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Abstract
Wire arc additive manufacturing (WAAM) direct energy deposition is used to process two different duplex stainless steels 
(DSS) wire chemistries. Macro- and micromechanical response variables relevant to industrialization are studied using a 
design of the experiment (DoE) approach. The tested operation window shows that the variation of layer height and over-
thickness are highly correlated with travel speed and wire feed speed and positively correlated with heat input. The maximum 
achieved average instantaneous deposition rate is 3.54 kg/h. The use of wire G2205, which contains 5 wt% nickel content, 
results in a ferrite-to-austenite ratio that is equally balanced, while wire G2209, with 9 wt% nickel, provides a lower ferrite 
content. The spatial distribution of Fe% is influenced by part geometry and path planning, and higher heat inputs result 
in coarser microstructures. The manufacturing weaving strategy generates a heterogeneous microstructure characterized 
by fluctuations in Fe%. Thus, understanding the effect of complex thermal history, higher-dimensional design spaces, and 
uncertainty quantification is required to drive metal WAAM toward full industrialization.

Keywords  Additive manufacturing; Direct energy deposition; WAAM · Duplex stainless steel · Design of experiment · 
Ferrite content

Abbreviations
AM	� Additive manufacturing
CAD	� Computer-aided design
CMT	� Cold metal transfer
CTWD	� Contact tip-to-work distance
DoE	� Design of experiment
DSS	� Duplex stainless steel
Fe%	� Ferrite content percentage
GMAW	� Gas metal arc welding

HI	� Heat input
HV3	� Hardness-Vickers-3kg load
IQR	� Interquartile range
IT	� Interpass temperature
OFAT	� One-factor-at-a-time
SEM	� Standard error of means
TS	� Travel speed
WAAM	� Wire arc additive manufacturing
WFS	� Wire feed speed
XRD	� X-ray diffraction

1  Introduction

Metal additive manufacturing (AM) has become a serious 
alternative for high-value industrial applications [1–3]. 
Directed energy deposition (DED) is a good candidate for 
large-sized AM applications and can be applied to many 
processes [4–9]. Powder or wire can be used as feedstock 
processed with an energy source based on laser, electric arc, 
electron, or induction, among other alternatives. DED pro-
vides the highest deposition rates in metal AM. In wire arc 
additive manufacturing (WAAM) processes, up to 5 kg/h 
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and a maximum of 10 kg/h rates can be attained for single 
wire and tandem systems [10–12]. In contrast, the electron 
beam additive manufacturing (EBAM) process can reach up 
to 19.8 kg/h rates [13].

Among all the metal AM direct alternatives, WAAM 
provides (i) high deposition rates, (ii) low investment and 
operation costs, and (iii) broad material selection. The 
working principle of WAAM is use of an electric arc as a 
power source and wire as feedstock. Available arc sources 
include tungsten inert gas, a plasma arc using a transferred 
arc, and gas metal arc welding (GMAW). Traditional 
transfer modes in GMAW are short circuit, globular, or 
spray transfer; however, synergic welding systems have 
been extensively used in both research and industry [14]. 
These synergic welding machines allow controlling both 
the electrical characteristics and the wire movements for 
dedicated materials, extending the range to lower energy. 
Consequently, it results in a wider range and better control 
of the heat input (HI), improved weld quality, and decreased 
spatter during deposition [15].

Among all the material alternatives in WAAM 
applications, duplex stainless steel (DSS) is attractive 
due to its good mechanical properties and high corrosion 
resistance, including against pitting corrosion. DSS has 
these characteristics thanks to the presence of ferrite and 
austenite in equal proportions (50/50). However, in welding 
applications, the ferrite content can vary due to the rapid 
thermal cycles involved [16, 17]. In the welding of dissimilar 
welds, for example, a DSS with a low alloy steel, the 
ferrite content is also affected by the dilution of the base 
materials into the melt pool [18]. To promote the formation 
of near-nominal ferrite-austenite contents with a tolerance 
of 30–70% of ferrite, wire manufacturers have adapted the 
chemical composition of their wire feedstock by increasing 
the nickel content to facilitate austenite formation at high 
temperatures.

Due to the large size and complexity of the parts, the 
thermal gradients involved in WAAM vary from welding to 
GMAW with longer cooling times. However, this statement 
depends on the welding application in GMAW and only 
applies to thick multipass welding. On the contrary, single-
pass GMAW results in various grain structures and especially 
coarse microstructure at weld center with lower cooling rate 
and temperature gradient than close to the fusion line and 
heat-affected zone [19]. The utilization of DSS-optimized 
filler material in WAAM process, i.e., using a G 22 09 wire, 
becomes detrimental due to the 3 wt% of nickel added to 
the wire’s chemical composition. It leads to a low ferrite 
content of approximately 30%. Indeed, Posch et al. reported 
32% of ferrite on a thin-wall turbine blade [20] and Pechet 
et al. an average value of 30% on a thick wall for a hollow 
blade propeller application [21]. Both studies used a G 22 
09 3NL wire and the measurements were performed with a 

Feritscope©. Alternative wire chemical compositions, closer 
to the original composition of DSS such as the GZ 22 05 3L, 
can be a good opportunity for WAAM products to increase 
the ferrite content in the matrix. Stuzer et al. measured 72% 
ferrite using this wire on a thin wall [22]. A vast range of 
ferrite content (25–65%) for similar material selection and 
similar geometrical configurations has been reported [23]. 
However, a high amount of ferrite is detrimental to the 
impact toughness, especially at low temperatures [24]. The 
thermal cycles in AM can lead to variation of the ferrite/
austenite ratio and, consequently, better control of this ratio 
is interpreted as better control of the manufacturing process.

The grain growth during solidification is affected by the 
thermal cycles and process parameters in metallic AM as 
DED and powder bed fusion (PBF). As a result, the final 
microstructure and mechanical properties of the additively 
manufactured part may be anisotropic, which can affect 
its machinability. In particular, when considering parts 
produced by PBF, Perez et al. highlighted that the orientation 
of cutting tools toward columnar grains can affect cutting 
forces [25]. The surface roughness and waviness of as-built 
WAAM parts may also require post-treatment, highlighting 
the importance of considering grain morphology.

During a deposition in WAAM, a shielding gas protects 
the molten pool from the atmosphere and prevents oxidation. 
The gas mixture is usually composed of an inert gas such 
as argon (Ar) but can also include other elements like 
helium (He) as well as active gas like carbon dioxide (CO2). 
Helium is known to increase the plasma energy and fluid 
flow in the molten pool, influencing the bead dimension 
and thermal behavior [26]. Adding carbon dioxide (CO2) 
helps maintain arc stability and, as with He, improves the 
weld bead dimensions [27]. Finally, it has been reported 
that extra nitrogen in the gas mixture promotes austenite 
formation during welding [22]. Loss of nitrogen during the 
welding process can lead to pitting corrosion, thus adding 
nitrogen to the gas mixture and wire can reduce that risk 
[28]. Nitrogen loss is suggested to be more significant in 
WAAM than in welding applications [29]. A higher bead 
surface area in contact with the atmosphere in AM part than 
in a welding join may promote nitrogen to diffuse outside 
of the melt pool.

The primary purpose of a shielding gas in GMAW is 
to create a protective layer against the atmosphere, par-
ticularly oxygen (O2). Lack of a proper shielding gas can 
lead to uncontrolled oxidation. With DSS alloys, pitting 
corrosion resistance is known to be reduced with higher 
oxygen content due to the formation of oxides and inclu-
sions [30]. Many factors are involved in austenite forma-
tion; among them, wire composition, gas mixture [31], and 
thermal gradients [17] play a significant role. Furthermore, 
the relationship between power sources and the WAAM 
process parameters in synergic welding machines has not 
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been fully described in the literature, and they are therefore 
often treated as a “black box” [32, 33]. Eriksson et al. have 
investigated the effect of HI variation on the mechanical 
properties and microstructure for thin-wall super duplex 
stainless steel while fixing the other input parameters [34]. 
A comparison between the process parameters with other 
input parameters and the impact of a variation in wall 
geometry has yet to be proposed for screening purposes.

The wire feed speed (WFS) and travel speed (TS) have 
a direct effect on the window of operation, as they affect 
the achievable deposition rates and quality parameters in 
WAAM. Thus, they are strictly correlated with other pro-
cess and response variables. The body of research shows 
that WFS and TS have a direct impact on the resulting 
macroscale geometry (i.e., resulting layer thickness, part 
height, and over-thickness as a function of process parame-
ters) [29, 35]. They have also been reported to have a direct 
impact on hardness (HV3) and Fe%, among others [23].

To this end, the novelty of this research is the study of the 
relationship between influencing process parameters within 
the WAAM process on DSS. We studied the WFS, TS, and 
interpass temperature (IT), as well as power source electri-
cal measurements while exploring final quality response 
variables both at the macro- and microscale, which are 
relevant to industrialization. Moreover, current research 
is mostly limited to thin walls and simple shape welding 
paths [22, 36–40]. Thus, the impact of geometrical varia-
tion on thin and thick walls performance variables has not 
been fully explored. Geometrical dependencies and path 
planning strategies affect the thermal history of the part. 
This phenomenon has subsequent effects on the macro- and 

microstructural properties. This research presents a com-
parative study of thick and thin walls that is closer to the 
industrial context, using two DSS wire chemistries.

To summarize, this research explores a range of influenc-
ing parameters based on identified research gaps. Its contri-
bution is to (i) determine a window of parameters comparing 
DSS processed by WAAM-CMT. A systematic screening 
design of experiment (DoE) is proposed with a variation of 
two different wire chemistries, wire feed rates, travel speeds, 
and three interpass temperatures. Next is to (ii) evaluate the 
resulting macroscale geometrical results (i.e., resulting layer 
thickness, part height, and over-thickness as a function of 
process parameters) and finally (iii) evaluate the microscale 
results of mechanical properties including hardness (HV3), 
resulting average ferrite content (Fe%), spatial distribution, 
nitrogen and oxygen in the matrix compared to the wire 
composition, and optical microstructural characterization. 
The nitrogen and oxygen analysis focuses on two thick wall 
samples with high and low HI to help interpret the results.

2 � Materials and methods

2.1 � WAAM equipment and sample manufacturing 
process

The power source used in this experiment was a FRONIUS 
TPS 4000. This GMAW synergic machine is also equipped 
with a cold metal transfer (CMT) unit, ensuring a low HI in 
a controlled short-circuit mode [15]. Figure 1b shows the 
welding torch integrated on a Yaskawa Motoman MH24, type 

Fig. 1   Experiment setup: a 
printed walls, b Yaskawa robot, 
and c substrate deposition 
strategy
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YR-MH24-A10, robot. Figure 1c illustrates the layer-by-layer 
metal deposition strategy using a specific welding path. It con-
sists of weaving paths using a bi-directional deposition strategy 
including a square form at the edges and a weaving angle in 
the center of the walls with an angle of α = 30°. This angle 
was obtained in previous trial and error experiments and is not 
considered a variable in the experiments. Industrial application 
may involve complex shapes leading to local rotations between 
the path planning and the part surfaces. Hence, α may vary 
throughout each deposition layer.

Irregularities at the start and end points of weld beads have 
been reported, as the arc-igniting portion is higher than the 
arc-extinguishing one [35]. Thus, in this study, each layer is 
alternatively deposited in opposite directions to maintain sur-
face homogeneity.

The nominal dimensions of the walls were length 110 mm, 
height 40 mm, and thickness 12 mm and 30 mm for “thin” 
and “thick” walls respectively (Fig. 1a and c). The welding 
torch remained perpendicular to the welding direction with a 
contact tip-to-work distance (CTWD) of 15 mm in average. 
S355 (EN 10025-2) low-carbon steel plates of thickness 20 
mm were used as the substrate (see Fig. 1a) and clamped to 
the worktable. Before deposition, the base plates were ground 
to remove any surface oxidation and cleaned with acetone to 
eliminate any impurities. The selected deposited material is an 
austenitic-ferritic grade steel commonly known as duplex. It 
has good weldability, stress-corrosion resistance, and relatively 
strong mechanical properties [22, 29, 41].

The microstructure of DSS consists of two phases (austenite 
and ferrite), usually in equal proportions. Depending on 
the final application and welding requirements, the wire’s 
chemical composition is adapted, and a few variants proposed, 
by the wire manufacturer. In this study, a regular G22093NL 
(G2209) and a G22053NL (G2205) wire of diameter 1.2 mm 
were used. Table 1 shows the detailed chemical compositions 
of the filler materials as determined by the wire manufacturer. 
As the GMAW process requires using a shielding gas, a gas 
mix of ArHeCO2N-5/1,8/1,7 (EN ISO 14175: Z) was selected.

2.2 � Formulation of energy input

GMAW uses an electric arc to fuse both the wire acting 
as the electrode and the workpiece metal. In the GMAW 
process, the CMT technology consists of a waveform con-
trol and mechanical inversion of the wire feed direction at 
optimized frequency. This particularity leads to a reduc-
tion of HI and spatters. CMT is a controlled short-circuit 

deposition at low power range [15, 42] patented by Fro-
nius©. Initially developed for welding thin plates, the 
process has found applications in cladding [43] and, by 
extension, WAAM for the same benefits of energy control.

Specific welding synergic lines are developed for 
each application and are considered “black boxes” 
due to the apparent complexity of the electrical signal. 
The most influential process parameters affecting melt 
pool formation are yet to be determined. The energy 
measurement provided by the welding machine during 
manufacturing is also important, as it affects the 
mechanical and microstructural properties of the deposited 
material. Too high energy may be detrimental to the 
mechanical properties of the manufactured components 
and lead to loss of corrosion resistance of DSS [44, 
45]. Equation (1) describes the energy according to the 
standard EN ISO 1011-1.

where “η” refers to the process/thermal efficiency and 
is considered to be η = 0.8 for GMAW, “V” is the welding 
voltage (V), “I” is the welding current (A), and “v” is the 
welding speed (mm/s). The compound value HI refers to 
the heat input measured in kJ/mm.

Measurement of HI is the de facto standard in the 
WAAM process, as it is based on welding technology. Most 
of the literature available uses this compound variable for 
parameter optimization and characterization [29, 33, 35, 
44, 45]. HI evaluation is critical and can lead to signifi-
cant errors [33]. Hence, it is recommended to follow the 
approach described in ISO/TR 18491. The measurement 
device requires a high sampling frequency to measure the 
synergic changes. The recommendation of instantaneous 
measurements is aimed at more accurate measurements of 
the HI, due to the complexity of the signal in the CMT 
process.

The CMT process allows a small variation of the WFS 
and, consequently, it can affect the deposition rate at the 
margins. The deposition rate can be estimated as an instan-
taneous or global deposition rate. Waiting time between 
layers is considered in the global deposition rate, which is 
directly linked to external factors such as the size of the 
part to be printed, the substrate, and the interpass tempera-
ture. The instantaneous deposition rate only considers the 
time during manufacturing and is therefore independent of 
the sample size and configuration of the part.

(1)HI = η ×
V × I

v
× 10

−3 (kJ∕mm)

Table 1   Filler metal chemical 
compositions—3.1 certificates 
(EN 10204-1)

C Si Mn Ni Cr Mo Cu P S N

G 22093NL, wt% 0.012 0.45 1.61 8.74 22.84 3.07 0.06 0.016 0.003 0.134
G22053NL, wt% 0.020 0.50 0.80 5.10 22.40 3.10 - 0.028 0.001 0.170
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2.3 � Design of experiment (DoE)

Design of experiments (DoE) is an effective method to 
screen, model, and optimize the response variables (i.e., 
outputs) by systematically modifying process parameters 
(i.e., inputs) [46–48]. In this research, a one-factor-at-a-
time (OFAT) method was implemented to screen parameter 
correlations in the WAAM process for thin and thick walls 
made with two different DSS wires. OFAT experiments vary 
only one factor or variable at a time while keeping others 
fixed to consider the impact of each input. The primary goal 
of this analysis was to screen the set of parameters while 
considering the sensitivity and behavior of the process 
outputs. Thus, the OFAT method was sufficient for our 
screening purposes.

2.3.1 � Process parameters

Table 2 shows the process parameters and levels of the 
OFAT experiment. We included five process parameters 
including the IT with three numeric levels, the WFS, the 
TS, the block thickness with two numeric levels, and the 
wire chemical composition with two categorical levels.

Three IT levels were explored: 100 °C, 150 °C, and 250 
°C. DSS can be sensitive to intermetallic precipitation dur-
ing manufacturing [3, 49]. Excessive ITs can lead to longer 
times above the critical temperatures of 300–900 °C, affect-
ing the final microstructure such as precipitation of interme-
tallic phases and the properties of the material. Sigma (σ) 
and χ phases can precipitate at a higher range of 600–900 
°C [50, 51] with chromium nitrides (Cr2N) and chromium 
carbides [52], while at lower temperatures of 300–600 °C, 
π phase, Z phase [53], and embrittlement of the G phase can 
occur under exposure exceeding 1000 h [54]. Before manu-
facturing, the substrates were preheated at 100 °C using a 
resistance heating system. The thermal data required to con-
trol the IT set by the DoE were recorded every 1 ms using a 
PicoLog TC08 data logger with K-type thermometers (−270 
°C, +1370 °C).

Figure 1a and c show the selected block thicknesses includ-
ing thick (30 mm) and thin (12 mm) walls. The welding path 
utilizes the dimensions corresponding to the “nominal CAD” 

wall thicknesses. The thermal behavior during manufactur-
ing can be affected by the wall thickness, either reducing or 
increasing the heat evacuation owing to conduction within the 
part. Previous studies mostly investigated a single-pass mul-
tilayer configuration [22, 36–39]. However, few authors have 
tested weaving [20] and multi-bead walls [29]. In this work, 
the thinner and thicker walls were produced using a weaving 
technique and a square form welding path to achieve thicker 
dimensions. Each configuration was a single-bead multilayer 
configuration, and the length was fixed at 110 mm. The loca-
tion of the start and end points was not optimized and therefore 
is not considered in this study.

As mentioned above, two filler materials were selected 
with relatively similar compositions except for the nickel 
content (see Table  1) acting as an austenite stabilizer. 
Consequently, in similar welding conditions, a higher 
amount of ferrite in the G2205 samples compared with the 
G2209 samples was expected.

The CMT process allows fluctuation of the WFS, 
thus impacting the weld bead dimensions. The electrical 
parameters are linked to a specific WFS. Modification of a 
set of parameters is, however, possible, such as arc length 
correction and dynamic correction [15]. Table 3 shows 
the assumed HI corresponding to a selection of theoretical 
electrical parameters (current I and voltage V) at a certain set 
of WFS and fixed TS. The high HI set uses a TS of 720 mm/
min associated with a WFS of 7.4 m/min (211(I)/16.4(V)). 
Then, a low HI is proposed with a TS of 1320 mm/min and 
a WFS of 5.4 m/min (172(I)/14.7(V)).

2.3.2 � Response variables

During this experimental work, the focus is on response 
variables that are interesting from an industrialization 
viewpoint. To do so, the list of response variables can be 
grouped as (i) macro-results (i.e., resulting layer thickness, 
over-thickness, time per layer, achievable instantaneous, and 
global deposition rate) and (ii) micromechanical properties 
(i.e., hardness Hv3, ferrite content Fe%, and microstructural 
characterization).

Table 4 details the relevancy of other response vari-
ables such as in-process electrical parameters and chemical 
changes in terms of nitrogen and oxygen.

Macroscopic geometrical measurements were performed 
on a SIP-CMM5 3D coordinate measuring machine with a 

Table 2   Theoretical input variables

Process parameters Level

1 2 3

A: IT (°C) 100 150 250
B: WFS (m/min) 5.4 7.4 -
C: TS (mm/min) 720 1320 -
D: Block thickness (mm) 30 12 -
E: Wire chemical composition G22 09 G22 05 -

Table 3   Nominal values of electrical parameters

Heat input (kJ/mm) WFS (m/min) Current(I)/
voltage (V)

TS (mm/min)

High HI, 0.23 7.4 211/16.4 720
Low HI, 0.09 5.4 172/14.7 1320
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resolution of 0.1 μm and repeatability R = 0.2 μm. As the 
explanation for the resolution and repeatability, resolution 
denotes the smallest measurable modification in a variable, 
while repeatability indicates the level of coherence in suc-
cessive measurements of that same variable under the same 
conditions. Geometrical measurements focus on the height 
and width of each wall. Figure 2a shows how high inter-
nal stress levels can lead to plastic deformation of the sub-
strate during manufacturing. Hence, considering the height 
measurements, the reference plane is located in the least 
deformed area, which is the central area of the substrate, 
close to the middle of the wall. Figure 2a shows the location 
of the height measurements and an average value is proposed 
based on nine measurements along the top surface. The layer 
height is estimated based on the height of the wall divided 
by the number of layers. The wall thickness is calculated 
based on the external faces of the wall. One of the faces is 

set as a reference plan. The thickness is obtained based on 
the external measurements performed on the opposite side. 
The over-thickness in this study is a comparison between the 
measured and nominal (by design) thickness of the walls.

Hardness measurements were conducted using a 
Duramin-A300 hardness testing system and Vickers method 
with a 3-kg load for 15 s according to the standard EN ISO 
6507. Figure 2b shows the measurements performed every 1 
mm on a vertical line central to the cross-section. The cross-
sectional samples were prepared by metallographic grinding 
and polishing down to a 3-μm diamond suspension.

Before micrographic examination, the samples were 
ground and then polished down to 1-μm diamond particles. 
The selected etchant was Beraha’s II (H20-HCl-K2S2O5). 
Varbai et al. used Beraha’s II as a color etchant for ferrite/
austenite ratio quantification [55]. The etchant colors the 
ferrite phase while keeping the austenite phase bright and 

Table 4   Relevance of response variables toward industrialization

Response variables Relevance toward industrialization

Macromechanical Layer thickness Improved understanding of the manufacturing process affecting the stability of 
the stick-out, tip-to-work distance (CTWD), deposition rates, and productivity 
parameters including manufacturing cost

Over-thickness Improved understanding of the manufacturing process affecting control of material 
waste and reduction of post-processing, material, and manufacturing costs

Time per layer Improved understanding of the manufacturing process affecting life cycle costs 
(LCC), productivity, and achievable deposition rates, manufacturing costs

Instantaneous and global deposition rate Improved understanding of process parameters affecting WAAM productivity 
parameters toward industrialization and manufacturing costs

Micromechanical Hardness Improved understanding of process parameters affecting the hardness mechanical 
properties

Ferrite content Improved understanding of process parameters affecting mechanical properties and 
corrosion resistance characteristics

Microstructural characterization Improved understanding of process parameters affecting the achievable 
microstructural characteristics

Others In-process electrical parameters For quality control purposes. Promotes control of manufacturing constraints
Chemical changes Improved understanding of process parameters affecting the variation of chemistry 

for pitting corrosion resistance

Fig. 2   Geometrical measure-
ments: a substrate deformation 
and height measurement, b HV3 
measurements, view of vertical 
testing line
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unetched. Microstructural observations were conducted 
using a Leica DMi8 optical microscope from the bottom to 
the top of the samples. Three pictures at the bottom, mid-
dle, and top parts of the sample were taken for each sample. 
Finally, the ferrite/austenite ratios were measured using the 
image processing ImageJ software.

Previous studies have proposed a comparison between 
different measurement methods to determine the ferrite 
content [56, 57]. The three main methods used for ferrite 
determination are X-ray diffraction (XRD), image analysis, 
and Feritscope©. XRD is a quantitative method for 
determining crystalline phases and is not appropriate for 
global ferrite content evaluation in WAAM DSS, since 
XRD provides highly localized measurements. Therefore, 
for WAAM coarse structures and due to the heterogeneities 
of the process itself, more variation in the results is observed 
with XRD than with the other testing methods. The image 
analysis method has proved to be the most accurate method 
for ferrite content evaluation and is associated with Beraha’s 
II etching, which is considered to be the reference method. 
However, variations in the etching procedure and between 
operators can lead to a lack of repeatability of the ferrite 
measurements. Moreover, to provide a complete screening 
of a sample, a high number of areas should be evaluated to 
minimize the discretization error. This method is therefore 
time consuming and resource intensive, which is not 
admissible for a large DoE-based methodology. Regarding 
the Feritscope©, uncertainty of measurements compared 
to image analysis can be caused by the (i) conversion 
curve between ferrite number (FN) and Fe% proposed by 
the manufacturer (FISCHER) leading to an uncertainty of 
±7.5% (relative) for ferrite, or even ±10% over 70FN, or 
(ii) impact of the magnetic field during measurement of 
up to 1–2 mm in the sample volume [56]. However, the 
Feritscope© is an interesting approach for estimating ferrite 
content and provides a good balance between accuracy and 
resource consumption.

In this study, a complete longitudinal and transverse 
2-dimensional screening of the walls was done using the 
Feritscope© method with a probe mounted on an Ender-3Pro 
from Creality-3D. Previous research has mentioned manual 
and localized measurements of the sample’s surfaces [20, 56, 
57]. In this study, a complete automatized screening of the 
sample surfaces was performed with a measurement every 
1 mm in the Z and Y directions on the cross-section of the 
walls. The edges corresponding to a distance of less than 2 
mm from the surface of the wall were not considered in this 
study due to interaction of the magnetic field with the edges. 
To provide a similar surface roughness, the samples were 
ground. The Feritscope© is a FMP30-FISCHER machine 
using a FGAB1.3-Fe probe. An approach speed “v” of 
less than 4 mm/s was set with a lift-off distance of 20 mm 
between two points.

Image analysis was carried out to provide a complete 
evaluation of the ferrite content and was done on just a few 
samples from the DoE. The characterization consists of color 
segmentation based on the contrast—darker gray (DGP) and 
lighter gray (LGP)—obtained between the austenite and 
ferrite in the etched samples [55]. The boundary value (DGP 
+ 0.5 * ΔG) is considered, with ΔG being the difference 
between the two gray level peaks. Finally, a comparison 
between the image analysis method and Feritscope© 
measurements is proposed to demonstrate the suitability of 
the Feritscope© for this purpose.

During the experiments, the power source signal corre-
sponding to the electrical parameters, including intensity (I) 
and voltage (V), was recorded. These measurements were 
based on the internal device signal system provided by the 
welding power source. The sampling rate of the device was one 
measurement per 7.16 μs. Then, an average value was calcu-
lated every 10 ms. A resulting HI per layer based on measured 
electrical parameters is presented in this study. Parameters such 
as WFS can vary during the process of deposition. These were 
recorded and presented as an average value per layer.

The nitrogen and oxygen content evaluation in the depos-
ited walls was measured by instrumental gas analysis (IGA) 
on a LECO TC500 following the requirements of the E1019-
11 ASTM standard. Nitrogen promotes the austenitic phase 
in the matrix and, therefore, influences the final ferrite-to-
austenite ratio. The determination of the resulting nitrogen 
content after deposition provides a better understanding of 
the phenomena involved in this study. The evaluation of 
nitrogen and oxygen focused on the deposited walls using 
the highest and lowest HI for both materials. The walls were 
machined avoiding the first diluted layers and the chips were 
then cleaned with ethanol in an ultrasonic bath, followed by 
cleaning in acetone and drying. A sample typically weighs 
0.2 ± 0.02 g and the two wires were tested as a reference 
for the study.

2.4 � ANOVA—analysis of variance and statistical 
methods

The study used data analysis methods to establish the statis-
tical relationship between process and response variables as 
presented in Del Sol et al. and Asadi et al. [58, 59]. The anal-
ysis of variance (ANOVA) was applied to assess how inde-
pendent variables correlated with dependent variables at a 
95% confidence interval. ANOVA introduced different terms 
including R2, which measures how variations in one variable 
can be correlated with differences in a second variable. The 
study used a robust and reliable version of R2 known as R2

adj, 
with significant correlation attributed to R2 and R2

adj values 
greater than 0.85. The P-value was also employed to confirm 
the significance of welding-independent parameters based 
on linear relationships of input-output sets, with P-values 
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below 5% indicating significant parameters. To support the 
analysis, factor plots and Pareto charts were created. Out-
lier detection was performed to assess whether the acquired 
experimental data was suitable for further analysis. Quantile 
range and robust fit methods were used to identify potential 
outliers that deviated from the normal pattern of the data. 
Robust fit outliers provided various estimates of the center 
and spread of data, including Huber, Cauchy, and quartile. 
The Cauchy option assumed a Cauchy distribution with 
a high breakdown point for the calculation of center and 
spread and was used to determine outlier thresholds.

3 � Results and discussion

3.1 � WAAM‑CMT measured electrical parameters

CMT synergic lines are expressed as the relationship 
between the welding power source (i.e., the electrical param-
eters including current and voltage) and the resulting power 
as a function of process parameters, namely WFS. It should 
be mentioned that during manufacturing, external param-
eters such as stick-out and the position of the ground cable 
can affect these parameters. Figure 3 provides the experi-
mental data points colored based on their heat input values, 
fitted regression line to the data points, and the 95 percent 
confidence area shaded in the figure. A 95% confidence 
interval is a range of values containing the true response 
parameter with a 95% probability. It also shows that the wire 
chemical composition does not have a significant impact on 
the relationship between power (P) and WFS.

Results show an approximately linear correlation exists 
between P and WFS (see Fig. 3). A wider variation of P and 
measured WFS can be noticed for a dedicated fixed WFS of 
7.4 m/min. It shows a stronger instability than with a lower 
WFS of 5.4 m/min.

3.2 � Process parameter sensitivity analysis

Before starting the screening and analysis of the acquired 
data, checking the dataset to determine potential outliers 
and measurement errors is crucial. First, in this section, 
an evaluation of the experimental data is conducted to 
identify potential outliers. Second, the measurement errors 
are evaluated and, following that, the correlation is given 
between the input-output sets and ANOVA details.

3.2.1 � Evaluation of outliers and measurement error

Two criteria, quantile range and robust fit, were used to 
detect outliers. The quantile range method used a tail 
quantile of 0.1 and a quantile of 3 by default. The robust 
fit method used the Cauchy option with K=4. The analysis 
showed that no outliers were identified by either criterion, 
indicating that the captured data and observations were 
consistent with the dataset’s average or norm.

The OFAT design specified the analysis’s purpose as 
screening, correlation finding, and overall input-output 
relationship determination. Because hardness measure-
ments were destructive and could not be repeated at the same 
position, and the HV3 measurement device had a maximum 
deviation of 3% in the current hardness range, the experi-
mental results were considered reliable.

The error measurements for ferrite content percent-
age were calculated using two different methods. The 
first method involved measuring Fe% across the entire 
cross-section of the workpiece, which showed a visible 
range of changes (Fig. 6). This method not only repeated 
the measurement tests but also evaluated Fe% varia-
tions within the proposed surface, with an average error 
of 9.5% based on 24 measurement points. The second 
method involved repeating measurements at a specific 
point using a 3-axis device, resulting in negligible uncer-
tainty and measurement error (less than 0.001 after 40 
measurements).

3.2.2 � ANOVA tests, correlation map between process 
and response variables

This section is divided into two parts: (i) screening of HI 
as a reference variable for process parameter optimiza-
tion and (ii) detailed screening of defined outputs based 
on the process inputs presented in Tables 2 and 3, with 
the aim of identifying the most sensitive parameters to 
output variation.

Using HI as a thermodynamic parameter from Sec-
tion 2.2, this study aims to optimize process parameters by 
evaluating the sensitivity and variability of process inputs. 
Despite not providing a complete description of the pro-
cess phenomena, HI is used as a reference variable. The 

Fig. 3   Comparison between the measured WFS and power as a com-
bination of I(A) and V(V)
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screening results in Table 5 indicate that HI is significantly 
sensitive to input variations for two proposed wire chemi-
cal compositions, with R2 considerably near 1. Overall, the 
studied criteria (including R2, R2

adj, and RMSE) suggest a 
slightly better correlation between input parameters and HI 
for G22 09.

Table 6 shows the sensitivity of outputs to the varia-
tion of HI. It can be concluded that HI is not capable of 
fully capturing the variation of HV3 as an output for the 
selected parameters. Selecting a wider range of param-
eters could have influenced the hardness results more 
significantly, and thus, further tests could be conducted 
toward this objective. The ANOVA tests show that over-
thickness is linearly correlated to HI. For example, HI 
alone can explain 98.56% of the over-thickness variation 
for material G2205 and 99.17% for G2209. Similarly, HI 
can explain 85.09% and 96.59% of layer height variability 
for G2205 and G2209, respectively.

It can be inferred that all the outputs, except for HV3, 
could be correlated linearly with the thermodynamic param-
eter. Thus, HI can be used as a thermodynamic compound 
variable to study the variation in WAAM processes.

The correlation between the different pairs of input and/
or output sets can provide good insight into the experi-
ments. Figure 4 shows the correlation map of the men-
tioned pairs and positively or negatively correlated param-
eters are highlighted from white (no correlation) to red 
(positively correlated) to blue (negatively correlated). It 
can be inferred that HI is positively correlated with the 
variation of macro-performance variables (i.e., layer thick-
ness and over-thickness).

Regarding mechanical performance variables, HI fails 
to fully describe their variation. Hardness is important 
to determine a material response to a plastic deforma-
tion. However, this technique does not aim to be used 
as a quantitative indicator for the material mechanical 
behavior and cannot fully describe the mechanical per-
formances. Other mechanical tests as tensile and impact 
tests may be more representative for describing the HI 
variation and could be implemented in further research.

However, interestingly, Fe% and HV3 are positively 
correlated. An increase in Fe% leads to higher HV3 on 
the manufacturing samples and an increase in energy 
applied (i.e., HI) leads to a decrease of HV3 as it appears 
to be negatively correlated. From the process parameters’ 

Table 5   Amounts of R2, R2
adj, and RMSE for HI in terms of two pro-

posed wire chemical compositions for all proposed inputs

Thermodynamic parameters HI

G22 05 G22 09

R2 0.999915 0.999977
R2

adj 0.999866 0.999963
RMSE 0.000964 0.000438

Table 6   Amounts of R2, R2
adj, and P-values for HI in terms of two 

proposed wire chemical compositions for each proposed output

Thermodynamic parameter HI

G22 05 G22 09

Fe% R2 0.682184 0.465827
R2

adj 0.650402 0.41241
RMSE 1.184446 0.447867
P-value 0.00093 0.01446

HV3 R2 0.691018 0.711873
R2

adj 0.66012 0.68306
RMSE 2.161447 1.866136
P-value 0.00081 0.00056

Over-thickness R2 0.985637 0.991726
R2

adj 0.984201 0.990899
RMSE 0.142357 0.088791
P-value 0.000001 <0.000001

Layer height R2 0.850911 0.965972
R2

adj 0.836002 0.962569
RMSE 0.033708 0.054326
P-value 0.00002 <0.000001

Fig. 4   Correlation map between 
all pairs for the combination of 
inputs and outputs. Red denotes 
positive and blue denotes nega-
tive correlation
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perspective, TS and WFS appear to be the most significant 
variables, thus driving the variation of macro- and micro-
performance variables. TS and WFS show an opposing 
effect on the performance variables. WFS is linked to HI, 
as this phenomenon shows a correlation with electrical 
parameters in CMT process. A higher WFS value is posi-
tively linked to a higher HI value. Conversely, TS is one 
of the variables in the HI equation, and an increase in TS 
value leads to a decrease in HI value.

Finally, an ANOVA and regression analysis was per-
formed on each output with respect to the assumed inputs 
based on wire material (G2205 and G2209). Table 7 pre-
sents the results of the criteria used to evaluate the sen-
sitivity of dependent variables to proposed input param-
eters. Whereas there are some differences between the 
two proposed material compositions, most of the outputs 
except for HV3 are sensitive to at least one input param-
eter, with a correlation rate criterion (R2) greater than 
85% for these parameters.

3.3 � Macro‑results: layer thickness, over‑thickness, 
and deposition rates

Figure 5 shows the factor plot for the macroscale results (i.e., 
over-thickness and layer height) as a function of IT, WFS, TS, 
and CAD thickness for both filler materials. The linear fits on 
the factor plot show what the ANOVA table unveiled. Both 
macro-results are most sensitive to the variation of WFS and 
TS. Wall thicknesses described as CAD thickness and IT have 
lower statistical significance. In other words, the variation of 
these two parameters has less effect on the macro-results.

It is worth mentioning that both filler materials (G2205 
and G2209) show very similar trends. Both materials are 
highly sensitive to WFS and TS variation. Increasing WFS 
has a direct effect on achievable layer height and over-
thickness, whereas the increase of TS has the reverse effect. 
Increasing WFS leads to an increase in the amount of mate-
rial deposited. Conversely, increasing TS leads to a decrease 
in material deposition per unit length.

Table 7   Analysis of the 
sensitivity of dependent outputs 
to the proposed independent 
inputs in terms of two different 
wire chemical decompositions

Output Wire material

G22 05 G22 09

R2 R2
adj RMSE R2 R2

adj RMSE

Fe% 0.90135 0.844978 0.788727 0.729768 0.57535 0.380739
HV3 0.799367 0.684719 2.081757 0.809491 0.700628 1.813679
Over-thickness 0.993868 0.990363 0.111181 0.992756 0.988617 0.099300
Layer height 0.922728 0.878572 0.117053 0.987438 0.98026 0.039451
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Fig. 5   Factor plot for layer height and over-thickness as a function of IT, WFS, TS, and CAD thickness
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The deposition rate varies based on the selected outputs. 
The average values of the instantaneous deposition rates 
are 3.54 kg/h with a WFS of 7.4 m/min and 2.94 kg/h with 
a WFS of 5.4 m/min. However, the average value of the 
global deposition rate remains similar between the two cho-
sen WFSs (0.36 kg/h). Conversely, while the instantaneous 
deposition rates remain stable at 3.25 kg/h for thin walls and 
3.23 kg/h for thick walls, the global deposition rate is higher 
for the thick wall than for the thin wall (0.5 kg/h and 0.2 
kg/h, respectively). A thicker wall facilitates thermal con-
duction and shortens the waiting time between layers. This 
behavior is strongly linked to the size of the produced part.

3.4 � Ferrite and austenite content and distribution

Figure 6 shows the factor plots for the average Fe% variation 
between samples based on the Feritscope© measurements as 
a function of HI using complete cross-section screening. The 
overall trend shows that for both wire chemistries, increasing 
the HI leads to a slight reduction of Fe% across the experi-
mental window. The average Fe% for G2205 is 49.20% ± 
1.92, whereas G2209 provides a reduced Fe% average of 
29.69% ± 0.56, which shows a reduction of 19.5%. Increas-
ing the HI applied to the WAAM of DSS decreases the Fe% 
by approximately 10.69% for G2205 and 5.88% for G2209.

Figure 7 shows the factor plot of the single effect of pro-
cess parameters over the Fe%, and both materials show the 
same trend. WFS and TS are the most statistically significant 
process parameters with a direct effect on the variation of 
Fe%. The filler materials used in this study correspond to 
the welding industry requirements and only a few companies 
have recently been adapting the wire chemical composition 
to the AM constraints. The main impact of an increase in fer-
rite content is improved strength, but, on the other hand, less 
austenite leads to lower corrosion resistance and ductility. 
All in all, the material chemistry is the major contributor to 
the resulting Fe% with the considered parameters.

The previous analysis covers the variation in average Fe% 
values without considering potential variations across the 
sample. For this purpose, we used a Feritscope© mounted 
on a 3-axis machine. Figure 8 shows the Feritscope© setup 
to map Fe% variation across the samples, as well as example 
results of Fe% variation on longitudinal and transverse faces 
of the sample with colormaps representing the obtained Fe% 
distributions.

Figure 9 shows the front view of Fe% distribution for 
both filler materials for thick and thin walls with high HI 
(i.e., 0.23 kJ/mm—nominal value) and low HI (i.e., 0.09 kJ/
mm—nominal value) at all tested ITs. The samples show 
a higher Fe% of about 5% on the upper parts of the cross-
sections. These areas correspond to the last layer of the walls 
and therefore to a weld bead that was not subject to fur-
ther reheating, which eventually tends to increase austenite 

precipitation. During solidification of the melt pool, epi-
taxial growth of the ferrite grains is followed by a ferrite-to-
austenite transformation in a solid state in the temperature 
range 1300–800 °C. This austenitic precipitation, occurring 
at the grain boundary of ferrite and then within the ferrite 
grain, is enhanced by a longer time within the critical tem-
perature range of 1300–800 °C. Reheating cycles consecu-
tive to the layer-by-layer deposition process leads to a slight 
decrease in Fe% in the central and lower areas of the cross-
sections as shown in Fig. 9, with a predominance of green 
and yellow in both materials. This phenomenon is enabled if 
the temperature exceeds 800 °C, characterized by austenite 
precipitation toward a more stable state. Overall, the Fe% 
distribution is heterogeneous, with a dependency on part 
geometry within the cross-section of the part. It has been 
shown in the statistical analysis that the sensitivity of the 
wall thickness to variation of the output parameters such as 
average Fe% is not significant. However, the details provided 
in Fig. 9 reveal higher local heterogeneity with a dependency 
on part geometry within the cross-section of the part.

The lower parts of the walls correspond to the interface 
between the substrate (i.e., low-carbon steel) and the 
deposited DSS. This interface was not evaluated in this 
study. However, the substrate corresponds to the red color 
showing the predominance of ferrite. The subsequent 
low Fe% green layer is interpreted as diluted layers with 
a strong thermal influence of the substrate. For the thick 
walls and high HI, this area is 5 ± 1 mm in height and for 
the thick walls at low HI the area is estimated at 3 ± 1 mm. 
The penetration depth of the welding pool at high HI is 
higher than at low HI, affecting the partial dilution of the 
previous layer. This finding needs to be evaluated in further 
research and especially by studying the thermal impact of 
the substrate on the first layers. As shown in Fig. 9, higher 
Fe% can occur on the side of the walls and may result from 
a higher cooling rate due to environmental factors like an 
air extraction system. However, another variation of ferrite 
appears in the parts and particularly the thicker walls. The 
repetitive patterns tend to suggest that the welding path 
influences this behavior. This proposition is confirmed by 
subsequent longitudinal 2D colormaps of two samples of 
both the investigated materials.

Fig. 6   Linear regression plot/fit 
plot and measurement intervals 
for each parameter between HI 
and Fe%
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Figure 10 demonstrates how the implemented path plan 
and manufacturing weaving strategy affect the homogene-
ous distribution of Fe% across the sample. The observed 
trend is that Fe% distribution is more heterogeneous in 
samples produced with low HI (see Fig. 10b). Addition-
ally, the extreme ends of the samples show a higher Fe%. 
Two main hypotheses are proposed to explain this. First, 
the grain orientation within the weld bead during solidi-
fication and the grain size in the grain growth zone of the 
heat-affected zone (HAZ) influence the magnetic field dur-
ing Feritscope© measurements. As a Feritscope© applies 
a magnetic field to a specimen, an induced response of 
the material to the magnetic field is measured. The grain 
structure influences the magnetic response of the material. 
Hence, a modification of the grain size and orientation 
affects the induced magnetic field and consequently the 
ferrite content measurement. Another justification of the 
heterogeneous Fe% distribution is that local thermal gra-
dients during manufacturing can affect the ferrite/austenite 
ratio. As the weld bead solidifies, a heat-affected zone 
(HAZ) is produced which reaches the temperature range of 
1300–800 °C. This results in the precipitation of austenite, 
causing a deviation in the ferrite measures obtained with 
the Feritscope©.

It was noticed that the G2209 walls (see Fig. 9c and d) 
have a more homogeneous ferrite content than the G2205 

walls (see Fig. 9a and b). A proposed explanation is that 
G2205 is closer to a window of parameters the modifica-
tion of which will affect the final microstructure. The plots 
in Fig. 11 support this statement with more variation in the 
results. On the other hand, G2209 showing less heterogene-
ity suggests that the material is in a more stabilized/equi-
librium condition. This G2209 material is being developed 
and used for a welding application that does not require 
further heat treatment with an adjusted chemical composi-
tion to promote a 50/50 ferrite-to-austenite ratio in welding 
conditions. The strong thermal gradients involved in weld-
ing differ from the WAAM process, leading to the present 
results. Further research on G2209 could consider the use 
of external systems to enhance faster cooling, such as air, 
water, or cryogenic cooling, to promote higher Fe% within 
the material.

3.5 � Hardness characterization

Figure 11 shows the resulting average HV3 variation per 
sample as a function of HI. The overall trend shows that 
for both wire chemistries, increasing the HI leads to a 
slight reduction of hardness across the tested experimental 
window. The average hardness for G2205 is 282.5 HV ± 
3.55, whereas G2209 provides a reduced hardness average 
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Fig. 7   Factor plot for Fe% as a function of IT, WFS, TS, and CAD thickness

Fig. 8   Example showing 2D 
colormap results of Fe% across 
transverse and longitudinal 
faces of the samples
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of 241.6 HV ± 3.31. The approximate reduced hardness 
for G2205 and G2209 with the increase in HI is 2.61% and 
2.26%, respectively.

Figure 12 shows the factor plot of the single effect of 
process parameters over HV3. Both materials show the same 
trends. WFS and TS are the most statistically significant pro-
cess parameters with a direct effect on the variation of HV3. 
As WFS is correlated with the electrical parameters, a higher 

Fig. 9   Cross-section fer-
rite map. a G2205, interpass 
temperature 100°C, high HI; b 
G2205 compilation of 2D maps; 
c G2209, interpass temperature 
100°C, high HI; d G2209 com-
pilation of 2D map

Fig. 10   Fe% distribution across the longitudinal section—a G2205, 
high HI, and IT 150 °C; b G2205, low HI, and IT 150 °C

Fig. 11   Linear regression plot/
fit plot and measurement inter-
vals for each parameter between 
HI and HV3
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WFS leads to a higher HI. Similar to Fe%, the material 
chemistry is the major contributor to the resulting hardness.

Table 8 lists the average values of HV3. Material G2205 
has higher values than G2209. However, it seems that the IT 
does not significantly affect HV3 regardless of the selected 
material. The vertical lines do not exhibit significant varia-
tion of the HV3 test along the wall of each specimen, exclud-
ing the diluted layer, revealing a homogeneous behavior.

3.6 � Microstructure characterization

Before microstructural characterization, etching with 
Beraha’s II appeared to be a challenge for the large areas 
of the wall cross-section. A first strategy consisting of 
reproducing the optimized etching cycle and proposed 
by Varbai et al. [55] led to a strong variation in contrast 
between the two materials G2205 and G2209. This behavior 
is interpreted as caused by the differences of ferrite content 
between the materials, of around 20%. As the chemical 
agent is preferably interacting with the ferrite phase while 
keeping the austenite phase unetched, the variation of 

reactive surface affects the optimal etching time. Using 
the etching procedure proposed in Section 2.3.2 produced 
some improvement, but depending on the sample etched, 
a variation in contrast was still observed and led to falsely 
counted phases.

Images with higher contrast were selected for the method 
comparison between image analysis and Feritscope© meas-
urements. The results are shown in Fig. 13a. Three loca-
tions similar to the microstructural analysis were chosen 
in the bottom, middle, and top area of each sample cross-
section. The objective of the comparison was to assess the 
reliability of the Feritscope© measurements. Samples were 
selected including different IT and high HI (i.e., 0.23 kJ/
mm – nominal value) as well as low HI (i.e., 0.09 kJ/mm 
– nominal value). The Feritscope© results show a differ-
ence of between -5% and +20% compared to the estimated 
Fe% using the image analysis method. These measurements 
were conducted at the same location as the correspond-
ing image analysis and consist of single measures. Earlier 
research [56, 57] has reported a suggested correction fac-
tor of 10%, but our study shows a stronger variation in the 
results. This discrepancy is rooted in the irregularly etched 
surface leading to misinterpretation of the phases. Human 
error can affect the microstructural characterization due to 
(i) slight deviations in the etching process and (ii) variation 
of the microstructural examination and especially the image 
attributes (brightness, focus, intensity). Automated measure-
ments can help reduce this error. Thresholding of the image 
analysis and Fe% was carried out as shown in Fig. 13b and 
as described in the material and method section.

During the microstructural investigation, color etching led 
to brown coloration of the δ-ferrite while leaving the austen-
ite brightly colored, as seen in Figs. 14 and 15. No significant 
welding defects in the cross-section could be reported. As 
previously mentioned, Fe% is higher in the G2205 material 
samples in every area of the cross-sections. The austenite 
morphology varies within the micrographs due to (i) grain 
boundary austenite nucleated from the initial δ-ferrite colum-
nar grains, followed by (ii) Widmanstätten austenite needles. 

HV
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Fig. 12   Factor plot for HV3 as a function of IT, WFS, TS, and CAD thickness

Table 8   Average HV3 values and associated standard deviation

Sample process parameters Thin walls Thick walls

HV3 Std dev. HV3 Std dev.

G2209 High HI—100 °C 241.35 5.17 240.05 5.78
High HI—150 °C 237.25 5.80 238.34 5.38
High HI—250 °C 235.40 4.65 241.46 5.77
Low HI—100 °C 244.21 4.58 245.66 4.33
Low HI—150 °C 244.54 5.30 244.21 4.54
Low HI—250 °C 242.15 6.21 244.97 4.28

G2205 High HI—100 °C 250.31 4.33 249.00 4.05
High HI—150 °C 249.79 5.91 254.19 5.65
High HI—250 °C 248.66 4.76 246.95 5.03
Low HI—100 °C 257.00 4.00 258.78 5.49
Low HI—150 °C 253.75 5.21 255.34 5.23
Low HI—250 °C 254.22 4.41 255.13 4.22
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Fig. 13   Comparison of ferrite content between image analysis method and Feritscope© results: a table; b thresholding—image analysis method

Fig. 14   Micrographs of each 
tested material in three main 
areas: bottom, middle, and top 
section—×200 magnification, 
high HI, 250 °C IT
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Finally, thinner intragranular austenite can be observed as 
well as secondary austenite (γ2) in Figs. 14a and 15c. How-
ever, more γ2 is seen in the low HI samples. This secondary 
phase is known for promoting pitting corrosion but was not 
evaluated in this study. The optical microscopic observations 
did not reveal visible precipitations.

Coarser primary ferrite dendrites are seen in Fig. 14 in the 
high HI samples in both materials and are more noticeable 
with G2205 compared with Fig. 15 at lower HI. The manu-
facturing parameters influence the cooling rate and the tem-
perature gradient during solidification. Hence, a lower HI 
(see Fig. 15) results in a faster cooling rate during solidifica-
tion, refining the dendrite size compared with the highest HI 
(see Fig. 14) while keeping a similar dendritic morphology.

Coarser microstructure means larger grains and conse-
quently less grain boundaries which affects the movement of 
dislocations through the material. Therefore, the resistance 
to deformation of the low heat input samples is higher than 
for the high heat input samples, resulting in higher hard-
ness, as revealed in Fig. 12. The relationship between the 
grain size and hardness is complex and depends also on the 
selected material. The ferrite-to-austenite ratio tends also to 
influence the resulting hardness. However, the composite 
response of the material to macrohardness testing can be 
influenced by various grain boundaries and phases located 
within the volume beneath the hardness indent.

3.7 � Nitrogen and oxygen variation

Nitrogen and oxygen content in the matrix is finally pro-
posed for two configurations, high and low HI, for both 
materials for thick samples and compared with the wire. 
Figure 16 shows the resulting variation in nitrogen and 
oxygen content. Additional testing of the wire was per-
formed as reference and for validation of the initial data 
sheet (Table 1). Figure 16a shows how the nitrogen con-
tent of the deposited walls has increased in every tested 
configuration by 10 to 18% compared with the wire. While 
the high HI sample of G2205 shows a stronger increase in 
nitrogen than the low HI configuration, both high and low 
HI samples of G2209 reveal similar gains in nitrogen. The 
corresponding ferrite percentage is 48.5% and 52.66% for 
high and low HI, respectively, on G2205, but 28.9% and 
30.55% respectively on G2209. The present study can-
not highlight any positive or negative impact of nitrogen 
variation in the final ferrite percentage for a thick sample 
and the selected parameters. The impact of nitrogen in the 
shielding gas has yet to be confirmed, as similar results 
have been reported [20] with a nitrogen-free shielding 
gas. Further investigations should focus on the influence 
of nitrogen in DSS manufactured with WAAM to assess 
the influence of adding nitrogen to the shielding gas.

Figure 16b shows how the oxygen content increased 
sharply on the deposited walls compared with the wire 
measurements. The trend shows an average increase across 

Fig. 15   Micrographs of each 
tested material in three main 
areas: bottom, middle, and top 
section—×200 magnification, 
low HI, 100 °C IT
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measured samples of 0.04 wt% of oxygen in the depos-
ited walls compared with the measured oxygen content in 
the wire. Similarly, previous research [20] has reported a 
similar oxygen content. During manufacturing, no clean-
ing was done between layers, leading to an oxidized layer 
on the surface of each run. This practice can promote an 
increase of oxygen in the deposited material. The pitting 
corrosion resistance is known to be reduced with higher 
oxygen content [30].

4 � Conclusions

This article examined the effect of process parameters, 
including different DSS chemistries, wire feed rates, travel 
speeds, and interpass temperatures, on the processing of 
thick and thin walls built by WAAM. The objective was to 
evaluate the resulting macroscale geometrical results (i.e., 
resulting layer thickness, over-thickness and deposition 
rates) as a function of the process parameters. Additionally, 
microscale mechanical properties are reported involving 
hardness (HV3), resulting average Ferrite content (Fe%) 
and distribution, variation of nitrogen and oxygen in the 
matrix, and optical microstructural characterization. The 
main global contributions of this research are as follows:

•	 The tested window of operation (i.e., 0.09 kJ/mm ≥ HI 
≥ 0.23 kJ/mm—nominal value) provides reliable results 
for both wire chemistries of G2205 and G2209.

•	 The statistical analysis shows that heat input (HI) as a 
thermodynamic parameter can be used to explain the 
variability of the selected response variables, especially 
macro-dimensional results, such as layer thickness and over-
thickness.

•	 Travel speed (TS) and wire feed speed (WFS) show 
high statistical significance, thus driving the variation of 
macro- and microperformance variables. TS and WFS 
show often opposing effects on the performance vari-
ables. Increasing WFS has a direct effect on achievable 
layer height and over-thickness, whereas increasing TS 

has the reverse effect. Interpass temperature (IT) and 
CAD thickness show a decreased statistical significance 
in comparison.

•	 The maximum achieved average instantaneous deposition 
rate combining both wire chemistries is 3.54 kg/h using 
the highest WFS = 7.4 m/min and the slowest TS = 720 
mm/min. The average value of the global deposition is 
0.36 kg/h. While the instantaneous deposition rates are 
not affected by the part geometry (i.e., thinner or thicker 
walls), higher global deposition rates can be achieved 
when processing thick walls versus thin walls (i.e., 
0.5kg/h and 0.2kg/h respectively).

•	 The longitudinal and transverse Fe% maps show that 
both the part geometry and the manufacturing weaving 
strategy affect the homogeneous spatial distribution of 
Fe%. The weaving pattern is visible in the longitudinal 
plane and the observed trend is that Fe% spatial 
distribution is more heterogeneous in samples produced 
with low HI.

Further contributions regarding the impact of process 
parameters including path planning, build strategies, and 
wire chemical composition on the studied microstructural 
and mechanical aspects are as follows:

•	 G2205 (i.e., wire chemistry with increased nickel 
content) shows a stable austenite-to-ferrite ratio of 
equal proportions (i.e., average Fe% = 49.20 ± 1.92%), 
whereas G2209 provides a reduced ferrite content (i.e., 
average Fe% = 29.69 ± 0.56%).

•	 Fe% appears to be sensible to a variation of WFS and 
TS for both materials G2205 and G2209. The variation 
of Fe% is linearly correlated to the applied energy. 
Increasing energy leads to a decrease of Fe% and HV3. 
Furthermore, Fe% and HV3 are positively correlated. 
Hence, increasing the Fe% by changing the process 
parameters leads to higher HV3 of the manufacturing 
samples. G2205 has an average HV3 = 252.8 ± 3.55, 
whereas G2209 has an HV3 = 241.6 ± 3.17.

Fig. 16   Nitrogen (a) and oxygen 
(b) composition of welded sam-
ples in weight percent compared 
with the measured wire chemi-
cal composition
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•	 The microstructural analysis confirms a higher ferrite 
content in G2205 compared with G2209. High HI sam-
ples reveal coarser structures caused by slower cooling 
rates and longer time at high temperatures. Both materi-
als show a dendritic morphology.

•	 The average nitrogen and oxygen content increased in 
the deposited thick walls for both selected materials with 
high and low HI.

The implemented OFAT DoE was suitable for screening 
and exploration. Future research is planned to implement a 
more robust central composite DoE to explore the interactions 
between process parameters. Future experiments are required 
to develop quantitative predictive models for macro- and 
microperformance variables using surface response methods 
or machine learning methods. Macro-dimensional deviation 
(i.e., achievable layer height and over-thickness) could be 
modeled effectively using HI (i.e., R2 ≥ 0.85%). Future 
experiments will allow us to capture this variable considering 
the interrelations between process variables and, therefore, to 
create a predictive model to dynamically control the stick-out 
or tip-to-work distance during the process.

Additionally, full industrialization of DSS with 
WAAM would require the study of additional process and 
mechanical performance variables including additional (i) 
path planning strategies, (ii) impact of process variables 
on surface quality and morphology, (iii) integration 
of machining aspects, (iv) tensile properties, (v) long-
term corrosion testing, and (vi) in-depth microstructural 
analysis. Furthermore, the presence of intermetallic 
precipitates (such as sigma phase (σ), chi (κ), π) was 
not investigated in this study, which could lead to 
detrimental pitting corrosion effects in DSS. Overall, this 
research shows that tailoring of the wire chemistry by 
lowering the nickel content in material G2205 provided 
an equal austenite-to-ferrite ratio of equal proportions 
with increased HV compared to G2209. The weaving 
strategy influences the local material structure, showing 
a heterogeneous distribution of ferrite. The complex 
thermal history in metal additive manufacturing, limited 
information on process and response variables, wide 
uncertainties, and higher-dimensional design spaces need 
to be fully understood to drive metal WAAM toward full 
industrialization, to reliably manufacture large complex 
metal structures with complex build strategies.
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