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ABSTRACT
Wire Arc Additive Manufacturing (WAAM) enables 3D printing of large high-value metal components.

However, integrating WAAM into production lines requires a critical understanding of the influence of

process parameters on the resulting material characteristics. As such, this research investigates the
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relationship between WAAM wire feed speed (WFS) and torch speed (TS) on the resulting mechanical
characteristics of 316LSi thick parts (2.5 cm (0.98 in)). The experimental procedure is informed by a training
matrix that allows parametric analysis of WFS and TS on the ultimate tensile strength (a,,;;), yield strength
(ay), elastic modulus (E), failure strain (&f), hardness (HV0.5) and dimensional accuracy (D,) of the printed
samples. The research found that WAAM-processed 316LSi parts feature isotropic material properties
despite variations in WFS and TS. The surrogate model developed in this study offers five significant
polynomial models capable of accurately predicting the influence of WAAM process parameters on ay;, 0y,
&, Eand D,. The research found TS to be the most significant WAAM process parameter in comparison to
WFS for o, and &. On the contrary g, E and D,were found to be primarily driven by WFS as opposed to
TS. Overall, the paper for the first time presents an accurate surrogate model to predict the mechanical
characteristics of WAAM 316LSi thick parts informed by wire feed speed and torch speed. The study
demonstrates that the mechanical properties of WAAM-processed steel are primarily influenced by the

underlying process parameters offering significant potential for tunable performance.

1. INTRODUCTION

Wire Arc Additive Manufacturing (WAAM) has proven to be a highly effective
technique in the metal AM field due to its low material wastage and high deposition rate
[1-3]. This method involves melting a metal wire through an electric arc, which deposits
the material in a layer-by-layer fashion [4]. Ongoing research efforts have focused on
addressing challenges such as in-situ monitoring of WAAM [5] and the development and
characterization of novel metallic materials [6,7]. To lower the heat input during the
WAAM process, Fronius International GmbH has developed the Cold Metal Transfer
(CMT) variant of WAAM. This variant manages the energy of the electric arc and wire

retraction through a push-and-pull electromechanical process during deposition [8].
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As a result, WAAM CMT is an improved process [9] suitable to manufacture large
high-value metal components suitable for a range of industries [2]. Literature [10,11] so
far on WAAM processes highlights the importance of controlling the energy input as the
primary influencer on the thermal history of the manufactured part dictating its
mechanical properties. However, as suggested by Rodrigues et al. [8] further refinement
in the process knowledge is necessary to optimize WAAM process parameters to predict
bulk material properties for industrial application which this research aims to contribute.

Although research on WAAM has been primarily targeted at aluminum (Al) and
titanium (Ti) due to their increasing application for light weighting and specialists
applications [8,12—15], some recent work focused on steel as it is still the most widely
used metal when it comes to the industry as a whole [16—-18]. WAAM of 316LSi stainless
steel is of significant interest due to its use in large structural parts suitable for industries
such as construction, defence, energy, naval and tooling [2,8,15]. It has also been found
suitable for functionally graded materials [19]. Studies on WAAM of 316LSi reveals that
suboptimal process parameter leads to inferior mechanical performances and
geometrical accuracy primarily dictated by excessive heat accumulation [20]. Although
WAAM is faster in comparison to other AM processes, it offers inferior geometrical
accuracy. Nowadays, process parameters are chosen accordingly to printability and to
meet mechanical requirements, as stated by Evans et al. [21].

Numerous studies [22—-27] have been conducted in this regard on a range of
materials to identify process parameters for the precise control of bead height and width.

When it comes to single beads their thickness and deposition rate are informed by a range
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of process and material parameters which include the energy input (e;), wire feed speed
(WFS), wire thickness and torch speed (TS). When it comes to steel, wire diameters of 0.8
to 1.2 mm (0.18 0.28 picas) to are often used, accordingly to the wire feeding system,
leading to a thickness in the range of 3.5-8 mm (0.83-1.89 picas) for an individual bead
[28—30]. Although studies have explored the influence of WAAM process parameters on
single and multiple beads in isolation, the observations do not always translate to
improving the quality of thick parts. Although limited, some studies on WAAM 316LSi
have characterized the isotropy of the tensile properties and the hardness variation under
varying process parameters [20,31]. Nevertheless, studies focused on exposing the
optimum WAAM process parameters suitable for thick (25 mm (0.98 in)) steel parts
offering high structural integrity are yet to be carried out.

The latest literature on the mechanical behavior of WAAM of steel explores its
hardness and tensile properties. Where there are certain cases where WAAM has offered
mechanical properties similar to that of conventionally manufactured parts [32], this is
not always the case [28]. It appears to be due to the geometry of the part and the process
parameters which influences the metallurgical phases through heat input and cooling
[33]. Meaning, an in-depth analysis of the relationship linking the process parameters and
the mechanical behavior of WAAM is called for [15]. Research carried out by Wang et al.
[31] showed that the energy input during the WAAM process impacts both the
microstructure and the bulk properties of the fabricated parts. This is of particular interest
when studying WAAM process parameters as the energy input can vary significantly

despite using a constant wire feed speed [31]. For instance, with the same process
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parameters and varying only the heat input, from 260 to 470 J/mm, Cunningham et al.
[28], found variations in elasticity modulus (from 165 GPa to 141 GPa) and ultimate tensile
strength (from 579 MPa to 565 MPa). But when it comes to estimating this impact, there
is no existing analytical model, such as equations linking the tensile properties or hardness
of a part to the first-order process parameters. Another phenomenon of interest is the
metal transfer mode which influences the resulting mechanical properties of produced
parts [34-36].

Despite the success of WAAM of steel, Jin et al. [37] in their review reveal that
there is still a lack of a holistic view on this topic. Overall, the bulk performance of the
fabricated material is closely related to wire and torch speed, heat input, cooling time,
and interlayer temperature. Although there is significant interest, no comprehensive
model of the impact of process parameters on the geometrical accuracy, tensile
properties, and hardness of thick WAAM 316LSi stainless steel are reported [38,39]. To
address this gap, the research conceives the question: How do the WAAM process
parameters affect the mechanical properties of thick 316L steel? To answer this question,
the research investigates the use of WAAM to fabricate 25 mm thick 316L stainless steel
samples. Nine different combinations of process parameters informed by a range of wire
and torch speeds were studied. The print quality of the samples was analyzed using 3D
scanning technology to characterize the influence of WAAM on the dimensional accuracy
of the prints. Subsequently, tensile and hardness tests were carried out to reveal the
mechanical behavior of the samples. The physical test data were also used to develop a

surrogate model capable of predicting the mechanical performance of WAAM stainless
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steel. The study also introduces a response surface model capable of characterizing the
interaction effects of the process parameter wire (WFS) and torch speed (TS) on elastic
modulus (E), yield strength (ay), ultimate tensile strength (ay,;.), fracture strain (&f) and
the dimensional accuracy (D). The hardness (HVO0.5) for the printed samples were also
characterized and found to be not in direct co-relation with WFS and TS. This is the first
research to bring forward a surrogate model that links the WAAM wire and torch speed

to the mechanical properties of 316LSi steel for decision making.

2. MATERIAL AND METHODS

2.1. Manufacturing process
The fabrication of all the samples evaluated in this study was carried out using the
FRONIUS TransPuls Synergic 3200 CMT WAAM station coupled to a robot KUKA KR 100
HA 2000. Communications between the robot and the WAAM system were enabled
through the AB Device Net protocol. The chosen feedstock was a 316LSi stainless steel
wire of diameter 1.2 mm (0.28 pica) which composition is given as G 19 12 3 L Si, following
ISO 14343-A standard [40]. The samples were additively manufactured on a 316L stainless
steel plate of dimension 300 x 120 x 18 mm (11.8 x 4.7 x 0.7 in). The welding torch was
mounted on the robotic arm from which the wire was fed as shown in Fig. 1a. The material
was deposited layer-by-layer on the substrate following a bi-directional triangular
scanning path. All first-order and second-order process parameters are detailed in the
next section. A pyrometer was used to monitor the interlayer temperature set at 400°C
(752°F) during the manufacturing process. In practice, the interlayer time is equal to the

cooling time of the upper layer to 400°C. The temperature was measured in the middle

6
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of the upper layer. Once the measured temperature underreached 400°C, the pyrometer

was relocated to target the next layer and the fabrication was restarted.

4 Hardness
: specimen
Vertical P
tensile ~
specimen

- ‘\Horizontal

tensile
specimen

(b)

Fig. 1. Wire arc additive manufacturing facility showing (a) the fabrication setup used and (b) the build
orientation for sample extraction

2.2. Process parameters
For WAAM, the thermal history and thus the deposited material properties are
dictated by the heat input (e;) in J/mm [41,42] which is calculated following Eq. (1):
U XI

TS (1)
where n is the energy efficiency. For WAAM CMT it is 80% [43,44]. U is the welding

e, =nX

voltage in V, and | is the welding current, in A, responsible for the creation of the electric
arc. U and | are linked to WFS which is the wire feed speed i.e., the speed at which the
wire (feedstock) goes through the welding torch. Through the synergic laws developed by
Fronius, U and | are determined according to WFS. TS is the torch speed, expressed in
mm/s. TS is the speed of displacement of the robot holding the welding torch through the
scanning path. There are numerous considerations when determining the limits of the
process parameters to inform the training matrix. The first one is that the chosen
parametric combinations should achieve a consistent, fully dense track. Generally, both

the wire and torch speed are carefully controlled, to ensure the right amount of heat
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input. Insufficient heat input causes incomplete layers melting which is one of the factors
leading to the formation of porosity [45]. On the contrary, high heat input might lead to
an unstable melt pool and poor geometrical accuracy, depending on the geometry of the
printed part and the deposition strategy [46]. As such, there is an optimum parametric
window that achieves a continuously fused material track [47].

The first-order WAAM process parameters are WFS and TS. Second-order process
parameters such as current, voltage, heat input, and the scanning period of the triangular
deposit vary according to the chosen values of WFS and TS. The nominal values for these

varying process parameters are summarized in Table 1.

Table 1. Nominal first-order process parameters WFS and TS and the related nominal second-order process parameters.

Part WES TS u I e; Scanning
reference m/min m/min \Y, A J/mm period mm

(a) 5 0.60 12.5 165 165 3.6
(b) 7.5 0.60 134 219 234 5.2
(c) 10 0.60 14.0 260 291 6.0
(d) 5 0.75 12.5 165 132 3.2
() 7.5 0.75 13.4 219 188 4.5

(f) 10 0.75 14.0 260 233 54
(g) 5 0.90 12.5 165 110 2.9
(h) 7.5 0.90 13.4 219 157 4.1

(i) 10 0.90 14.0 260 194 4.3

The mean measured values for WFS current, voltage and mean layers height are
displayed in Table 2. The estimated heat input based on the measured values of current

and intensity is also provided. The fixed second-order parameters are synthesized in Table
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Table 2. Measured WFS and specific second-order process parameters.

Calcul
Measured parameters alculated
parameters
WFS u | Layers
Part (mean) (mean) (mean) Number height e;
ref . of layers (mean) J/mm
m/min \Y; A
mm
(@ 56+0.6 11.9+0.8  159.2%55 31 5.2+0.6 151.6 + 11.5
(b) 80%13 13.4+15 205.8+8.7 35 47+0.3 220.6 +26.4
() 9.7#%17 159+1.6 218.5%-14.6 38 43+0.6 277.9 + 28.6
(d) 53%05 11.5+06  159.8t23 34 4.8+0.6 117.6 6.4
(e) 83%14 13.7+15 209.5+8.5 37 4.4+0.7 183.7+21.4
(f) 9.2+ 13 14.0+15 229.1£15.7 46 35+1 205.3+22.6
(g) 5.2%-06 11.6+0.6 158.7+4.8 35 4.7 +0.5 98.2+5.9
(hy 7.8+09 13.2+09 210334 38 43+0.8 148.1 + 11.7
() 87%13 149+13 22641145 40 40+0.6 179.9 + 16.1

Table 3. Synthesis of deposit and WAAM second-order process parameters used.

Height / Width / Length 160 mm x 25 mm x180 mm

Deposit Deposition strategy Triangular path - bidirectional
Scanning amplitude 25 mm
Shielding Gas Mison 2 (Ar + 2% CO2 + 0,03% NO)
Shielding Gas rate 17 L/min
WAAM Process  CMT synergic law CMT 1627 - base 0979
Stick out 15 mm

Interlayer temperature 400°C

2.3. Post-processing
A heat treatment was applied to all produced parts (4 hours at 500°C (932°F) with
heating and cooling phases of 50°C/h (122°F/h)) to remove the residual stresses without
significantly modifying the mechanical properties of the printed material. Following the
heat treatment, the parts were post-processed using five-axis and electrical discharge
machining (EDM) to extract the test samples which are informed in Table 4. Regarding

tensile specimens, two sample orientations (vertical and horizontal) as shown in Fig. 1b
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were considered to check the isotropy of the fabricated material. For each direction, 3
specimens were cut out for each part. Regarding the hardness specimens, all the tests

were carried out on polished flat samples that were extracted using submerged wire EDM.

Table 4. Shape, size and number (n) of extracted specimens from WAAM 316LSi samples for mechanical testing.

Type Shape and size Specimen count (n)
Horizontal tensile 8100 3 per parts
specimen w\@ n=27
% n g |:|
a N -
Vertical tensile _J_l 3 per part
specimen 1050 3500 g - n=27
Tensile test specimen drawing and specifications
< 75 mm >
1 per part
£ n=9
. &
Hardness specimen Number of
indentations:
Hardness specimen and schematic location of the Ni= 9 x 15 = 135

indentations

2.4. Characterization of dimensional accuracy

Among the range of additive manufacturing technologies, WAAM is commonly
acknowledged as the most appropriate method for producing sizeable components. Small
dimensional inaccuracies during printing can become significant changes when translated
to large parts affecting the limits and fits. As such the dimensional accuracy becomes a
significant parameter when characterizing the quality of WAAM parts. In this study, the
dimensional accuracy parameter estimates the discrepancies between the surfaces of
each printed sample and their ideal computer-aided design (CAD)[48]. On Fig. 2a and 2b,
an exaggerated representation of the difference between a printed sample in black and

the targeted CAD in blue is schematized.

10
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Hy

(a) (b)

Fig. 2. Schematic representation of the difference between the surfaces of the printed part (in black) and
the targeted geometry (in blue) in general view (a) and cross-sectional view (b)

To evaluate the accuracy between the surface of the manufactured part and the
targeted CAD, the distance between each pairwise points €;; of both surfaces (printed and
targeted) is measured all over the additively manufactured part.

Then for each part, the mean distance between all points of the surface of the
printed sample and the targeted geometry is calculated. The mean (Dg(mean)) and
maximum (Dg(max)) distance between each pairwise points of the surface of the
manufactured part and the surface of the targeted part (the CAD), were measured, as
informed by the literature [49,50]. They are defined by Eqg.2 and Eq.3.
22y @)

i X ]

Daimax) = max( Eij) (3)
The dimensional accuracy (D, ) is defined as D mean) scaled down to a percentage

Da(mean) =

of the part's dimensions, in this case its targeted height (H;), as described by Eq.4. The
targeted height (H;), represented in Fig. 2a, is 160 mm (6.3 in).

D a(mean)

D,=1-
a Ht

(4)

11
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To characterize the dimensional accuracy, the printed samples were scanned
using the Faro robot laser scanning arm featuring non-contact Laser Line Probe (LLP)
technology, where the laser is informed by the Faro Cam2 software. The scanned samples
were compared with the ideal geometry informed by the original CAD.

2.5. Tensile testing

To analyze the stress-strain (o-€) behavior of WAAM 316LSi stainless steel, 54 test
specimens were subjected to tensile testing. The configuration of the tensile specimens
taken from the printed part are presented in Table 4. The tensile tests were performed
using a Zwick Roell Z1474 universal material testing machine that has a maximum load
capacity of 100 kN. Prior to conducting the experiments, the equipment was calibrated
and validated in accordance with BSENISO 7500-1 (O 7500-1:2018 - Metalli, 2018). To
ensure quasi-static deformation as specified by the ISO 6892-1:2019(E) [51] standard, the
test coupons were pulled to failure at a rate of 0.63 mm/min. Deformation beyond the
elastic limit was necessary to analyze the failure modes and the overall behavior of the
material processed by WAAM. To capture the fine strain around the yield zone, a five-
millimeter gauge extensometer, as shown in Fig. 3, was affixed to each of the samples.
Based on the o-€ curve, the properties of the test samples were characterized for elastic
modulus (E), fracture strain (&), yield strength (a,) and ultimate strength (o). To avoid
data contamination due to sample slippage, non-slip platens were utilized for all

mechanical testing.

12
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Fig. 3. Mechanical testing of the WAAM samples showing the non-slipping platens and the placement of
the fine-strain extensometer mounted to the test specimen

2.6. Hardness testing

The Vickers hardness tests were carried out using a Zwick/Rowell Indentec
hardness machine. For each parametric combination of the WAAM process parameters,
a sample of length 75 mm was extracted to characterize the hardness as shown in Table
4. To characterize the relationship between hardness to the length of the sample, 15
indentations were performed at 5 mm spacing between each indentation. The
indentations were performed using a 500 gf (HV0.5) diamond head held for 15 seconds.
To ensure the consistency of the data observed, another set of 15 indents was performed
at 5 mm from the first one. All indents were measured with the Zwick/Roell ZHu software
using a 40x magnification lens.

2.7. Surrogate modelling

Surrogate models are analytical models that can replicate the relationship
between input parameters and output characteristics in a complex system. Development
of surrogate models requires carrying out scientifically constructed experimental tests

informed by methodically created training matrices referred to as sampling points.

13
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Surrogate models can thus be seen as a set of equations that reveals the relationship that
exists between a range of targeted input and output parameters [52]. Such models have
been developed for various AM techniques and applications [38,53].

The experimental trials were conducted in accordance with the training matrix,
and regression analysis was employed to establish the correlation between the WAAM
process variables and the resultant responses of the printed 316LSi samples. The two
process variables selected as input parameters for the surrogate modeling were the wire
feed speed and torch speed. Subsequently, best-fit empirical models were derived
through randomized experimental data measured for the responses E, &, 0y, 03¢, HV0.5
and Da. The models generated were employed to determine the significance of the
contributing WAAM process parameters on the characteristics of the printed 316LSi
samples. By utilizing the surrogate model, it became possible to determine the optimal
WAAM process parameters combination, which results in improved mechanical
properties.

3. RESULTS AND DISCUSSION
3.1. Morphology and accuracy of the printed sample

Altogether nine WAAM samples were fabricated according to the different
combinations of WFS and TS leading to different energy inputs (e;). The effect of the
process parameters on the ultimate morphology of the printed samples is illustrated in
Fig. 4. It can be seen that a lower WFS results in a cleaner part (Fig. 4a, 4d and 4g) with
fewer geometrical defects at the global scale. Thanks to a lower heat input induced by a

lower WFS less geometrical defects occur [54]. Moreover, once layers are being built on

14
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top of one another, side collapse may appear due to excessive heat at the beginning of
layers [8]. The printed tracks are also thinner which results in a final part closer to the
original ideal geometry informed by CAD. The main geometrical defects at the global scale
are primarily influenced by the high energy input signified by spattering and edge
collapsing as shown in Fig. 4b, 4c and 4e. Spattering, melt pool overflowing and edge
collapsing are due to the instability of the process and result in a poorer surface finish

around the edges [8].

e VA TS R

Fig. 4. Images of the additively produced components, fabricated using randomized combinations of
process parameters (where WFS represents the wire feed speed, and TS represents the torch speed) that
were later employed to train the surrogate model, as specified in Table 1

Although these are evident in Fig. 4f, 4h and 4i to a smaller extent, the
phenomenon is particularly obvious in Fig. 4b, 4c and 4e. Edge collapsing in additive
manufacturing is primarily due to excessive heat when depositing a new layer over the

previous one [55]. This phenomenon can be perceived as an arc shape that is magnified

15



303

304

305

306

307

308

309

310
311

312
313

314

315

Journal of Manufacturing Science and Engineering

by the number of layers, causing a variation in the overall height between the edges and
the center. This is particularly visible in the parts corresponding to Fig. 4b, 4c and 4e.

Fig. 5 shows the scanned data of all the WAAM samples with the deviation from
the ideal geometry highlighted. The color scale highlights the zone of minimum and
maximum deviation from the ideal. The contours highlighted in blue indicate areas of
lowest deviation and the ones in red highlight the area of maximum deviation between

WAAM samples and the ideal geometry.

() 20ue}sIp PROJR-03-pROID

Fig. 5. Points cloud comparison between ideal geometry and additively manufactured 316LSi featuring the
process parameters detailed in Table 1

Comparing the data, it is clear that the sample shown in Fig. 5d shows the
minimum deviation offering the best dimensional accuracy of all the samples fabricated.

The worst dimensional accuracy was observed for the sample presented in Fig. 5¢ showing

16
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significant spattering, and edge collapse leading to an arch shape. The reasons for this can
be explained by looking at the effect of torch speed and wire speed through the heat
input (Eg. 1) on the dimensional accuracy as shown in Fig. 6a and 6b.

The reason for the variation in dimensional accuracy (D,) between the WAAM
printed samples are evident from Fig. 6a. The data shows that the lowest cloud-to-cloud
distance, thus the highest dimensional accuracy, is when the heat input is low. This shows
that a low heat input, driven by a high TS and a low WFS, results in a more precise
geometry of the printed part. On the other hand, parts printed at high energy input, with
higher WFS, present a poorer geometrical accuracy.

Fig. 6a and 6b demonstrate that the fluctuation in the mean and maximum
distance, which is influenced by the energy input of the WAAM process, falls within the
range of 0.63-2.93 mm and 9.10-22.06 mm, respectively. Translating this to design
guidelines suggests that the WAAM process can lead to a deviation of 0.35% in
dimensional accuracy when using a wire diameter of 1.2 mm. For both mean and
maximum deviation, the worst and best correspond to the higher and lower energy input
respectively. Overall, Fig. 6a and 6b show that a linear relationship (R?>=0.8287) and
(R?=0.6233) exists between e; and the dimensional accuracy for the parts being analyzed.
This means that an optimum WAAM process parametric should feature a WFS and TS
combination leading to a low energy input that is sufficient for creating a consistent melt
pool. Further analysis of the interdependency on the process parameters is carried out

using the surrogate model later in this article.
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Fig. 6. Dimensional accuracy of the printed samples in comparison to ideal geometry as a function of heat
input showing (a) the mean and (b) the maximum cloud-to-cloud distance between the manufactured
316LSi samples and the ideal geometry

3.2. Mechanical properties

3.2.1. Tensile properties
The stress-strain (o-g) data extracted from experimental tests carried out on all

WAAM specimens informed by the training matrix at different energy inputs are shown

in Fig. 7. The o-¢ data is further collated based on the sample build orientation where Fig.

7a and Fig. 7b shows the performance of the vertical (V) and horizontal (H) samples

respectively.
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Fig. 7. Stress-strain curves of WAAM parts sorted by energy input and direction of the tensile specimen

showing (a) vertical samples and (b) horizontal samples
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The curves are representative of the standard stress-strain response expected
from bulk metals with no spurious effects confirming that any differences observed are
informed by the WAAM process. Comparing the data between vertical (Fig. 7a) and
horizontal (Fig. 7b) build orientation, no significant differences were observed at similar
energy input indicating an isotropic behavior of the printed samples. This means that for
the cold metal transfer WAAM process, austenitic stainless steel 316LSi can be printed
either in vertical or horizontal orientation without any difference in the mechanical
properties if the energy input is within 110-291 J/mm. In comparison studies conducted
by Miiller et al. [56], Sun et al. [57] and Cunningham et al. [28] reported the potential for
anisotropy when printing steel using WAAM. In general, the variation in mechanical
properties among different printing directions is attributed to interlayer softening caused
by an inhomogeneous microstructure, as well as non-uniform strain distribution resulting
from differential cooling. However, the findings here seem to suggest that the tendency
for anisotropy is insignificant when printing thicker parts, especially at lower energy
inputs (110-216 J/mm). This might be mainly influenced here by the inter-layer
temperature set at 400°C and by the heat treatment applied to all printed parts.
Nevertheless, the elastic modulus (105-156 GPa) dictating the material stiffness is
consistent with the WAAM of thinner samples as reported in the literature [28].

Looking at the yield and ultimate strength, the data indicates that the WAAM
samples are performing in the range of 281-314 MPa and 572-603 MPa respectively which
are higher than the industry requirement. The observations are also consistent with the

literature on thin samples printed at or higher energy inputs. Comparing the data based
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on energy input indicate that irrespective of the print orientation used, the mechanical
performance of the printed samples is significantly influenced by e;. Looking at the
deviation rate, the highest difference was observed for elastic modulus which is
consistent with literature at a difference of 33% between lower and higher values [28].
The lowest influence of e; was found for o,;; indicating a 5% different between the
extremities. When it comes failure strain which signifies the elastic and plastic elongation,
a difference of 14% was observed as a result of varying the energy input. Overall, the
relationship between the mechanical properties (E, &, g, and gy,;¢) of the WAAM samples
and the energy input dependent upon the wire speed and torch speed. These aspects are
explored and mathematically quantified using the surrogate model later in the analysis.
Analyzing the failure strain for WAAM 316LSi as shown in Fig. 7, the strain
associated with failure is representative of a ductile metallic material. The ductile
classification is appropriate as the failure strain exceeds 38% strain at fracture for all the
process parameter combinations tested. The most ductile behavior is signified by a 44%
& was revealed by two samples printed at 110 and 132 J/mm that correspond to the two
lowest energy inputs used. The amount of plastic strain quantified by & becomes
important when using steel for fabricating energy absorption structures. For these
applications materials with high ductility offer higher performances as they can sustain
larger plastic deformation. In this regard fabrication techniques that can preserve or
enhance high & of materials are significant. In this regard, WAAM seem to offer a wide

range of & customizability depending on the energy input.
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The mean values of experimentally obtained E, &, 0, and gy;;; from 316LSi WAAM
samples are compared with typical values observed from conventionally fabricated

samples as listed in Table 5.

Table 5. Comparison of mechanical characteristics of 316LSi stainless steel material manufactured from different

techniques.
Process 6.1 (MPa) 6, (MPa) E (GPa) & Ref
Cast 552 262 - 40% [59]
Wrought 525-623 255-310 - 30% [60]
Industry-standard 450 170 190 40% [32]
WAAM 533+23 2356 - 48% + 2% [32]
WAAM 5506 418 - - [31]
WAAM 549-582 297-330 112-192 35%-47% [28]
WAAM-CMT 572-603 281-314 105-156  38%-44% pgtejj;t

It can be seen that yield and ultimate strength of WAAM-fabricated 316LSi
significantly outperform conventional fabricated samples. The elastic modulus data of
WAAM 316LSi samples are rare in literature, however, comparison with industry
requirements for 316LSi suggests that the WAAM samples are underperforming by
19.65%. Nevertheless, ¢, 0, and g,,;; obtained are consistent with the requirements of
the industry. These trends indicate the importance of multi-objective optimisation and
surrogate modelling of the WAAM process parameters to print components with targeted
performance requirements.

3.2.2. Hardness
Analysis of the data as shown in Fig. 8a shows a complex relationship between the

wire and torch speed of the WAAM process concerning the hardness of printed 316LSi.
At lower WFS of 5 m/min, the hardness seems to vary by 4.2% at a TS range of 0.6-0.9

m/min. This trend seems to be consistent also at high WFS of 10 m/min resulting in a
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hardness variation of 4.5%. However, when a medium WFS of 7.5 m/min was used, the
influence of TS seems to be significant leading to only a 0.7% variation in the hardness
data measured. The hardness of the printed samples varied between 195 and 209 HV0.5
with no significant correlation to the energy input as shown in Fig. 8b. These findings are
consistent with the observations of Bourlet et al. [3] in another grade of stainless steel
manufactured by WAAM. Although the mean hardness values observed are consistent

with the literature [31,32], no influence of sample or print height on the data was

observed.
210 - 210
Fri OTs=0,60m m¥n o
A Ts= 0,75 m/min
©Ts= 0,90 m/min
205 G 2
205 2 . 205 o
Ly ad llf
e &
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u] 1—(& o
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A
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Fig. 8. Vickers hardness measurements at 500 gf for 15 s on wire arc additively manufactured 316LSi
samples showing the influence of (a) WFS and TS and (b) heat input

3.3. Surrogate modelling

3.3.1. Training matrix and regression analysis
The analysis thus far establishes the need for effective control of WAAM process

parameters namely wire and torch speed for targeted mechanical properties. Doing this
on a case-by-case basis requires establishing accurate analytical relationships between

the parameters (WFS and TS) and responses (E, &, 0, 0y, Dg and HVO0.5) of interest. To
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establish the relationship between the process and properties, a randomized Central

Composite Design (CCD) training matrix was developed, which is presented in Table 6.

Table 6. The surrogate model training matrix indicates the randomized parameters and the corresponding measured
responses. WFS represents the wire feed speed, and TS is the torch speed. The responses measured include oy
(ultimate tensile strength), o, (yield strength), E (elastic modulus), & (fracture strain), HVO.5 (Vickers hardness), and
D, (dimensional accuracy).

Variable factors Responses
A=WFS B=TS o c E
(m/min) (m/min) (Mllgl;) (Mlgla) (GPa) & HV0.5 Da
7,50 0,75 603 296 105 38% 198 98.87%
7,50 0,90 572 286 118 41% 198 99.37%
7,50 0,75 603 296 105 38% 198 98.87%
7,50 0,75 603 296 105 38% 198 98.87%
7,50 0,75 603 296 105 38% 198 98.87%
7,50 0,75 603 296 105 38% 198 98.87%
5,00 0,90 584 281 141 44% 200 99.49%
5,00 0,75 602 299 146 44% 201 99.61%
5,00 0,60 602 299 156 43% 209 99.55%
7,50 0,60 597 295 132 40% 199 98.39%
10,00 0,90 577 301 139 43% 195 98.77%
10,00 0,75 592 314 154 41% 204 98.80%
10,00 0,60 591 300 134 42% 201 98.17%

Keeping all the other parameters constant, two WAAM process parameters (WFS
and TS) that have the highest influence on the heat input were chosen as the variable
factors. Informed by the parametric combinations of the matrix, samples were printed
using 316LSi stainless steel. These samples were subsequently characterized for their
mechanical properties as listed in Table 5 which acts as the basis for the surrogate model.
After performing regression analysis on the training data in Table 5 and utilizing the best-
fit indicators, it was found that the ultimate tensile strength, yield strength, elastic
modulus, and fracture strain have a quadratic relationship with the WAAM process
parameters, as shown in Eq. 5, 6, 7, and 8. A quadratic relationship usually signifies

significant interaction effects among the considered process parameters. The presence of
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interaction effects indicates the need for a critical understanding of both individual and
cumulative contributions of the selected process variables to accurately control the
properties of the printed samples. When it comes to dimensional accuracy, a two-factor
interaction model with the process parameters as shown in Eq. 9 has been identified. The
regression analysis on hardness data indicated a random response, meaning any

relationship is not directly linked to WFS and TS.

Our = 329 — 1.7 WFS + 826 TS + 3.3 WFS.TS — 0.17 WFS? — 609 TS? (5)
oy, =230 — 253 WFS + 438 TS + 12.6 WFS.TS + 1.22 WFS? — 375 TS? (6)

E =669 —88WFS—577TS + 13.8 WFS.TS + 5.1 WFS? + 297 TS? (7)

2.9 5.2 , ,
g = 1.07 — 0.08 WFS — 1.01 TS + —— WFS.TS + —— WFS? +0.68 TS? (8)

1000 1000
D, = 1.02 >3 WFS 4+ 0.02TS + 1.4 WFS.TS (9)
a=— - 1000 ' 1000 '

3.3.2. Model accuracy
Table 7 summarizes the results of the analysis of variance (ANOVA) used to

evaluate the accuracy of the surrogate models developed. The relevant accuracy
indicators, including the probability (p-value), coefficient of determination (R?), Adjusted
R?, and Adequate precision, were considered. The F-values were high, and the p-values
were very low for all models, indicating their significance. According to statistical
standards, surrogate models with a p-value of less than 0.05 and an adequate precision
ratio greater than four indicate an accurate model [58]. Furthermore, the R? and Adj-R?
values approaching one also confirm that the surrogate models are accurate for all the

considered responses.
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Table 7. The statistical technique called analysis of variance demonstrating the precision of the surrogate model.

Statistical Measurements

Model F-Value p-Value R Adj—Rz Adeq-Precision
Oyt (MPa) 21.68 0.0004 0.9393 0.8960 13.1569
o, (MPa) 36.21 <0.0001 0.9628 0.9362 22.4262

E (GPa) 8.44 0.0071 0.8578 0.7562 7.4963

g (%) 25.02 0.0002 0.9470 0.9092 12.9107

D, (%) 20.55 0.0002 0.8301 0.7721 14.2207

Fig. 9 illustrates the correlation between the genuine responses and the ones

obtained from the surrogate model.
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Fig. 9. The precision of the surrogate model is exhibited through a comparison of the forecasted and

experimentally measured values for the parametrically produced 316LSi parts for (a) oy, (b) gy, (c) E, (d)
&, () Dg

The actual values measured from the experiments seem to closely match the
predictions indicating the validity of the surrogate model. Looking at the residuals

(difference between predicted and actual value), and considering a worst-case scenario,
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the models offer an accuracy of 99%, 98,9%, 88.9%, 97,2% and 99,7% for oy, 0y, E, &f,
and D, respectively. However, for most predictions other than for the worst-case the
accuracy should be much higher than those mentioned. In general, the results of the
analysis of variance indicate that the models created in this research are appropriate for
generating accurate forecasts. As a result, equations 2-6 effectively depict the association
between the wire feed speed, torch speed, the resulting mechanical properties, and the
dimensional accuracy of WAAM 316LSi.

3.3.3. Influence of wire feed speed
The influence of WFS on the mechanical properties and dimensional accuracy of

WAAM fabricated 316LSi steel at a constant TS of 0.75 m/min, is shown in Fig. 10.

610 315 160

O 1 (MPa)
o, (MPa)
E (GPa)

s 6 7 8 9 10 s 6 7 %8 9 10 5 6 7 %8 9 10
Wis (m/min) Wis (m/min) Wis (m/min)

(a) (b) (c)

100%

D, (%)

3805 i TR A 98%_ ....... b T
5 6 7 8 9 10 3 6 7 8 9 10
‘Wis (m/min) ‘Wis (m/min)

Fig. 10. Influence of wire feed speed on (a) gy, (b) gy, (c) E, (d) &, (e) D, with experimental points

Looking at the ultimate tensile strength of the printed steel as shown in Fig. 103,
an almost linear trend to WFS can be observed. The highest g,,;; of 605 MPa was observed

at the lowest WFS of 5 m/min and then decreasing linearly to 596 MPa as the WFS
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increased to 10 m/min. This indicates that controlling the WFS can influence the oy,;; of
WAAM 316LSi by 1.5%. In comparison, the yield strength (Fig. 10b) seems to show a
quadratic relationship to wire feed speed. Here, the critical WFS seems to be 7.5 m/min
after which the o, rises consistently with subsequent increases in WFS reaching a peak of
310.5 MPa which is an improvement of 4.9%. However, changes in WFS speed below the
critical speed of 7.5 m/min did not seem to significantly affect the yield strength of the
printed material.

The elasticity modulus and fracture strain showed a comparable quadratic
relationship when it comes to the influence of WFS as shown in Fig. 10c and 10d. For both
cases, the lowest performance of 108.5 GPa and 38% for E and &, respectively, was
observed around a WFS of 7.5 m/min. Any reduction or increase in wire feed speed from
this mid-point seems to increase both the stiffness and ductility of the printed steel.
However, in both cases, the highest performance seems to be when WFS is at its lowest
offering a 27.4% and 10% improvement in E and & respectively. Characterising the
influence of WFS on the dimensional accuracy of the printed samples reveals a linear
relationship as shown in Fig. 10e. The inverse relationship means that the higher the wire
feed speed, the less accurate is the part geometry in comparison to ideal CAD. Overall,
the parametric analysis indicates the use of low WFS is beneficial for improving a,,;;, E, &¢
and D,. However, improving the yield strength requires the use of higher WFS around 10
m/min which suggests that the mechanical performance is influenced by the interaction

effects of the process parameters which are considered in subsequent sections.
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3.3.4. Influence of torch speed
The effect of TS on the mechanical characteristics and the dimensional accuracy

of the printed material is shown in Fig. 11 for a constant WFS of 7.5 m/min.
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Fig. 11. Influence of torch speed on (a) gy, (b) gy, (c) E, (d) &, (e) D, with experimental points

The ultimate tensile strength (Fig. 11a) and the yield strength (Fig. 11b) of the
WAAM 316LSi stainless steel demonstrate a concave quadratic relationship to torch
speed. The highest g,,;; of 603 MPa was observed at a torch speed of 0.7 m/min which is
neither the highest nor the lowest TS being tested. Increasing WFS further seems to
gradually decrease the g,,;; to the lowest performance of 579 MPa at the highest TS of
0.9 m/min. Looking at the yield strength a similar trend can be observed with a highest of
297.5 MPaat a TS of 0.7 m/min which subsequently decreased to 284 MPa as TS increased
to 0.9 m/min. Therefore, it is clear that 0,;; and oy, of the 316LSi WAAM material are

varying at 4% and 4.5% as a result of torch speed.
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In comparison, the elastic modulus (Fig. 11c) and the failure strain (Fig. 11d) show
a convex quadratic relationship to TS. This indicates that the elastic modulus peaked
(119.5 MPa) at a torch speed of 0.6 m/min before decreasing to 108 MPa as TS was
lowered to 0.8 m/min. This resulted in an overall variation of 10% in elastic modulus at a
torch speed range of 0.6-0.9 m/min. For &f, the lowest ductility of 38.2% elongation was
at a torch speed of 0.72 m/min before increasing to 40.4% at 0.9 m/min, which is an
improvement of 5.6%. Characterizing the influence of TS on the dimensional accuracy of
the printed samples reveals a linear relationship as shown in Fig. 11e. This suggests that
the dimensional accuracy improved consistently as TS was increased leading to the most
accurate prints at the highest TS of 0.9 m/min. This means that parts with higher
dimensional accuracy are fabricated at higher TS values. This trend is consistent with the
performance of & also offering improved ductility at high TS. Nevertheless, this
observation does not translate to the mechanical strength of the printed samples as high
torch speed leads to lower yield and ultimate strengths. The analysis shows that the
mechanical strength parameters at a torch speed of 0.7 m/min outperformed all other
parametric values for oy, and ;.. This induces the investigation of interaction effects of
the process parameters which influence the mechanical performance as explained in
subsequent sections.

3.3.5. Interactions effects of the wire feed speed and torch speed
Although WFS and TS can be varied independently, the analysis so far confirms

that their interaction has the most significant effect on the material properties and the
accuracy of the printed samples. This is not surprising as these two WAAM process

parameters are directly related to informing the energy input during the printing process.
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As such, studying the interaction effects between these two process parameters and
identifying their order of influence is critical in evaluating their cumulative influence on
the material properties. The interaction effects of WFS and TS on all the performance

parameters of the printed 316LSi steel are shown in Fig. 12.

Fig. 12. Influence of process parameters on WAAM 316LSi showing interaction effects between wire feed
speed and torch speed on (a) gy, (b) 0y, (c) E, (d) &, (e) Dq

Looking at the ultimate tensile strength of the printed steel as shown in Fig. 12a
reveals the interdependence of process parameters with TS having a higher significance
to WFS. The peak ultimate strength can be observed as a cumulative effect of TS and WFS
being at 0.73 m/min and 5.6 m/min respectively. Overall, the most significant terms on
ot are the second-order and first-order effects of TS and WFS followed by their
interaction effects in the order TS? > TS > WFS > WFS.TS > WFS?. This means that

if the goal is to achieve the highest ultimate tensile strength for the printed materials,
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interaction effects between the torch speed and wire speed have to be considered in
identifying the optimum process parameters.

The yield strength of the printed material as shown in Fig. 12b reveal significant
interdependencies between WFS and TS. The highest yield strength of 311 MPa was
observed because of the cumulative effect of torch and wire feed speed of 0.75 m/min
and 10 m/min respectively. Overall, the most significant terms on o, are the first and
second-order effects of wire feed speed and torch speed followed by their interaction
effectsinthe order WFS > TS? > WFS? > TS > WFS.TS. As all terms of the model are
significant, optimizing WFS and TS is critical in achieving the desired yield strength when
WAAM processing 316LSi.

Fig. 12c shows the interaction effects of the WAAM process parameters on the
elastic modulus of the printed material. Although there exists an interaction between
both the process parameters, the data reveals WFS as having a higher influence in
dictating E in comparison to TS As such the most significant term is the second-order
effect of the wire speed in the order WFS? > TS? > TS > WFS.TS > WFS. This means
that if the target is to obtain a stiffer material with maximum elastic modulus a
combination of low TS and WFS around 0.6 m/min and 5 m/min respectively are
warranted.

Other than stiffness and strength, ductility is a critical parameter when it comes
to additively manufactured materials. As such the analysis of the interaction effects is
extended to characterizing the failure strain where a higher failure strain indicates an

improved ductility. Analyzing the data shown in Fig. 12d indicates that both WFS and TS
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are significant when it comes to the failure strain of the material. It appears that the
fabricated material is more ductile when the torch speed and wire feed speed are around
the extremities. This means that good ductility can be achieved in WAAM printed 316LSi
when either both WFS and TS are either low or high. For the process parameter ranges
considered in this study, peak & was observed at a combination of 5 m/min (WFS) and
0.87 m/min (TS). Overall, the most significant terms on & are the second-order effects of
wire feed speed and torch speed followed by their first-order effects and the interaction
effects in the order TS? > WFS? > TS > WFS > WFS.TS. Consequently, optimising
the elongation of the WAAM 316LSi requires careful consideration of both TS and WFS.
Lastly, the influence of the process parameter interaction on the dimensional
accuracy is shown in Fig. 12e. The interaction effect is only significant at high WFS of
around 10 m/min. As such for much of the process parameter ranges considered in this
study, both WFS and TS seem to be influencing the parts independently in a linear fashion.
However, TS has a higher significance in dictating the dimensional accuracy of the parts
in comparison to WFS. Overall, the most significant terms on D, are the first-order effects
of wire feed speed and torch speed followed by their interaction effects in the order
WFS >TS >WFS.TS. Therefore, to achieve high dimensional accuracy for WAAM
printed steel, interaction effects between the wire feed speed and the torch speed must
be considered although to a relatively lesser extent. Considering all the analyses, the
optimum values from the surrogate modelling for the mechanical properties of WAAM
printed steel are summarized in Table 8. This data shows the potential of using WAAM in

an industrial setting depending upon the dimensional accuracy and properties required.
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Table 8. Synthesis of the optimum values from the surrogate model for the mechanical properties considered according
to the range of tested WFS and TS.

Mechanical Optimum value  Corresponding WFS Corresponding TS
properties (m/min) (m/min)
ot (MPa) 606 5.6 0.73
Oy (MPa) 311 10 0.75
E (GPa) 157 5.0 0.61
gr (%) 44 5.0 0.87
D, (%) 99.6 5.0 0.6

4. CONCLUSION

The mechanical properties of WAAM processed metals are of significant interest
to the industrial community. Despite this, comprehensive models that can predict the
influence of relevant process parameters on the resulting properties of 316LSi steel are
yet to be reported. As such, the paper reveals the first surrogate model that can predict
the influence of wire and torch speed on both the mechanical properties and dimensional
accuracy of WAAM-processed 316LSi steel. The surrogate model was informed by
experimentally conceived training data that found an isotropic behavior of WAAM-
printed steel for thick parts (25 mm —0.98 in). It was also found that carefully controlling
the wire and torch speed can lead to ultimate tensile strength (606 MPa), yield strength
(311 MPa) and failure strain (44%) that meets or exceeds the industry requirement for
316LSi steel. While the mean hardness (202 HVO0.5) of the printed samples was consistent
with the literature, no variation according to print height was observed. When it comes
to the quality of the printed samples, a low wire feed speed of 5 m/min (39.4 in/min) was
found to print samples at an accuracy of 99.6% in comparison to the ideal CAD. The elastic
modulus of the printed samples was found to be in the range of 105-157 GPa depending

upon the parametric combination of wire and torch speeds used allowing stiffness
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personalization. The surrogate model found that the ductility of the printed steel was
primarily influenced by wire feed speed and can offer up to 44% elongation. Although,
the study found significant interaction effects between different WAAM process
parameters for all mechanical properties. The torch speed (TS) was found to be more
significant in comparison to wire feed speed (WFS) for ultimate tensile strength (o,,;;) and
failure strain (&¢). On the contrary, the yield strength (o)), elastic modulus (E) and
dimensional accuracy (D,) were found to be primarily driven by wire feed speed as
opposed to torch speed. The proposed surrogate model drastically reduces the pre-
processing requirements of WAAM-printed 316LSi steel and allows the manufacturer to
control the process to obtain targeted mechanical properties.
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655 NOMENCLATURE

656
AM Additive manufacturing
CAD Computer aided design
E Elastic modulus
HV0.5 Vickers hardness measured at 500gf
WAAM Wire arc additive manufacturing
D, Dimensional accuracy as defined in Eq. (4)
Dg(max) Maximum dimensional accuracy refers to the maximum cloud to cloud
distance measured for a specific part
Dy (mean) Mean dimensional accuracy refers to the mean cloud to cloud distance
measured for all points of each part
e; Calculated energy input or heat input of WAAM process
WFS Wire feed speed
TS Torch speed
& Failure strain
Oult Ultimate tensile strength
ay Yield strength
316LSi Stainless steel 316L
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Figure Captions List

Wire arc additive manufacturing facility showing (a) the fabrication setup
used and (b) the build orientation for sample extraction

Schematic representation of the difference between the surfaces of the
printed part (in black) and the targeted geometry (in blue)

Mechanical testing of the WAAM samples showing the non-slipping
platens and the placement of the fine-strain extensometer mounted to
the test specimen

Images of the additively produced components, fabricated using
randomized combinations of process parameters (where Wy, represents
the wire feed speed, and Tgrepresents the torch speed) that were later
employed to train the surrogate model, as specified in Table 1

Points cloud comparison between ideal geometry and additively
manufactured 316LSi featuring the process parameters detailed in Table 1
Dimensional accuracy of the printed samples in comparison to ideal
geometry as a function of heat input showing (a) the mean and (b) the
maximum cloud-to-cloud distance between the manufactured 316LSi
samples and the ideal geometry

Stress-strain curves of WAAM parts sorted by energy input and direction
of the tensile specimen showing (a) vertical samples and (b) horizontal

samples
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Fig. 8

Fig. 9

Fig. 10

Fig. 11

Fig. 12

868
869

Vickers hardness measurements at 500 gf for 15 s on wire arc additively
manufactured 316LSi samples showing the influence of (a) Wy and T and
(b) heat input

The precision of the surrogate model is exhibited through a comparison of
the forecasted and experimentally measured values for the parametrically
produced 316LSi parts for (a) gy, (b) 0y, (c) E, (d) &, (e) Dq

Influence of wire feed speed on (a) gy, (b) gy, (c) E, (d) &, (e) D, with
experimental points

Influence of torch speed on (a) oy, (b) gy, (c) E, (d) &, (e) Dy with
experimental points

Influence of process parameters on WAAM 316LSi showing interaction
effects between wire feed speed and torch speed on (a) gy, (b) gy, (c) E,

(d) &, (e) Dg
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Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

Table 8

Table Caption List
Nominal first-order process parameters WFS and TS and the related
nominal second-order process parameters

Measured WFS and specific second-order process parameters.
Synthesis of deposit and WAAM second-order process parameters used

Shape, size and number (n) of extracted specimens from WAAM 316LSi
samples for mechanical testing

Comparison of mechanical characteristics of 316LSi stainless steel material
manufactured from different techniques

The surrogate model training matrix indicates the randomized parameters
and the corresponding measured responses. WFS represents the wire feed
speed, and TS is the torch speed. The responses measured include oy,
(ultimate tensile strength), o (yield strength), E (elastic modulus), &f
(fracture strain), HVO.5 (Vickers hardness), and D, (dimensional accuracy).
The statistical technique called analysis of variance demonstrating the
precision of the surrogate model

Synthesis of the optimum values from the surrogate model for the
mechanical properties considered according to the range of tested WFS

and TS
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