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Abstract

This study aims to investigate surface roughness, microstructure, and mechanical properties of overhead thin-wall structures
of stainless steel(SS316L) fabricated by cold metal transfer (CMT)-based wire + arc additive manufacturing (WAAM). In
the first stage, single-layer bead experiments were carried out in flat and overhead positions utilizing Box-Behnken experi-
mental design with a range of process parameters (i.e., wire feed rate, travel speed, and weave amplitude). To study the effect
of individual process parameters on the bead geometry and identify a process window, analysis of variance(ANOVA) is
performed using the bead cross-section measurement data. For single layer bead experiments in flat and overhead position,
out of all process parameters, the weave amplitude is the most significant parameter on bead width, whereas travel speed is
most significant parameter for bead height. Based on single-layer bead experiments, process parameters for thin wall depo-
sition were identified. In the second stage, two thin-walls were deposited with wire feed rates of 1000 and 1500 mm/min in
the overhead position. The surface roughness was measured using cloud point data acquired from the coordinate measuring
machine(CMM). The deposited structure with the wire feed rate of 1500 mm/min resulted in better surface quality. It was
also observed that, microstructure was composed of austenite and dendritic delta ferrite. The microstructure changed as
the deposition height increased. The average microhardness value was measured 183 HV and 187.4 HV for the overhead
structures. Average tensile properties of the SS316L overhead structures were comparable to that of SS316L fabricated by
other WAAM processes.

Keywords Overhead structures - Wire + Arc additive manufacturing - Experimental design - Surface roughness -
Microstructure

1 Introduction

Additive manufacturing (AM) is the process of joining materi-
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of 10 g/min, making it infeasible to fabricate larger compo-
nents [3, 4]. In addition, it requires support structures to be
removed after the part is manufactured, which increases mate-
rial cost, wastage, and production time.

DED, the other prevalent AM process, can be classified
into powder-feed and wire-feed systems [5]. The latter can
be further categorized with respect to the energy sources,
such as laser, electron, and welding arc [6]. Wire + arc addi-
tive manufacturing (WAAM) utilizes a welding arc as the
energy source to melt and deposit the final structure. It can
be further divided into gas metal arc welding (GMAW),
plasma arc welding (PAW), and gas tungsten arc welding
(GTAW), based on the type of heat sources utilized [7]. The
benefits of WAAM compared to other techniques include a
high deposition rate, low material cost, low capital cost of
setup and maintenance, and high material utilization [8].
These unique characteristics provide WAAM with the fea-
sibility to produce large-scale metal parts.

Metal AM processes that can be applied to large-scale
manufacturing have received increased attention recently.
Among large-scale AM, parts having their longest axis
length at a minimum of 1-2 m are called metal big area
additive manufacturing (mBAAM), and can be widely used
in automotive and aerospace industries [9]. For example,
“Relativity Space” launched the space rocket called “Terran
1” whose body (e.g., propellant tank) was mainly fabricated
by WAAM [10]. The rocket was produced with 100 times
fewer parts within 60 days using artificial intelligence (AI)-
based design and AM technology. In this context, the abil-
ity to fabricate inclined, overhead, and overhang structures
are prerequisite for the mBA AM applications to incorporate
flexibility for complicated structures. This will significantly
reduce the time and cost, as well as increase manufacturing
freedom by eliminating the requirement of support structure.

In terms of the hardware configuration for WAAM pro-
cesses, for moving the torch, usually a 3-axis CNC router or
a 6-axis welding robot is used [6]. Generally, a turntable in
WAAM has 1 or 2-axis. More axes provide more flexibility
for fabricating complex geometries, yet limit the size of the
parts to be manufactured. For example, the bending moment
is huge for large components in the case of the 2-axis turn-
table. Accordingly, from the large-scale metal AM perspec-
tive, the 6-axis robot and 1-axis turn table hardware combi-
nation is the best option considering the process scalability,
system cost, and part mass [6, 11, 12]. Contrary to the PBF
process, fabricating overhead and overhang structures using
WAAM does not necessitate support structures if proper
hardware configurations and processes are applied. However,
the knowledge in this area is significantly lacking, and the
application of WAAM for fabricating the overhead structures
has not been thoroughly investigated.

In this study, we investigated the feasibility of fabricat-
ing the stainless steel (SS) 316L overhead thin-walls using
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a GMAW-based WAAM process. Different characteristics
such as surface roughness, microstructure, and mechani-
cal properties were studied for the overhead structure. The
remainder of the paper is as follows: Section 2 presents the
overhead welding background and related works; Section 3
focuses on the details of the experimental setup and plan;
Sections 4 and 5 exhibit the results for single-layer beads and
thin-walls, respectively; Section 6 discusses the results and
Section 7 presents the conclusions of the study.

2 Background and related work

This section will discuss the research on fabricating differ-
ent structures using WAAM, including vertical, inclined,
near horizontal, and overhead. The studies regarding surface
roughness, weld pool behavior, and acting forces in the cold
metal transfer (CMT) process are comprehensively reported.

2.1 WAAM for thin-wall structures

Feasibility of WAAM for different materials has been inves-
tigated by the researchers. Chakkravarthy and Jerome [13]
investigated the influence of torch angle on texture, orienta-
tion, and topology in CMT for SS 316L. They observed that
the heat input considerably increased with the torch angle
increasing from 5° to 15°. Xie et al. [14] employed a single-
channel multilayer continuous deposition method based on
the CMT plus pulse process to fabricate SS 316L thin-walls.
They concluded that along the building direction, the alloy
in different regions solidified in a ferritic-austenitic manner,
and due to different heat histories, their microstructures were
significantly distinct. The ultimate tensile strength (UTS) and
yield strength (YS) of the vertical specimens were higher than
those of the horizontal specimens, displaying the anisotropy.

The AM community has also investigated inclined and
near horizontal structures. Xiong et al. [15] researched the
limits of producing inclined, thin-wall features with flat posi-
tion deposition by keeping the welding torch normal to the
substrate. Panchagnula et al. [16] proposed an inclined slic-
ing technique to manufacture dense near-net metallic com-
ponents without support structures employing GMAW-based
metal AM. Zhao et al. [17] developed a statistical prediction
model to explain the dependence of the inclination angle of
thin-walls on process parameters such as wall width, offset
distance, wire feed rate (WFR), and travel speed (TS) in
CMT-WAAM. Li et al. [18] presented a method to fabricate
curved, overhanging thin-walls without using turn tables and
support structures to unlock the potential of the 6-axis indus-
trial robots. They used the torch orientation to control the
weld pool flow. As the literature suggests, no research has
focused on fabricating overhead structures using WAAM.
Considering their numerous applications in the industry,
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especially in the case of large-scale metal additive manu-
facturing, this knowledge gap will be addressed in this study.
The following subsection will elaborate on the challenges of
overhead WAAM by reviewing the related literature.

2.2 Overhead welding

The American Welding Society (AWS) classified four pri-
mary welding positions: flat position (1F/1G), horizontal
position (2F/2G), vertical position (3F/3G), and overhead
position(4F/4G) [19]. One major issue in the overhead weld-
ing position is the metal sagging, which results in a crown-
shaped deposition. This issue may be avoided by keeping the
molten metal small. In the case of overhead welding, gravity
influences the welding performance, which affects weld pool
behavior; hence, it is necessary to understand the effect of
gravity on the weld pool. To investigate this, Nguyen et al.
[20] studied the effects of gravity numerically in main weld-
ing configurations. It was concluded that gravity mainly acts
on the weld pool shape, whereas Marangoni and Lorentz
forces drive the fluid flow. The thermal field is only slightly
impacted by the different positions (only 5% between flat
and vertical-up cases). In addition, gravity pulls the liquid
metal from the upper toward lower melted pool regions,
so the weld pool surface deforms in the gravity direction,
negatively influencing the stability of the bead shape in the
overhead position.

Park et al. [21] performed welding on flat, overhead, and
vertical welding positions using the pulsed-GMAW pro-
cess. They observed weld pool behavior and analyzed their
microstructures. In the overhead position, due to the reverse
gravity direction combined with the backward flow, the tail
of the weld pool increased the bead height, resulting in a
convex-shaped bead. Yaakub et al. [22] predicted welding
parameters and bead geometry for the GMAW process in an
overhead T-fillet welding position (4F). They established a
correlation between bead geometry and heat input and devel-
oped a bead geometry predictor. Kang et al. [23] performed
welds in different gravity directions, such as vertical up posi-
tion, vertical down position, and flat position. The vertical
up position caused 21% deeper penetration than the vertical
down position. Kang et al. [24] stated that the direction of
gravity significantly influences the weld pool shape associ-
ated with convection flows, which affects the solidification
morphology and the primary dendrite spacing.

2.3 Weld pool behavior and forces in CMT

Numerous studies have investigated the weld pool behavior
and forces in CMT for different materials and process param-
eters. Hu et al. [25] developed a computational fluid dynam-
ics model of the weld pool considering the droplet impinge-
ment, gravity, arc force, heat, and mass transfer for four typical

welding positions. Murphy [26] applied a unique approach to
model a GMAW process with a 3D model. He employed an
equilibrium surface method to track the free surface of the melt
pool. Ogino and Hirata [27] proposed a 3D model to simulate
droplets and arc plasma interactions. In addition, Ogino et al.
[28] compared shielding gases of argon and an argon-CO,
mixture and found that the nature of the gas influences the
detachment frequency and temperature of the droplets. Zhao
and Chung [29] developed a coupled magneto-hydrodynamic
model to study metal transfer and heat transfer behavior in the
GMAW process using an alternative current.

The forces acting on the weld pool in the GMAW pro-
cess are gravity, buoyancy, electromagnetic, surface tension,
Marangoni, and arc pressure [30]. During the CMT short-cir-
cuit phase, various forces generated by welding wire motion
act on a droplet, such as gravity, surface tension, electromag-
netic force, and pulling force [31-33]. Gravity influences weld-
ing performance and the weld pool behavior; hence, it is neces-
sary to understand its effects on the dimensions, microstructure
evolution, and mechanical properties of the weld structure.
However, to the best of our knowledge, little research has been
conducted regarding the effect of gravity on the microstruc-
tural evolution and mechanical properties of the structures
manufactured by the overhead welding process.

2.4 Surface roughnessin WAAM

Controlling surface roughness is one of the challenges in the
WAAM processes. The surface roughness studies can be cat-
egorized into the top and side surface roughness evaluation
[34-36]. Both are important since they will affect the prop-
erties of the final product. Yehorov et al. [37] evaluated the
side surface waviness of thin-walls produced by different cur-
rents, WFR, and TS. They concluded that a suitable TS range
could enhance surface roughness. Li et al. [38] developed a
WAAM process to manufacture a thin-wall with a side sur-
face roughness of about 5 um, which is much better than other
research methods. However, they used small-power metal fine
wire feeding, which is not feasible for most AM of large parts.
Xiong et al. [15] proposed a methodology based on a laser
vision system to quantify the surface roughness of the mul-
tilayer single-pass low-carbon steel thin-walls deposited by
GMAW-based AM. They concluded that surface roughness is
closely related to wire feeding and scanning speeds, welding
current mode, cooling time, and interpass temperature.

3 Experimental setup and plans
3.1 Experimental setup

The in-house developed WAAM setup was used for this
study, as shown in Fig. 1 [3]. The system comprises an
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Fig. 1 Experimental setup with fixture for fabricating the overhead structure

Table 1 Elemental composition
(wt.%) of SS 316L

Elements C Mn

Si S P Cr Ni Mo Cu N Fe

Composition (wt.%)  0.02 2.1

0.81 001 002 189 11.8 22 023 005 Bal

Advanced 4000MVR CMT machine, a VR7000 wire feeder,
and a six-axis Fanuc ArcMate 120iC robot with a control-
ler (Fanuc R-30iA). The TS, welding current and voltage,
WEFR, and weave amplitude (WA) were controlled through-
out the process. Miller Insight ArcAgent Auto with Miller
Centerpoint software was used to acquire process signatures,
such as current and voltage. SS 316L wire with a diameter
of 1.2 mm was used in this experiment, and its elemental
composition is shown in Table 1. An SS 316L plate with
dimensions of 150 x 50 x 6 mm?> was used as the substrate.
It was clamped to the support plate using C-clamps, and
the support plate was held in the chuck of the turn table.
The surface of the substrate was polished and cleaned with
acetone before the deposition.

3.2 Experimental plan for single-layer beads

The CMT torch was given a weaving path during the depo-
sition of single-layer beads and thin-walls. At first, single-
layer beads were produced utilizing the constant parameters
as shown in Table 2. Three levels were chosen for each of the
parameters, WFR, TS, and WA. The Box-Behnken design of
experiment method was used to determine the influence of
process parameters on the output variables and their interac-
tions. The ranges of the process parameters were determined
based on preliminary investigations. Heat input and energy
density were calculated using Egs. (1) and (2). For each
condition, the current and voltage was obtained from the
monitoring system. Table 3 summarizes the Box-Behnken
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Table 2 Constant process parameters that were not varied during the
deposition

Process parameters Value
Contact tip to work distance (CTWD) 12 mm
Torch angle 90°
Diameter of the consumable wire 1.2 mm
Shielding composition 100% Ar
Shielding gas flow rate 20 L min~!
Substrate material SS 316L
Interpass temperature 40 °C
Weave frequency 2 Hz

design of experiment with the associated heat input and
energy density in each condition.

_ Current X Voltage

. J
H — ) =
eat mput( p— ) 75760 (1)

Current X Voltage
7 X (radius of wire)* X WFR /60
(2)

Energy Density( 3 )
mm

3.3 Experimental plan for thin-walls

The parameters for depositing overhead thin-walls were
selected based on the result of single-layer experiments.
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Table 3 Box-Behnken design

. Expt. No. WFR (mm/min) TS (mm/min) WA  WFR/TS Heat input Energy Density

and the calculatt?d heat input (mm) (J/mm) (J/mm?)

and energy density for each

condition Overhead Flat Overhead Flat
Cl1 1000 70 4 14.28 678.41 759.86 10.50 11.76
C2 1000 160 5 6.25 301.51 307.74 10.66 10.88
C3 1000 160 3 6.25 304.37 321.12 10.76 11.36
C4 1000 250 4 4.00 193.17 185.84 10.67 10.27
C5 1500 70 3 2143 904.26 998.51 9.33 10.30
C6 1500 70 5 2143 794.69 865.58 8.20 8.93
C7 1500 160 4 9.38 336.98 382.13  7.94 9.01
C8 1500 160 4 9.38 350.54 366.87 8.26 8.65
C9 1500 160 4 9.38 334.36 382.19 7.88 9.01
C10 1500 250 3 6.00 219.36 240.00 8.08 8.84
Cl1 1500 250 5 6.00 213.12 229.00 7.85 7.98
Cl12 2000 70 4 28.57 1068.05 119632  8.26 9.25
C13 2000 160 5 12.50 411.30 44389 7.27 7.85
Cl4 2000 160 3 12.50 430.88 47570  7.62 8.41
C15 2000 250 4 8.00 285.26 289.10 7.88 7.99

The CMT process is based on a synergistic program for a
particular material. The machine selects the welding current
and voltage according to WFR using the synergic program
[3, 39]. So, to keep current and voltage supplied by CMT
machine constant during deposition of each layer, the thin
walls were fabricated with constant WFR for each layer.
Table 4 shows layer-wise process parameters for the depo-
sition of two thin-walls. These two thin-walls were deposited
with constant WFR of 1000 mm/min and 1500 mm/min,
comprising 11 and 14 layers, respectively. However, TS and
WA were varied on a layer-by-layer basis because the molten
metal sags due to gravity during the deposition process. This

leads to the reduction of thin-wall thickness [refer Fig. 8a
and e]. For the first 3 to 4 layers, the ratio of WFR to TS
was ~ 15, and the WA was 5 mm; for the next 4 layers WFR/
TS ratio was 10 while WA was reduced to 4.5 mm, and in
the subsequent 4 layers, WFR/TS ratio was 8.33 and WA was
4 mm. WA is reduced by 0.5 mm after depositing a certain
number of layers (3 to 4), and TS is increased (i.e., the WFR/
TS ratio is reduced). WA is reduced to account for layer by
layer reduction wall in thickness, whereas T'S was increased
to reduce sagging of molten metal. After the deposition of
each layer, the deposited layer was allowed to cool down to
40 °C before depositing the next layer. The temperature was

Table 4 Layer-wise process
parameters for the thin-walls

Thin-wall 1 (WFR 1000 mm/min)

Thin-wall 2 (WFR 1500 mm/min)

Layer TS (mm/min) WA WER /TS TS WA WER /TS
(mm) (mm/min) (mm)

1 70 5.0 14.28 100 5.0 15
2 70 5.0 14.28 100 5.0 15
3 70 5.0 14.28 100 5.0 15
4 100 4.5 10.00 100 5.0 15

5 100 4.5 10.00 150 4.5 10
6 100 4.5 10.00 150 4.5 10
7 100 4.5 10.00 150 4.5 10

8 120 4.0 8.33 150 4.5 10
9 120 4.0 8.33 180 4.0 8.33
10 120 4.0 8.33 180 4.0 8.33
11 120 4.0 8.33 180 4.0 8.33
12 - - — 180 4.0 8.33
13 - - - 180 3.5 8.33
14 - — - 180 3.5 8.33
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measured by a hand-held device with a type K thermocouple
by placing it on the surface of the deposited layer.

3.4 Microstructure and mechanical properties
of the thin-walls

Microstructure and microhardness characterization samples
were cut by wire electrical discharge machining (EDM) from
the overhead thin-walls. They were ground and polished, fol-
lowing the general metallography procedure. Samples were
ground coarsely using metallographic sandpaper with grit
sizes 160, 360, and 600. After that, polishing was performed
with a sequence of 3 pm and 1 pm polycrystalline diamond
suspensions. Glyceregia solution (3 parts of HCI, 2 parts
of glycerol, and 1 part of HNO;) was used for etching. The
etched samples were observed using Nikon SMZ 1500 (mag-
nification of 10X) and Nikon MA1500 (magnification of
1000X) optical microscope (OM). FEI Quanta 200 scanning
electron microscope (SEM) with an energy-dispersive X-ray
spectroscopy (EDS) attachment was used for microstructural
and chemical composition analysis.

The mechanical performances of thin-walls were inves-
tigated through the computer-controlled, uniaxial tensile
testing system (TestResources 810 E4 Electrodynamic
Test Machine). The gauge section of the tensile sample is
11 x3x2 mm?. Two samples in the build direction and two
in the deposition direction were tested from each thin-wall
with a strain rate of 0.01 mm/s. The fractured locations,
surfaces, and modes were investigated using SEM to deter-
mine the failure characteristics and evaluate the presence of
anomalies. Microhardness tests were performed along the
build direction at 1 mm intervals from bottom to top with
a 500 g load (Vickers diamond indenter) and a dwell time
of 10 s. The tests were conducted using a Buehler Wilson
VH1202 microhardness tester machine with an integrated
high-resolution camera and DiametTM software.

4 Results for single-layer beads

Table 5 shows the images of 15 single-layer beads for over-
head and flat positions. Visual inspections show that C2,
C4, C10, C11, and C15 are abnormal, and the remaining
beads are normal. For abnormal conditions, the heat input
was 301.51, 193.17, 219.36, 213.12, and 285.26 J/mm which
are relatively low.

To measure bead width and height, beads were scanned
using Hexagon 7725SEI-4 Roamer Absolute Arm equipped
with PCDMIS software. Point cloud data obtained by
the line-structured light vision sensor reveals the three-
dimensional (3D) shape of the single-layer bead. The data
is imported into CloudCompare software to segment and
slice the single-layer bead. Then, cross-section planes are
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generated along the bead length at regular intervals, and
points are projected on these planes. The bead width and
height were obtained on each plane by fitting the bead profile
with a quadratic curve. The average value of bead width and
height was measured. Table 6 shows single-layer bead width
and height for overhead and flat position experiments.

To study the effect of individual process parameters on
the bead geometry and identify a process window for the
single-layer beads in overhead and flat positions, analysis
of variance (ANOVA) is performed using the bead cross-
section measurement data, as presented in Table 6. Minitab
software (version 17) has been used for the analysis. Fig-
ure 2a summarizes the main effect plot for the bead width
in both flat and overhead positions. The mean values are
indicated by dashed lines. The figure shows that the bead
width has a positive correlation with WA for both condi-
tions, suggesting it increases with the increase of WA. This
is due to the wider side-to-side motion, which spreads the
molten metal more evenly across the layer. In overhead
conditions, bead width decreases with the WFR of 1000 to
1500 mm/min and then increases at the WFR of 2000 mm/
min. Similarly, it declines at the TS of 70 to 160 mm/min
followed by an increase at 250 mm/min. Bead width results
for flat positions are also consistent with these findings. As a
result, WFR and TS has mixed effect on bead width of single
layer beads in flat and overhead position.

Figure 2b shows the main effect plot for the bead height.
The dashed line indicates the mean height values of the
deposited beads. Bead height in the overhead position
increases with the increase of WFR. On the contrary, the
bead height decreases with increased TS. Figure 2b indi-
cates that, TS is the most influential factor that controls bead
height. The total amount of deposited material decreases
with increasing TS, so the bead height decreases. Bead
height also decreases with the increase of WA as the same
amount of material is being deposited on a larger surface
area. Similar results are also observed for the flat conditions.
However, the average bead height in overhead conditions
is higher compared to the flat position. This is due to the
effect of gravity force along the build direction in overhead
conditions.

Figure 3 explains the effect of heat input and energy den-
sity on the bead width and bead height. From Fig. 3a, it is
evident that, for both deposition strategies, there is no strong
correlation among bead width with heat input and energy den-
sity. The points are randomly distributed with respect to the
mean values. From the main effect plot in Fig. 2a, it has been
found that, the most significant parameter for bead width is
WA. Both heat input and energy density do not depend on
WA. As aresult, no trend is observed among bead width with
heat input and energy density. However, there is a positive
correlation between the heat input and bead height as shown
in Fig. 3b. From Fig. 2b, it has been found that, significant
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Table 5 Image of single-layer beads for overhead and flat position experiments

Exp. No. Overhead position

Flat position Normal (N) / Abnormal (A)

C1 N
C2 A
C4 A
C5 N
C6 N
C7 N
C8 N
C9 N
C10 A
Cl1 A
Cl12 N
Cl13 N
c1a (e N
Cl15 A

factor for bead height is TS. As the TS decreases, the bead
height increases. Heat input increases with the decrease of
TS as shown in Eq. (2). This leads to a positive correlation
between heat input and bead height. However, there is no clear
correlation between energy density and bead height, which is
confirmed by the random distribution of the data points.

5 Results for thin-walls
5.1 Deposited structure and 1D process signatures

Figure 4 shows the thin-walls deposited in the overhead
position. The first layer deposition length is 112 mm in

both walls. It has been measured 71 mm and 76 mm for the
last layer which indicates that deposition length decreased
continuously with the increase of build height. This led
to tapered shape of the walls at the deposition (arc) stop
locations. The wall height is not uniform due to the hump-
ing effect. The heights of the thin-walls from the substrate
are 39 mm and 37 mm at the deposition start location for
thin-wall 1 and 2 respectively. It is also evident that surface
roughness is significant in the deposited structures.

Figure 5 shows the layer-wise average current signature
for the overhead structures. The total number of layers for
deposits 1 and 2 were 11 and 14 respectively. For thin-wall
1, in the first and second layer, current signature remains
approximately constant with no major fluctuation in the
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Table 6 Bead width and height

. . Expt. No.  Overhead position
of single-layer beads in the

Flat position

overhead and flat positions Bead width (mm)

Bead height (mm) Bead width (mm) Bead height (mm)

Mean Std. Dev.

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

Cl1 9.052  0.196 4433 0.132 10.687  0.187 3.954  0.136
C2 10.616  0.234 2784 0.190 11.072  0.167 2568 0.100
C3 6.697 0212 2704 0.204 7364  0.652 2742 0218
C4 11.871 2117 1.196  0.181 13.995  3.584 1201 0.187
Cs 8.956  0.280 5550  0.518 10.972  0.283 4788  0.150
C6 11.488  0.260 4243 0.152 13312 0.396 3.823  0.142
Cc7 8759  0.255 2.684  0.140 0448  1.324 2681  0.245
C8 8730  0.262 2681  0.158 10.045  3.779 2690  0.255
C9 8210  0.350 2.688  0.186 8.691 0.773 2611  0.246
C10 6.282  0.480 2284 0367 6.256  0.443 2446  0.20
Cl11 10.804  0.180 2564  0.128 11.096  0.252 2470  0.128
C12 10.593 0475 5.048 0432 12.872 0374 4718  0.288
Cl13 11.113  0.628 2380  0.187 14.084  2.331 1.998  0.186
Cl4 8386 2271 3.800  0.404 9.192  0.141 2797  0.094
C15 9277  1.193 1.936  0.300 9.686  1.273 1.783  0.254

a . .

(a) Main effect plot for bead width

13 13 13
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Fig.2 ANOVA results showing a significant correlation among factors, factor levels, and responses for the overhead position

values. However, from layer 3 and onwards, increased
fluctuations in the current and voltage value are found.
The number of peaks and value of peak current increases
as more layers are added. As the deposition proceeds
the width of previously deposited layer gets reduced due

@ Springer

to sagging of molten metal due to gravity. This leads to
increase in CTWD at sides of thin wall. In CMT process
with increase in CTWD, more current will be required to
melt the wire, which causes increase in number of peaks
(fluctuation) and value of peak current. Increase in CTWD
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a) Layerwise Average Current Signature for Thin Wall 1
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Fig.5 The layer-wise current signatures for (a) Thin-wall 1 and (b) Thin-wall 2

at sides of thin wall also increases spatters at sides of thin
wall, subsequently it affects the surface finish of thin wall.
In case of thin-wall 2, fluctuation in the current signature
starts from layer number 4 and continues to increase as
new layers are added. However, for thin-wall 2 total peaks
and drops are less prominent when compared with the cur-
rent signature of the thin-wall 1.

Figure 6 shows the layer-wise average voltage signa-
ture for the two thin-walls. For both cases, the voltage
varied within the range of 10 V-15 V. Fluctuations in volt-
age are less prominent at the bottom layers. It increases
with the increase of build height. For thin-wall 1, there is
more fluctuation in the average voltage as evidenced by
sharp peaks and drops. This is consistent with the current
signature, as variation in current will affect the voltage.
In both cases, as the number of layers increases, the total
deposition time decreases. This occurs because the top of
the deposit is shorter than the bottom.

@ Springer

5.2 Surface roughness

To quantify the surface roughness, the walls were scanned
using Hexagon 7725SEI-4 Roamer Absolute Arm, a portable
coordinate measuring machine (CMM) equipped with PCD-
MIS software. PCDMIS software stores the 3D geometry
of the walls in a point cloud format. The results are sum-
marized in Fig. 7. This file is then imported into the Cloud
Compare software to be segmented, sliced, and reoriented.
Then the processed file is saved as a.txt file. A MATLAB
program is used to compute the surface roughness of both
sides. MATLAB program processes the.txt file, fits the
planes to both sides of the wall, and computes the deviation
of points on the sides from the fitted plane. Finally, surface
roughness is calculated using Eq. 3.

_ X4
Surface Roughness(Ra) = =—, 3)

N
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where d; is the deviation of the point on the wall from the
fitted plane, and N is the number of points.

Table 7 shows average surface roughness results for the
deposited overhead structure. As the surface morphology
is different on both side of the walls, it has been measured
individually for each side for comparison. Surface rough-
ness is 0.1748 mm and 0.4073 mm for front and backside
respectively in thin-wall 1. It has been found 0.2091 mm and
0.2414 mm for thin-wall 2. From the results, it is confirmed
that, surface roughness is lower at the front side in both
of the deposits. In addition, the average surface roughness
is larger for thin-wall 1 compared to thin-wall 2. This can
be attributed to the more fluctuation in current and voltage
signatures for thin-wall 1 due to reduction in bead width and
increase in CTWD as compared to thin-wall 2 during layer
by layer deposition. As discussed in Section 5.1 increase in
CTWD at sides of thin wall also increases spatters at sides of
thin wall, as the deposition process progresses which leads
to increased surface roughness.

Table 7 Surface roughness results for overhead structure

Thin-wall Front side (R,) Back side (R,) mm Average
mm mm
0.1748 0.4073 0.2911

2 0.2091 0.2414 0.2253

5.3 Microstructure

Figure 8a and e shows the OM images of the overall cross
section of the deposits. Layer interface and interlayer regions
could be identified due to the distinct morphology. For both
walls, OM images were taken at the bottom, middle, and top
of the deposit to characterize location dependent microstruc-
ture. Columnar grains are formed along the build direction.
For each of the locations primary phase is the austenite (y)
where delta () ferrite phase is segregated as dendrites. Fig-
ure 8b shows the microstructure of the bottom layer of the
deposit. As the layer is close to the substrate, heat transfer is
very high leading to the formation of finer dendrites. As new
layers are added, there is temperature buildup in the deposit.
As aresult, coarse columnar dendrites are formed as shown
in Fig. 8c. However, at the top layer equiaxed dendrites are
formed. This layer does not undergo thermal cycles, can
be considered as the rapid solidification microstructure of
316L due to the faster cooling rate. At the bottom and mid-
dle section of the deposit, delta ferrite consists of mainly
lathy and skeletal ferrite. A similar morphology is found in
thin-wall 2 as shown in Fig. 8f—h. Although according to
pseudo-binary phase diagram of Fe-Cr-Ni at 70% Fe, only
austenitic microstructure should be formed. However, due to
non-equilibrium thermal cycle, repeated melting, and rapid
cooling, o ferrites are retained in the final microstructure
[40]. Similar microstructure is found in the literature for
WAAM SS 316L [41, 42].

Fig.8 OM images of (a—d)
Thin-wall 1, e~h Thin-wall 2
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To study the morphological variation between the layer
interface and interlayer region, OM and SEM analysis was
performed and the results are shown in Fig. 9. The red line
shows the interlayer boundary which separates both regions.
The interlayer region consists of columnar dendrites, char-
acteristics of the WAAM process. The layer interface region
consists of equiaxed ¢ ferrite in the y matrix as shown in
Fig. 9b and e. During the deposition of a new layer, some
of the previous layer gets remelted due to the thermal cycle.
This causes the § ferrite to dissolve in the austenite matrix,
leading to the formation of equiaxed dendrites [43, 44].
Figure 9g—j shows SEM images of the layer interface and
interlayer regions for both thin walls. Similar characteristics
are also observed in these images.

5.4 Microhardness

Figure 10a shows the microhardness profile of the overhead
thin-walls from the substrate to the top of the thin-walls
(with a spacing of 1 mm). The hardness values are in the
range of 165-200 HV. The average hardness for Thin-wall
1 and 2 is 183 HV and 187.4 HV, respectively. No signifi-
cant difference in hardness is observed between them. The

Fig.9 Layer interface and
interlayer region in overhead
structure: a—c, g, h thin-wall 1,
d-f, i, j thin-wall 2

fluctuations in the hardness values over the deposit length
may be due to the microstructural changes at the layer inter-
face and inter-layer regions. Figure 10b shows that the aver-
age hardness of the thin-walls is less than ASTM A240-20 /
ASTM A666-15 Annealed SS 316L [45, 46].

5.5 Tensile test

Figure 11a and b show the stress-strain curves of overhead
thin-walls, and Fig. 11c shows the location of specimens
for microstructure and mechanical property investigation.
Two vertical and two horizontal samples have been pre-
pared from each of the thin-wall. For thin-wall 1, vertical
and horizontal samples are named (V1, V2) and (H1, H2).
Similarly, for thin-wall 2, vertical and horizontal samples
are named (V3, V4) and (H3, H4). The results of the ten-
sile test are summarized in Table 8. The UTS of V1 to V4
is 564, 570, 591, and 592 MPa. Their corresponding YS
is 393, 370, 435, and 420 MPa, respectively. In the case
of H1 to H4, UTS has been measured 597, 596, 569, and
605 MPa, and their YS is measured 374, 356, 393, and
406 MPa, respectively. The elongation of V1 to V4 is 46,
42, 48, and 44%, and for H1 to H4, it is 52, 69, 43, and

2% Columnar %
s & ferrite j
x , R

* Columnar /
8 ferrite §
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men and the dimensions

50%. The highest UTS and YS have been found in H4
and V4 respectively. The average UTS and YS of vertical
tensile specimens of thin-wall 2 were greater than that of
thin-wall 1. Overall, there is considerable variation in UTS
and YS in horizontal and vertical tensile specimens. This
phenomenon exemplifies the existence of apparent ani-
sotropy in mechanical properties between the horizontal
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and vertical directions. This can be attributed to the non-
equilibrium thermal cycles in the WAAM process.

5.6 Fractography

Figure 12 shows the fracture morphology of the tensile-
tested specimen. Lower magnification images show the
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Table 8 Summary of the

) . Thin-wall 1
tensile test results for different
conditions Hl H2 Avg
YS (MPa) 374 356 365

UTS (MPa) 597 596

Elongation (%) 52 69 60.5

Thin-wall 2
Vl V2 Avg. H3 H4 Avg. V3 V4 Avg
393 370 381.5 393 406 399.5 435 420 4275
596.5 564 570 567 569 605 587 591 592 5915

46 42 44 43 50 465 48 44 46

overall fracture surface of samples. It is evident that, the
samples went through severe plastic deformation before
fracture. The marked region is shown at higher magnifica-
tion for better understanding of the fracture characteristics.
It is found that dimples with tearing edges are uniformly
distributed over fractured surfaces, which confirms that
ductile fracture has occurred. There is presence of void in
the fracture surface as shown in V1 and V2. Cleavage fac-
ets are also present which are caused by the coalescence of

small dimples. In addition, many second-phase spherical
particles are observed in fractured vertical and horizontal
samples as marked by white area. Spherical particles were
observed on the fracture surface which were identified as
o-ferrite. These particles hinder the dislocation movement
and induces dislocation buildup during the applied load
[47]. However, no significant difference is observed in
fracture morphology among the samples as the fracture
mode is very similar.

Fig. 12 Fracture morphology of tensile specimens; thin-wall 1 (H1, H2, V1, V2) and thin-wall 2 (H3, H4, V3, V4)
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6 Discussion
6.1 Weld pool and bead geometry

COMSOL Multiphysics software (version 5.6) has been
implemented to analyze the behavior of a weld pool in
both flat and overhead positions. The electric currents,
magnetic fields, laminar flow, and heat transfer modules
are utilized for the simulation. Since the primary focus of
this analysis is to study the behavior of the weld pool, the
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arc plasma is not considered in the analysis. The modeling
is performed to resemble the bead shape based on experi-
mental findings. Steady-state condition is assumed in order
to perform three-dimensional numerical modeling more
efficiently. The thermal properties of SS 316L, required
for the simulation have been collected from the literature
[48]. Boundary conditions for heat flux, arc pressure [49],
current density [50], and arc drag force [51] are set on the
upper surface of the bead. Considering the weight percent-
age of sulfur (S) in SS 316L from Table 1, the Marangoni
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Fig. 13 Weld pool simulation, including temperature distribution and flow vector for (a, ¢, and e) flat and (b, d, and f) overhead position. Melt-
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effect [52] and pressure due to surface tension [53] are
also applied. Electromagnetic, buoyancy [53], and gravity
are also defined within the weld pool as volume forces. In
the flat position, the weld pool spreads downward from
the center, and the maximum radius and depth of weld
penetration are delineated by the melting line, as depicted
in Fig. 13a and c. Conversely, in the overhead position,
as illustrated in Fig. 13b and d, the weld pool tends to be
narrower and smaller in comparison to the flat position.
This behavior is primarily influenced by forces accelerated
in the direction of gravity, wherein arc pressure, Maran-
goni flow, and surface tension emerge as the most signifi-
cant factors. Figure 13c and f illustrate the weld pool as a
three-dimensional streamline, showcasing its behavior in
flat and overhead positions. In the overhead position, the
tail of the weld pool increases in vertical direction due to
reverse gravity paired with the backward flow, forming a
convex bead shape.

Experiments C2, C4, C10, C11, and C15 resulted in
abnormal beads, as shown in Table 5. Based on the obser-
vations, the most significant contributing factor in form-
ing abnormal beads in all these experiments is the low
WREF/TS ratio (< 8), which reduces the volume of material
deposited per unit of time. The other factors include dwell
time and WA (in experiments C2 and C11). Due to dwell
time, the welding torch stops on the sides for 0.1 s, which
causes the weld metal accumulation. Figure 14 compares
bead width and height in single-layer bead deposition
for the overhead and flat positions. Overall, for the same
experimental conditions, the bead width is greater in the
flat position, and the bead height is larger in the overhead
position. The weld pool simulation results in Fig. 13 also

a) 1 Bead Width Comparison

|+ Overhead Position—@— Flat Position
15

14 4
13 1
12 +

11 1

Bead Width (mm)

T T T T T T T T T T T T T T T
€1 C2 C3 C4 C6 C6 C7 C8 C9 C10C11C12C13C14C16
Experiment No.

support these phenomena. As the same volume of mate-
rial is deposited, there should be a vice-versa relationship
between these two parameters to maintain conservation
of mass. These findings are consistent with the results
obtained in the literature [21].

6.2 Microstructure of thin-walls

The thermal history, including non-equilibrium thermal
cycles, determines the microstructure of the WAAM depos-
ited structure [54]. From Fig. 8, it has been found that, the
microstructure varies along the deposition height. This
variation of microstructure in different layers of WAAM
SS 316L can be explained by the solidification theory. The
solidification velocity (V) and temperature gradient (G) are
the most influential parameters that control microstructure
[55, 56]. At the beginning of the deposition process (initial
layers), the temperature of the substrate is relatively low.
This can result in a significant temperature gradient between
the as-deposited layers and the substrate, which causes a
high G/V ratio. As a result, columnar dendrites usually grow
in the build direction [57]. As new layers are deposited, tem-
perature buildup reduces the G/V ratio and coarse columnar
dendrites are formed. The final layers do not go through
significant remelting and the heat transfer is higher; leading
to equiaxed dendrites. Similar findings have been reported
in the literature [47].

6.3 Mechanical properties of thin-walls

For both walls, it was observed that at 0.5-2 mm from the
substrate, the hardness was in the range of 190-200 HV

b),

Bead Height Comparison
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Experiment No.

Fig. 14 Comparison of bead (a) width and (b) height in single-layer bead deposition for the overhead and flat positions
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(Fig. 10a). This can be attributed to the higher cooling rate
of the first layer. The higher cooling rate results in finer grain
which promotes greater hardness [58]. Figure 15 compares
the tensile properties of the overhead thin-wall with previ-
ously reported tensile properties of SS 316L fabricated by
different manufacturing processes. The results are summa-
rized in Table 9. As the mechanical properties varied due
to anisotropy in overhead structure, average values of YS,
UTS, and elongation were considered for comparison. The
average YS of overhead thin-walls of SS 316L manufactured
by CMT-WAAM structure is 393 MPa, which is higher than
other techniques. UTS is 586 MPa, only TopTIG(H) and
CMT pulse (H) has a larger value. The elongation value
is 49%, higher than CMT continuous, CMT pulsed, and
TopTIG processes. The commercial criterion for the ten-
sile strength of wrought SS 316L is 525-623 MPa [59].
Therefore, the UTS of the overhead thin-walls lies in this
range. Mechanical property mainly depends on the micro-
structure. Since the microstructure in overhead structure is

Table9 Room temperature mechanical property comparison for SS
316L

Process UTS (MPa) YS (MPa) Elongation (%)
Overhead thin-wall 586 393 49
CMT-based WAAM 533 235 64
CMT continuous (H) 577 364 44
CMT continuous (V) 574 337 42
CMT pulsed (H) 588 374 45
CMT pulsed (V) 536 331 45
TopTIG (H) 590 365 42
TopTIG (V) 540 322 43
Wrought (ST) 540 242 78
Industry requirements 450 170 50

@ Springer

similar to other WAAM process, the results are also close
to each other.

7 Conclusion

This study investigated the feasibility of CMT-WAAM pro-
cess to fabricate overhead thin-wall structure. It also ana-
lyzed the effect of the overhead deposition strategy on the
geometry, surface roughness, microstructure, and mechani-
cal properties of the single-layer beads and the thin-walls.
The conclusions are as follows:

e The CMT-WAAM process can successfully fabricate
overhead thin-walls of SS316L without the requirement
of any support structure. No microstructural defects
(e.g. cracks and porosity) were found in the microstruc-
ture.

e For single layer bead experiments in flat and overhead
position, out of all process parameters, the weave ampli-
tude is the most significant parameter on bead width,
whereas travel speed is most significant parameter for
bead height.

e Surface roughness is higher for thin-wall 1 which can be
attributed reduction in bead width, increase in CTWD as
the deposition proceeds.

e The microstructure of the overhead thin-wall consists of
primary y phase and 6 ferrite are segregated in the micro-
structure. Different dendritic morphology is observed at
different locations of the thin-wall.

e Average microhardness for thin-wall 1 and 2 is 183 HV
and 187.4 HV respectively. The values are less than that
of ASTM A240-20/ASTM A666-15 Annealed SS 316L.
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e Tensile test properties are comparable to those reported
in previous literature. Higher elongation values and a
large number of dimples on the fracture surface suggest
ductile failure occurred during the tensile test.

The authors plan to expand this work by further investi-
gating the computational modeling to elucidate the under-
lying physics of the bead formation and the surface rough-
ness of a thin-wall. Several influential factors on the bead
formation and the thin-wall, such as (1) surface tension,
(2) arc force, (3) droplet impact, (4) the normal force from
the solidified part, (5) gravity, (6) buoyancy force, and (7)
friction will be investigated.
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