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Structure, properties and serviceability of components made by wire arc additive manufacturing (WAAM)
depend on the process parameters such as arc power, travel speed, wire diameter and wire feed rate.
However, the selection of appropriate processing conditions to fabricate defect free and structurally
sound components by trial and error is expensive and time consuming. Here we develop, test and utilize
a three-dimensional heat transfer and fluid flow model of WAAM to calculate temperature and velocity
fields, deposit shape and size, cooling rates and solidification parameters. The calculated fusion zone
geometries and cooling rates for various arc power and travel speed and thermal cycles considering con-
vective flow of molten metal agreed well with the corresponding experimental data for H13 tool steel
deposits. It was found that convection is the main mechanism of heat transfer inside the molten pool.
Faster travel speed enhanced the cooling rate but reduced the ratio of temperature gradient to solidifica-
tion growth rate indicating increased instability of plane front solidification of components. Higher depo-
sition rates could be achieved by increasing the heat input, using thicker wires and rapid wire feeding.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Wire arc additive manufacturing (WAAM) is developed from arc
welding and suitable for making large components because of high
deposition rates, low equipment and feedstock costs [1]. WAAM
involves melting of wire by the arc, transfer of molten metal dro-
plets to a molten pool, convective flow of liquid metal inside the
molten pool driven by surface tension gradient [2–4], deformation
of the molten pool surface by arc pressure and solidification of the
molten pool [2,3]. These physical phenomena govern the tempera-
ture and velocity distributions, deposit shape and size, and the
structure and properties of the components. In addition, transient
and spatially non-uniform temperature field results in residual
stresses and distortion [5–8]. Therefore, fabrication of a struc-
turally sound and defect free WAAM component requires precise
control of the process by appropriate selection of the process vari-
ables such as arc power, travel speed, wire diameter and wire feed
rate. However, selection of these variables by trial and error is
expensive, time consuming and provides no guarantee of achieving
the desired structure and properties. A recourse is to develop, test
and utilize a mathematical framework that can serve as a basis for
selecting appropriate process conditions based on scientific
principles.

WAAM has already been successfully applied for making com-
ponents of steels [7,9,10], aluminum alloys [11,12], titanium alloys
[13,14] and nickel alloys [15] and several attempts have been made
to model the process. Analytical models have been used to predict
build geometry [16,17] and surface topology [18]. However, these
models are based on empirical formulae and ignore the heat and
mass transfer during the process. Heat conduction models have
also been used to calculate temperature distribution [19,20], tem-
perature gradient [21] and residual stresses [19]. However, these
models neglect the convective flow of liquid metal inside the mol-
ten pool that often dominates the heat transfer mechanism inside
the molten pool. Manvatkar et al. [22] and Arrizubieta et al. [23]
noted that calculations neglecting the convective heat transfer sig-
nificantly overestimate the peak temperature and cooling rates.
Svensson et al. [24] mentioned that the heat conduction calcula-
tions are inadequate to accurately calculate the cooling rates. Vol-
ume of fluid (VOF) based numerical models used by Silwal et al.
[25] consider the molten metal convection and have been used
to predict the deposit geometry. However, these models are com-
putationally expensive and have not been used to estimate essen-
tial metallurgical variables such as temperature gradient, cooling
rates and solidification parameters. What is needed and currently
not available is a well-tested comprehensive phenomenological
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Fig. 1. Schematic of the solution domain consisting of molten pool, substrate and
deposit. The dimensions are given in Table 2. Scanning direction is along negative
X-axis. Half of the solution domain is used because of the symmetry with respect to
XZ-plane.

Table 1
Thermo-physical properties of AISI 1040 steel, H13 steel, and ER70S-6 steel [36,37].
Arc efficiencies are estimated following Haelsig et al. [44].

Properties AISI 1040 H13 ER70S-6

Liquidus temperature (K) 1745 1585 1712
Solidus temperature (K) 1800 1725 1766
Thermal conductivity of solid

(W/mK)
25.3 30.4 33.0

Thermal conductivity of
liquid (W/mK)

34.0 31.0 35.4

Enhanced thermal
conductivity of liquid,
(W/mK)

253.0 304.0 283.3

Specific heat of solid (J/kg K) 696.3 734.3 701.3
Specific heat of liquid (J/kg K) 700.4 823.4 902.5
Density (kg/m3) 7290 7800 7700
Viscosity (kg/m s) 6.4 � 10�3 5.7 � 10�3 5.7 � 10�3

Enhanced viscosity, (kg/m s) 29.6 � 10�3 105 � 10�3 26.4 � 10�3

dc/dT (N/m K) �0.40 � 10�3 �0.43 � 10�3 �0.41 � 10�3

Arc efficiency 0.67 0.67 0.82
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model of WAAM capable of calculating the essential metallurgical
variables for different process variables.

Here we develop, test and use a three-dimensional heat transfer
and fluid flow model of wire arc additive manufacturing to calcu-
late the temperature and velocity fields, deposit shape and size,
cooling rates and solidification parameters for a single-track
deposit. Experiments are conducted by depositing H13 tool steel
at different arc powers and travel speeds to validate the model.
The variations of fusion zone geometry with power and travel
speed are compared with the corresponding experimental results.
Calculated temperature variation with time is also tested against
independent experimental data. After validation, the model is used
to quantitatively study the effects of a wide variety of process vari-
ables such as arc power, travel speed, wire feed rate and wire
diameter on different metallurgical variables.

2. Theoretical model

2.1. Assumptions

The following simplifying assumptions are made to make the
numerical calculations involving heat and fluid flow, droplet trans-
fer and molten pool surface geometry tractable.

(1) The liquid metal is assumed to be a Newtonian fluid and its
viscosity depends on temperature and pressure [26]. The
Boussinesq approximation is used for the calculation of
buoyancy driven flow [6].

(2) Effective thermal conductivity and viscosity of the liquid
metal are enhanced to account for turbulent convection
effects [27]. No separate turbulence models are used to esti-
mate turbulent components of transport properties.

(3) Because the arc current in the WAAM process is higher than
100 A, metal transfer mode is assumed to be globular-type
[28]. Due to difficulties with the measurement, droplet tem-
perature is calculated based on net heat balance [29]. The
droplet velocity is calculated considering arc plasma effect
using the formula provided by Kumar and Bhaduri [30].

2.2. Solution domain

The three-dimensional solution domain for a single-track
deposit is shown in Fig. 1. Calculations are done in the Cartesian
coordinate system, which is attached to the heat source. In other
words, the arc source and the molten pool are stationary in space,
and the substrate material enters and leaves the computational
domain at the scanning speed. Half of the solution domain is con-
sidered in the calculations by taking advantage of symmetry. Dro-
plets impinge on the molten pool to form a deposit, and their
sensible heat is considered as a volumetric heat source for the heat
transfer calculations [29]. The surface of the deposit is assumed to
be flat during the calculation of the temperature and velocity
fields. After the calculation, the free surface profile of the deposit
is estimated by minimizing the total surface energy on the top
surface of the deposit [31]. Finally, the grids are adjusted to fit
the surface profile, and the temperature and velocity fields are then
reassigned in the fitted grid system.

2.3. Governing equations

The heat transfer and fluid flow model solves the equations of
conservation of mass, momentum and energy in three components
along the x, y, and z directions [32,33].
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where q is the density, ui and uj are the velocity components along
the i- and j-directions, respectively, and xi is the distance along the
i-direction, l is the effective viscosity, and Sj is a source term for the
momentum equation (2) including buoyancy force, the motion of
the heat source, electromagnetic force and frictional dissipation in
the mushy zone. These source terms were described in detail by
Zhang et al. [31] and Mundra et al. [34]. The symbol h is the sensible
heat, CP is the specific heat, k is the thermal conductivity, US is the
scanning speed, SL is the source term that accounts for latent heat
and SV is the source term for the additional heat from metal dro-
plets. The source term SV is calculated assuming that the heat
energy from the metal droplets is distributed uniformly in a cylin-
drical cavity inside the work piece [29,34,35]. Detail derivation of
the source term SV is presented in Appendix A. The thermo-
physical properties of the alloys are provided in Table 1 [36,37].



Fig. 2. Schematic of the transverse section of the deposit. Half of the deposit is
considered because of the symmetry with respect to XZ-plane.
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2.4. Boundary conditions

On the top surface, the boundary conditions for the energy con-
servation equation include the heat flux from the arc source and
convective and radiative heat losses. The net heat flux (Jh) on the
top surface is expressed as:

Jh ¼
ðIVg� HdÞ

2pr2b
exp � x2 þ y2

2r2b

� �
� erðT4 � T4

aÞ � hðT � TaÞ ð4Þ

where the 1st, 2nd and 3rd term on the right hand side of the equa-
tion represent the heat flux from the arc source, radiative loss and
convective loss, respectively. The arc source heat flux is assumed
to have Gaussian power density distribution where I is the arc cur-
rent, V is the arc voltage, g is the arc efficiency, Hd is the heat con-
tent of the droplet (see Appendix A), rb is the arc radius, x and y are
the distances from the arc axis. In the convective and radiative heat
loss terms e is the emissivity, r is the Stefan-Boltzmann constant, T
is the top surface temperature, and h is the heat transfer coefficient.
Convective and radiative heat losses are also applied to the rest of
the top-surface of the computational domain.

Spatial gradient of the surface tension on the top surface of the
molten pool results in a shear stress called Marangoni stress, s
[3,5]. It is expressed as:

si ¼ dc
dT

dT
dr

¼ ldu
dz

ð5Þ

where the suffix ‘i’ denotes x or y directions, T is the temperature, u
is velocity of the liquid metal on the top surface of the molten pool,
c is the surface tension, l is the viscosity and r is the radial distance
from the axis of the heat source. The resulting velocities along x and
y-directions generated due to this shear stress are applied as
boundary conditions of the momentum conservation equation on
the top surface of the liquid pool.

Since, there is no heat transfer across the symmetry plane
(y = 0), the boundary condition for the enthalpy calculation is
applied as, @h

@y ¼ 0. Boundary conditions for velocity calculations

at that plane are @u
@y ¼ 0, v ¼ 0 and @w

@y ¼ 0 where u, v and w are

the components of velocity in the x, y and z-directions,
respectively.

2.5. Geometry of the deposit surface

Total energy on the surface of the molten pool includes the sur-
face energy, potential energy in the gravitational field, arc pressure
displacing the pool surface and work performed by the arc pres-
sure and droplet impact displacing the pool surface. The arc pres-
sure (Pa) depends on total arc force on the top surface of the
molten pool and is assumed to have Gaussian distribution [38].
Average droplet impact force on the top surface of the molten pool
depends on droplet mass, velocity and transfer frequency [39]. The
pressure due to the droplet impact (Pd) is essentially the impact
force per unit area and is assumed to have Gaussian distribution
on the top surface of the molten pool [39]. The molten pool surface
profile is obtained by solving the following equation [31]:

Pa þ Pd þ kþ c
ð1þ /2

yÞ/xx � 2/x/y/xy þ ð1þ /2
x Þ/yy

ð1þ /2
x þ /2

yÞ
3=2 ¼ qg/ ð6Þ

where c is the surface tension coefficient of the liquid,U is the con-
figuration function of the molten pool surface and k is the Lagran-
gian multiplier, which is obtained from the following volume
continuity equation:ZZ

/dxdy� vd ¼ 0 ð7Þ
where vd is the volume of the material deposited per unit time. The
symbols /x, /xx and /xy are defined as: /x ¼ @/

@x, /xx ¼ @/x
@x and

/xy ¼ @/y

@x , respectively. The definitions for Uy and Uyy are similar.
The boundary conditions of total surface energy and solution
method of Lagrangian multiplier are described by Zhang et al [31].

The cross-sectional area of the deposit is shown in Fig. 2. Similar
to Zhang et al. [31], the cross-sectional area (Ad) considering only
half of the deposit is expressed as:

Ad ¼ pr2wwf

2US
ð8Þ

where rw is the radius of the filler wire,wf is wire feed rate and US is
the scanning speed. The configuration function of the surface profile
/ is calculated by solving the overall mass conservation equations
[31]:

kþ c
/yy

ð1þ /2
yÞ

3=2 ¼ qg/ ð9Þ

Z Wd

0
/dy� Ad ¼ 0 ð10Þ

Eq. (10) represents the deposit surface profile (/) by considering
that amount of liquid metal distributes over a distance of Wd (half
of the pool width). The boundary conditions (shown in Fig. 2) used
in the calculation of solidified surface profiles are given as: / ¼ 0 at
the solid boundary and @/

@y ¼ 0 at the symmetry plane (y = 0).

2.6. Solution method

The entire solution domain is divided into small control vol-
umes. For a 120 mm long deposit the total number of grids is
102 � 92 � 44 (length �width � height). A control volume
method has been implemented for the discretization of the govern-
ing equations [40]. The SIMPLE algorithm [40] is used to solve the
governing equations and the calculations are completed using an
in-house Fortran code. Typically, around 3.5 million linear equa-
tions and 6,000 iteration steps are solved for the deposition, which
takes approximately 10 minutes in a personal computer with 2.8
Gigahertz i7 processor and 8 Gigabyte random access memory
(RAM).

3. Experimental investigation

A series of 120 mm long single-track builds using H13 tool steel
wire are deposited on a 250 mm � 150 mm � 4 mmAISI 1040 steel
substrate. The heat source of WAAM was a custom-designed Pana-



Table 2
The WAAM process variables used in experiments and simulations.

Current (A) Voltage (V) Speed (mm/s) Wire feed rate (mm/s) Wire diameter (mm) Substrate dimension (mm)

Experiment 100–200 18–22 5–11.7 63–143 1.2 250 � 150 � 4
Figs. 3–5 200 22 5 83 1.2 320 � 360 � 17
Fig. 6 200 22 11.7 133 1.2 320 � 360 � 17
Fig. 7 200 22 5–11.7 68–143 1.2 320 � 360 � 17
Fig. 8 100–200 18–22 5 63 1.2 320 � 360 � 17
Fig. 9a 200 22 5, 11.7 83, 143 1.6 400 � 340 � 10
Fig. 9b 250 30 10 60 1.6 400 � 340 � 10
Fig. 10 250 15 8.3 60–100 1.0–1.36 320 � 360 � 17
Fig. 11a 200–300 15 8.3 80 1.2 320 � 360 � 17
Fig. 11b 150 20 5–11.7 80 1.2 320 � 360 � 17
Fig. 11c 250 15 8.3 60–100 1.2–1.36 320 � 360 � 17
Fig. 12a 200–300 15 8.3 80 1.2 320 � 360 � 17
Fig. 12b 150 20 5–11.7 80 1.2 320 � 360 � 17
Fig. 12c 250 15 8.3 60–100 1.2–1.36 320 � 360 � 17
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sonic digital MIG/MAG welding power source, which was inverter
controlled using direct current (DC) with output current range
from DC 30 A to 350 A and output voltage range from DC 12 V to
31.2 V. The specimens were fabricated using a welding robot com-
bined with control box, workbench and wire feed system. The 6-
axis independent movements of the robot are programed and con-
trolled by a software-based control system. The deposited builds
were protected by high purity argon with 15 L/min gas flow rate.
The samples were ground and polished using colloidal silica and
subsequently were etched using the standard Keller’s reagent
(2.5 mL HNO3 + 1.5 mL HCL + 1 mL HF + 95 mL H2O) for 20 s. The
process conditions used in these experiments are provided in
Table 2.
Fig. 3. (a) Calculated temperature and velocity fields for a single track H13
deposition using process parameters given in Table 2. (b) Magnified views of
temperature fields in (a).
4. Results and discussions

Fig. 3(a) shows the three-dimensional temperature and velocity
fields during the fabrication of a single-track H13 steel deposit.
Due to the rapid scanning, the molten pool extends along the oppo-
site direction of the arc source movement. Fig. 3(b) shows the mag-
nified view of the temperature and velocity fields close to the
molten pool. The two-phase region containing both liquid and
solid material, commonly called the mushy zone, is bounded by
the solidus temperature (1585 K) and liquidus temperature
(1725 K) isotherms. During solidification, the characteristics of
the mushy zone play an important role in solidification morphol-
ogy. The region within the liquidus isotherm is called the fusion
zone. Molten metal velocities are shown by black arrows whose
magnitude can be estimated by comparing their lengths with the
reference vector provided.

Liquid metal motion in the molten pool is driven mainly by the
surface tension gradients and to a much lesser extent by the buoy-
ancy force. Due to the negative value of dc/dT, the liquid metal
flows from the center to the periphery on the top surface of the
molten pool. The liquid metal is depressed in the middle of the
pool due to the strong arc pressure and droplet impinging force.
This flow pattern allows more heat transfer from the heat source
to the bottom of the molten pool, which, in turn, results in deep
penetration. Fig. 3 also depicts the free surface deformation of
the molten pool. The liquid metal is pushed to the rear part of
the molten pool and forms the crown as it solidifies.

Fig. 4(a) shows the temperature and velocity fields at different
transverse sections of the deposit. Near the leading edge of the
deposit, the molten pool is depressed due to arc and droplet forces
and the fusion zone has finger-like (i.e. deep and narrow) penetra-
tion in to the substrate. Towards the rear end of the molten pool,
the arc and droplet forces acting on the surface decrease, resulting
in a crown geometry determined largely by surface tension forces.
Fig. 4(b) and (c) show the stream traces on two transverse planes at
two different distances along the distance of the arc travel. Under
the arc, the surface depression combined with surface tension gra-
dients leads to two separate convection loops, as shown by the
stream traces in section 1 of Fig. 4(b). Behind the arc, the circula-
tion of the molten metal is slower due to the reduced temperature
gradients, as shown in section 2 of Fig. 4(c).



Fig. 4. (a) Temperature and velocity fields at different transverse planes. Temper-
ature fields and stream traces of molten metal flow at two transverse sections (b)
section 1 (under the arc) and (c) section 2 (behind the arc) shown in figure (a). All
plots use the process parameters given in Table 2.

Fig. 5. (a) Temperature and velocity fields at different longitudinal planes.
Temperature fields and stream traces of molten metal flow at two longitudinal
sections (b) section 1 (under the arc) and (c) section 2 (right side of the arc) shown
in figure (a). All plots use the process parameters given in Table 2.
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Temperature and velocity fields for longitudinal sections at dif-
ferent distances from the arc center are shown in Fig. 5(a). Compar-
ing the two sections in Fig. 5(b) and (c), there little difference in the
distribution of temperatures and velocities. Stream traces for both
sections reveal a small convection loop in the front of the molten
pool and a larger convection loop in the rear of the pool. Because
the pool is longer than it is wide, the temperature gradient from
the peak temperature at the center of the pool to the liquidus iso-
therm at the edge of the pool is larger in the width direction than
the length direction. This results in a higher surface tension gradi-
ent near the front of the pool and lower surface tension gradient in
the rear, correlating to the magnitude of the velocities.

Mukherjee et al. [41] used the dimensionless Péclet number (Pe)
to describe the ratio of heat transferred by convection to the heat
transferred by conduction during additive manufacturing,

Pe ¼ LU
k=qcp

ð11Þ
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where q is the density of the fluid, cp is the specific heat of the fluid,
k is the thermal conductivity, U is the characteristic velocity (max-
imum velocity inside the pool), and L is the characteristic length
(width of the molten pool). For the simulations shown in Figs. 3–
5, the computed values of the Péclet number are approximately
100. A Péclet number significantly greater than one indicates that
convection of molten metal dominates the heat transfer inside the
molten pool [41]. Fig. 6 shows a comparison between the experi-
mentally observed transverse cross-section (in YZ-plane) of the
deposit with that of the computed values considering and ignoring
convective heat transfer. When the calculation is done ignoring con-
vection, the width of the pool is 13% smaller than the experimental
value. This is because the radially outward flow of liquid metal car-
ries heat to increase the width of the molten pool. Therefore, the
deposit width is underestimated when the convective flow is
ignored. In addition, the heat that should have been transported
radially is now concentrated in the middle of the pool and a portion
of it goes downwards, resulting in an overestimation of the penetra-
tion depth of the fusion zone. Thus, the calculations that neglect the
mixing of hot and cold liquid inside the molten pool cannot predict
the correct geometry of the deposit.

Two of the most influential and easily controllable variables in
WAAM are the arc power and travel speed. The roles of these vari-
ables on the fusion zone geometry are examined both experimen-
tally and theoretically in Figs. 7 and 8. Fig. 7(a–c) shows the effects
of varying travel speed. The cross-section of the fusion zone
decreases in size with increasing travel speed in both the theoret-
ical calculations and the experimentally observed results. This is
because of the lower heat input per unit length at faster scanning
speed. Fig. 8(a–c) shows that the deposit sizes and fusion zone
dimensions increase with arc power, which increases the heat
input per unit length.

Fig. 9(a) shows the temperature variation with time monitored
at the mid-height and mid-length of the deposit center while fab-
ricating a single track H13 deposit. The peak temperature corre-
sponds with the time the arc source reaches the monitoring
location. At 11.7 mm/s scanning speed, the peak temperature is
observed at around 2.6 s. However, at a slower traveling speed of
5 mm/s the peak temperature is observed at about 6 s, because
the arc source takes a longer time to reach the monitoring location.
Heating takes place rapidly as the arc approaches the monitoring
location. However, once heated, cooling is comparatively slower
because of the time needed for the transport of heat throughout
the molten pool and into the substrate. During cooling, there is a
sudden change in slope between the liquidus (1725 K) and solidus
Fig. 6. Comparison between the calculated transverse section of the H13 deposit
considering and neglecting molten metal convection with the corresponding
experimentally measured macrograph. The results are obtained using the process
parameters given in Table 2.

Fig. 7. Comparison between the calculated transverse sections of the H13 deposit
with the corresponding experimentally measured macrograph using (a) 5 mm/s (b)
8.3 mm/s and (c) 11.7 mm/s scanning speed. Other process parameters are given in
Table 2. The red region bounded by the solidus temperature (1585 K) isotherm
represents the transverse section of the deposit.
(1585 K) temperatures because of the liquid-to-solid phase trans-
formation and the release of latent heat during solidification.
Fig. 9(b) compares the computed temperature variation with time
during the deposition of ER70S-6 steel to the corresponding exper-
imental results of Bai et al. [20]. Temperatures were measured with
an IR camera during the experiment. The slight mismatch between
the experimental and numerical results is likely due to the difficul-
ties in the temperature measurement during deposition, as well as
several assumptions made during modeling.

The agreement of the calculated fusion zone geometry for vari-
ous travel speeds (Fig. 7) and arc powers (Fig. 8), as well as agree-



Fig. 8. Comparison between the calculated transverse sections of the H13 deposit
with the corresponding experimentally measured macrograph using (a) 1800 W (b)
3000 W and (b) 4400 W arc power. Other process parameters are given in Table 2.
The red region bounded by the solidus temperature (1585 K) isotherm represents
the transverse section of the deposit.

Fig. 9. (a) Temperature variation with time monitored at the mid height and mid-
length of the deposit center while fabricating a single track H13 deposit using two
different scanning speeds. The process parameters are given in Table 2. (b)
Comparison between the calculated and the experimentally measured thermal
cycles [20].
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ment of thermal cycles (Fig. 9(b)) with corresponding experimental
data provides confidence in using the model to investigate the
roles of important process parameters on deposit shape and size,
temperature fields, cooling rates and solidification parameters.

Fig. 10(a–c) shows the effects of wire feed rate and wire diam-
eter on fusion zone width, penetration depth and deposit height,
respectively. The fusion zone width is primarily controlled by
available heat energy for melting and convective flow within the
molten pool. As evident from Figs. 7 and 8, width depends largely
on arc power and scanning speed. For a constant heat input, fusion
zone width does not change significantly with wire feed rate and
wire diameter as shown in Fig. 10(a). However, the enhanced mass
flow rate that results from higher wire feed rate and larger wire
diameter increases the heat transfer from the arc source to the bot-
tom of the molten pool. Therefore, penetration depth increases
with both wire feed rate and wire diameter as shown in Fig. 10
(b). Fig. 10(c) shows that the deposit height increases with both
wire feed rate and wire diameter because of an increase in the
amount of material deposited per unit time.

The temperature gradient, G, and the growth rate of the solidifi-
cation front, R, provide important information about the solidifica-
tion morphology. The value of G across the mushy zone is relevant
during solidification, as it drives the solidification kinetics. In steady
state, R along the centerline is equivalent to the travel speed and
varies spatially by the angle of the pool boundary relative to the
centerline. The product of G and R, GR, represents the cooling rate,
which is linked to the scale of the microstructure. Fig. 11(a–c)
shows the variation of cooling rate during solidification calculated
at mid-length andmid-height of the deposit for various arc powers,
travel speeds, wire feed rates and wire diameters. Convective flow
of liquid metal inside the molten pool mixes the hot and cold liquid
and reduces the temperature gradient inside the pool. Therefore,
heat conduction calculations that neglect the molten metal convec-
tion overestimate the temperature gradient and cooling rate as
shown in Fig. 11(a) and (b). By increasing linear heat input, higher



Fig. 10. Effects of wire feed rate and wire diameter on (a) fusion zone width (b)
penetration depth and (c) deposit height of a single track H13 deposit. Graphs are
plotted using the process parameters given in Table 2. Variations with respect to
wire diameter and wire feed rate are plotted at 80 mm/s wire feed rate and 1.2 mm
wire diameter, respectively.

Fig. 11. Variations of cooling rate during solidification with respect to (a) arc power
(b) travel speed and (c) wire feed rate and wire diameter. Cooling rates are
calculated at the mid height and mid-length of the deposit center while fabricating
a single track H13 deposit. Graphs are plotted using the process parameters given in
Table 2. Variations with respect to wire diameter and wire feed rate are plotted at
80 mm/s wire feed rate and 1.2 mm wire diameter, respectively.
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arc power and slow scanning speed result in more molten material
that cools and solidifies relatively slowly. Computed results in
Fig. 11(a) and (b) support this, showing cooling rates increasing
as arc power increases and scanning speed decreases. Wire feed
rate and wire diameter do not significantly affect the heat transfer
from the molten pool to the substrate, because they do not change
the amount of heat input into the system. Therefore, the cooling
rate remains almost unchanged for different wire feed rates and
wire diameters, as shown in Fig. 11(c).

Dividing G by R gives the solidification parameter G/R, which is
necessary for determining solidification morphology. High values
of G/R indicate stable plane front solidification, while low values
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indicate unstable growth. The constitutional supercooling criterion
for plane front solidification is represented as:

G=R P DTE=DL ð12Þ

where DTE is the range of equilibrium solidification temperatures
(140 K for H13 tool steel) and DL is the solute diffusion coefficient
Fig. 12. Variations of G/R ratios during solidification with respect to (a) arc power
(b) travel speed and (c) wire feed rate and wire diameter. G/R ratios are calculated
at the mid height and mid-length of the deposit center while fabricating a single
track H13 deposit. Graphs are plotted using the process parameters given in Table 2.
Variations with respect to wire diameter and wire feed rate are plotted at 80 mm/s
wire feed rate and 1.2 mm wire diameter, respectively.
(2 � 10�2 mm2 s�1 for carbon in liquid iron [42]). Therefore, calcu-
lated value of DTE=DL for H13 tool steel is 7 � 103 K s mm2

. Fig. 12(a–
c) shows the variation of G/R during solidification, calculated at mid-
length and mid-height of the deposit, with arc power, travel speed,
wire feed rate and wire diameter. Notably, all the values for G/R
are significantly lower than the critical value of 7 � 103 K s mm2

required for plane-front solidification. Therefore, formation of either
cellular or dendritic solidification structure is expected and observed
in experimental results. Conduction calculations neglecting convec-
tive flow of molten metal result in higher G/R values, because larger
temperature gradients develop due to the lack of mixing of hot and
cold liquids. Wider and longer molten pools at higher arc powers
also result in lower temperature gradients. Therefore, G/R decreases
with arc power as shown in Fig. 12(a). Growth rate of the solidifica-
tion front increases with travel speed, so G/R decreases with travel
speed as shown in Fig. 12(b). Since, wire feed rate and wire diameter
do not significantly affect the heat transfer from the molten pool to
the substrate, G/R remains almost unchanged with these two param-
eters, as shown in Fig. 12(c). If in-depth analysis of microstructural
features is desired, then the effects of convective fluid flow, travel
speed, and arc power must be considered to obtain accurate solidifi-
cation parameters. In all cases presented here, either cellular or den-
dritic solidification morphology occurs, with variations in GR
affecting the scale of the microstructure.
5. Summary and conclusions

A three-dimensional heat transfer and fluid flow model of wire
arc additive manufacturing was developed, tested and used to the
calculate temperature and velocity fields, deposit shape and size,
cooling rates and solidification parameters for a single-track H13
tool steel deposit. Effects of arc power, travel speed, wire feed rate
and wire diameter on different metallurgical variables were exam-
ined. Below are the specific findings.

(1) The calculated dimensions of fusion zones and thermal
cycles for various arc powers and travel speeds agreed well
with the corresponding experimental results.

(2) Droplet impact force and arc pressure resulted in deep finger
penetration under the arc. The liquid metal depressed under
the arc was displaced to the rear end of the molten pool and
formed a crown. The resulting wide and deep deposits facil-
itate high deposition rates that make the WAAM process a
practical choice for rapid production of large components
at low cost.

(3) Convection is the main mechanism of heat transfer inside
the molten pool. Heat conduction calculations ignoring con-
vection in the pool result in inaccurate deposit geometries
and unrealistically high cooling rates. In contrast, convective
heat transfer calculations provide reliable results of cooling
rates and deposit geometry.

(4) The low values of the ratio of temperature gradient (G) to
solidification growth rate (R) indicated high instability of
plane front solidification in wire arc additive manufacturing.
Since wire feed rate and wire diameter did not directly affect
the heat transfer from the molten pool, the cooling rate and
G/R did not change significantly by altering those two pro-
cess parameters. However, a faster cooling rate and higher
G/R could be obtained by reducing heat input per unit
length.

(5) Higher heat input achieved by slow scanning or higher arc
power resulted in larger deposits. Use of thicker wire and
rapid wire feeding also increased deposit size because of
higher amount of material deposition under those
conditions.
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Appendix A

The heat energy from the metal droplets is assumed to be dis-
tributed uniformly in a cylindrical cavity inside the work piece.
Therefore, the source term SV in the energy conservation equation
(Eq. (3)) is calculated as below [30]:

SV ¼ Hd

pher2e
ðA1Þ

where Hd is the heat content of the droplet, he and re are the effec-
tive height and radius of the cylindrical cavity. Heat content of the
droplets is calculated as [29]:

Hd ¼ qpr2wwf ½CPðTd � TaÞ þ DH� ðA2Þ
where q is the density of the material, rw is wire radius, wf is wire
feed rate, CP is specific heat, Td is the droplet temperature, Ta is the
ambient temperature and DH is latent heat.

The effective height (he) and radius (re) of the cylindrical cavity
in Eq. (A1) are expressed as [29]:

re ¼ a ðA3Þ

he ¼ hc � xþ a ðA4Þ
where x is the distance traveled by the center of mass of the cylin-
der, a is the droplet diameter and hc is the height of the cavity.

The droplet diameter (a) in Eqs. (A3) and (A4) depends on the
electrode diameter and arc current [29].

The height of the cavity (hc) in equation A4 is calculated by
equating the total work done in creating the cavity (W) and the
kinetic energy of drop (KE). The total work done in creating the
cavity (W) consists of work done against the hydrostatic pressure
and creating a new surface and is represented as [30]:

W ¼
Z hc

0
ðpdV þ 2pacdHÞ ðA5Þ

where c is the coefficient surface tension, H denotes the height, V
and p denote the volume and the hydrostatic pressure of the cylin-
drical cavity, respectively. The volume and hydrostatic pressure are
represented as [30]:

V ¼ pa2hc ðA6Þ

p ¼ qghc ðA7Þ
Combining Eqs. (A5)–(A7), the total work done in creating the cav-
ity, W, can be obtained as:

W ¼ pa
1
2
aqgh2

c þ 2chc

� �
ðA8Þ

The kinetic energy of drop is expressed as:

KE ¼ 1
2
mv2

d ðA9Þ
where m is the droplet mass depends on droplet diameter (a) and
density (q) and vd is the velocity of droplets [43]. Therefore, by
equating the total work done in creating the cavity (W) and the
kinetic energy of drop (KE), the cavity height (hc) can be calculated
as:

hc ¼ � 2c
aqg

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2c
aqg

� �2

þ av2
d

6g

" #vuut
0
@

1
A ðA10Þ

The distance traveled by the center of mass of the cylinder (x) in
Eq. (A4) is calculated by solving the acceleration equation of dro-
plets [30]:

d2x

dt2
¼ g þ 2c

aqhc

� �
� g
hc

x ðA11Þ

where g is the acceleration due to gravity. By solving this equation,

x ¼ hc þ 2c
aqg

� �
1� cos

g
hc

� �1=2

t

" #( )
ðA12Þ

where t is the time that is inverse to the droplet frequency (D). The
droplet frequency (D) depends on wire feed rate (wf ), wire radius
(rw) and droplet diameter (a) and is represented as:

D ¼ pr2wwf
1
6pa3

ðA13Þ
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