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Wire and arc additive manufacturing (WAAM) is a promising alternative to traditional subtractive manufactur-
ing for fabricating large aerospace components that feature high buy-to-fly ratio. Since the WAAM process
builds up a part with complex geometry through the deposition of weld beads on a layer-by-layer basis, it is
important to model the geometry of a single weld bead as well as the multi-bead overlapping process in order
to achieve high surface quality and dimensional accuracy of the fabricated parts. This study firstly builds
models for a single weld bead through various curve fitting methods. The experimental results show that both
parabola and cosine functions accurately represent the bead profile. The overlapping principle is then detailed
to model the geometry of multiple beads overlapping together. The tangent overlapping model (TOM) is
established and the concept of the critical centre distance for stable multi-bead overlapping processes is
presented. The proposed TOM is shown to provide a much better approximation to the experimental
measurements when compared with the traditional flat-top overlapping model (FOM). This is critical in

process planning to achieve better geometry accuracy and material efficiency in additive manufacturing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Additive manufacturing (AM) builds up a component through the
deposition of materials layer-by-layer instead of starting with an over
dimensioned raw block and removing unwanted material, as practised
in conventional subtractive manufacturing. AM is a promising alter-
native for fabricating components made of expensive materials such as
titanium and nickel in the aerospace industry where such components
often suffer an extremely high buy-to-fly ratio. Many techniques have
been developed for manufacturing metal structures in AM, such as
selective laser sintering 1], direct metal deposition [2], electron beam
freeform fabrication [3], shape deposition manufacturing [4], and wire
and arc additive manufacturing (WAAM) [5-7].

With regard to how the additive material is supplied, currently
popular AM technologies can be classified as either a powder-feed
process or a wire-feed process [8,9]. The powder-feed process is
capable of fabricating parts with small size and high geometrical
accuracy. In addition, it is possible to produce parts with function-
ally graded materials (FGM) [10]. On the other hand, the wire-feed
approach is a cleaner and more environmental friendly process,
which does not expose operators to the potentially hazardous
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powder environment. Compared with the powder-feed process, it
has higher material usage efficiency with up to 100% of the wire
material deposited into the component. Additionally, metal wires
are lower in cost and more readily available than metal powders
having suitable properties for AM, making wire-feed technology
more cost-competitive.

Depending on the energy source used for metal deposition,
wire-feed AM can be classified into three groups, namely laser
based, arc welding based, and electron beam based [11]. Among
these, arc welding based AM has shown promise due to its
combined advantages of higher deposition rate, energy efficiency,
safe operation and lower cost. Generally, the deposition rate of
laser or electron beam deposition is in the order of 2-10 g/min,
compared with 50-130 g/min for arc welding based AM technol-
ogy [12-14]. Laser is commonly used as the energy source in the
AM system. However, it has very poor energy efficiency (2-5%)
[15]. Electron beam has a slightly higher energy efficiency (15-
20%), but it requires a high vacuum working environment [16].
Compared with the poor energy efficiency of laser and electron
beam, the energy efficiency of arc welding processes such as the
gas metal arc welding (GMAW) or gas tungsten arc welding
(GTAW) processes can be as high as 90% in some circumstances
[17,18]. As a result, WAAM using either the GMAW or the GTAW
process is a promising technology for manufacturing aerospace
components with medium to large size in terms of productivity,
cost-competitiveness and energy efficiency [5,6,19,20].
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Generally, the AM process involves slicing the 3D CAD model
into a set of 2.5D layer contours with a constant or adaptive
thickness, and depositing material into these contours to build the
parts layer-by-layer from the bottom to the top. In WAAM, this
building strategy incorporates the deposition of a large number of
single weld beads side by side. Therefore, accurate models for
single bead geometry as well as the multi-bead overlapping play
an important role in determining the surface quality and dimen-
sional accuracy of the fabricated products.

This study firstly builds models for a single bead profile
through curve fitting methods. The experimental results show
that both parabola and cosine functions accurately represent the
bead profile. Based on the obtained single-bead model, a multi-
bead overlapping model is developed and the critical centre
distance to achieve stable multi-bead overlapping processes is
analysed. The proposed model is proven to be a much better
approximation to the experimental measurements compared to
the traditional overlapping model from existing literatures.

The remainder of this paper is organized as follows. Section 2
models and compares the curve fitting results of three mathema-
tical models for a single weld bead. Section 3 proposes a novel
multi-bead overlapping model and develops the concept of critical
centre distance. Section 4 presents the experimental results and
discussions for the new multi-bead overlapping model followed by
conclusions in Section 5.

2. Single bead modelling

Much research has been directed towards developing a correla-
tion between welding parameters and weld bead geometry by using

Table 1
Three bead models and the related bead height, bead width, and bead area.

regression analysis [5], artificial neural networks, or combinations of
these two techniques [21]. A symmetric parabola profile of the weld
bead has been described by Suryakumar et al. [22]. Cao et al. [23]
fitted the weld bead boundary with Gaussian, logistic, parabola and
sine functions, and found that the sine function can fit the measured
data with the highest accuracy. Xiong et al. [24] compared the
measured weld beads under different welding parameters to three
frequently-used profile models, namely circular arc, parabola, and
cosine function. It was shown that the optimal model for the bead
profile is largely dependent on the ratio of wire feed rate to welding
speed. Previous research had used measured bead height and width
instead of complete cross-sectional profile for the model parameters
identification. Nevertheless, the relative errors of bead cross-
sectional area predicted by their models were as high as 15-20% in
certain circumstance [22,24]. Therefore, a further detailed measure-
ment of the bead cross-sectional profile and the curve fitting based
method are necessary for accurate modelling of bead geometry.

2.1. Single bead empirical models

Three popular mathematic functions, parabola, cosine and arc, are
used here to model the cross-sectional profile of a single weld bead,
as shown in Table 1. The bead height, h, bead width, w, and the bead
area A for each model are summarized using various model para-
meters. In these functions, a, b, and c are model parameters which
must be identified through experimental measurements.

2.2. Experimental set-up

Experimental tests were conducted using a robotic welding
system at the University of Wollongong. The robotic WAAM

Models Model function Bead height, h Bead width, w Bead area

Parabola model y=ax’+c c 2,/=¢ Ap=%/-L

Cosine model y=a cos(bx) a 7 Ac=2

Arc model y=va-x+b a-b 2Va? - b* Aq =arc cos(—b/a) —bVa® —b*

1. Computer
2. Control cabinet
3. Welder

4. Robot

5. Torch

6. Laser profiler
7. Work piece

Fig. 1. Schematic diagram of the experimental WAAM system.
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system and the 3D laser scanning system have been integrated
into a welding cell to conduct the experiments, as described in
Fig. 1. A computer interface (1) is used to programme the
experimental processes and collect the experimental results. The
robot controller (2) is used to coordinate both the robot motions
and welding processes. (3) A programmable GMAW power source
(3) is used to control the welding process. A large industrial robot
(4) implements the movement of the welding torch (5) for metal
deposition, and subsequently a laser profiler (6) to measure the
bead profile. An example of weld bead deposits on a work piece is
shown (7).

The pulsed-spray GMAW transfer mode was used to minimize
the heat input. The wire electrode was copper coated steel wire
with the diameter of 1.2 mm. The stick-out length was set to 18 mm
to minimize weld spatter for this particular process. A shielding gas
mixture of 82% argon and 18% CO, was used with a flow rate of
22 L/min. The wire feed rate was set at 5 m/min and the welding
speed was varied from 200 to 550 mm/min. A 3D laser profile
scanner with a resolution of 0.02 mm was used to accurately
measure the cross-sectional profile of the weld beads at different

locations along the welding direction. In order to improve the
accuracy of measurements that are subject to random errors, each
bead profile was scanned 200 times. The experimental data
obtained from the laser profiler was processed using MATLAB. A
3D plot of some measured weld bead profiles is shown in Fig. 2. The
left profile is a single bead with 200 cross-sections, while the centre
and right are the profiles of welds having two overlapping beads.

2.3. Curve fitting results

Experiments were carried out for a combination of 1 wire-feed
rate (V) and 8 different welding speeds (V). Each of the eight
weld bead profiles is fitted using the three previously mentioned
models with parameters that produce the highest value of R?,
which is the square of the correlation between the response values
and the predicted response values. The parameters obtained from
each model are summarized in Table 2. The ratio (1) of wire-feed
rate to welding speed is also calculated. With A ranges from 9.1 to
25, the R? of all models are higher than 0.975, indicating that all of
the models can accurately predict the weld bead geometry.

0158

200

1995

Fig. 2. Experimental measurements of weld bead profile.

Table 2
Curve fitting with three mathematic models.

S. no. Process parameters Parabola model Cosine model Arc model
V,, (mm/min) Ratio 4 a c R? a b R? a b R?

1 200 25 —0.0840 3.3418 0.9989 3.395 0.2411 0.9937 7.010 —3.720 0.9990
2 250 20 —0.0955 3.0176 0.9996 3.071 0.2716 0.9969 6.216 —3.251 0.9841
3 300 16.7 —0.1040 2.7210 0.9994 2.765 0.2971 0.9951 5.715 —3.042 0.9859
4 350 14.3 —0.1144 2.5420 0.9976 2.592 0.3248 0.9991 5.220 —2.727 0.9786
5 400 12.5 —0.1262 2.4615 0.9934 2.483 0.3461 0.9968 4.941 —2.571 0.9915
6 450 111 -0.1221 2.1919 0.9943 2.239 0.3625 0.9988 4.866 —2.717 0.9923
7 500 10 —0.1405 2.1513 0.9934 2.198 0.3925 0.9982 4.299 —2.194 0.9967
8 550 9.1 —0.1511 2.0704 0.9873 2123 0.4173 0.9961 4.052 —2.034 0.9943
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The relative error of area prediction, es.q, is defined as the
percentage of the area difference between the predicted and the
actual bead area over the actual bead area,

_ Apredict _Aactual % 100%,

M

e,
Area Aactual

where, Apr.dic; 1S the prediction of the bead area by the mathema-
tical models listed in Table 1. The actual area, Ayruq Of @ weld bead
cross-section, namely metal deposition rate per unit length, can be
calculated as

7VyD;, mlD?

actual = 4V, = 4

where, V; is the wire-feed rate, Dy, is the diameter of the wire
electrode, and V,, is the welding speed.

As shown in Fig. 3, the relative errors of all three models are

within + 4%. Compared with relative errors up to 15% in previous

literature [22,24], the model parameters identified in this study
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Fig. 3. Relative error for predicted and actual area of weld bead cross-section.
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are much more accurate without considering the material loss
during the welding process. This is mainly due to the use of curve
fitting with detailed bead cross-sectional measurements instead of
only employing the bead height and width in the model fitting. As
shown in Fig. 3, between the three empirical models, the parabola
model and the cosine model provide a better approximation than
the arc model. Good agreement between experimental results and
the parabola model is obtained under all welding speeds, as
shown in Fig. 4. In the following sections, the parabola model will
be used for developing the overlapping model.

3. Multi-bead overlapping model

Some preliminary investigations on multi-bead overlapping mod-
els have been made in recent years [22-25]. A simple flat-top
overlapping model (FOM) has been developed in the literature, and
is described as follows. Let a single bead have a height h and width w;
and the adjacent beads have a centre distance d. The area of valley and
overlapping area in adjacent beads are depicted in Fig. 5. The centre
distance d between adjacent beads plays an important role in
determining surface quality and smoothness. When the centre dis-
tance d is greater than the single bead width w, there is no overlap
within the two adjacent beads. As the centre distance is decreased, the
overlapping area in Fig. 5 increases, and the area of the valley
decreases. As the centre distance d decreases to a certain value, the
overlapping area becomes equal to the area of the valley and the
overlapped surface will become an optimal plane. With a further
decrease of d, excessive overlapping area leads to an increased
thickness of the deposited layer and decreasing surface smoothness.
Consequently, the optimal centre distance d is determined by the
criterion that a flat plane will be obtained when the overlapping area
is equal to the area of valley. However, it has been observed through
experimentation that it is impossible to achieve the ideally flat
overlapped surface [22,25]. Therefore the overlap criterion proposed
in these studies is not optimal and produces an undesired wavy
surface. As a work piece requires deposition of several layers, uneven
layer surface may lead to accumulating errors along the vertical

a
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* Exp. Vw=200mm/min ° Exp. Vw=300mm/min ° Exp. Vw =400 mm/min
« Exp. Vw =500 mm/min ——Parabola fitting
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¢ Exp. Vw =250 mm/min o Exp. Vw =350 mm/min ° Exp. Vw =450 mm/min
» Exp.Vw=550mm/min ——Parabola fitting

Fig. 4. Weld bead geometry of a single bead with various welding speeds.
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direction, resulting in unstable deposition after several layers. There-
fore, it is very important to build a more accurate bead overlapping
model based on the determination of the optimal centre distance, so
that a stable overlapping process can be achieved.

3.1. Principle of the tangent overlapping model (TOM)

In the traditional flat-top overlapping model (FOM) of Fig. 5, the
area of valley consists of the boundaries of two beads and one straight
line which connect the summits of both weld beads. However, during
welding tests described in the previous section, it was observed that
there is a “critical valley” geometry that better approximates the cross-
section of multiple welding beads in gas metal arc welding (GMAW).

As shown in Fig. 6(a), for two weld beads with a width w and a
height h, Bead 1 is first deposited on the substrate, and Bead 2 is
deposited next to Bead 1 with a centre distance of d. A is the left-
most point of Bead 2, at the toe of the weld. Point B is the point on
Bead 1 which shares the same abscissa with point A. Line BC is
tangential to Bead 2. In contrast to previous studies, this newly
proposed model defines the critical valley as the zone BEC. The
overlapping area is AED; the same as the previous FOM model. As
the centre distance d is decreased from w to w/2, the size of the
overlapping area (Spgp) increases from zero, while the size of the

Center distance d Area of valley

Bead height

17
% 1

Overlapping area

Bead width w
Fig. 5. Sketch of the traditional flat-top overlapping model (FOM) [24].

a
Centre distance d |
Bead height /7 ¢ >
, A D
J F
Bead width w K|
C

Centre distance d > d* '

AY  iD !

d*<d<w

critical valley (Spec) increases initially from zero but then
decreases. The detailed calculations of the area variations are
provided in the following sections. As an introduction, the prin-
ciple of TOM can be summarized as follows:

(1) When Saep=Sgec, the overlapped profile is described by
Fig. 6(b). The corresponding centre distance is called the
critical centre distance d*.

(2) When the centre distance d varies from d* to w, Sagp < Sgec. In
this case, the overlapped profile is shown in Fig. 6(c). Since the
area of the critical valley BEC is larger than the overlapping
area AED, the actual area of valley will be BEC’ with the area of
B'EC’ is equal to the area of AED, where B’ is a point on Bead 1,
and line B'C’ is tangential to Bead 2.

(3) When the centre distance d varies from w/2 to d*, Saep > Sgec,
as shown in Fig. 6(d). The excessive overlapping area results in
the altered profile of Bead 2. Through experimental tests, the
parabolic curve of Bead 2 has been measured. As for previous
geometric cases, B is also a point on bead one that shares the
same abscissa with point A, but point A is defined on the non-
altered profile of Bead 2 rather than the actual altered profile.
Line BC is tangential to the altered profile of Bead 2. The profile
of Bead 2 has been changed, indicating that the overlapping
process is not stable for the first few beads. When multiple
beads are deposited, the layer thickness will increase in
comparison with the case d* < d < w. This results in the height
of the first bead being much lower than the rest.

3.2. Overlapping of two beads
With the proposed overlapping principles of TOM, the key step
of the overlapping model is to calculate the critical centre distance

for any given weld bead.

Case (1) The centre distance d=d*

In Fig. 6(a), two weld beads are considered as two parabolic

b

Area of the critical valley

Overlapping area

Bead 1

A D ¥

w2 <d<d*

Fig. 6. Schematic diagrams of the tangent overlapping model (TOM).
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functions expressed as

y:ax2+c, 3

y=ax—d>’+c, (4)

where c is equal to the weld height h and a= —4h/w?. For a given
weld bead, a and c are derived from the model of a single bead.
If the coordinates of points A, B, F, C are defined as A(x;,0),
B(x1,y1), F(x2,0), C(x2,y»), the gradient of the line BC is k, then Sagp
and Sggc can be represented using the following functions:

d2
Saep = 2/ (ax? +c)dx, (5)
X1

SBEC = SABCF +SAED - SABD - SACF

) .
=m(xz—x1)+2/ (ax2+c)dx—/
2 X X1

c/a
(ax? +cydx

- /sz [a(xf d)? +c} dx, (6)

We define f(d) as the function of the difference between Sagp and
SgEC:

1 1 1 ad(w—d
f(d) = Spec —Saep = §ad3 +§aw3 —iawd2 —%\/ wd—d*, (7)

can be solved, and the overlapped profile can be obtained
similarly to case (1).

Case (3) The centre distance w/2 <d < d*

When the centre distance d is less than the critical centre
distance, the second bead profile is changed. In this case, the
overlapping process is more complicated. Through experimental
measurements, it was found that the boundary of the second
weld bead can also be represented by a parabola function with the
same parameter a as the parabolic curve of the first weld bead.
Therefore, the second bead can be represented as

y=ax—dy?+c,, ®)

where, the parameter c,, the height of the second weld bead, can
be solved at the certain centre distance d. For simplicity, the
detailed calculations are omitted here.

3.3. Multi-bead overlapping

In WAAM, each layer is fabricated by depositing a large number

When Sagp=Sgec, f(d)=0. Among the four roots obtained from

this equation, only two of them have positive real values:

d]:W

3 1 1/3 1 1 1 -1/3
dzzw[<‘/5]2+16> +8< 5]2+16> }%0.738W

This indicates that within the range of (w/2, w), there exists a
unique critical distance, d*=0.738w. Fig. 7 plots the trends of Sagp,
Sgec, and f(d) as the centre distance d varies from w/2 to w. With
increasing centre distance, the S,gp decreases, while Sgec increases
at the beginning but decreases to zero in the end. S,gp is equal to
Sgec when the centre distance d is equal to the critical centre

distance 0.738w.

Case (2) The centre distance d in the range d* <d <w

of single weld beads side by side. The overlapping processes of
weld beads determine the surface quality and dimensional accu-
racy of the fabricated products. Therefore, it is important to
investigate the overlapping process of multi-bead deposits. In
the case of d>d* the all weld beads have the same height, so
the parabolic function of all weld beads has the same value of
parameter ¢ (c{=cCy=...=C,). This means that the overlapping
process of the third weld bead on the second weld bead is the
same as that the process of overlapping the second weld bead on
the first weld bead. Therefore, the process of multi-bead over-
lapping can be considered as the repeated two-bead overlapping
processes. However, in the case of d < d*, the parabolic function of
the second weld bead boundary will be changed during the
overlapping process. For any given weld bead in the multi-bead
deposit, the overlapped profile can be simulated numerically. The
schematic overlapped profile of a multi-bead deposit at d < d* is
represented in Fig. 8. It can be found that such overlapping
processes are not stable, with the thickness of the layer increasing
as more beads are deposited.

As described in Fig. 6(c), B’ is a point on Bead 1, C’ is a point on
Bead 2. Line B'C’ is tangential to Bead 2. By applying the relation-
ship that Sugp is equal to Spgc, the coordinates of point B’ and C'

~._ Overlaparea

Area of critical valley

f(d)

the centre distance

Fig. 7. The overlap area, the area of the critical valley, and f{d) as a function of the
centre distance d.

4. Experimental verification for the overlapping model

Based on the traditional FOM, to achieve a flat deposition
surface the optimal centre distance is d=0.667w using the para-
bola model for single bead. According to the proposed TOM, a
centre distance of 0.667w would induce an unstable overlapping
process as it is less than the critical centre distance d*=0.738w.
Fig. 9 compares the experimental measurements of overlapping
bead profile with the predictions from the proposed TOM and the
traditional FOM. The welding speed was set at 400 mm/min for
this test. The single bead model parameters can be obtained from
row 5 in Table 2. The bead width is calculated using the formula

in Table 1.

Fig. 8. The schematic overlapped profile of a multi-bead deposit at d <d".

Overlap of multi-bead
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- Experiment: d =0.667 w

R

The proposed TOM =---- The traditional FOM

5 4 3 -2 -1 0 1 2 3

Fig. 9. Comparison of experimental measurements of bead profile with the tangent overlapping model (TOM) and the flat-top overlapping model (FOM).

4 5 6 7 8 9 10 11mm

25

20 '," The proposed TOM [

L= /" N The traditional FOM [
\

10 /: ‘\

< P
Sea - Se
Seao="

-25 T T T

-4 -2 0 2

4 6 8 10mm

Fig. 10. The relative errors between the experimental bead profile and the models.

Prediction of the overlapped profile at d=0.667w through the
traditional FOM yields

ax®+c —-w/2<x<0,
y=<{cC O0<x<d, 9)
ax—dy*+c d<x<d+w/2.

Prediction of the overlapped profile at d=0.667w through the
proposed TOM yields

ax® +cq
y=1 k(x—x1)+y; x1<x<xy,
ax—dy>4+c; Xy <x<d+wy/2.

—W/2 <X <Xy,
(10)

where, C; = C is the height of the first bead; c; is the height of the
second bead, which could be solved numerically; x;, X, and k are
parameters as mentioned in Section 3.2, all of these can be solved
for any given weld bead; w; is the width of the second bead which
could be solved when c, is obtained.

In Fig. 9, the experimental data, FOM and proposed TOM are
represented by the dotted line, dashed line and solid line respec-
tively. It can be seen that the proposed TOM approximates the
experimental results much better than the traditional FOM,
particularly in the zone of the valley.

Using the traditional FOM, a flat plane would be obtained at the
optimal centre distance, which does not match with the experi-
mental data. The proposed TOM model is more suitable in
describing the zone of the valley. Additionally, the proposed model
predicts a higher peak for the second bead as the centre distance is
less than d* which has been confirmed in the experimental
measurements.

To compare the accuracy of both models quantitatively, relative
errors between the measured profile and the predicted profile
along the bead width direction are plotted in Fig. 10, with e,

defined as,

Ey(%») :ymod el —Ymeasurement x 100%, (1 ])

ymeasurement

It can be found that FOM results in a high relative error in the
zone of the valley (0-6 mm in Fig. 10). This is because the valley is
assumed to be a flat plane in the literature, but it is waved in the
experiments. The proposed TOM is more accurate than the
traditional FOM. Although both models are not accurate at the
zone near the substrate, it is inconsequential and may be dis-
regarded when compared to the zone of the valley, because the
volume of deposited material is much lower near the weld toe in
comparison to the valley.

Further experimental measurements of overlapped bead profile
for various centre distances d are provided. Fig. 11 presents the
model predictions and measurement data in all three circum-
stances, namely (a) d=d*, (b) d > d*, (c) d < d*. It can be seen that,
the proposed TOM agree with experiments very well in all three
situations.

Unlike the traditional FOM, the proposed TOM model predicts
an asymmetrical overlapping geometry between the peaks of the
two beads. In addition, the experimental measurements show that
the height of the second bead is higher than the first one when the
centre distance is smaller than the critical centre distance, which
agrees with the proposed model. The ratio of the height for the
second bead over the first bead at various centre distances are
calculated and compared to experimental measurements, as
shown in Fig. 12. It can be seen that when the centre distance d
is larger than the critical centre distance d*, the ratio is approxi-
mately 1.0, i.e. the second bead has the same height as the first
one. When the centre distance is less than the critical centre
distance, the ratio increases, indicating an increase in the height of
the second bead. The proposed TOM model has been quantita-
tively verified through these experimental measurements. Accord-
ing to the centre distance, there are stable and unstable overlap



108 D. Ding et al. / Robotics and Computer-Integrated Manufacturing 31 (2015) 101-110
a .
> Experiment ——The proposed TOM
3 mm
N . R —
N
1, ™.
“” T T G T T
-5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 mm
d=0.738w =d*
b
3 mm
e,
vd ]
0 T T T
5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12mm
d=0 8w>d*
C 5 mm
2 \\\
W 4 \
/ i} y
5 4 3 -2 1 0 1 2 3 4 5 6 7 8 9 10 11 12 mm
d=10 55w<d*
Fig. 11. The experimental results of overlapped bead profile at various centre distance d.
1.3 - that, during the deposition processes, a few minutes of waiting
time was used between each pass as well as subsequent layers to
®  Experiments eliminate the temperature's effects on weld bead geometries as
1.2 1 —— The proposed TOM much as possible. _
In Fig. 13(a), a centre distance of d=0.667w was used. After
deposition of five layers, it can be seen that the layer thickness at
11 the first bead becomes much lower than the rests. This result is
“; predicted by the proposed TOM. Since the centre distance is less
< a than d*, the height of the following bead will be higher than the
11 previous one. In Fig. 13(b), the critical centre distance (d=0.738w)
proposed by the TOM is used. After deposition of five layers, the
09 | Unstable overlapping Stable overlapping variatioqs in the height of the bead peaks from.left to right.hgnd
’ -— —_— are relatively smaller. As more layers are deposited, the variation
‘ in bead peak height becomes progressively worse when the centre
0.8 . : . : . distance d=0.667w, while it is significantly more stable when the
’ 05 0.6 0.7 d=d* 08 0.9 1 centre distance d=0.738w. These results demonstrate that the
: ’ ’ d/ ’ ’ critical centre distance proposed by the TOM results in a stable
w

Fig. 12. The ratio of the height of the second bead to the first bead (c,/c;) at various
centre distance d/w.

zones, which have significant implications for process planning
in WAAM.

The best use of the bead overlapping model is to provide an
estimate of optimal centre distance for AM. The traditional model
proposes do,,=0.667w while the proposed model claims
dope=0.738w. Further experiments were conducted at both of
these centre distances for multi-bead and multi-layer deposition
to compare the performance of the models. As shown in Fig. 13,
AM deposits were made at these centre distances with five layers
of deposition and six beads in each layer. The welding speed was
500 mm/min for these tests. The cross section was scanned after
the first, third and fifth layers were deposited. It should be noted

overlapping process, which is a necessary condition for the
additive manufacture of large components.

Generally, any component that is built by depositing a series of
overlapping beads is subjected to a machining process to remove
the scallops. Yield 7 is the ratio of the volume of the part
remaining after machining to the volume of the total metal
deposited. Yield reflects the material utilization for a process, very
similar to casting. In Fig. 13(a) and (b), the maximum yield at
two centre distance are 75.7% and 84.1% respectively, indicating
that the proposed TOM is more material efficient than the
traditional FOM.

5. Conclusions

In this research, the model of a single weld bead cross-sectional
profile has been developed using parabola, cosine, and arc
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Fig. 13. Experiments of multi-bead and multi-layer deposition.

functions. Using high resolution measurements from a 3D laser
scanning system, the model parameters have been accurately
determined by curve fitting the experimental measurements to
the various functions. It was found that both parabola and cosine
models can most accurately represent a single weld bead.

Based on experimental observations, the profiles produced by
multi-bead overlapping processes have been analysed, and a
multi-bead tangent overlapping model (TOM) was proposed.
Distinct from the traditional flat-top overlapping model (FOM),
the concept of the critical valley has been defined and incorpo-
rated into the proposed model. The critical centre distance d* that
is necessary for a stable overlapping process is predicted from this
model. The proposed model was validated experimentally by
producing multi-bead deposits at various centre distances. It was
found that the traditional model tends to under-estimate the
critical centre distance, thereby producing unstable deposits of
unacceptably variable height. In contrast, the new model was able
to accurately predict the critical centre distance, so that stable
deposits were made. This detailed investigation of the multi-bead
overlapping process will provide important information for pro-
cess planning in WAAM.
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