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A B S T R A C T   

Wire-based directed energy deposition (w-DED) is an additive manufacturing process well-suited for building 
large-scale structural components. Deposit bead geometry and its relation to process parameters is a vital aspect 
of a w-DED process, which is crucial for preventing defects and minimising material waste. In this study, a 
thermo-capillary-gravity bidirectional analytical model is developed based on the fundamental governing 
physics, enabling fast predictions of both w-DED bead geometries and process parameters. A novel method is also 
proposed to determine the power transfer efficiency and wire melting efficiency defined in the model. In the 
forward modelling, deposit bead geometries, such as layer height and width, can be predicted for given process 
parameters and material properties. In the reverse modelling, the outputs of the model are process parameters, 
including heat source power and travel speed, to achieve the deposit bead geometries as required for a given 
application. This bidirectional modelling approach is applicable to different w-DED processes, and it has been 
validated for the deposition of steel walls using plasma transferred arc and cold wire gas metal arc processes. The 
developed bidirectional analytical model could be used as an efficient and reliable tool for w-DED process 
evaluation and design.   

1. Introduction 

Additive manufacturing (AM) is an emerging disruptive technology 
possessing the capability of manufacturing complex parts for a broad 
range of applications. Directed energy deposition (DED) is an AM pro
cess used to deposit materials by employing a directed thermal energy 
source, and it can be categorised based on the type of energy source 
used, such as laser beam, electron beam, and electric arc [1,2]. Different 
metal AM processes can also be distinguished by the adopted form of 
feedstock, including powder, wire and sheet [3]. Powder-based AM 
processes can achieve high resolution [3], but they have limitations 
regarding size of part, rate of deposition, and cost of equipment and 
material [4]. The wire-based DED (w-DED) is an AM process where wire 
is used as the feedstock material, and it is effective and efficient for 
building metallic parts. A typical w-DED process uses gas metal arc 
(GMA), gas tungsten arc (GTA), or plasma transferred arc (PTA) as the 
energy source [4–7]. Most of these w-DED process variants are capable 
of manufacturing large-scale structural components with high deposi
tion rate and reduced material waste [8–12]. 

Control of the deposit bead geometry through optimising the process 

parameters is crucial for assuring the quality of the w-DED built parts. If 
the actual bead geometries are different from those assumed in path 
planning, deposit defects are likely to occur. The shape and dimension of 
the deposit bead are determined by the interaction between the w-DED 
energy and material; the major influential factors for the interaction 
include the process parameters, material properties, and inter-layer 
temperature [13]. Accurate prediction of bead geometry helps guar
antee or enhance the quality of the final product through lowering the 
likelihood of defects. It also helps reduce material waste, as it provides 
better guidance for path planning and maximum use of the material 
deposited. This is particularly beneficial for large parts made of expen
sive materials, such as Ti-6Al-4V, which is widely used in the aerospace 
industry to manufacture structural components. Therefore, it is essential 
to analyse the relationship between bead geometry and its influential 
factors in order to have better control on deposition under different w- 
DED conditions. 

Previous research on predicting deposit bead geometry can be cat
egorised based on the approach taken. One popular approach is the data- 
driven regression model. Sarathchandra et al. [14] investigated the ef
fects of arc current, travel speed and stand-off distance on the 304 
stainless steel single bead shape, size, and depth of penetration melting 
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by employing multiple regression models for a w-DED process. The re
sults showed that reducing arc current led to a decrease in the width and 
an increase in the height of the bead. Xia et al. [15] developed a pre
dictive control algorithm based on vision feedback system using passive 
visual sensor and image processing method to control the layer width. 
Their results demonstrated satisfactory accuracy and improvement from 
previous methods utilizing traditional controllers. Mbodj et al. [16] 
developed a machine-learning regression algorithm for a laser w-DED 
process to predict the bead geometry of deposited walls. Although the 
correlation between bead geometries and process parameters can be 
established using the data-driven method, the rationale behind the 
established relation is unclear, and a large amount of data is usually 
required to re-train the model for any new process or material. 

Another approach based on thermo-physical numerical simulation is 
focused on examining the mechanisms that govern the bead geometry. 
Geng et al. [17] employed finite element (FE) method to investigate the 
effects of process parameters on deposit bead height and width for single 
layer deposition, as well as the thermal behaviour and microstructural 
evolution. According to their results, increasing arc current and travel 
speed have positive and negative effects on the deposit bead width, 
respectively. Bock et al. [18] developed an FE model to analyse the 
transient heat transfer during the wire-based laser metal deposition 
(LMD) of a 5xxx series aluminium alloy. The agreement between the 
temperature fields derived from the simulations and those obtained 
through experiments validated their LMD heat transfer model, which 
then can be used to characterise the cross-sectional geometries of de
posit bead. Bai et al. [9] developed a computational fluid dynamics 
(CFD) model to investigate the temperature and fluid flow in molten 
pool and predict the bead geometry of titanium alloy (Ti-6Al-4V) wall 
deposited using a PTA-based w-DED process. The predicted dimensions 
of the deposit beads showed good agreement with experimental results, 
with mean errors of 10.6 % and 9.7 % for the wall width and height, 
respectively. However, physics-based numerical models usually take 
long computational time, which makes them unsuitable for real-time 
process control or automated path planning. 

An analytical model has the potential to be more predictive and 
robust than regression models and more efficient than physics-based 
numerical models. In 1982, Matsunawa and Ohji [19] developed an 
analytical model based on surface tension and capillary force equilib
rium to determine the shape and curvature of the bead profile in the 
single-layer deposition of a welding process. Rios et al. [13] adopted this 
approach and adapted the model for the w-DED process. They developed 
an analytical model based on thermo-capillary theory, and the 

prediction accuracy was within ±20% for Ti-6Al-4V wall deposition 
using pulsed GTA and PTA w-DED processes. However, the gravity was 
not considered in their model, resulting in low prediction accuracy for 
high-density materials. Recently, Mohebbi et al. [20] developed a 
thermo-capillary-gravity model that integrated the Laplace theorem 
[21], the energy conservation law and the Newton-Raphson numerical 
solution algorithm [22]. Their model was validated for a GMA process 
with consideration of the thermal relations and the effect of gravity on 
the EN 440 G3Si1 steel deposit bead geometry for different inter-layer 
temperatures and arc torch travel speeds. One key parameter in their 
model, i.e., penetration melting efficiency, was calibrated using FE 
simulation of the heat transfer. The model showed good agreement with 
experimental results, but it is yet to be verified for predicting the bead 
geometries for a wider variety of materials and processes. 

So far, most models can only provide a unidirectional prediction of 
bead geometry or other attributes of the w-DED process. There are only a 
few reports of bidirectional models to predict both bead geometries and 
process parameters, most of which are based on regression models. For 
example, Kim et al. [23] developed one of the first bidirectional data- 
driven models to predict weld bead dimensions and process parame
ters of GMA welding with steel wire, and the errors in most cases were 
between 20 % and 40 %. Lee et al. [24] developed bidirectional models 
for predicting process parameters and deposit bead dimensions of a butt 
weld joint using a combination of multiple regression model and arti
ficial neural network (ANN) with 48 training patterns. The predicted 
bead dimensions and process parameters showed good agreement with 
experimental results. Karmuhilan and Sood [25] developed a bidirec
tional model using an ANN with analysis of variance (ANOVA). The 
results were analysed using linear regression to predict bead dimensions 
or welding process parameters. Although many of the prediction results 
showed good agreement with experimental data, these data-driven 
models are largely black box and time-consuming to prepare, 
requiring a large amount of experimental data for training. 

An efficient and robust method for investigating the relationships 
between w-DED process parameters and bead geometries based on 
fundamental physics is still needed. In this study, a bidirectional 
analytical model based on the thermo-capillary-gravity theory is 
developed, which is applicable to different w-DED processes and mate
rials. In comparison with other modelling approaches, this model is 
efficient and only needs about six cases for calibration, obtaining the 
results in a few seconds or minutes. We extend the analytical model 
proposed by Mohebbi et al. [20] for the forward prediction of bead 
geometries in straight wall deposition using both traditional and 

Nomenclature 

κ capillary length 
σ surface tension 
ρm density at melting temperature 
ρ0 density at room temperature 
g gravitational acceleration 
P0 pressure at origin 
Pz pressure at point z 
R0 radius at origin 
Rz radius at point z 
C0 curvature at origin 
Cz curvature at point z 
φ contact angle 
θp penetration angle 
Ab cross-sectional area of bead 
Al cross-sectional area of layer 
Ap cross-sectional area of penetration melted region 
WMax. maximum wall width 

WE effective wall width 
hl layer height 
hp penetration melting height 
H0 enthalpy at room temperature 
Hi enthalpy at inter-layer temperature 
QNominal nominal power input 
Qt total transfered power 
Qw power for melting wire 
Qp penetration power 
I current 
V voltage 
S travel speed 
Sw wire feed speed 
Scw cold wire feed speed 
Shw hot wire feed speed 
Dw wire diameter 
ηw wire melting efficiency 
η power transfer efficiency 
ηp penetration melting efficiency  
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innovative w-DED processes, and furthermore we realise the new 
backward prediction of process parameters for given bead geometries. 
The bidirectional analytical model is validated by comparison with the 
experimental results for ER90S-G steel wall deposition using PTA and 
cold wire-GMA (CW-GMA) w-DED processes. 

2. Model development 

2.1. Governing equations 

The surface tension and gravity are the two main factors to deter
mine the shape of the deposit bead [9]. By assuming defect-free full 
penetration of a two-dimensional molten pool and equal surface tension 
all over a symmetrical bead surface, based on Laplace’s theorem [21], 

the fundamental equilibrium of capillary and gravity pressures between 
position z on the bead surface and origin point z = 0 (Fig. 1) is expressed 
as follows [19,20]: 

P(z) − P0 = σ
(

1
R(z)

−
1
R0

)

= − ρm g z (1)  

where σ is surface tension, R is the radius of the bead surface at each 
point (1

R(z) = C(z) , in which C(z) is the curvature at a point z). The cur
vature at the point z on the surface can be written as [19]: 

C(z) = ±
d2z
dx2

[

1 +

(
dz
dx

)2
]3/2 (2) 

Capillary length κ is derived from the ratio of the Laplace pressure 
(σ/κ) to the hydrostatic pressure (ρm g κ) [21]: 

κ =

̅̅̅̅̅̅̅̅̅σ
ρm g

√

(3) 

By using Eqs. (2) and (3), the Eq. (1) can be converted to the 
following form in the order of z [19,20]: 

0.5 κ− 2 z2 − C0 z +
∫

C(z) dz = 0 (4) 

In above equation the integral of C(z) with respect to z is: 
∫

C(z) dz =
∫ d2x

dz2
[

1 +

(
dx
dz

)2
]3/2 dz =

dx
dz̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
dx
dz

)2
√ + d (5)  

where the constant d is − 1, calculated by imposing the boundary con
dition at the origin, i.e., dz

dx = 0, and employing trigonometric relations 
reading dx

dz = cot(θ). 
So, through the first integral based on z, the final relation for 

calculating the height of a bead segment is [19,20]: 

0.5 ρm g z2

σ −
z

R0
+

⎛

⎜
⎜
⎜
⎜
⎝

dx
dz̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
dx
dz

)2
√ − 1

⎞

⎟
⎟
⎟
⎟
⎠

= 0 (6) 

By getting the second integral, the width of a bead segment at any 
height position from the origin can be calculated via: 

x = ±0.5
∫ z

0

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + f (z)

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − f (z)

√ −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − f (z)

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + f (z)

√

]

dz (7)  

where f(z) is a quadratic equation in the order of z and in the form of the 
elliptical integral. The second integral from Eq. (6) with respect to z is:  

where F and E are elliptic integrals of the first and second kinds, 
respectively. The bead shape parameters in a two-dimensional cross- 
section of bead deposition are illustrated in Fig. 1. The elliptic integrals 
are expressed as: 

F(ϕ, k) =
∫ ϕ

0

1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − k2sin2β

√ dβ (9)  

E(ϕ, k) =
∫ ϕ

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − k2sin2β

√
dβ (10) 

The cross-sectional areas of the whole bead, the penetration melted 
region and the deposit layer, as denoted by Ab, Ap and Al (Fig. 2), 

x = ±
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

κ− 2 + 0.25
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0

)√
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(8)   

Fig. 1. Geometric variables of the cross-sectional profile of a deposit bead in a 
straight wall deposited using a single-pass multi-layer w-DED process. 
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respectively, are calculated by getting the integral from Eq. (8) with 
respect to z and inserting R0, θp and φ (only two of these three variables 
are independent) [20]: 

Ab = − 2
∫zφ

0

x dz

Ap = − 2
∫zθp

0

x dz

Al = Ab − Ap

(11)  

It should be mentioned that the fusion boundary associated with the 
penetration melting is assumed to be flat in the model (Fig. 2). The 
actual fusion boundary could render more complicated shape, but the 
prediction of the bead surface profile is hardly affected, as long as the 
penetration molten area is equivalent. 

2.1.1. Forward model for predicting bead geometries 
In the forward model to predict bead geometries using Eqs. (6) and 

(8), three unknown variables, i.e., origin curvature R0, penetration angle 
θp, and contact angle φ (Fig. 1), should be calculated, which require 
addiontal equations resorting to conservation laws of energy and mass. 
First, the required power supply for melting the wire in the w-DED 
process is [20]: 

Qw = 0.25 π Dw
2 Sw ρ0 H0

/
ηw

(12)  

where Dw is the wire diameter, Sw is the wire feed speed, ρ0 is the density 
of the material at room temperature and H0 is the enthalpy difference of 
the material between the melting temperature and room temperature, i. 
e.: 

H0 = H(Tm) − H(T0) (13)  

and ηw is wire melting efficiency, which is the ratio of the power 
consumed for melting the wire to the power absorbed by the wire. There 
is a small amount of power, which is usually less than 11 % (ηw > 89%), 
for heat loss to environment, besides the net power consumed for 
melting the wire. 

The penetration power, Qp, is defined as the remaining power after 
the supplied power for melting wire, Qw, is subtracted from the total 
transferred power, Qt . Therefore, the penetration power is expressed as 
[20]: 

Fig. 3. The variations of arc current (a) and voltage (b) with the hot wire feed speed of the CW-GMA process [26].  

Fig. 2. Cross-sectional areas of deposit layer (Al), penetration melted region 
(Ap) and whole bead (Ab) in a straight wall deposited using a single-pass multi- 
layer w-DED process. 

Fig. 4. Relation of variables C and D in the equation of cross-sectional area of 
penetration melted region for a case of PTA process. 

A. M. Haghighi et al.                                                                                                                                                                                                                           



Journal of Manufacturing Processes 107 (2023) 320–332

324

Qp = Qt − Qw = Ap Hi ρm S/ηp
(14)  

where Ap is the cross-sectional area of the penetration melted region in 
the previous layer, Hi is the enthalpy difference of the material between 
melting temperature and inter-layer temperature, ρm is the density at 
melting temperature, S is heat source travel speed and ηp is penetration 
melting efficiency. The transferred portion of the nominal power sup
plied to the material is [20]: 

Qt = η Qnominal = η V I (15)  

where V and I are arc voltage and current, respectively, and η is the 
power transfer efficiency. When other type of energy source (e.g., laser 
beam) is employed, the Qnominal can be expressed differently. 

Due to mass conservation, the cross-sectional area of the deposit 
layer, Al, is calculated by [20]: 

Al = 0.25 Sw π D2
w
/

S (16) 

By using Eqs. (12) and (15), the cross-sectional area of the penetra
tion melted region is [20]: 

Ap =

ηp

(

η I V − 0.25 π D2
w Sw ρ0 H0

/
ηw

)

Hi ρm S
(17) 

The cross-sectional area of the whole bead, Ab, is the sum of the 
cross-sectional areas of the deposit layer and penetration melted region 
(Fig. 2). 

Incorporating the above equations for calculating the cross-sectional 
areas in Eq. (11), a system of three equations with three unknown var
iables of R0, θp and φ can be established, viz. [19,20,22]: 

⎧
⎨

⎩

Ab = A(R0,φ)
Ap = A

(
R0, θp

)

x(R0,φ) = x
(
R0, θp

) (18) 

Newton-Raphson iteration method can be employed to solve Eq. 
(18). After obtaining R0, θp and φ, the height and width of any bead 
segment can be calculated using Eqs. (6) and (8), respectively. 

2.1.2. Reverse model for predicing process parameters 
For the reverse model, the bead geometries (e.g. layer height and 

width) are given as a requirement. First, according to Eqs. (6) and (8), 
three unknown variables of R0, θp and φ should be determined using a 
system of three governing equations (similar to the forward model 
described in Section 2.1.1), which can be solved through Newton- 
Raphson iteration. The reverse model inputs are the effective wall 
width WE (or maximum wall width WMax.), layer height hl and material 
properties, and then assuming equal width for the penetration melted 
region WEθp and deposited layer WEφ, (Fig. 1), we have: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

− hl = zφ − zθp

WEφ = WEθp

WE = 2 x(φ) or WMax. = 2 x
(π

2

)
(19) 

After solving Eq. (19), the Ab, Ap and Al can be calculated by 
employing Eq. (11) with respect to z and inserting the obtained R0,

θp and φ. Here, Sw is assumed to be known for the required deposition 
rate. It should be also noted that Sw = Scw + Shw for the CW-GMA process. 
By having Al, Ap and Sw, based on Eqs. (12), (14) and (16), the S, Qw and 
Qp can be calculated. 

The total transferred power to the material can be calculated as: 

Qt = Qp +Qw (20) 

Combining Eqs. (15) and (20), we can determine the heat source 

Table 1 
Power transfer and wire melting efficiencies for 5 cases of PTA process using ER90S-G steel wire  

Case Sw 

[mm/s] 
S 
[mm/s] 

I 
[A] 

V 
[V] 

WMax.

[mm] 
hl 
[mm] 

C D η ηW  

1  25.0  2.2  184  24  10.5  1.2  0.11  0.19  0.63  0.95  
2  24.7  2.0  189  23  10.0  1.4  0.11  0.19  0.62  0.95  
3  23.3  2.5  191  25  9.5  1.2  0.10  0.17  0.56  0.93  
4  25.0  2.0  206  26  11.0  1.3  0.09  0.17  0.57  0.94  
5  30.0  3.0  210  26  9.7  1.1  0.11  0.18  0.62  0.93 

Average          0.60  0.94  

Fig. 5. Calibrated penetration melting efficiency of PTA-based process using ER90S-G steel wire with an inter-layer temperature of 70 ◦C for forward model (a) and 
reverse model (b). 
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power and also the arc and voltage for a arc-based w-DED process. For 
the PTA process, a linear relation between current and voltage exists for 
a PTA machine with a fixed torch stand-off distance. For the CW-GMA 
process, the current and voltage depend on the hot wire feed speed 
Shw. The following linear relation between the current and voltage for 
the PTA-based w-DED process was determined by recording the current I 
[A] and voltage V [V] of separate experimental tests using a 3-axis CNC 
machine with 8 mm torch stand-off distance: 

V = 0.07 I + 11.52 (21) 

For the CW-GMA process, Fig. 3 shows the nonlinear dependence of 
the current and voltage on the hot wire feed speed [26]: 

2.1.3. Power transfer efficiency and wire melting efficiency 
Power transfer efficiency η is a parameter to specify the ratio of the 

power transferred to the wire, substrate, and previous deposited layers 
from the energy source [27]. The power transfer efficiency is a critical 
parameter in the deposition process because a low transfer efficiency 
could lead to low penetration power that limits travel speed. It was also 
reported that low transfer efficiency causes the limitation of penetration 
melting efficiency [28]. 

In previous research, the power transfer efficiency is usually 
considered as a constant or to be dependent on a specific process 
parameter. Sindo Kou [27] reported power transfer efficiency for 
different welding processes, including PTA, GMAW, gas‑tungsten arc 
welding (GTAW) and submerged arc welding (SAW), and the typical 
transfer efficiency values fall in the range from 0.5 to 0.7 for PTA and 0.6 
to 0.8 for GTAW. Barrionuevo et al. [29] reported a power transfer ef
ficiency ranging 0.8–0.9 for electrode-consuming welding processes (e. 
g. GMAW and SAW) and about 0.5 for non-consumable electrode pro
cesses (e.g. GTAW and PTA). 

To the authors’ best knowledge, there is no tailored method for the 
determination of the power transfer efficiency and wire melting effi
ciency for the w-DED process. This study presents a novel method to 
determine the two efficiency parameters based on the thermo-capillary- 
gravity model and experimental data. For this purpose, by categorizing 
the efficiency parameters of Eq. (17), we have: 

Fig. 6. (a) Flowchart of forward model for prediction of bead geometries; (b) Flowchart of reverse model for prediction of process parameters.  

Table 2 
Chemical composition of ER90S-G copper-coated steel (Wt%)  

C Cr Cu Mn Mo P Si S Fe 

0.08 2.50 0.12 0.60 1.00 0.01 0.60 0.01 Bal.  

Fig. 7. Density (a) and enthalpy (b) of ER90S-G steel wire versus temperature.  
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Ap =
C (I V) − D

(
0.25 π D2

w SW ρ0 H0
)

Hi ρm S
(22)  

in which 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

C = ηp η

D = ηp
/

ηw

(23) 

For the calculation using Eq. (22) to determine the relation of vari
ables C and D, experimental data of bead geometries and process pa
rameters of a few deposited walls are needed. For each case, the C-D 
relation is the only unknown in Eq. (22) to be exported from the cali
bration algorithm. Fig. 4 shows the C-D relation for a case of PTA-based 
w-DED process using ER90S-G steel wire with 8 mm torch stand-off 
distance. 

Then, using the C-D relation, Eq. (23) and experimental data, we can 
obtain the efficiencies η and ηw for different combinations of C and D. 
The outputs are deemed reasonable if the obtained wire melting 

efficiency is no less than 90 %. The power transfer efficiency and wire 
melting efficiency of each case can be determined by getting an average 
of all the results calculated. 

By repeating these calculations for 5 cases of the PTA process, the 
average power transfer efficiency and wire melting efficiency can be 
obtained. Table 1 shows the calibrated efficiency parameters for the PTA 
deposition using the ER90S-G steel wire and 3-axis CNC machine with 8 
mm torch stand-off distance. 

2.1.4. Penetration melting efficiency 
The penetration melting efficiency is a parameter to define the ratio 

of the power used to create a molten pool to the power delivered to and 
absorbed by the workpiece [26]. To enhance the accuracy of the model, 
the penetration melting efficiency was calibrated after obtaining the 
power transfer efficiency and wire melting efficiency. For this purpose, 
the penetration melting efficiency of each case can be calculated using 
the calibration algorithm and experimental results for about six walls. 
The following relations were developed based on the influential pa
rameters on the penetration melting efficiency, viz. 

Fig. 8. (a) Schematic configuration of the PTA-based process (side view) for single-pass multi-layer straight wall deposition using ER90S-G steel wire, and illustration 
of the layer height hl and penetration melting height hp; (b) Experimental setup of PTA deposition process and equipment. 
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ηp

⎧
⎪⎨

⎪⎩

Qp Forward Model
(

Ap
/

Al

)
(
Ap Hi ρm S

)
Reverse Model

(24) 

Then, repeating this procedure for several cases, two fitting curves of 
the penetration melting efficiency can be established to express the re
lations in Eq. (24) for the forward and reverse models, respectively, 
making it possible to predict the penetration melting efficiency for a 
range of process parameters. Fig. 5a and b show the calibrated pene
tration melting efficiency using a set of PTA deposition experiments, 
including five ER90S-G steel single-pass deposited walls with a length of 
120–140 mm and at least seven layers deposited at an inter-layer tem
perature of 70 ◦C for the forward and reverse models, respectively. It is 
worth mentioning that the accuracy of the calibration method depends 
on the experimental data set, and the prediction error for the cases out of 
the process parameter limits could be higher. In this study, the cali
bration cases were chosen over a wide range of parameters to cover a 
large regime of the process envelope. 

2.2. Solution algorithm 

Fig. 6a shows the flowchart of the thermo-capillary-gravity model for 
forward prediction with inputs of material properties and process pa
rameters and outputs of bead geometries, including layer height hl, 
effective wall width WE and maximum wall width WMax. (Fig. 1). In 
addition, subsidiary results such as the cross-sectional areas of the de
posit layer Al, the penetration melted region Ap and the whole bead Ab 

(Fig. 2) can be also obtained. Similar approach for forward modelling 
was adopted and validated in previous research [20]. The reverse model 
requires inputs of material properties and bead geometries (two bead 
shape parameters, i.e. hl and WE (or WMax.) should be provided), and the 
model outputs are process parameters, as shown in Fig. 6b. The reverse 
model also produces subsidiary results such as total transfered power Qt, 
power for melting the wire Qw and penetration power Qp. Since the 
number of unknown variables in reverse modelling is more than the 
number of the governing equations, one process parameter needs to be 
specified. In practice, the wire feed speed Sw, corresponding to the single 

Fig. 9. (a) Schematic configuration of the CW-GMA deposition process with two feed wires, and illustration of layer height hl and penetration melting height hp; (b) 
Experimental setup of CW-GMA deposition process and equipment. 
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wire of the PTA process or both hot and cold wires of the CW-GMA 
process, is usually directly specified to meet the requirement of depo
sition rate for a given application. Therefore, the wire feed speed is 
treated as a given parameter in the reverse model. 

3. Validation experiments 

The thermo-capillary-gravity model was developed to predict both 
bead geometries and process parameters for single-pass multi-layer 
deposited wall. Two different w-DED processes with typical specifica
tions were chosen for the experimental validation of the analytical 
model in the two prediction directions. The selected two w-DED pro
cesses are different in several aspects. For instance, the PTA process 
produces relatively smooth surface finish with low deposition rate, 
while the CW-GMA process has a high deposition rate but relatively low 
resolution. Sufficient cases in each w-DED process were used to validate 
the forward and reverse models. The deposited wall dimensions were 
measured after depositing about five layers because the heat transfer in 
the first a few layers is strongly affected by the substrate geometry and 
properties, which is beyond the capability of this model. In this section, 
the experimental setups of the PTA and CW-GMA processes are 
described. 

3.1. PTA-based w-DED process with ER90S-G steel wire 

In the PTA deposition experiments, the material used for the wire 
was copper-coated high-strength low alloy steel (ER90S-G) with a 
diameter of 1.2 mm, see Table 2 and Fig. 7 for material properties as 
provided by the manufacturer, while a mild steel was used for the 

substrate with dimensions of 200 mm × 330 mm × 10 mm. The 
substrate was cleaned with acetone to remove contamination before 
deposition and clamped to the worktable. 

Fig. 8 shows the experimental setup of a typical PTA-based w-DED 
process. A 3-axis CNC machine was used to provide the motion of the 
energy source. The stand-off distance between the PTA torch and sub
strate (or previous deposited layer) was set to be 8 mm. An arc monitor 
(AMV 4000) was used to record the arc current and voltage. Also, a 
CMOS camera (Xiris XVC-100) with properly adjusted distance and view 
angle was positioned for observation of molten pool and wire droplets. 
Sixteen defect-free single-pass multi-layer walls were deposited with a 
wide range of process parameters, and five samples were used for model 
calibration and the other eleven for model validation. The bead di
mensions were measured using a calliper. 

3.2. CW-GMA process with ER90S-G steel wire 

The CW-GMA process is an innovative process for DED AM, in which 
both hot wire (electrode) and cold wire (non-electrode) are fed simul
taneously to the molten pool to increase the deposition rate [26]. For the 
complicated wire feeding in the CW-GMA process, the ER90S-G steel 
was used for both the cold and hot wires with a 1.2 mm diameter and a 2 
mm distance between the two wires. A grinded mild steel plate with 
dimensions of 300 × 200 × 12.7 mm was clamped to the worktable as 
the substrate for the deposition. Shielding gas consisting of 92 % argon 
and 8 % CO2 was used with a flow rate of 20 L/min during the deposition 
process. 

Twenty-six walls with at least ten layers for each sample, covering a 
wide range of process parameters and a large regime of the process 

Fig. 10. Comparison of predicted and actual maximum wall width WMax. (a), effective wall width WE (b) and layer height hl (c) for PTA samples. The predicted bead 
shape (red line) for one typical case of PTA deposition using ER90S-G steel wire with an inter-layer temperature of 70 ◦C is superimposed in the etched macrograph 
(d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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envelope, were deposited by a 6-axis ABB robot, and the bead geome
tries of each sample were measured using a caliper. Six samples were 
used to calibrate the penetration melting efficiency using Eq. (24), while 
the other twenty samples were used for model validation. Fig. 9 shows 
the schematics and experimental setup of the CW-GMA process. 

4. Results and discussion 

4.1. Bead geometries predictions 

4.1.1. Predicted PTA bead geometries 
Predictions of the bead geometries, i.e. WMax., WE and hl, for the 

PTA process using ER90S-G steel wire for eleven cases of deposited 
walls are shown in Fig. 10a–c. The samples were cut in three different 
cross sections along the length of the deposited wall (error bars indi
cate extreme values), and the average measured results are compared 
with the model predictions. Each data point represents a comparison of 
predicted and measured results. The solid straight line indicates the 
ideal agreement that the predicted and measured data were identical. 
So, the vertical distance of each point from the nominal straight line 
indicates the magnitude of error for that case. In general, the model 
provides an accurate prediction, of which the average percentage error 
of the predicted WMax., WE and hl are 9.8 %, 6.0 % and 9.6 %, 
respectively, with average calculation time of 80 s, and the highest 
error is 18 % in one case. The prediction accuracy of the analytical 
model is similar to or even better than the accuracy of complicated 
physics-based numerical simulations. For instance, Bai et al. [9] found 
10.6 % and 9.7 % prediction errors by their CFD simulation model for 
the width and height of the deposited layer, respectively, in a PTA 
process. Fig. 10d shows the comparison of the predicted bead shape 
and the actual etched cross-sectional profile of the deposited wall for 

one typical case, and a good agreement is found again. 

4.1.2. Predicted CW-GMA bead geometries 
Fig. 11a–c shows the comparison between the bead geometries ob

tained by the model and experiments for the CW-GMA process. Fig. 11d 
shows the predicted bead shape, plotted on the imaged cross section of 
the deposited wall. The errors in predicting WE are higher than the errors 
for other bead geometries, because high power input and double wire 
feeding complicated the deposition process, causing an unsymmetric 
shape of deposited beads (Fig. 11d). This shape implies that there is an 
increased deviation of the assumed shape symmetry in the model from 
the reality, and it can also cause uncertainty in experimental measure
ment of the WE. The results show that the average total error for WE, 
WMax. and hl are 22.5 %, 5.0 % and 4.7 %, respectively, of which the 
errors for WMax. and hl are below 10 % in nineteen cases. 

4.2. Process parameters predictions 

The w-DED experiments of the PTA and CW-GMA processes were 
also used to validate the reverse model for the prediction of process 
parameters. In this backward algorithm, the material properties and 
bead geometries (WMax. and hl) were given as inputs, while the process 
parameters such as travel speed S, current I, and voltage V were calcu
lated as outputs. Although either maximum wall width or effective wall 
width can be used as one input, the former was chosen in this study since 
the model prediction error for the latter was higher for the CW-GMA 
process (Section 4.1.2). It should be noted that Sw was also prescribed 
in the algorithm as an input to make a balance between the unknown 
variables and the governing equations. The process parameters were 
calculated using the average measured bead geometries in three 
different cross sections of the deposited wall, while the error bars in 

Fig. 11. Comparison of predicted and actual maximum wall width WMax. (a), effective wall width WE (b) and layer height hl (c) for CW-GMA samples. The predicted 
bead shape (red line) is superimposed in the cross-sectional macrograph for one typical case of CW-GMA deposition process (d). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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following figures correspond to the extreme calculated process param
eters for each sample in different cross sections. 

4.2.1. Predicted PTA process parameters 
Fig. 12a–c shows the comparison of the predicted and actual process 

parameters in eleven cases of the PTA process at the inter-layer tem
perature of 70 ◦C. Again, the solid line indicates an ideal situation where 
the predicted and actual parameters are equal. So, the vertical distance 
of each data point from the solid line is the magnitude of the prediction 
error for that case. It is clearly seen that the model achieved good pre
diction accuracy. 

4.2.2. Predicted CW-GMA process parameters 
In the reverse model of CW-GMA process, the total wire feed speed 

was used as one input, while the individual feed speeds for the hot and 
cold wires were two outputs. From Fig. 13a–e and Table 3, it is found 
that the total average errors of the predicted arc current, voltage, travel 
speed, hot and cold wire feed speeds are 3.6 %, 2.2 %, 6.0 %, 4.1 % and 
6.3 %, respectively, with consideration of the average and extreme di
mensions of the deposit bead in different cross sections. The average 
calculation time was 7 s. The challenges of modelling the CW-GMA 
process compared to other types of w-DED processes are the high 
power input and double wire feeding, which increase molten material 
and cause instability and unsymmetrical shape of the deposited bead. 

It is interesting to see that the reverse model can achieve reasonable 
predictions for the complicated CW-GMA process. This is probably 
because the consumed power for each wire is correctly calculated by 
considering wire specifications such as the thermal properties and Sw. 
The discrepancy between the prediction and measurement can be 
attributed to both the difficulty in experimental measurement and the 
limitation of the model. The uncertainty in measuring the geometries of 

CW-GMA deposit beads could be high because the deposited walls, in 
most cases, are not symmetric and have a rough surface. The model 
assumes ideal symmetric bead shape which is difficult to achieve using 
the CW-GMA process. 

5. Conclusions 

A thermo-capillary-gravity bidirectional analytical model was 
developed to predict bead geometries in the forward direction and es
timate process parameters in the backward direction. A new method for 
determining the power transfer and wire melting efficiencies, as well as 
the calibration of penetration melting efficiency, was also proposed. 
This analytical model is based on the fundamental physical laws, making 
it robust, accurate and adaptable. The specification and execution of the 
model is also efficient: the experimental calibration of the empirical 
efficiency parameters only needs about six samples, and in most cases 
seven Newton-Raphson iterations are needed for solving the governing 
equations. Moreover, both forward and reverse algorithms are appli
cable to different w-DED processes and materials. 

The analytical model has been validated for two w-DED variants 
including PTA and CW-GMA deposition processes. The model pre
dictions showed good agreement with experimental measurements. On 
one hand, the average percentage error of the predicted bead geome
tries, such as maximum wall width and layer height for the PTA process 
with single wire feeding, was below 9.8 %. For the CW-GMA process 
with complicated double wire feeding, the predicted effective wall 
width encountered a higher error compared to other bead geometries, 
due to the asymmetric shape of the deposited beads, which deviated 
from the model assumption and increased the experimental measure
ment uncertainty. On the other hand, the predicted arc current, voltage 
and travel speed (and the CW-GMA cold and hot wire feed speeds) for 

Fig. 12. Comparison of predicted and actual arc current I (a), voltage V (b) and travel speed S (c) for the PTA deposition process with an inter-layer temperature of 
70 ◦C.
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the single-pass deposition of steel wall using the PTA and CW-GMA 
processes had errors below 4.9 % and 6.3 %, respectively. The bidirec
tional analytical model would help understand the role of fundamental 
physical laws in determining w-DED process attributes, saving time and 
cost through predicting bead profiles and process parameters in the 
evaluation and design of additive manufacturing. 
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