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With the gradual evolution of metal additive manufacturing (AM) as a viable manufacturing option for realizing
complex parts, the research focus has shifted from mere geometric realization to a higher material deposition rate
without a significant loss of accuracy. This work aims to demonstrate the potential of traverse twin-wire welding
to produce asymmetric weld beads, providing an extra control factor in the weld bead shape and component
accuracy while retaining high deposition rates. A new weld bead model - bi-polynomial fourth-order - is devel-
oped and linked to the process conditions. The higher-order model is more responsive to the weld bead shape
variation and is more accurate than the traditional models. Compared to conventional single polynomial models,
which are limited to the symmetrical cross-sectional weld bead, the bi-polynomial model can also simulate the
asymmetrical weld bead. The process model of the weld bead and the offset are integrated with the product
features to assess the time for fabrication (number of passes) and post-machining material wastage. The usefulness
of the integration is demonstrated with the manufacture of a candidate multi-pass multi-layer component. It is
envisaged that the investigation will facilitate large-scale wire-arc AM with the use of transverse twin-wire

welding.

1. Introduction

The rapid shift in manufacturing from mass production to customized
production requires innovation for productivity and quality enhance-
ment. Additive manufacturing (AM) fulfils the immediate demand for
complex customized parts with reduced investment in tooling and cycle
time. With the maturing of metal AM processes, the focus has shifted
from mere feasibility to productivity considerations such as deposition
rate. The AM processes that use wire as the feedstock have considerably
high deposition rates vis-a-vis, making them suitable for fabricating
comparatively large components with high density. Arc welding based
deposition processes using gas metal arc welding (GMAW), gas tungsten
arc welding (GTAW), or plasma arc welding (PAW) are commonly known
as wire-arc additive manufacturing (WAAM. Its distinct advantages —
such as high deposition rate, low cost, high efficiency, and strong
bonding strength of the parts — make it an ideal process in applications
such as pressure vessels, ships, bridge construction, etc. Since its initial
realization in the early (Zhang et al., 2003), significant progress has been
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made in the WAAM process and the mechanical properties and micro-
structure of the manufactured parts (Wu et al., 2018). The issues of
mechanical properties are reasonably resolved through post-heat treat-
ment (Qi et al., 2019) and in-situ cooling (Hackenhaar et al., 2020) or
heating (Reddy et al., 2019).

With an increase in demand for large-scale WAAM components,
deposition rate requirements will be more demanding. Twin-wire-based
systems are capable of providing such high deposition rates. Twin-wire
welding uses two electrodes that simultaneously operate in a single
weld pool. The twin-wire effectively uses welding heat as the companion
arc also heats the wire in a common welding pool. Compared to the twin-
wire, multiple welding heads waste heat as the metal melt by the first arc
solidifies and reheated by the subsequent arcing. Excess heat increases
the residual stress and distortion, which is not the case with the twin-wire
process. The twin-wire can be operated in tandem and transverse ori-
entations. In the tandem mode (Fig. 1a), the wires follow the weld seam.
On the other hand, if the two wires remain beside each other in a plane
perpendicular to the welding direction, the orientation is known as a
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Fig. 1. Wire orientation in twin-wire welding: (a) tandem and (b) transverse.

transverse orientation (Fig. 1b).

In the last decade, the GMAW version of twin-wire arc welding has
been proven for its stable welding operations with the individual control
of currents at the two power sources with a time gap. These two sources
are commonly termed primary-secondary or master-slave power sources.
The power sources are anti-phased and synchronized so that only one arc
ignites at a given point in time. The arc first ignites at the electrode
connected to the primary source, followed by arcing at the secondary
electrode. This arrangement prevents the mutual disturbance of the arcs.
The difference between the primary and secondary currents induces
stability in the arcs (Moinuddin et al., 2015). The fundamental difference
in arcing with the tandem and transverse modes is that the trailing
electrode in tandem orientation acts on the turbulent weld pool produced
by the leading electrode. On the contrary, the trailing wire in transverse
mode acts on the solid plate heated by the leading electrode. The hot
plate eases the electron emission and improves overall arc stability
(Kumar et al., 2020). The lead and trail electrodes ignite in the over-
lapping but individual weld pool. The weld pool grows in size at a higher
value of the current and eventually merges.

In recent years, tandem twin-wire welding has been reported for use
in WAAM. The work of Martinal et al. (2019) showed the feasibility of
achieving a high deposition rate of 9.5 kg/h in martensitic stainless steel
(Martina et al., 2019). The investigation emphasized a need for external
cooling for the control of the material flow. The observations of Shi et al.
(2019a) were similar, wherein tandem GMAW with active cooling
increased the wire feed speed by 9%-15% and reduced the inter-layer
dwell time by 42%-54%. Feng et al. (2018) fed a plasma arc with a
double-wire feed for WAAM in Cr-Ni stainless steel. Compared to a single
wire feed, the double wire feed enhanced the deposition rate 1.06 times,
while the ultimate tensile strength and elongation increased by 176%
and 10.2%, respectively. Tandem wires with different wire compositions
have also been experimented with for use in AM, e.g. Al-Cu and Al-Mg
wires (Gu et al., 2018). However, the wire combination resulted in
micro-cracks that propagated to the partially melted zone. Qi et al.
(2018) mitigated the lack of mechanical properties in additively manu-
factured Al-6.3Cu alloy by feeding magnesium into Al-Cu welds with
double-wire WAAM. The twin cold metal transfer (CMT Twin) is recently
reported for the additive manufacture of nickel aluminium bronze
components (Queguineur et al., 2020). The weaving of the CMT twin
assists in widening the bead and controls generation at the surface. The
tandem twin wire is also useful in manufacturing the multi-node trajec-
tory with minimum welding torch adjustment (Shi et al., 2019b).

Despite the twin-wire AM potentials, the trade-off is that the depo-
sition rate increases the constituent weld bead's size, the geometrical
inaccuracies, and the buy-to-fly ratio (weight of the deposited component
divided by the weight of the final component). The welding parameters

produce a significant effect on weld bead geometry., e.g. the welding
current has a significant effect on the appearance of a single bead and a
multi-layer single pass in GMAW-based AM parts (Xiong et al., 2015). It is
indispensable to establish a bead geometry model which can relate
welding process parameters to bead geometry and is used in process
control (Li et al., 2020). Several reported welding process models could
predict weld bead shape attributes, viz., height (h), width (w), and
reinforcement area. These attributes are used to describe the bead shape
(cross-section) using standard mathematical curves, e.g. circular segment
(Dutta et al., 2008; Aiyiti et al., 2006), parabola (Cui, 2007: Suryakumar
etal., 2011), Gaussian, logistic, and sine functions (Cao et al., 2011), and
cosine curve (Xiong et al., 2013; Ding et al., 2015a).

The preceding bead profile models were fit in the beads produced by
single-wire welding, wherein the bead is bound to be symmetric to the
mid-plane of the weld bead cross-section. The tandem orientation of two
wires also produces a symmetric weld bead (Fig. 2 (a)). The transverse
orientation induces asymmetry in the weld shape, particularly when the
primary and secondary currents are different (Fig. 2b) and/or the torch is
inclined (Fig. 2c).

Traverse twin-wire welding provides an extra control factor in weld
bead shape and component accuracy while retaining high deposition
rates. Various bead profiles and their predictive models have been
explored for single-wire GMAW; however, twin-wire GMAW has not been
similarly examined. Few twin-wire bead models include the twin-wire
submerged arc weld bead model (Sharma et al, 2015) and the
twin-wire GMAW model for similar and dissimilar welding (Somashekara
et al., 2017), both in tandem orientation. The single-wire weld bead
studies point to the prevalence of a symmetric cross-section of beads and
the untapped potential of asymmetric weld beads in the geometric con-
trol. Compared to beads' symmetric cross-section, the moot point is that
asymmetric beads (skewed) can better fit the desired component profile,
thus offering better accuracy and an improved buy-to-fly ratio. Such an
asymmetric bead is highly likely when the twin wire is used in the
transverse orientation, particularly with different currents at the two
electrodes (Fig. 2b) or an inclined torch (Fig. 2c¢). Concurrently, the
difference in primary and secondary currents provides a thermodynam-
ically stable condition that leads to enhanced arc stability and change in
microstructure (Moinuddin et al., 2016).

This work aims to analyze the weld bead profile and present a pre-
dictive weld bead model for twin-wire transverse GMAW in the frame-
work of AM. The goal is to fine-tune the weld bead's shape without
compromising on the deposition rate, making traverse twin-wire additive
manufacturing (T>WAAM) the ideal process for consideration. The article
aims to present an overlapping asymmetric weld bead model for creating
a given layer, as flat as possible, to act as a substrate for the next layer.
The weld bead model is further used to integrate the product and process
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Fig. 2. Weld bead profiles — (a) symmetric and (b and ¢) asymmetric — caused by tandem and transverse orientations.

design of WAAM. Therefore, the efficacy of the twin-wire transverse
process is demonstrated at a component level. Through the integrated
product and process model, the article also presents a method to
divulging the effect of the process parameters on the number of passes
and layers (a process aspect) and the material wastage (a product aspect)
through a case study on a candidate object.

2. Experimental details

The AM components are multi-pass multi-layered. A desired compo-
nent can be realized in a layer-by-layer (multi-layer) manner, with each
layer comprising overlapping weld beads (multi-pass). Hence, the weld
bead shape has a significant effect on each layer and the component's
resultant cumulative geometry. Hence, the first stage of the work is an
analysis of the fundamental block, viz., the asymmetric weld bead ge-
ometry. The experiments were performed using twin-wire robotic GMAW
having two separate welding power sources: primary and secondary.
Fig. 3a shows the experimental setup. The weld beads were laid trans-
versely, i.e. the wires were aligned perpendicular to the welding direc-
tion, as shown in Fig. 3b.

Weld beads and layers were deposited following the welding condi-
tions listed in Table 1. The range of primary and secondary welding
currents was determined by visual inspection of the weld beads. Incli-
nation angles 0° and 15° were chosen from the preliminary experiments.
A reasonable difference in the bead shape was observed when the torch is
tilted about 15° beyond which visually sound welds were not observed. A
representative weld bead and a layer are shown in Fig. 4a and b,
respectively. The beads and layers were 3D scanned images (Figs. 4c and
3d). A MATLAB code was written to digitize the weld bead cross-section
and bead overlapping surface profile at the middle of the weld length.
The digitized data were used to calibrate the twin-wire weld bead model
for AM. The weld bead model is employed to obtain the process planning
(number of layers and beads) required to deposit a block with a

Table 1
Experimental conditions.

Ip (A) Is (A) Torch Angle (o)
140 140 0° and 15°
160 140 0° and 15°
160 160 0° and 15°
180 140 0° and 15°
180 160 0° and 15°
180 180 0° and 15°
200 140 0° and 15°
200 160 0° and 15°
200 180 0° and 15°
200 200 0° and 15°
220 140 0° and 15°
220 160 0° and 15°
220 180 0° and 15°
220 200 0° and 15°
220 220 0° and 15°
140 160 15°

140 180 15°

140 200 15°

140 220 15°

160 180 15°

160 200 15°

160 220 15°

180 200 15°

180 220 15°

200 220 15°

trapezoidal cross-section, as mentioned in Section 3.3 and shown in
Fig. 14.

3. Twin-wire bead model for AM

Curves such as parabolic, elliptical, circular, cosine, and polynomial,
as reported in the literature, do not fit into an asymmetric weld bead

(b)

Fig. 3. Experimental setup — (a) welding unit and (b) transverse wire welding with torch inclination.
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Fig. 4. Actual and laser 3D scan weld bead (a and c¢) and weld layer (b and d).

profile of transverse twin-wire welds. A typical twin-wire transverse
weld, as can be seen in Fig. 5, is asymmetrical in shape. As a result, the
weld bead on the primary and secondary sides can be represented by
different characteristic curves, merging at the peak and having a common
height equal to the weld bead's height. Each of these curves is captured in
the form of a generic polynomial function, avoiding any type of predis-
position about their shape.

3.1. Asymmetric bead model

Let the bead widths along the primary and secondary sides be denoted
as wp, and wy, respectively. The bi-polynomial curves (f,(x) and f;(x)) of
the nth order degree represent the primary and secondary sides of the
weld bead profile, as shown in Fig. 4, and given as follows:

L(x):aop+alpx+g2px2+ .........Jranp){' (1)

f;(x):am+a1sx+a2l‘x2 R LRI +amx’l (2)

Here, the x-axis is along the base plate's surface, with its centre
located at the point of maximum height, as shown in Fig. 5. Thus, the
polynomials must satisfy the following conditions:

1(0)=f£(0) = h 3

Condition 3 leads to ag, = ao; = h; therefore:
L&) =h+apnx + @ + ..o oo e oo+ @y X ()]

fil)=h4agx+apx® + ... .o+ agX" 5)

The coefficients (aj, and as) are obtained via the m-point method for
the nth order polynomial. In this method, the weld half-width is divided

Primary side [

fp(x)

(d)

into (m) parts (m > n), and the weld height at each division is measured,
as shown in Fig. 6. For uniform representation, (m—1) parts can be
equally spaced, which would yield bead heights at different parts for the
primary and secondary sides (where subscript (.) represents the attri-
butes of the primary or secondary side), as follows:

W, w12 wn
yl.:h-‘ral_[;]—'—az_[g} + +a,,[Z] (61)
2 2w ]’ 2w ]"
N =h+al_[ﬁ] tar [l] ot [i] (62)
m m m
iw iw]? iw ]"
Yi. :h+al.|:*-:| +a. {*} + .t ay [7} (6.1)
m m
y,,,_=h+a1_w_+asz_2+ e e e e @, W (6.1)

Eq. 6 can be expressed in matrix form as follows:

Y =X @
where
yi.—h
Yo.—h
Y = y —h ®
Ym. — h

Secondary side

WA

Wm

ws

Fig. 5. Bi-polynomial model for asymmetric weld bead.
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[iw/m, yi)]

Fig. 6. M-point method for the calculation of coefficients.

X = ©
{IK} w. iw. J % !
ol I
w w? wi w'"
p.=la. a. as, an. ]T 10
Based on Eq. (7), the coefficient matrix # can be obtained as follows:
p=rx'(xx)" (11)

The coefficients of Egs. (4) and (5) can be validated by their ability to

predict the weld bead shape and thereby the weld width and weld area
on the primary and secondary sides. Once the bead's bi-polynomial
profile is known, an overlapping model of the adjacent asymmetric
beads can be developed and used to design the WAAM process.

3.2. Overlap model of adjacent asymmetric beads

The WAAM-based deposition process involves continuous over-
lapping beads for the fabrication of a bulk component. Unlike single-wire
welding, an asymmetric bead is expected in this case of wires' transverse
orientation. Therefore, the existing overlap models for symmetrical weld
beads are not applicable. However, the underlying assumption in all of
them that the overlap volume of the material fills the valley between the
two beads can also be true in this case. A simple sketch of the overlapping
model, as shown in Fig. 7, depicts the area of the valley and the over-
lapping areas in the adjacent beads. The peak-to-peak distance between
the adjacent beads (i.e. offset) is d.

To conserve the volume and assuming that the excess material fills the
valley in a flat manner (B1FB2) in Fig. 7, the areas can be written as
follows:

Area(AB,B,) = Area(AC\A) 12)

Area(AFB;) + Area(AFB,) = Area(AEA;) + Area(AEC)) (13)

Assuming the origin at D1, Eq. (13) can be rewritten as follows:

B2

D2

iR A,

A, E

] C

Fig. 7. Overlapping of the asymmetric weld bead.
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./(hff:(x))d)ﬂ».7(hffp(x7d))dx: 7 ﬁ,(xfd)dx+.7fx(x)dx a4

0 d—w,

where x. = AE.

X

]hdx— Zﬂ(x)dx—&- Zhdx— pr(x—d)dx— / ﬁ,(x—d)dx+Zﬁ(x)dx

0 d—w,
(15)
XE d Wy XE
/hdx+ /hdxf /fx(x)dxf /fx(x)dxf /fp(xfd)dxf / Fx—d)dx=0
0 .XE 0 .Xﬁ XE d—wy
(16)
d Wy d
/hdxf Solo)dx — frlx—d)dx=0 a7
0 0 d=w,
d Wy wp
/hdx— /ﬂ(x)dx - / frlx)dx =0 (18)
0 —wp
On solving Eq. (18),
_ 1 [a,w? + apw,®  asws® — apwy,®  aswy® + azw,t
d_w"‘_w"JrZ{ 2 3 g
1 < aw, ™ 4 a,-p(fw,,)i+l
IR P 2
d=w; Wp+h; P (20)

The estimation of d enables the calculation of the number of passes
required to build a product. The first and last weld beads in the multi-pass
layer are responsible for creating a product's lateral surface. The surface
topography determines the buy-to-fly ratio through the material loss that
occurs during post-machining.

3.3. AM process design

The model presented in the earlier section for determining the offset

+1
answsn + anp (7Wp
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distance d between two beads can be scaled up across the layers to design
the process model for the whole component by estimating the number of
weld runs and material wastage. A representative case of an AM-
manufactured block with a trapezoidal cross-section (Fig. 8) is pre-
sented in this section to illustrate this approach. The trapezoidal cross-
section has a base width B, a height H, and a wall angle 6. To ensure
adequate material distribution during finish machining, every layer
needs to be deposited with extra width to support the subsequent layer.

The total number of weld runs required to produce an i layer of the
block can be obtained as follows:

width ofi" layer =B — (i —1))2h cot 6 (21)

B— (i—1)2hcotl

number of weld runs in i" layer = y

+1 (22)
where represents the rounding up to the next integer. The addition of 1 in
Eq. (22) takes care of the half-width at the edges that does not support the
next layer.

H
number of layers =1 = n (23)

! .
B— (i—1)2
total number of weld runs=N = E {M
1

+1 @4

The actual and theoretical cross-sections of the deposited material (V,
and V;, respectively) for the trapezoidal geometry (Fig. 7) can be calcu-
lated as follows:

)n+]

n+1 (19
Va=N*(A, +A,) (26)
V,=(B—Hcot) H @7

The % material waste (M,,) in post-machining is calculated as follows:

M, = YeVieg09 28)
Va
N*A— (B—Hcot0)H,,
M, = VA 100 29)

The material waste can be related to the buy-to-fly ratio if the loss

. T e e~ e

N TN PN

Fig. 8. Cross-section schematic of the trapezoidal block.
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from metal evaporation and spatter is known. The loss depends on the
welding process and process conditions; for instance, in twin-wire sub-
merge arc welding, this loss may vary from 4% to 8% (Sharma et al.,
2008a). The data on metal evaporation and spatter loss in the GMAW
version of twin-wire welding are unknown; however, the cold metal
transfer-based GMAW process variants (single and twin) are claimed to
have a negligible spatter loss. Assuming that no evaporation and spatter
loss occurs, the buy-to-fly ratio is equal to V,/V;, which relates to the
post-machining material loss in Eq. (29).

In addition to the machining of the lateral surfaces, the start and end
of an open path deposition also need to be removed. The start and end of
a weld bead extend beyond the intended weld length (robot motion), as
shown in Fig. 4a. The extension is almost consistent (between 8 and 10
mm) for all the tested conditions. Furthermore, this extension becomes
non-existent for the closed path deposition and is not considered for
material loss calculation. For the open path deposition, the end loss can
further be curtailed by alternating the welding direction after each
deposition layer. As this work's focus is on the weld bead shape, other
parameters were not significantly altered. However, the user may keep in
mind that the proper selection of d, h, As, and A, in Egs. (24) and (28) can
further optimize the total number of weld runs and material wastage.

4. Results and discussion
4.1. Selection of polynomial function and validation

The second-, third-, and fourth-order polynomials are fit in transverse
twin-wire beads. The shape of the weld bead fits the fourth-order bino-
minal curves (Fig. 9d). The traditional flat model (second-order equation;
parabola) and the critical valley model (second-order model with an
additional constant term, Ding et al., 2015a) are unsuitable for twin-wire
transverse-bead. Therefore, a generic higher-order model is introduced.
The second-order (Fig. 9b) and third-order (Fig. 9c¢) polynomials
under-predict or over-predict the bead height and the bead width. The

25 ““\
E 2 \
E %
E — Primary
g5 \ ---Secondary
i
2
5 \
x 2 \
2 LY
(7] Wp
Tos EY
W\
o -
] 2 4 6
Width direction in mm
(a)
—=Primary fit Secondary fit
3
25T 3rd Qrde
E 45 k: “
E ] N 5
E Pl \\ L
5 £ fas \
%’ / ' 1 ‘\ \\
= i \ \
5 /S 0.5 \ L
- i P o v <
A
8 6 -4 - 2 4 6
-0.5
Width direction in mm
(c)

Height direction in mm

Height direction in mm
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polynomial coefficients representing beads for different welding condi-
tions (Table 1) are obtained by Eq. (12). The coefficients are given in
Appendix 1. The minimum of absolute real roots of polynomials indicates
weld widths on the primary and secondary sides. Fig. 10 compares the
effectiveness of the third- and fourth-order polynomials in terms of the
weld widths' predictability. The fourth-order polynomial predicts the
weld width on the primary and secondary sides within a +10% error
band (Fig. 10b). On the contrary, several cases fall beyond the +10%
error band when the third-order polynomials are considered.

4.2. Analysis of weld bead height, width, area, and offset

The effect of currents (I, and I;) and torch orientation (o) on weld
bead characteristics (h, w, As, Ap, ws, and wp) and bead critical offset (d)
are analyzed in two ways. First, the effects of the sum of welding currents
I, and I; on bead height, bead width, bead area, and offset — as shown in
Fig. 11a, b, 11c, and 11d, respectively — are analyzed. The sum of the
currents represents the total heat supplied collectively by the two elec-
trode wires. Second, the effect of the difference in welding currents I, and
I; is analyzed, as shown in Fig. 12. The difference in current signifies the
arc stability, as discussed earlier. For WAAM and in general, for the
welding process with single-wire GMAW, the increases in bead height
(Fig. 11a), width (Fig. 11b), and bead area (Fig. 11c) with an increase in
the current are well documented. Furthermore, as a thumb rule %/; of the
weld width, the offset also increases with the current. A comparable
result is also evident for transverse twin-wire GMAW welds with some
variation because of torch inclination.

The bead height is categorically higher with a 15° torch orientation.
The bead width is sensitive to the change in the torch angle. The width
varies over a wide range with a 15° torch orientation (Fig. 11b). How-
ever, the maximum possible width within the range of experiments is
almost the same for the 0° and 15° torch orientations. The bead area
increases with torch inclination (Fig. 11c), while the offset distance
marginally increases for the weld obtained at a higher inclination

—=Primary fit Secondary fit

Znd Order

-2 0 2 4 6
0.5

Width direction in mm

(b)

—=Primary fit Secondary fit

4th Order

-0.5
Width direction in mm

(d)

Fig. 9. Comparison of bead shape on primary and secondary sides (a) and fitting of polynomials in bead shape in the (b) second-order, (c) third order, and (d)

fourth-order.
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Fig. 11. Effect of welding parameters and electrode inclination.

(Fig. 11d).

The torch is inclined towards the primary current. This inclination
increases the CTWD on the secondary side and reduces the same on the
primary side. The change in CTWD changes the electrode extension
length, responsible for joule heating as the electrical resistance increases

with the bare electrode's length. The twin-wire arrangement offers a
complex interaction between the electrodes. Not only the current but also
the relative difference between the current values influences the arcing
phenomenon. The difference in currents at the primary and secondary
electrodes induces arc stability because of the electromagnetic field's
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Fig. 12. Effect of welding parameters on weld bead area and critical offset.

concentration surrounding the higher current density (Sharma et al.,
2008b). Also, the primary electrode that acts on the new surface stabi-
lizes at a higher current value. The effect of the current difference can be
seen in Fig. 12. The bead height (Fig. 12a) and bead area (Fig. 12c) in-
crease with a positive current difference (Ip > Is), while such dominance
is not visible for the weld width (Fig. 12b) and offset (Fig. 12d). The torch
inclination towards the primary side and a higher primary current
complement each other. The primary electrode needs a higher current
density to overcome the colder environment surrounding it. With the
smaller electrode extension, the heat required for electrode melting re-
duces, and enough heat is available for heating the cold surrounding.
From the above discussion, it is clear that the torch orientation and
welding currents play a vital role in determining bead characteristics —
width, height, area, and offset.

4.3. Predictive models of bead characteristic and bead offset

4.3.1. Predictive models

The bead height, offset distance, and bead area are the prerequisite
weld attributes to predict the number of passes (Eq. (24)) and material
wastage (Eq. (28)). The weld attributes are functions of the welding
process parameter. A functional relation between the attributes and the
process parameters is essential to relate the number of passes and ma-
terial wastage with the welding process conditions. The relations are
obtained via stepwise regression analysis and given as follows:

h=0.01722I; + 0.0000181,> — 0.0000411,> + 0.000071,*« (29a)

Table 2
Model statistics.

Weld bead parameters Standard error ~ R? R?(adj.)  R? (predictive)
Height (h) 0.1445 99.71%  99.66% 99.62%
Total bead area (a) 0.8530 99.80%  99.78% 99.76%
offset (d) 0.2684 99.88% 99.86% 99.85%

A =0.056331, + 0.04000515 + 0.0578a (30)

d =0.06475I, + 0.008781, — 0.014620 — 0.0001751,* (31)

The models' accuracy is evident from the lower value of standard
errors and the high value of the coefficient of determination (Rz), as
shown in Table 2. The values of Rz, R? (adjusted) and R2 (predicted) are
more than 99% for all the models.

4.3.2. Model validation

The models are validated by plotting the predicted against the actual
bead geometry values, as shown in Fig. 13. The models (Egs. (29)-(31))
were developed with 80% of the available data. The rest, 20%, were used
to validate the models. A comparison of actual and predicted values for
the model and validation data for the three models is shown in Fig. 13.
The predicted data for all the experiments are within the 10% error band.
The agreement between actual and predicted data ensures the correct-
ness of the models. Compared to the previous results of the weld bead
models, the present model offers improvement in predictability. For
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Fig. 14. Single-layer and multi-layer depositions.

example, Suryakumar et al. (2011) found that the maximum error in the
first layer thickness (i.e. bead height) was 16.03%, while Sharma et al.
(2015) found that the maximum error in the prediction of bead area was
up to 17.47%.

4.4. Accuracy of the asymmetric weld overlap model

The developed model's efficacy is further confirmed by single-layer
and multi-layer depositions, as shown in Fig. 14. The multi-layer
component was produced with a 180-180 A welding current with a
15° torch inclination, a case of minimal surface waviness with a standard
deviation of 0.1 mm, as shown in Table 3. The bi-polynomial weld bead
profile obtained the offset. The single-layer components are reasonably
flat. The multi-pass multi-layer component is without visible defects, as
shown in the corresponding cross-sections in Fig. 14a and b.

Despite the bottom of the layer where the substrate melts being quite
wavy (Fig. 14a and b), the welds laid at a critical offset distance fill the
valley in between and create an even surface. The layers undergo partial
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melting and solidification when the successive layers are laid.

When compared with the previous investigations, the asymmetric
weld bead model shows improvement in flatness. For example, the
standard deviation of the height from 0.1 mm in the first layer increases
only to 0.26 mm in the tenth layer. On the other hand, the standard
deviation with a single-wire symmetric bead calculated from the surface
waviness (available in Ding et al., 2015a) is 0.32 mm in the first layer
increases to 0.43 mm in the fifth layer (Fig. 15). Previous investigations
used the symmetric bead for different welding-based AM processes. For
symmetric beads, the offset depends on the width of a single bead (Ding
et al., 2015b) and can be represented in terms of the percentage of bead
width (%w). Various symmetric bead profiles have different critical
offsets (d), such as parabolic arc (66.7%w) (Suryakumar et al., 2011),
sine function (63.66%w) (Cao et al., 2011), and circular and elliptical arc
(78.57%w) (Zhang et al.,, 2014; Jhavar et al.,, 2014). However, in
asymmetric beads, the value of d cannot be fixed only by the width as the
weld bead shape also depends on the profile coefficients (Eq. (21)). In
turn, the value of d in terms of %w ranges from 57.79% to 69.47% for
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Table 3
Layer profiles at different welding conditions.
Inclination Primary current (A) Secondary current (A) Layer profile mean
+ standard deviation

0° 140 140 5 k/_wh/__,_\__\ | 1.96 + 0.21
0

0° 180 140 5 } | 2.10 £0.22
1]

0° 180 180 5 |»/~W__ﬁ/_\ | 2.18 £0.10
0

15° 140 140 5 } | 213 +0.21
1]

15° 180 140 5 } | 2.20 £ 0.30
0

15° 180 180 5 b,\_wﬁ,_\ | 2.19 £0.10
0

15° 140 180 5 } | 229 +£0.21

P e S e B

0

15° 180 220 5 }/ﬁ_,—»,_\_,_,‘f\_/—% 2.15 + 0.47
0

(all measurements in mm)
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Fig. 15. Process effects on the number of passes (a and b) and material wastage (c and d).

transverse welds obtained in this investigation. For these values of d, the
obtained surfaces are quite flat. The welding conditions have a minor
impact on the surface waviness provided that the welds are offset per the
d that is responsive to the welding conditions. The waviness increases at
higher currents (180-220 A) and a higher inclination (15°). The

11

transverse inclination of the welding torch creates a difference in CTWDs
of the electrodes. A higher current in the welding wire on the inclined
side generates more substantial arc pressure as low CTWDs, and high
currents are both favourable to increase the arc pressure. The arc pres-
sure forces the molten metal to blow away from the weld pool at the
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preceding weld bead interface.
4.5. T2WAAM process design

In the fabrication of components by the WAAM process, the total
number of passes (N) and the percentage of material wastage (%My,) are
crucial. The reduction in N brings down the fabrication time. The weld
bead cross-section plays a significant role in calculating N and %My,. The
welding current profoundly impacts the weld bead cross-section. An in-
crease in the current may reduce N but, at the same time, may also affect
the material loss. To apprehend the effect of the process parameters (I,,I;,
and «), a case study is conducted on a trapezoidal block, as shown in
Figs. 8 and 13, with H =20 mm, B = 100 mm, and 6 = 50°. The effects of
the process conditions on the number of passes (Eq. (24)) and material
waste (Eq. (28)) are shown in Fig. 15.

The increase in the current (I, or I) results in a decrease in the
number of passes (Fig. 15a and b), which is expected because of the in-
crease in the deposition rate with an increase in the current. For the same
reason, the torch inclination (o« = 15°) brings down the material waste
when compared with no torch inclination (o = 0°). The material waste is
an aggregate function of A, d, and h. The change in welding currents
balances out so that the extreme value of currents (too high and too low)
increases the wastage, as shown in Fig. 15c and d. The material wastage
minimizes at the moderate value of the primary and secondary currents.
Unlike the number of passes, the torch inclination does not impact the
material wastage; however, an inclined torch (a = 15°) shifts the mini-
mum material wastage from a primary welding current of 150-180 A to
170-190 A that, in turn, helps reduce the number of passes. The interplay
between process parameters and outcomes (e.g. material wastage and the
number of passes in this investigation) necessitates the optimization of
the process parameters. The comprehensive approach developed in this
investigation can be used as a decision-making tool for WAAM process
optimization. The developed approach can also be used when the large
parts are additively manufactured using adaptive parameters for filling
the varying cross-sections of layers of the AM process (Ding et al., 2016 a,
b).

5. Conclusions
This investigation demonstrates the traverse twin-wire welding
process's efficacy in obtaining high deposition rates without any signif-

icant loss in accuracy by exploiting its weld bead's asymmetric nature.
This is aided by an integrated process and product design for twin-wire

Appendix 1. Polynomial coefficients
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robotic WAAM by analyzing the weld bead profile and bead overlap.
The following conclusions are derived from this study:

1. The weld bead is asymmetrical in transverse twin-wire GMAW, unlike
the symmetrical profile of single-wire and tandem twin-wire welding.
The bi-polynomial fourth-order curve fits well with the twin-wire
welds. A weld bead overlapping model of the asymmetric weld
bead is presented, making twin-wire transverse welding a potential
candidate for large-scale AM. Compared to the conventional flat-top
and critical valley models, which are limited to asymmetric weld
bead, the current bi-polynomial fourth-order model can simulate
asymmetric weld beads. As a result, the multi-pass layer's flatness
significantly improves and maintained for many number of layers.

2. A flat layer can be produced by overlapping asymmetric twin-wire
weld beads; however, the offset is a function of the welding param-
eters (welding currents and torch inclination), unlike the previous
investigations that suggest an offset as a fixed proportion of the weld
width. The total number of passes and material wastage in the WAAM
process are not associated monotonically with the welding current.
The variation trend is coupled with the shape and size of the
component cross-section.

3. The process models of the weld bead shape and the offset can be in-
tegrated with the product features to assess the time for fabrication
and post-machining material wastage. Such integration is apt to act as
a decision-making tool for the shop-floor applications.

4. The results of this investigation are of fundamental importance. They
would have a far-reaching impact on the economic consideration of
the WAAM process by saving materials and time through the reduc-
tion in the total number of passes and a closer fit to the profile of the
component.
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Primary Secondary
Ip (A) Is (A) (o) h al al a3 a4 al al a3 a4
1 140 140 0 1.90 0.3056 0.2599 0.0985 0.0091 —0.1909 0.1040 —0.0584 0.0061
2 160 140 0 2.05 0.0771 —0.0284 0.0345 0.0054 —0.0992 0.1137 —0.0594 0.0055
3 160 160 0 2.02 0.1298 0.0902 0.0512 0.0050 —-0.1239 0.1084 —0.0586 0.0058
4 180 140 0 2.37 —0.0840 —0.0992 0.0003 0.0006 —0.1580 —0.0391 —0.0110 0.0015
5 180 160 0 2.25 0.1291 0.1214 0.0635 0.0061 —0.1657 0.1504 —0.0903 0.0100
6 180 180 0 2.47 0.2014 0.0577 0.0405 0.0042 —0.1045 0.0384 —0.0369 0.0038
7 200 140 0 2.15 0.2036 0.1453 0.0648 0.0060 —0.2224 0.1668 —0.0752 0.0072
8 200 160 0 243 0.1926 0.0950 0.0512 0.0049 —0.1438 0.0273 —0.0270 0.0025
9 200 180 0 2.54 0.1136 0.0230 0.0285 0.0028 —0.2023 0.0924 —0.0530 0.0053
10 200 200 0 2.54 0.0749 —0.0544 0.0118 0.0018 —0.0821 —0.0139 —0.0195 0.0022
11 220 140 0 2.57 0.1103 —0.0266 0.0264 0.0037 —0.0407 —0.0459 —0.0280 0.0041
12 220 160 0 2.49 0.0551 —0.0309 0.0225 0.0030 —0.0404 —0.0370 —0.0163 0.0021
13 220 180 0 2.56 0.0690 —0.0169 0.0213 0.0025 —0.0938 —0.0317 —0.0199 0.0026
14 220 200 0 2.62 0.0940 —0.0608 0.0080 0.0014 —0.0449 —0.0550 —0.0068 0.0009
15 220 220 0 2.56 0.0895 —0.0064 0.0203 0.0021 —0.2068 0.0361 —0.0298 0.0030
16 140 140 15 2.29 0.2615 0.2582 0.1420 0.0164 —0.2873 0.3385 -0.1702 0.0191
17 140 160 15 2.22 0.1051 0.0862 0.0554 0.0054 —0.2619 0.1869 —0.1037 0.0118
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(continued on next column)
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(continued)
Primary Secondary
Ip (A) Is (A) (o) h al al a3 a4 al al a3 a4
18 140 180 15 2.33 0.0785 0.0524 0.0565 0.0062 —0.1998 0.1683 —0.1078 0.0127
19 140 200 15 2.35 0.1593 0.1018 0.0679 0.0071 —0.1674 0.1093 —0.0609 0.0059
20 140 220 15 2.53 0.1459 0.0157 0.0360 0.0037 —0.1105 0.0369 —0.0332 0.0030
21 160 140 15 2.06 0.1384 0.1145 0.0750 0.0082 —0.0794 0.0987 —0.0617 0.0062
22 160 160 15 2.33 0.0818 0.0245 0.0337 0.0033 —0.2769 0.1797 —0.0957 0.0106
23 160 180 15 2.60 0.1216 —0.0101 0.0357 0.0047 —0.0983 0.0335 —0.0434 0.0048
24 160 200 15 2.43 0.1495 0.0656 0.0432 0.0040 —0.1794 0.1066 —0.0524 0.0047
25 160 220 15 2.29 0.2284 0.2615 0.1008 0.0089 —0.0810 0.0967 —0.0608 0.0060
26 180 140 15 2.37 0.1909 0.0689 0.0549 0.0063 —0.0795 0.0162 —0.0331 0.0036
27 180 160 15 2.16 0.0843 0.0595 0.0387 0.0036 —0.1891 0.1429 —0.0752 0.0078
28 180 180 15 2.47 0.0529 —0.0292 0.0163 0.0020 —0.1205 0.0288 —0.0350 0.0037
29 180 200 15 2.64 0.0984 —0.0556 0.0096 0.0015 —0.0646 —0.0315 —0.0143 0.0017
30 180 220 15 2.29 0.2282 0.1830 0.0702 0.0060 —0.2586 0.2065 —0.0712 0.0057
31 200 140 15 2.42 0.1440 0.0492 0.0459 0.0049 -0.1977 0.1052 —0.0702 0.0078
32 200 160 15 2.58 0.0012 —0.0463 0.0176 0.0022 —0.1358 0.0184 —0.0351 0.0040
33 200 180 15 2.23 0.1844 0.1377 0.0668 0.0065 —0.1295 0.1260 —0.0600 0.0055
34 200 200 15 2.39 0.0110 —0.0407 0.0145 0.0019 —0.0440 —0.0502 —0.0147 0.0022
35 200 220 15 2.82 0.0237 —0.0937 0.0046 0.0014 —0.1416 0.0156 —0.0315 0.0034
36 220 140 15 2.79 0.2035 0.0096 0.0306 0.0031 —0.1678 0.0547 —0.0502 0.0054
37 220 160 15 2.71 0.0507 0.0044 0.0360 0.0040 —0.1775 0.0221 —0.0424 0.0050
38 220 180 15 3.16 0.0484 —0.0366 0.0224 0.0028 —0.0310 —0.1689 0.0015 0.0021
39 220 200 15 2.88 0.1640 0.0029 0.0258 0.0027 —0.0934 —0.0231 —0.0258 0.0032
40 220 220 15 3.11 0.1533 0.0427 0.0555 0.0063 0.0154 —0.1124 —0.0137 0.0030
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