for mild steel. Additionally path efficiency and substrate deformations
improving techniques were proposed. With respect to this work, it is shown that building a part that
possesses complex intersections that need a type of free form deposition, in an upwards direction is
achievable using WAAM.
Keywords: wire + arc additive manufacturing, WAAM Software, mild steel, CMT, free form

1. Introduction
As the environment is a constant concern nowa-

days, industry, in a response to both economic pres-
sures and the need for sustainable developments im-
posed by governments, has been forced to find alter-
native manufacturing technologies to conventional
ones in order to reduce quantity of raw material
wasted during manufacture. Thus, with increas-
ing adherence, emerged in 1987 in response to these
guidelines, the Additive Manufacturing (AM) pro-
cess. Initially used as a rapid prototyping process,
it has been slowly replacing some conventional tech-
niques since this process reduces specialized labour,
waste, time and cost.

Being a more economical and more sustainable
process, it uses a smaller amount of raw material
and has shorter production times. Additive man-
ufacturing is still characterized by allowing greater
freedom in the design phase as a consequence of
the ease of production of more complex geometries,
which strengthens weight reductions in the compo-
nent, as well as facilitating the assembly of assem-
blies formed by several subsets.

Additive Manufacturing has become the subject
of a substantial amount of research, leading to
improvements on the product designs, material,
process engineering, simulation software and data
transfer. The recent developments focus in the pro-
duction of metallic components regarding complex
shapes. An emphasis on welding technologies using
arc sources and wire feed is being performed. The
key advantages of wire and arc additive manufac-
turing are: high deposition rate, reduced costs and
the easy access to the process.

Considering the aforementioned and that AM is
being catalogued as part of the 4th industrial rev-
olution it can be stated that Wire + Arc Addi-
tive Manufacturing is an important process for the
near future bringing humans one step closer to solv-
ing the problem of waste material in the worldwide
manufacture industry. It is, therefore, important
that continuous research of WAAM moves forward
in order to become globally relevant.

The type of deposition of thin structures built
upwards is a novelty, therefore there is not much
work performed with these characteristics. For ex-
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ample, thin walls were already achieved in diverse
works. Cong et al. [1] studied thin walls with alu-
minium as opposed to other authors that will be
mentioned in the following paragraphs and section
which achieved the same outcome for steel and tita-
nium. Yet, small structures were not achieved with
an acceptable outcome. Gou [2] performed a contin-
uous metal free-form deposited structure with alu-
minium and stainless steel. In this case an efficient
active cooling system was necessary. In the present
work a free-form type of deposition was employed,
however a complex active cooling system was not
applied because the dimension of the structures did
not required so. On the other hand it was perceived
that the interlayer temperature is a critic variable
in order to achieve a sound part.

Liberini et al. [3] performed a study of optimal
parameters in WAAM for an ER70S-6 steel. Six
samples, each with fifteen layers, were deposited.
The characterization of the samples consisted in:
macrographic observations, micrographic analysis
by SEM, vickers microhardness and surface anal-
ysis by confocal microscopy. The parameters were
acquired and compared. The main conclusion was
that small alteration of the process parameters do
not produce changes on the deposition since the
cooling curve is the variable that contributes the
most to the micro structure characterization. The
latter is not affected by the process parameters.

Still regarding optimum process conditions,
Prado-Cerqueira et al. [4] performed an analysis
of process conditions for the deposition of mild-steel
thin-walls in WAAM. A ER70S-6 mild steel 0.8 mm
diameter wire was deposited using various MIG and
CMT processes. The shielding gas used was a mix-
ture of CO2 (15%) and Argon (85%). Evaluation
of hardness profiles were performed and it was con-
cluded that the best process to use is simple CMT
and that there is ”an important lack of information
about the influence of the microstructure in the be-
haviour of parts obtained by additive manufactur-
ing process in general, and in WAAM in particular”.

Busachi et al. [5] designed a WAAM based manu-
facturing system proposing a WAAM system archi-
tecture. This architecture is composed by a hard-
ware and a software module. The files produced by
the software need to be in a format that the hard-
ware modules are able to understand in order to
allow the WAAM software to be fully automated.

An advanced WAAM software developed by
Cranfield University is currently in its Beta version.
The software receives a CAD model and with some
variables that the user inputs, produces files to be
read by the robot. The ultimate goal is to deposited
parts completely in a autonomous way.

2. Background
2.1. Additive Manufacturing

Frazier [6] states that ASTM has defined additive
manufacturing (AM) as ”a process of joining mate-
rials to make objects from 3D model data, usually
layer upon layer, as opposed to subtractive manu-
facturing methodologies.”.

Martina and Williams [7] state that the most
usual AM processes used are divided primarily by
its heat sources (beam or arc) and secondly by its
type of feedstock.

Feedstock divides into wire or powder. Powder
AM processes fuses metal powder material together
as opposed to wire AM processes that fuses a wire
spool. A comparison in a form of table between
Powder and Wire AM processes was conducted by
Ding et al. [8]. Wire AM has the advantage of pos-
sessing a greater deposition rate and a larger layer
thickness when compared to Powder AM. How-
ever, the latter accomplishes better geometrical tol-
erances since its dimensional accuracy and surface
roughness are several times lower when compared
to Wire AM.

2.2. Wire and Arc Additive Manufacturing
Neto [9] defined Wire Arc Additive Manufactur-

ing (WAAM) as an Additive Manufacturing process
that uses an electric arc as a heat source and wire
as a feedstock. The electric arc melts the wire and
deposition is performed layer by layer until a final
part is achieved.

Martina and Williams [7] and Williams et al.
[10] claim the following advantages: reduction of
waste material; low initial capital cost (∼90k Eu-
ros); much lower manufacturing and production
costs when compared to power-based processes;
open architecture; high deposition rates (1 kg/h to
4 Kg/h); no limitation of the part to be deposited,
depending only on the set-up used; possibility of
integrated machining due to the increase of robotic
machining as stated by Pandremenos et al. [11].

On the other hand the main issue related to
WAAM is the residual stresses that arise when de-
positing a part. It occurs due to the significant heat
input that reaches high values because WAAM uses
arc sources. Ding et al. [12] state that the signifi-
cant heat input results in the distortion of the part
when unclamped as well as in the substrate defor-
mation. Williams et al. [10] present further in-
formation on these mitigation processes which are:
symmetrical building; back to back building; opti-
mising part orientation and high pressure interpass
rolling.

Regarding the materials that are able to be de-
posited with this technology, plenty of them are
suitable. The most common are aluminium, tita-
nium and steel alloys as stated by Castro e Silva
[13].
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2.2.1 Cold Metal Transfer

According to Selvi et al [14] and Furukawa [15],
Cold Metal Transfer is a modified MIG process dis-
covered by Fronius after several years of research.
The main advantage of CMT is that delivers a new
type of mechanical droplet cutting method. As
stated by Pickin and Young [16], with this method
a low thermal input and a controlled method of ma-
terial deposition is achieved.

The operating principle of a CMT depends on the
wire. The tip of the electrode makes contact with
the workpiece and almost instantaneously the wire
retracts starting the droplet transfer according to
Selvi et al. [14].

It is important to understand how the current
and voltage waveform varies over time in CMT. Ac-
cording to Selvi et al. [14] there are three main
phases. A peak current phase where the arc is ig-
nited and the wire is heated. A background current
phase which prevents globular droplet transfer. Fi-
nally, a short-circuiting phase that prevents spatter
and ”assists in the liquid fracture and transfer of
material into the welding pool”.

3. Materials and Methodology
3.1. Materials

The welding consumable used was a mild steel
ER70S-6 SupraMig Ultra from Lincoln Electric with
a wire diameter of 1.0 mm. It was supplied in a form
of a spool of 15Kg. The substrate material was the
080A15 BLUE Bright Steel Flat and was provided
with the following dimensions: 200mm X 12mm x
1000mm. To be used in the set-up it was cut to a
new dimension of: 200mm X 250mm.

According to Weldwire Company Inc. [17], the
filler material ”Type ER70S-6 is a wire with higher
levels of Deoxidizers (Mn and Si) compared to other
carbon steel wires. This wire is suitable for welding
of steels with moderate amounts of scale or rust.”.
It is also mentioned that: ”For Mig welding use
Carbon Dioxide or Argon + CO2 or Argon + 2%
Oxygen as shielding gases.”. In fact the shielding
gas used through experiments was a SPECSHIELD
20% CO2 in ARGON - ISO 14175-M21-ArC-20 with
a constant pressure of 5 bar.

3.2. Equipment Set-up

Two set-ups were assembled in order to achieve
the objective of this work. The first one was used
to obtain the data for the largest and smallest di-
mension of the final part. As opposed to the second
which was used to fine tune the parameters acquired
and to build the final part.

The first set-up is shown in figure 1.

The label of figure 1 is: 1 - Torch; 2 - 6-axis
Robot - ABB IRB 2400 M96; 3 - Part; 4 - Sub-
strate; 5 - Clamps; 6 - Arc Wire Feeder - Fro-

(a) (b)

(c) (d)

Figure 1: First Set-Up

nius VR 7000 - CMT 4R/G/W/F++; 7 - CMT
Power Source Controller - Fronius Fernbedienung
RCU 5000i Univ.SD; 8 - Cold Metal Transfer Power
Source - Fronius CMT Advanced 4000 R); 9 - Com-
pressed Shielding Gas Bottle - BOC Gases Spec-
shield 20% CO2, Ar; 10 - Local Exhaust Ventila-
tion - ESTA SRF - K 10 FM 55 203; 11 - Robot
Controller

The second set-up differs with respect to the em-
ployed robot and displacement of the equipment.
The robot used was a 6-axis Robot - KUKA KR
150 L110-2 F 2000. However both are assembled
with the same principles.

3.3. Deposition Parameters

Several experiments were performed in order to
acquire the final parameters.

The first data of parameters was obtained using
the first set-up (figure 1). The experiment was per-
formed to test the feasibility of the parameters in
order to deposit the largest and the smallest sec-
tions of the part to be delivered. On the other hand
the second data of parameters was obtained using
the second set-up. In this case the main fine tuning
was employed in order to obtain an acceptable and
constant deposition in the intersection areas.
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3.4. Deposition of the Part

Layers were produced by depositing oscillated
passes, employing side feeding and alternating the
direction of deposition between each layer. Side
feeding was chosen because it is stated by Cranfield
University that is the best direction of deposition
when oscillation path strategies are employed.

For each layer deposited, a common procedure
and data collection was applied. The part was al-
lowed to cool down between each layer. The set
interlayer temperature was around 70oC in order to
start depositing again. Also, between each layer,
measurements of the layer height were undertook
in order to keep track of the height of the building
part to guarantee that the final part would have the
exact same height that the required one.

3.5. Path Generator

Every deposition was planned using WAAM soft-
ware from Cranfield University. Notice that this
was a Beta version.

The software uses two other programs -
Rhinoceros and Grasshooper. In this work
Rhinoceros presents the CAD model, the layers and
the deposition paths. On the other hand, in the
Grasshooper the user is able to define the parame-
ters of the path.

The post-processor defined in the Grasshooper,
in this case for KUKA, will generate code files for
each layer. These files will have to be input into the
operating system in order to deposit the part.

3.6. Samples Preparation

The final part was cut into half along its symmet-
rical axis in order to use a side for display purposes
and the other for further testing. After the main
cut, smaller sections were cut in order to obtain a
cleaner sectioned part.

The critical zones were chosen to be studied such
as the joining regions as well as other important sec-
tions. The following figure 2 represents the studied
areas of the final part:

Regions of interest: base - 1; mid-intersection sec-
tions - 2, 3, 4 and 5; visible porosity defects - 6 and
smallest thickness wall region - 7

After choosing the regions of interest, the next
step was the preparation of the samples for the
macroscopic and microscopic observation.

3.7. Macro and Microscopy Observation

Once the procedure was finalized for all the sam-
ples, the next step was to search for defects, such
as porosities, cracks or lack of fusion. Thus, macro
and microscopic observation were performed. In the
microscopic observation various magnificent lenses
were applied in order to attempt to find any defects.

Figure 2: Regions of interest of the final part

3.8. Hardness Test

A hardness test was conducted in order to ob-
tain an estimation of the Ultimate Tensile Strength
(UTS) and Yield Strength (YS) of the final part
to verify if complies with the traditional methods.
Vickers micro hardness has a straight correlation
with the UTS and YS.

Per sample, 10 points were obtained with a 1mm
spacing between each one. The load of the diamond
indenter was 100g and the duration of the dwell
time was 15 seconds per point.

3.9. Path Efficiency and Substrate Deformation

Path efficiency relates to the Arc-On and Arc-
Off times. Arc-On is when the deposition is actively
occurring. It is the time-frame where the productive
part is being carried. The Arc-Off is when the dead
times occur, such as the cool-down of the part or the
movement of the robotic arm to a new deposition
position. The sum of these two times result in the
total time of a layer’s deposition.

The substrate deformation is the amount of de-
formation that the substrate suffers.

4. Results and Analysis
4.1. Deposition Parameters

Results and knowledge were acquired primarily
based on four stages. Since CMT, variables (cur-
rent, voltage and wire feed speed) and WAAM soft-
ware controls the movement and other variables
of the robot, the main focus was on studying and
achieve the best parametrization possible.

The base of the part to be deposited had the
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largest dimensions regarding length and width.
Therefore was an important part of the structure to
be studied. It was the first stage of the experiments.
The dimensions of the base of the part (60mm X
20mm) were taken into consideration in order to
choose the best parameters since usually the base
of a WAAM part is larger when compared to the
top. In this case it occurs the opposite. The de-
posited part is thinner in the base and increases
its dimensions as the height increases. To increase
the complexity of the part, the latter possess var-
ious intersections and elements that require a free
form type of deposition. Figure 3 displays the ex-
periments performed in order to achieve the best
parameters for the base of the final part.

Figure 3: Experiments performed for the
parametrization of the base of the final part

Parameters employed in each experiment are
shown in table 1.

Table 1: Parameters used in the first stage of the
experiments

EXP

Variables

CTWD
[mm]

Shielding
Gas
Flow
Rate

[L/min]

WFS
[m/min]

TS
[mm/s]

IC
[A]

IV
[V]

1

13 15

2.5 0.4 75 8.6
2 5.0 7.0 120 11.5
3 5.0 7.0 120 11.5
4 5.5 7.0 111 12.0
5 5.5 4.0 111 12.0
6 5.5 3.0 111 12.0
7 4.5 3.0 95 11.0
8 5.5 2.5 111 12.0
9 4.5 1.0 95 11.0
10 4.0 2 146 22.5

After treating the data collected, it was observed
that the experiments number 4 and 5 are the ones
with the best compromise regarding all the main
variables, however the experiment number 4 has a
smaller deviation in respect to the layer height. The
experiments represent a first layer, therefore a high
thermal gradient is implied from the part to the

substrate because the latter is still cold. A lower
layer height in the following layers will arise as the
thermal gradient decreases, meaning that the layer
height of the experiment number 4 in the end could
be lower than the layer height required. Thus, the
variables chosen at this stage were the ones from
experiment number 5.

In table 2 are presented the parameters applied
in the second stage of the experiments. This stage
was performed to achieve the main parametrization
for the smallest dimension of the final part, located
in the intersections.

Table 2: Parameters applied in the second stage of
the experiments

EXP
Variables

CTWD
[mm]

Shielding
Gas
Flow
Rate

[L/min]

WFS
[m/min]

TS
[mm/s]

Cool
Time

[s]

IC
[A]

IV
[V]

Defective
Layer

1

13 15 4 5

30

91 10.7

14
2 30 14
3 60 14
4 120 18
5 120 21
6 240 21
7 240 -

As observed in table 2, defects arose in the begin-
ning layers of the first six experiments of the second
stage. The first explanation encountered was that
this defects were due to the decreasing of the ther-
mal gradient, resulting in a higher heat accumu-
lation in the deposited layer. This increase would
lead to the defect. However upon further investi-
gation, it was found that this defect was due to
lack of fusion. These happened because the layer
height that was set in the programme was higher
than the actual layer height of the deposited part.
Once the layer height set in the programme was re-
duced, the problem was solved and the experiment
number seven did not possess any defects.

Third stage was the final verification and fine
tune of the parameters of the previous stages.
This stage was only performed to achieve the best
parametrization for the first layers of the final part.
In this stage four experiments were performed with
a deposition of 10 layers per experiment. After this
stage the parameters for building the final part were
chosen.

Figure 4 and 3 shows the experiment chosen as
well as its deposition parameters.

After treating the data acquired, a comparison
between all four experiments is performed. The sec-
ond experiment is the one that exhibits the lowest
percentage of deviations with respect to the length
(9.93%) and the width (0.05%). On the other hand,
the percentage of deviation of the height is not the
lowest (8.75%) but is a normal deviation that can be
further mitigate once the deposition becomes sta-
tionary. Therefore it was the experiment chosen to
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Figure 4: Chosen experiment of third stage

Table 3: Chosen experiment parameters of third
stage

Parameters Values
Contact Tip to Work Distance [mm] 14
Shielding Gas Flow Rate [L/min]] 20

Interlayer Temperature [oC] 80
Wire Feed Speed [m/min] 5.5

Travel Speed [mm/s] 5
Initial Current [A] 168
Initial Voltage [V] 11.6
Layer Height [mm] 3.5

be analysed. It is also why the experiment is cut in
half in figure 4.

In figure 5 are shown the CAD models for part
to be achieved and for the part actually deposited.

(a) (b)

Figure 5: CAD comparison between the part to be
achieved and the part actually deposited (a) Part
to be achieved (b) Final part

In fourth stage several experiments were per-
formed in the interest of achieving a good joining in
the closure sections. However only five will be dis-
cussed. Deposition parameters remained the same
in all five experiments.

In the first experiment the part to be achieved
was the one represented in 5 - (a). The outcome of
the first experiment is shown in figure 6.

The second degree curve was too extreme to be
achievable. This lead to the part not closing. In
figure 6 - (a) and (b) some small protrusions are
noticeable. These occur because the overhanging
was too high, therefore the wire kept feeding and

(a) (b)

Figure 6: Fourth stage - First experiment

created this protrusions instead of carrying on with
the deposition in order to achieve a final closure.

Some similar experiments were performed, how-
ever the outcome was always identical. Thus, it
was concluded that this type of deposition was not
feasible. That is why the final part is different from
the part to be achieved.

As can be observed in figure 5 - (b), the opening
areas of the part are lozenged. Therefore, the solu-
tion was to build the part this way with incremen-
tal layer lengths. However more experiments were
performed since the closing angle of each lozenged
region is a variable very important for the desired
outcome.

(a) (b)

Figure 7: Fourth stage - Third experiment

In experiment represented in figure 7 the lozenge
also did not close. However the results were better
than the ones from experiment number two. In fig-
ure 7 - (a) and (b) is noticeable that with this gap
a small closure occurred. However the gap still is
too large in order to allow a continuous deposition
because in (b) it is shown that the wire kept feed-
ing, stopping only when the substrate was hit. The
angle of closure was 33o.

In experiment represented in figure 8 the lozenge
did close. However the closure was not perfect be-
cause in figure 8 - (b) a small tear drop metal shape
is attached to the substrate. This occurs due to
the feeding of the wire into the substrate at this
particular position, resulting in a small deposition.
How- ever this gap was small enough to allow a
continuous deposition. The angle of closure was
26.35o.

Last experiment represented in figure 9 the
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(a) (b)

Figure 8: Fourth stage - Fourth experiment

(a) (b)

Figure 9: Fourth Stage - Fifth experiment

lozenge closed without any observable defects in the
part deposited. This is the highest value of closure
angle possible considering the parameters and con-
ditions of the experiments performed - 26o.

4.2. Final Part

After these four stages the final part was
deposited without interruptions (not considering
cooldown times and closure times of the labora-
tory).

The parameters chosen to deposit the final part
(10) are the same that in table 3, with the excep-
tion of the interlayer temperature. In this case was
reduced to 70oC.

Figure 10: Final part

It was observed in the treated data that the
height of the final part is exactly the same as ex-
pected. The ”layer number 132 is 0.00cause means
that a quasi-constant deposition was achieved
(aside from four double depositions). It was also
observed that the largest values of these deviations
appear in the first layers. This occurs due to the
temperature of the substrate being substantially
low when compared to the temperatures achieved at
the time of deposition. Therefore the solidification
of the molten material is faster when the temper-
atures of the substrate and previous layers do not
reach a higher value. Observe the following graph
11 in order to note the decreasing of deviation over
time.
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Figure 11: Number of Layers vs % of Deviation -
Set Layer

In graph 11 both of scales are logarithmic, show-
ing a quasi-constant slope. Therefore the deposition
of the final part achieved a quasi-constant state.

During deposition some defects arose at naked
eye. These are identified in the following figure 12.

(a) (b)

Figure 12: Defects of the final part

Two types of defects occurred. Holes in the final
part (figure 12 - (a)) appeared. This defect arose
due to a misplacement of the LEV. The latter was
too close, extracting the shielding gas of the depo-
sition area. Thus, the shielding gas was not pro-
tecting the weld pool, creating the defect. A LEV
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should be placed at a distance 1.5 larger than its di-
ameter. In this case the shielding gas is a 20% CO2

and 80% Ar, thus it is heavier than air, tending to
settle in low-lying areas. Therefore the LEV should
be also placed below the deposition location in or-
der to successfully extract the gases. The second
type of defect was the formation of a droplet shape
defect (figure 12 - (b)). This defect occurred be-
cause of the low thermal gradients at the moment
of deposition leading to a higher accumulation of
heat than expected. This higher accumulation of
heat resulted in a higher solidification time, thus
creating this droplet shape defects. In this region
interlayer temperature should have been lower.

4.3. Optical Macro and Microscopy Analysis
All the samples considered are from the areas

identified in figure 2.
In the following figure 13 are presented represen-

tative macroscopic structures of the final part.

(a) (b)

Figure 13: Representative macrostructures of the
final part

Each layer is evidenced in every single sample and
includes a lighter and a darker band. According to
Liberini et al. [3], there are three zones in a de-
posited layer. A lower zone characterized by grains
of pearlitic/ferritic. This occurs due to the consid-
erable thermal gradient that this zone suffers due
to the contact with the cold substrate. Therefore
ferrite grains and pearlite lamellae are formed. The
second zone is the middle one and suffers the lowest
thermal shock of all three. In this case the grains
are pure ferrite and coarser when compared to the
grains of the lower zone. This occurs due to inten-
sity of the thermal shock being higher in the lower
zone. The upper zone is the last one and suffers the
largest thermal shock since it is in contact with the
air that is at room temperature. The microstruc-
ture of this zone is composed of ”bainite laths aggre-
gate composed of both ferrite and cementite” and
thus are of lamellar type.

Also in figure 13 - (a) is represented the depo-
sition of a first layer. A decohesionated layer is
observed. According to Prado-Cerqueira et al. [4],
this decohesion results in carbides formation and
oxides, thus poor surface properties are a conse-
quence. This lack of adhesion between the first layer
and the substrate occurs be- cause the heat input

of the first layers should be higher than the remain-
ing ones. Thus the solution is to increase such heat
input. The reason behind this solution is due to the
increase of heat input per length, leading to a bet-
ter melt pool, thus an increase of adhesion. Also in
this image can be observe a light shade band across
the substrate. The latter is named Heat Affected
Zone (HAZ).

Finally, in figure 13 - (b), porosity at a big scale
is observed. As already explained, it occurred due
to the close proximity of the LEV.

4.4. Optical Microscopic Observation
In the following figure 14 are presented represen-

tative microscopic structures of the final part.

(a) (b)

(c) (d)

(e) (f)

Figure 14: Representative microscopic structures of
the final part

In the following figure 14 - (a) can be observed a
lack of adhesion between the first layer and the sub-
strate. Two type of grains can be observed. At the
bottom, which is the substrate, and ac- cording to
Stanciu et al. [18] the material ”is characterized by
a ferito-pearlitic microstructure with specific elon-
gated grains” since the substrate material is deliv-
ered after suffering a process of rolling. Near the
decohesionated layer, at the top, an oversized grain
structures appeared. In figure 14 - (b) it can be ob-
served a clearly transition zone between the lower
zone and the middle zone as stated by Liberini et
al. [3]. In figure 14 - (c) a solidification cracking
is noticeable. According to O’Brien [19] solidifica-
tion cracking is a ”hot cracking defect that occurs
along solidification grain boundaries (SGB) during
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solidification”. In figure 14 - (d) a crack can be
observed. However there is a possibility of being a
crack that propagated in the polishing phase. This
occurred because a small v-shape was already in-
dented in the side of the final part and is known
in engineering for being a stress concentration area.
Thus during the polishing phase the stress was so
high at this small location that the crack propa-
gated. At a first impression in figure 14 - (e), the
small black hole seems to be porosity. However at
a closer inspection it is noticeable that it just a de-
bris or an oxidation since the material employed to
build the final part is a mild steel, therefore has
the tendency of rusting in a short period of time.
Finally, In figure 14 - (f) a bainitic upper zone is
represented without any signs of porosity.

4.5. Micro Hardness
Pavlina and Van Tyne [20] achieved a correlation

between Vickers Hardness and Tensile Strength. It
also achieved a correlation between Vickers Hard-
ness and Yield Strength. The correlation equations
are: TS = −99.8 + 3.734HV (1)

Y S = −90.7 + 2.876HV (2)

After treating the collected data, an average final
part Ultimate Tensile Strength of 822.11 MPa and
Yield Strength of 465.64 MPa was achieved. This
values are in agreement with the ones stated by
Cranfield University for mild steel.

4.6. Path Efficiency
Path efficiency (PE) is the ratio between the Arc-

On Time (Arc-OT) and the Total Time (TT). The
Total Time is the total duration of deposition of a
certain layer.

PE =
Arc−OT

TT
(3)

The collected data of various times in order to cal-
culate path efficiency for the final part was treated.
The first 50 layers have a path efficiency of 100.00%.
The path of deposition of these layers is continuous,
hence this percentage. When the percentage is not
100.00%, the reason behind it is because the path
of deposition is not continuous. It happens when
the ramification part starts. In this case the Arc-
On Time is due to the motion of the robot to the
home position and back to the next deposition po-
sition. Thus the path efficiency can be increased,
decreasing the length of this motion.

4.7. Substrate Deformation
Final part substrate deformation was 1.25 mm.

This type of distortions arise because of the residual
stresses. In this case it was small because the heat
is only conducted from the part to the substrate
through a small area of the base of the final part.
This fact is supported by Williams et al. [10] which

states that ”the deposition of shorter layers leads to
lower residual stress and distortion”.

Path of deposition as well as the clamping sys-
tems play a fundamental role in order to mitigate
these type of distortions.

5. Conclusions

A large amount of heat accumulation occurs dur-
ing deposition, resulting in defects such as the ones
represented in 12 - (b). Deposition of the final
part was stationary with respect to the parame-
ters employed. The microstructure and macrostruc-
ture were in agreement with the literature, how-
ever small defects arose. There were solidification
cracks as well as cracks derived from the polishing
stage. These cracks only occurred in the intersec-
tions region. Some porosity also appeared, how-
ever it was because of a displacement malfunction
of a LEV. The deposited part and the fourth stage
experiments were almost exactly identical to the
CAD model when employing the best parameters
achieved. Thus, WAAM is already able to guaran-
tee a final part that requires a minimal machining
stage. As aforementioned, the maximum closure an-
gle achieved was 26o and an oscillation type of de-
position was employed. The final part UTS and YS
are in agreement with the expected values for mild
steel. In perspective, this structure was deposited
with great results. Finally, the main achievement
of this work is the fact that a free form deposition
was performed with great results and in agreement
with the ones that are obtained when using conven-
tional methods. This is a novelty for WAAM since
this feature has never been accomplished before as
well as analysed to this extend. Thus, this work
can be a great starting point to achieve free form
structures with ease and with a guaranteed quality
in the near future.

As stated in the literature, WAAM still needs
continuous research in order to improve as a solid
process to replace the conventional methods. Thus,
there is a possibility of a future work such as em-
ploying a more efficient heat dissipation method
than manual compressed air. Air knifes would be a
good compromise between cost and efficiency. Ap-
plying SEM so to investigate the microstructure
in more detail. Replicate the analysis performed
to the final part to have a larger statistical sam-
ple. Pre-heating the substrate beforehand in order
to not obtain large layer heights in the first lay-
ers. Applying a new process to a WAAM deposited
part named shot peening in order to try to reduce
residual stresses as well as improving mechanical
strength. Further research needs to be conducted
regarding intersections like the ones analysed in this
work. Finally, build the required part. However a
new type of set-up needs to be assembled so that a
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5m tall component is feasible.
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