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A B S T R A C T   

Wire-arc directed energy deposition (DED) is suitable for depositing large-scale metallic components at high 
deposition rates. In order to further increase productivity and efficiency by reducing overall manufacturing time, 
higher deposition rates are desired. However, the conventional gas metal arc (GMA) based wire-arc DED, 
characterised by high energy input, normally results in high remelting and reheating at relatively high deposition 
rates, reducing the process efficiency and deteriorating the mechanical performance. In this study, a novel wire- 
arc DED process with the combination of a GMA and an external cold wire, namely cold wire-gas metal arc (CW- 
GMA), was proposed for achieving high deposition rate and low material remelting. The maximum deposition 
rates at different levels of energy input were investigated, with the highest deposition rate of 14 kg/h being 
achieved. An industrial-scale component weighing 280 kg was built with this process at a high deposition rate of 
around 10 kg/h, which demonstrated the capability of the process for high productivity application. It was also 
found that, due to the addition of the cold wire, the remelting was reduced significantly. The working envelope 
and geometric process model for the CW-GMA process was developed, which can be used to avoid defects in 
parameter selection and predict the geometry of single-pass wall structures. Moreover, the addition of the cold 
wire in the CW-GMA process reduced the specific energy density, leading to a reduction in both grain size and 
anisotropy, which improved the mechanical properties with increased strength and reduced anisotropy.   

1. Introduction 

Additive manufacturing (AM), also known as 3D printing, is a 
transformative technology that presents numerous advantages over 
traditional manufacturing techniques, such as higher design flexibility, 
faster time-to-market, reduced waste, customisation, and enhanced ef
ficiency [1–3]. Wire-arc directed energy deposition (DED), as a signifi
cant branch of AM, employs an electric arc as a heat source and metallic 
wire as feedstock, which facilitates the construction of large metallic 
components on a scale of meters [4–6]. Among the various electric arc 
types applicable in wire-arc DED, gas metal arc (GMA) stands out due to 
its consumable electrode, which contributes to higher energy transfer 
efficiency compared to non-consumable types such as gas tungsten arc 
(GTA) and plasma transferred arc (PTA). In addition, it has higher 
tolerance in terms of the path planning and omnidirectionality 
compared to the GTA and PTA processes, owing to a coaxial configu
ration of wire and torch [3]. As a result, GMA is a preferred option for 

material deposition, whenever feasible. 
So far, with a single GMA, a deposition rate of 3 kg/h is achievable 

with a good surface finish for steel [4]. Higher deposition rates are often 
required in practical production to reduce the lead time and overall 
costs. For example, in mining and construction industries, the compo
nents can weigh up to several tonnes. To make the process viable for 
large components like this, the deposition rate needs to be increased 
significantly. However, a higher deposition rate can be achieved but at 
the cost of low surface quality and dimensional accuracy, which means a 
large amount of material needs to be machined off, reducing the 
cost-effectiveness of the process. Examples can be seen with the tandem 
process [7] and dual plasma process [8], where high deposition rates 
were achieved but with reduced resolution and precision of the com
ponents. This is because the surface finish and geometric accuracy are 
dictated by the process stability and the melt pool behaviour, which are 
more difficult to control at higher deposition rates [9]. 

Another factor that restricts the high deposition rate with the GMA 
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based wire-arc DED is high remelting. The high energy input of the 
process at high deposition rate results in a high remelting on the sub
strate or pre-deposited layers, which reduces the process efficiency and 
deteriorates the mechanical performance. This is because in the stan
dard GMA process (i.e., GMA process without cold wire feeding), the 
energy input is directly coupled with the material feeding rate. The 
remelting is increased along with the material feeding rate (or energy 
input). In fact, as a variant of GMA, cold metal transfer (CMT) technique 
provides a controlled method of material deposition and low thermal 
input, which does not have the high remelting issue [10]. However, the 
deposition rate in this process is relatively low due to the speed limit of 
the wire feed. Therefore, in this study, to increase the deposition rate 
while maintaining a low remelting, an external non-energised cold wire 
was added to the GMA, namely cold wire-GMA (CW-GMA). In this 
process, the cold wire is fed to the GMA and takes energy from it. By 
doing this, more feedstock can be melted with the same amount of en
ergy input, and the energy input can be decoupled from the material 
feeding rate. Therefore, it is expected that the deposition rate can be 
improved and the remelting can be reduced, leading to a high produc
tivity and high quality process. 

To date, the CW-GMA process was primarily focused on welding 
applications, and some fundamental research has been carried out. 
Ribeiro et al. [11–13] studied the arc behaviour and the metal transfer 
dynamics in the CW-GMA process and also compared with the standard 
GMA process. They found that the transition of metal transfer from a 
globular mode to a spray mode occurred at a slightly lower current in the 
CW-GMA process compared to that in the standard GMA process, and 
the arc resistance reduces with the increased cold wire feed speed 
(CWFS), resulting in an increase in arc current [11]. The increase of the 
CWFS in the CW-GMA process facilitates the arc attachment to the cold 
wire [12]. In addition, they found that the arc wandering issue in the 
standard pulsed GMA (P-GMA) process with pure argon shielding gas 
can be suppressed with the cold wire addition due to the migration of 
cathode spots to the cold wire, which increased the process stability and 
resulted in a good bead shape [13]. The cold wire with P-GMA process, 
referred to as CW-P-GMA, was also studied by Ribeiro et al. [14] and 
Jorge et al. [15] due to the lower energy input of it compared to that of 
the CW-GMA. In addition, Assunção et al. [16] and Ribeiro et al. [17] 
used the CW-GMA for narrow gap welding application and claimed that 
compared to the standard GMA process, the CW-GMA improved the 
productivity and reduced the arc wandering to the groove sidewalls due 
to the arc attachment to the cold wire. Furthermore, it was reported that 
the residual stress was reduced [18] and the fatigue performance was 
improved [19] with the CW-GMA process compared to that with the 
standard GMA process. Only a limited amount of research has been 
dedicated to the application of the CW-GMA process in AM. These 
studies primarily focused on investigating the combination of hot wire 
and cold wire for metallurgy [20] and conducting simple mechanical 
analysis [21]. 

Although many benefits were reported for CW-GMA welding process, 
it has not been examined for high productivity AM applications. In 
addition, the optimum processing conditions for welding and AM are 
different due to the different requirements for the two cases [22–24]. For 
example, high deposition rate is more desirable in AM compared to 
welding, as more material is normally deposited in the former case. 
However, the limit of the deposition rate in the CW-GMA process is 
unknown. In addition, a single bead is the building block for the printed 
components, and its geometry determines the surface quality and 
deposition strategy [25]. How the bead shape changes with the cold wire 
addition is unclear. Additionally, a model to predict the geometry of the 
multi-layer single-pass walls is needed for the selection of required 
process parameters to build different engineering structures. Further
more, with the addition of cold wire, the microstructure and mechanical 
properties of the components built with the CW-GMA process are ex
pected to be different from those with the standard GMA process due to 
the different energy profiles. In particular, with reduced remelting and 

reheating, improved microstructure and mechanical properties could be 
anticipated. Therefore, it is of vital significance to examine the perfor
mance of the CW-GMA process for AM application. 

In this study, the limit of the deposition rates at different levels of 
energy input of the CW-GMA process was investigated. The effect of the 
cold wire addition on the bead geometry was examined. The working 
envelope and the process model of the CW-GMA process was obtained 
for multi-layer single-pass walls. Two single-pass wall structures were 
built with the standard GMA and CW-GMA processes to compare their 
microstructure and mechanical properties. Furthermore, a large-scale 
industrial-level component was built with the CW-GMA process to 
evaluate its feasibility for high deposition rate applications. 

2. Experimental 

2.1. Materials and setup 

In this study, the wires fed through the GMA torch and the external 
wire feeder are referred to as hot wire and cold wire, respectively. The 
material used for both hot wire and cold wire was high strength low 
alloy steel (ER90S-G) with a diameter of 1.2 mm, and the composition of 
the wire is shown in Table 1. Deposition was performed on mild steel 
substrates with dimensions of 300 mm × 200 mm × 12.7 mm. Prior to 
deposition, the substrates were ground and cleaned with acetone to 
remove any surface contamination. The shielding gas used for the GMA 
torch was composed of 8% CO2 and 92% Ar (BOC Specshield gas). The 
flowrate of the shielding gas was 18 l/min during deposition. Fig. 1 
schematically shows the experimental setup for the CW-GMA based 
wire-arc DED process. An EWM (Alpha Q552) power source was used to 
provide the electric arc, which was integrated with a wire feeder 
(Phoenix Drive 4) to feed the hot wire. Another wire feeder (Technical 
Arc) was used to feed the external cold wire. An arc monitor (AMV 4000) 
was connected to the power source to record the arc current and voltage. 
A CMOS camera (Xiris XVC-1000) was placed to the side of the melt pool 
to monitor the metal transfer and melt pool behaviour. The substrate 
was fixed to a workbench by clamps and the motion of the torch was 
provided by a 6-axis ABB robot. 

Fig. 2 shows the configuration of the cold wire, GMA torch, and 
substrate. The torch was placed perpendicular to the substrate and the 
cold wire was fed laterally with an angle of 25◦. The contact tip to 
workpiece distance (CTWD) used was 16 mm. The two wire tips meet at 
the top surface of the substrate. During deposition, the substrate was 
fixed, whilst the GMA torch and cold wire were moved along the travel 
direction with a front feeding configuration (i.e., cold wire at the front of 
the GMA). 

2.2. Methods 

2.2.1. Deposition rate and bead geometry 
Bead-on-plate (i.e., single-layer single-pass deposition) experiments 

were conducted to study the limit of deposition rate and the variation of 
bead geometry at different levels of energy input. As mentioned earlier, 
unlike non-consumable electrode arc processes where the arc current is 
independent from the material feeding rate, the arc current in the GMA 
process is coupled with the hot wire feed speed (HWFS). Therefore, prior 
to the experiment, the arc current and voltage as a function of HWFS 
were measured, as shown in Figs. 3a and 3b. The output power of the 
power source is a product of arc current and arc voltage, and this output 
power as a function of HWFS and arc current can then be obtained, as 
shown in Figs. 3c and 3d, respectively. One can see that the output 
power increases with an increase in both HWFS and arc current. It 
should be mentioned that, to achieve high deposition rates, spray 
transfer mode (high power) was used rather than short circuit mode (low 
power) and globular mode (intermediate power). Additionally, the 
spray mode of the GMA provides a relatively long and stable arc column 
compared to that with the other two modes [26], which gives enough 
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space to accommodate the cold wire. 
The deposition rate is determined by how much wire can be fed and 

fully melted in the arc. In CW-GMA process, with the same hot wire and 
cold wire, the deposition rate, R, is expressed by: 

R =
πd2ρ(vc + vh)

4
(1) 

where d is the wire diameter, ρ is the material density, vc and vh are 
CWFS and HWFS, respectively. One can see that for the CW-GMA pro
cess with the same hot wire and cold wire, the deposition rate is 
determined only by the total wire feed speed. In this study, the 
maximum deposition rates at four different levels of energy input were 
obtained, where the HWFS used was 6, 8, 10, and 12 m/min with the 
corresponding arc current of 233, 301, 363, and 404 A. In these exper
iments, for a certain energy input, the CWFS was increased from 0 to a 
limit value where the cold wire could not be fully melted as identified by 
the process camera. The travel speed (TS) was kept constant at 10 mm/s. 
After deposition, all the beads had a same length of 120 mm, and the 
bead dimensions were measured at the length of 40 mm, 60 mm, and 
80 mm from the initiation, and an average value was used. The bead 
geometry is characterised by bead width and bead height (see Fig. 4a). 
In addition, the dilution, D, is given by: 

D =
A2

A1 + A2
(2) 

Table 1 
Chemical composition (in wt%) of both the hot wire and cold wire.  

C Mn Si S P Cr Mo Ni V Cu Nb Fe 

0.09  0.90  0.56  0.001  0.006  2.5  1.07  < 0.1  < 0.01  < 0.1  < 0.01 Balance  

Fig. 1. Schematic showing the experimental setup for the CW-GMA based wire-arc DED system.  

Fig. 2. Schematic showing the configuration of the GMA torch, cold wire, 
and substrate. 

Fig. 3. Calibration of the power source: (a) arc current as a function of HWFS, (b) arc voltage as a function of HWFS, (c) output power as a function of HWFS, and (d) 
output power as a function of arc current. 
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where A1 is the cross-sectional area of the bead and A2 is the 
remelting area of the substrate, as shown in Fig. 4a. 

2.2.2. Working envelope and process model 
The working envelope (or process window) of the CW-GMA process 

was obtained before achieving the geometric process model for multi- 
layer single-pass walls. Bead-on-plate experiments were first conduct
ed, and the working envelope based on bead-on-plate was obtained in 
order to reduce the work to achieve the working envelope for multi- 
layer single-pass walls. In this process, two process parameters were 
kept constant, and the other was increased from a low value to a limit 
value. In total, 26 beads were deposited to understand the limitations of 
the process. With the same approach, 44 wall structures were then built 
to achieve the working envelope for multi-layer single-pass walls. When 
the working envelope of the process was achieved, D-optimal design of 
experiment (DoE) method was used to generate the process parameters 
for achieving the process model. More detailed introduction of the 
design method can be found in Ref. [27]. In this model, HWFS (m/min), 
CWFS (m/min), and TS (mm/s) were selected as the factors. As cubic 
behaviour was expected, three-factor third-order polynomial functions 
were fitted: 

Y = β0 +
∑3

i=1
βixi +

∑3

i=1
βiix

2
i +

∑3

i=1
βiiix

3
i +

∑3

i<j
βijxixj +

∑3

i∕=j

βiijx
2
i xj + β123x1x2x3

(3) 

where Y is the predicted response; β0, βi, βii and βiii are the constant 
process effect, linear effect, quadratic effects and cubic effects of xi, 
respectively; βij, βiij and β123 are the interactions of first order, second 
order, and third order, respectively. The software (Design Expert) 
indicated that 28 sets of process parameters are necessary to calculate 
the regression coefficients for the full model. Therefore, 28 multi-layer 
single-pass walls were built, and each of them had 10 layers and a 
length of 120 mm. The interlayer temperature was controlled to be 
below 80 ◦C. The walls were built from alternative directions. After 
being finished, the walls were cross sectioned at the length of 40, 60, and 
80 mm to measure the geometry. The three responses used in this model 
were effective wall width (EWW), layer height (LH) and surface wavi
ness (SW). The definition of TWW and EWW is shown in Fig. 4b, and the 
surface waviness is defined by: SW = (TWW − EWW)/2. 

2.2.3. Microstructure and mechanical properties 
To examine the microstructure and mechanical properties of the 

components produced by the CW-GMA process, a multi-layer single-pass 
wall was built. In addition, another wall was built with the standard 
GMA process to compare with the wall built with the CW-GMA process. 
Both walls were deposited in an alternating direction manner to achieve 
an equal height at both ends. The process parameters used for the 
deposition of the two walls are shown in Table 2. It should be mentioned 
that a relatively high TS of 15 mm/s was used for the deposition of the 
two walls, which allows to achieve a thin geometry and low interlayer 
dwell time. During deposition, the interlayer temperature of the two 
walls were controlled below 80 ◦C. After deposition, both walls have the 
same length of 220 mm and height of 120 mm. 

Tensile samples were extracted from the two walls both in vertical 
and horizontal orientations, as shown in Fig. 5a. According to BS EN 
2002–1:2005 standard, the dimensions of the tensile samples are shown 
in Fig. 5b. Room temperature tensile test was conducted on an electro
mechanical testing machine (Instron 5500R) at a crosshead speed of 
1 mm/min, and the tensile strain was recorded by a laser extensometer. 
Crystallographic orientation maps were obtained using a TESCAN 
S8000G field emission gun scanning electron microscope (SEM) equip
ped with an Oxford Instruments’ Symmetry electron backscattered 
diffraction (EBSD) detector with an accelerating voltage of 15 kV, a 
beam current of 6.5 nA and a step size of 0.7 µm. Prior austenite grains 
(PAG) were reconstructed using the Nishiyama-Wasserman orientation 
relationship after filling in non-indexed pixels. 

2.2.4. Evaluation of the process with component building 
To evaluate the feasibility of using CW-GMA process to build 

Fig. 4. Schematic diagrams showing: (a) the definition of the bead width, bead height, cross-sectional area of the bead (A1), and the remelting area of the substrate 
(A2); (b) the definition of the total wall width and effective wall width. 

Table 2 
Process parameters used for deposition of the two single-pass multi-layer walls.  

Parameters Wall 1 (CW-GMA 
process) 

Wall 2 (standard GMA 
process) 

HWFS (m/min)  9  9 
CWFS (m/min)  8  0 
TS (mm/s)  15  15 
Interlayer dwell time 

(min.)  
7  10 

Total layer number  51  92 
Average layer thickness 

(mm)  
2.35  1.30  
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Fig. 5. Schematic showing (a) the location of the samples extracted from the two walls for tensile test and microstructure analysis, and (b) the dimensions of the 
samples for tensile test. Note, BD - building direction, TD - transverse direction, ND - normal direction. 

Fig. 6. (a) The geometry of the component, (b) the cross-section and deposition sequence of the component, (c) the component and the tooling design for the 
deposition, and (d) the cross-section of the component and tooling design. 
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industrial-scale components, an engineering structure with a weight of 
280 kg was deposited. Fig. 6a shows the geometry of the component, 
and Fig. 6b shows the cross-section of the component, which has a 
maximum diameter of 0.8 m and height of 0.254 m. The same hot wire, 
cold wire and shielding gas that described in Section 2.1 was used for 
building this component. In addition to the shielding gas from the GMA 
torch, a local shielding device was attached to the torch to provide 
additional shielding for the material [28]. Pure argon with a flowrate of 
80 l/min was used for the local shielding device. Since the process sta
bility largely depends on the cold wire position, a motorised stage was 
used to control the cold wire position during the deposition process. Due 
to the high energy input introduced to the substrate, a customised 
tooling and jig was designed to restrict the distortion of the substrate, as 
shown in Figs. 6c and 6d. The substrate has a thickness of 10 mm, whilst 
a 20 mm thick baseplate was placed underneath to hold the substrate. To 
increase the strength of the baseplate, some box section steels were 
welded underneath to support the baseplate. In addition, two clamping 
plates were used to fix the substrate. As the tooling design is not the 
focus of this section, more detailed information will not be introduced 
here. 

Since the component has a rotating geometry, a turntable was used to 
build the component and thus to reduce the rotation of the torch and 
cold wire. During the deposition process, the GMA torch was stationary 
whilst the turntable was rotating to provide the motion for material 
deposition. A coordinated motion between the robot and turntable was 
used to ensure that the required travel speeds are achieved automati
cally when the torch is at different positions with respect to the turn
table. As shown in Fig. 6b, there are three steps for the component 
building. Section 1 was first built layer by layer. Due to the overhang of 
section 2, the turntable was flipped by 90◦ when section 1 was 
completed, and then section 2 was deposited on the side surface of 
section 1. When section 2 was finished, the turntable was flipped back, 
and section 3 was deposited on the top of section 1 until the completion 
of the component. Parallel deposition strategy was used for the 
component building, where concentric beads were deposited next to 
each other in each layer. Due to the large melt pool formed in the CW- 
GMA process, a skin & core strategy was adapted to achieve good sur
face finish of the component [29]. That is, the outer contour of the 
component was deposited with a smaller bead geometry at a relatively 
low deposition rate, whilst the inner core section was deposited with a 
larger bead geometry at a high deposition rate. The parameters used for 
the skin and core passes are shown in Table 3. During deposition, the 
bead shape is not uniform at the start and end (taller and narrower at the 
start, while shallower and wider at the end) due to the unstable thermal 
conditions. Therefore, for each layer, the deposition starts from different 
positions to reduce the accumulation of the nonuniform geometry and 
thus avoid any associated defects. 

3. Results and discussion 

3.1. Deposition rate and bead geometry 

3.1.1. Deposition rate 
Fig. 7 shows the deposition process at the same energy input but with 

two different cold wire feeding rates. As shown in Fig. 7a, at a CWFS of 
10 m/min, the cold wire was fully melted, which led to a stable process 
and a smooth bead surface (see Fig. 7c). However, when the CWFS was 
increased to 12 m/min, the energy from the GMA could not fully melt 

the cold wire, and the unmelted wire came out from the back of the melt 
pool, as indicated by the yellow arrow in Fig. 7b. The resultant bead in 
this case was shown in Fig. 7d, where the unmelted wire still can be seen 
when the material was solidified. In the second case, numerous spatters 
were generated due to the interception of the GMA by the cold wire. In 
addition, the melt pool was stabbed by the cold wire in this case, causing 
a violent melt pool and therefore an unstable deposition process. Based 
on the observation and analysis from the deposition process recorded by 
the process camera, the maximum CWFS under this energy input was 
10 m/min. 

The same experiments were repeated for different levels of energy 
input. Figs. 8a and 8b show the maximum CWFSs and deposition rates 
achieved with different HWFSs (i.e., energy inputs), respectively. In 
Fig. 8a, the maximum CWFS achieved increases with an increase in the 
HWFS. This is easy to understand that more material can be melted at a 
higher energy input. Based on Fig. 8a and Eq. (1), the maximum depo
sition rate achieved as a function of HWFS is shown in Fig. 8b. The 
maximum deposition rate achieved in this study was 14 kg/h at a HWFS 
of 12 m/min and CWFS of 14 m/min. 

To compare the deposition rate of the CW-GMA process with a non- 
consumable electrode based process, the maximum deposition rate for 
the PTA process was examined at an arc current of 233 A. A maximum 
wire feed speed of 4.5 m/min was obtained at this arc current for the 
PTA process. Fig. 8c shows the deposition rates achieved with the CW- 
GMA, standard GMA and PTA processes at different levels of arc cur
rent. Compared to the standard GMA process, the deposition rate in the 
CW-GMA process was improved significantly at all levels of arc current 
examined. The PTA process has the lowest deposition rate among the 
three processes although only one arc current condition was examined. 
It also can be seen from Fig. 8c that the maximum deposition rates at 
different levels of arc current increased by more than double when cold 
wire was added, which is reflected in Fig. 8a where the ratio of the 
maximum CWFSs to the corresponding HWFSs are slightly higher than 
1. In addition, it is reported that another non-consumable electrode 
based process, GTA, has slightly lower deposition rates than the PTA 
process due to the less constricted arc column and lower energy density 
presented [5]. This means that with a single power source, the CW-GMA 
process has the highest deposition rate among all the wire-arc DED 
processes provided that the same energy input is applied. 

In AM, the deposition process efficiency can be reflected by the en
ergy consumed for deposition per unit mass of material [30]. Higher 
deposition process efficiency means that less energy is needed to deposit 
a certain amount of material. In this study, at an arc current of 233 A, the 
same arc voltage of 28 V was observed for the three processes examined, 
giving a power input of 6.5 kW for each process. From Fig. 8c, at the arc 
current of 233 A, the maximum deposition rates obtained with the 
CW-GMA, standard GMA and PTA processes were 6.4, 3.2 and 2.4 kg/h, 
respectively. This gives 3.7, 7.3 and 9.8 MJ/kg of the energy needed for 
per unit mass of material for the three processes, respectively. This 
means that to build a same component, much less energy is needed with 
the CW-GMA process compared to other wire-arc DED processes (here, 
50% and 62% energy reduction compared to that in the standard GMA 
and PTA processes, respectively). 

3.1.2. Bead geometry 
Compared to the standard GMA process, the addition of the cold wire 

in the CW-GMA process not only increases the deposition rate, but also 
leads to changes in the bead shape and remelting. Fig. 9 shows the effect 
of CWFS on bead shape at different levels of arc current. As shown in 
Fig. 9a, for a given current, the bead width increases first and then 
reaches a plateau (or reduces slightly). The increased bead width was 
attributed to the increased melting efficiency, as more energy was used 
for wire melting rather than loss from the substrate. However, when the 
CWFS was increased to a certain level, the cold wire could not be fully 
melted only by the arc. Instead, it reaches the melt pool and takes a large 
amount of energy from it, which impedes the spread of the melt pool in 

Table 3 
Process parameters used for the skin and core passes for building the component.  

Parameters (unit) Skin passes Core passes 

HWFS (m/min)  8  11 
CWFS (m/min)  4  8 
TS (mm/s)  10  10  

C. Wang et al.                                                                                                                                                                                                                                   



Additive Manufacturing 73 (2023) 103681

7

the width direction. Similar phenomenon was observed in the PTA based 
process [9]. It also can be seen that for a given CWFS, the bead width 
increases constantly with an increase in the arc current, which is not 
only because of the increased energy input but also because of the 
increased amount of material deposited. As for the bead height, it 

increases constantly with both CWFS and arc current due to the increase 
in material feeding rate (Fig. 9b). 

Fig. 10a shows the cross-section of the beads as a function of CWFS in 
some cases described in Fig. 9, and Figs. 10b and 10c show the dilution 
and the total melted area (including bead and substrate) in these cases. It 

Fig. 7. A comparison of the process stability and bead appearance achieved with the same HWFS of 8 m/min but different CWFSs: (a) the deposition process at a 
CWFS of 10 m/min, (b) the deposition process at a CWFS of 12 m/min, (c) bead appearance at a CWFS of 10 m/min, and (d) bead appearance at a CWFS of 12 m/ 
min. Pink arrows indicate the torch travel direction. 
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can clearly be seen from Fig. 10a that the remelting area reduces 
significantly as the CWFS increases from 0 to 12 m/min. Without the 
addition of the cold wire, a high dilution of 48% was observed, meaning 
that almost half of the energy used for generating the fusion zone was 
consumed in melting the already-existed material (Fig. 10b). However, 
the dilution was reduced significantly to below 10% at a CWFS of 12 m/ 
min. Fig. 10c shows that the total melted area increases constantly with 
an increase in the CWFS. This is because, as mentioned earlier, the 
thermal loss from the cold wire to its surroundings is much less than that 
from the substrate, and therefore more energy was used in melting the 
wire and less in melting the substrate. 

In fact, the melted area represents the melting efficiency of the 
process. The melting efficiency, ηm, is defined by the energy used for 
generating the fusion zone divided by the net energy transferred to the 
workpiece, which is expressed as [12]: 

ηm =
(A1H1 + A2H2)v

ηaVI
(4) 

where A1 and A2 are the cross-sectional area of the bead and the 
melted area of the substrate, respectively; v is the TS, ηa is the arc effi
ciency, V is the arc voltage, and I is the arc current; H1 and H2 are the 
volumetric enthalpy (in J/mm3) of the bead and substrate, respectively, 
which can be calculated from Eq. (5). 

H =
T2

m

300000
(5) 

where Tm is the melting point of the material. Based on Eqs. (4) and 
(5) and the melted area measured in the first case and the last case in 
Fig. 10a, the melting efficiency for the cases without the cold wire and 
with a CWFS of 12 m/min are 40.6% and 53.4%, respectively. This 
means that the melting efficiency was increased with the addition of 
cold wire, indicating that more energy was used for melting the material 
rather than dissipated to the surroundings. 

Fig. 10. (a) Cross-section of the beads obtained with different CWFSs at the same arc current of 301 A, (b) the dilution, and (c) the total melted area of the cor
responding beads. 

Fig. 11. Working envelope of the CW-GMA process based on bead-on-plate experiments: (a) HWSF vs CWFS, and (b) TS vs CWSF.  
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3.2. Process model 

3.2.1. Working envelope 
Fig. 11 shows the working envelope of the CW-GMA process based on 

bead-on-plate experiments. The boundaries of the working envelope are 
limited by different conditions, such as deposition rate, the occurrence 
of defects, and hardware. It should be mentioned that all the three pa
rameters (HWFS, CWFS, and TS) used should be within the working 
envelope indicated in Figs. 11a and 11b simultaneously. In this enve
lope, the bottom boundary of HWFS (A) represents the threshold be
tween globular and spray transfer modes, where spray mode is preferred 
in this process due to the high process stability and high deposition rate 
required. The top boundary of the HWFS (B) is limited by the rating of 
the torch. The boundaries of CWFS (D, E, G) are determined by the 
maximum amount of cold wire that can be melted, which can be ob
tained from Fig. 8a. Images a1 and a2 show two examples of the 
incompletely melted wires. The bottom boundary of TS (H) is due to the 
need for high productivity, and therefore lower values are not consid
ered here. The top boundaries of the TS (I) and boundary (K) are due to 
the presence of humping, as shown in images b2 and b3. Boundary (J) is 
due to the occurrence of undercut, as shown in image b1. For the single- 
layer deposition with the CW-GMA, defect-free beads can be achieved 
when the selected process parameters are within this working envelope. 

Fig. 12 shows the working envelope of the CW-GMA process for 
multi-layer single-pass walls (the blue solid lines). One can see that the 
working envelope for multi-layer deposition is smaller compared to that 
for single-layer deposition (the brown dashed lines). This is because the 
boundary conditions for the two scenarios are quite different. In single- 
layer deposition, there is much material (i.e., substrate) to support the 
melt pool, and defects like overflow will not occur. However, in multi- 
layer condition, there is not much supporting material around the 
melt pool, the likelihood of overflow formation will be increased and the 
limits for the presence of other defects will also be different. In this 
working envelope, same as those in single-layer deposition, the bottom 
boundary (A) and the top boundary (B) of the HWFS are limited by the 
spray transfer mode and torch rating, respectively. Boundary (C) is due 
to the need for high deposition rate. Here, a minimum CWFS to HWFS 
ratio of 0.5 was used. Boundaries (D, E, F, L, M) are due to the presence 
of overflow, as shown in images a1, a2, a3, b1, b4. Boundaries (J, K) are 
limited by the presence of humping, as shown in images b2 and b3. 

From the working envelope, two of the most observed defects in the 
CW-GMA process are humping and material overflow. Humping 
occurred at high TSs, as can be seen in Figs. 11b and 12b. It is also a 
commonly observed defect in other fusion welding processes, and the 
mechanism of its formation was revealed in Refs. [31–33]. Overflow is a 
common defect that occurs during multi-layer single-pass deposition in 

the standard GMA process due to the large melt pool created by the high 
energy input [3,34]. It is easier to occur in single-pass multi-layer 
deposition compared to that in multi-pass multi-layer deposition due to 
the less supporting material around the melt pool in the former case 
[34]. In the CW-GMA process, overflow cases were observed at high 
CWFSs. This is attributed to the large melt pool generated in these cases. 
Although the remelting is reduced with the increase in the CWFS, the 
melt pool is becoming larger due to the increased melting efficiency, as 
explained in Section 3.1.2. Consequently, the larger melt pool increased 
the risk of generating material overflow. In fact, the working envelope 
can be expanded by reducing the likelihood of defects occurring, which 
can be achieved by optimising the processing conditions applied. For 
example, use of some specific reactive shielding gases can suppress the 
occurrence of humping and allows up to 400% higher TS than use of 
pure argon shielding gas [32]. The working envelope shown in Fig. 12 
provides guidance for process parameters selection to achieve sound 
single-pass wall structures in the CW-GMA process. 

3.2.2. Process model 
Fig. 13 shows the process model for predicting the geometry of multi- 

layer single-pass walls produced by the CW-GMA process. In Fig. 13a, 
the EWW is directly proportional to the HWFS and inversely propor
tional to the TS. However, it reduces with the increase in the CWFS. This 
is because relatively high CWFSs were used in the model (a minimum 
CWFS to HWFS ratio of 0.5) as mentioned in Section 3.2.1, and the bead 
width reaches a plateau or even slightly reduces with the increase in the 
CWFS, as can be seen in Fig. 9a. For the LH, the HWFS has a very little 
effect on it (Fig. 13b). This is because, on one hand, higher HWFS brings 
more material which should increase the height. However, on the other 
hand, the higher energy input will increase the spread of the melt pool in 
the width direction, which reduces the layer height. As a result, it does 
not change significantly with the increase in the HWFS. As with the 
EWW, the LH reduces with the increase in the TS due to the reduced 
material deposition per unit length. The CWFS has the most significant 
effect on the LH, with higher values causing larger layer height. In 
Fig. 13c, the process model for predicting the SW is relatively complex. 
This is mainly due to the formation of a large melt pool in the CW-GMA 
process, which resulted in a wide range of SW ranging from 0.77 to 
2.77 mm. This range is higher than what was obtained with the PTA 
process as reported in Ref. [27]. Overall, there is a trade-off between the 
deposition rate and the resolution (or surface roughness) of the depos
ited components. Therefore, the skin & core deposition strategy is 
necessary when manufacturing components with the CW-GMA process 
to achieve both high surface finish and high deposition rate. Overall, the 
process model obtained shows how process parameters determine the 
geometry of single-pass wall structures, which can guide the selection of 

Fig. 12. Working envelope of the CW-GMA process based on multi-layer single-pass walls: (a) HWSF vs CWFS, and (b) TS vs CWSF.  
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appropriate parameters to achieve the desired geometry and deposition 
rate. 

3.3. Microstructure and mechanical properties 

Fig. 14 shows the tensile properties of the samples produced by both 
the standard GMA and CW-GMA processes. Four typical stress-strain 
curves are shown in Fig. 14a, including the samples in both orienta
tions from the two processes. It can be observed that, compared to the 
samples produced by the standard GMA process, the samples produced 
by the CW-GMA process have higher strength and slightly lower elon
gation. The detailed values of the tensile properties are shown in 
Fig. 14b. The yield strength of the samples produced by the CW-GMA 
process was increased by 17 MPa and 65 MPa in the horizontal and 
vertical orientations, respectively, compared to the samples produced by 

the standard GMA process. The ultimate tensile strength was increased 
by 47 MPa and 83 MPa in the two orientations, respectively. This 
compromises the elongation by a slight reduction of 3.6% and 2.3% in 
the two orientations, respectively. In addition, the anisotropy of the 
tensile properties was reduced which can be seen from the yield strength 
(the difference in the two orientations reduced from 37 to 11 MPa) and 
elongation (reduced from 1.5% to 0.2%), although no significant 
improvement was found in the ultimate tensile strength. As the me
chanical properties are highly dependent on microstructure evolution, 
an in-depth analysis of the microstructures obtained with the two pro
cesses were conducted. 

Ferrite and reconstructed austenite phase EBSD maps of the GMA 
and CW-GMA samples are compared in Fig. 15(a1-a2) and Fig. 15(b1- 
b2), respectively, highlighted in inverse pole figure (IPF) colouring 
relative to the BD. From the ferrite EBSD maps (Fig. 15 (a1, b1)), fine 

Fig. 13. Geometric process model for multi-layer single-pass walls of the CW-GMA based wire-arc DED: (a) effective wall width, (b) layer height, and (c) sur
face waviness. 
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lath-like ferritic microstructure in random crystallographic orientation 
can be observed throughout the samples, combining in the blocky form 
with apparent directionality. By reconstruction following the Nishiya
ma–Wassermann (N-W) orientation relationship (OR) of {111}γ//

{110}α′ 〈101〉γ//〈001〉α′, distinct differences can be seen in prior 
austenite grain (PAG) structures between the GMA and CW-GMA sam
ples (Fig. 15(a2, b2)). In comparison, the GMA sample exhibits a coarser 
columnar PAG structure than that of the CW-GMA sample across the 
central region, with a strong {110}< 110 > rotate Goss and γ fibre 
texture along BD (indicated by the corresponding inverse pole figure and 
pole figure shown in Fig. 15(a3, a4)). Clearly, more fine equiaxed PAGs 
can be seen in the CW-GMA sample and the columnar PAGs are not 
overgrown in general. The PAGs orientation is also more random and 
diffuse in the CW-GMA deposit, leading to a considerable decrease in 
texture intensity and a tendency to be isotropic, as can be seen in Fig. 15 
(b3, b4). The comparison on PAG size and aspect ratio distribution be
tween GMA and CW-GMA samples is shown in Fig. 15(c, d). The average 
PAG size in the CW-GMA deposit is 126 µm, which is refined to one-third 
of that in the GMA counterpart. In the meantime, the grain aspect ratio 
of the CW-GMA sample is decreased due to the increased proportion of 
equiaxed PAGs. To discuss the consistency of the microstructure and 
properties of the single-pass multi-layer walls along the building direc
tion, a supplementary material including 3 figures (Figs. S1-S3) was 
uploaded. 

The size and morphology of the as-solidified PAGs are highly 
dependent on the thermodynamic and metallurgical status of the local 
melt pool in wire-arc DED [35]. During deposition, partial arc energy 
absorbed is responsible for melting the wire feedstock and deposit sur
face and the remaining is depleted by rapid thermal conduction into the 

deposit and surroundings [1]. In both the standard GMA and CW-GMA 
processes, when the energy input and TS were kept unchanged, the 
metallurgical thermodynamic and kinetic of the melt pool are governed 
by the specific energy density, which is defined by the energy used for 
melting per unit volume of wire. For the two walls built, the specific 
energy density for the standard GMA and CW-GMA processes was 56.4 
GJ/m3 and 29.9 GJ/m3, respectively. Apparently, compared to the 
standard GMA process, the addition of the cold wire in the CW-GMA 
process significantly reduced the specific energy density and therefore 
led to a lower superheating degree of the melt pool. The equiaxed PAGs 
are either the products of recrystallisation when the reheating temper
ature exceeds Ac1 or newly nucleated within the melt pool. The residual 
or partially melted solid feedstock in the melt pool would be perfect 
heterogeneous nucleation sites for fine equiaxed PAGs during solidifi
cation and fewer reheating cycles achieved in the CW-GMA process no 
longer allow fine equiaxed PAGs to develop into columnar ones, leading 
to the mixed PAG structure. On the contrary, a higher energy input 
achieved by the standard GMA process led to a larger remelting depth 
and a steeper temperature gradient within the melt pool, making the 
epitaxial growth from the parent PAGs at the bottom of the pool over
whelm more favourable for the formation of columnar grains [36]. In 
addition, the size of PAGs in this case is also influenced by the cooling 
rate. Benefitting from a higher cooling rate in the CW-GMA process, the 
PAGs are not allowed to grow up excessively due to shorter growth 
duration, but this is not the case with PAGs in the GMA sample. It is 
known that coarse columnar grains are always associated with aniso
tropic mechanical properties and detrimental for applications involving 
multidirectional stresses while fine equiaxed grains result in uniform 
mechanical properties and help reduce solidification cracking suspicions 
[37]. This explains the anisotropy reduction of the tensile properties in 

Fig. 14. Tensile property of the samples pro
duced by standard GMA and the CW-GMA 
processes: (a) four typical stress-strain curves 
with two different orientations by the two 
processes, and (b) the mean values of the 
strength and elongation in each condition. 
Note, GMA_H and GMA_V represent the samples 
in horizontal and vertical orientations produced 
by the standard GMA process, respectively, 
whilst CW-GMA_H and CW-GMA_V represent 
the samples in horizontal and vertical orienta
tions produced by the CW-GMA process, 
respectively.   
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the CW-GMA sample, possessing a mixture of equiaxed and columnar 
PAG structures. To sum up, with other deposition parameters kept 
constant, the size and morphology of PAGs are highly dependent on the 
specific energy density, which can be tailored by controlling the CWFS 
to HWFS ratio in the CW-GMA process. 

3.4. Process evaluation with component building 

Before depositing the component, the selection of process parameters 
was guided by the process window and process model. The process 

parameters should be selected within the process window to achieve 
defect-free beads. In addition, to achieve the desired bead geometry and 
deposition rate, the process model is needed. During the deposition of 
the component, due to the different parameters used for skin and core 
passes, the bead geometries for them are different. More specifically, the 
beads for skin passes are narrower and shallower than those for core 
passes. Therefore, the offset between the skin and core passes is smaller 
than that between core passes to avoid any lack of fusion. In addition, 
depending on the ratio of the skin height to core height, more skin layers 
are needed to ensure that the skin is always higher than core and thus to 

Fig. 15. EBSD inverse pole figure orientation maps for child-ferrite and reconstructed prior austenite, inverse pole figure and pole figure for reconstructed austenite 
phase taken from the BD-ND plane of (a1-a4) GMA-processed sample and (b1-b4) CW-GMA-processed sample; comparisons on (c) reconstructed austenite grain size 
distribution and (d) aspect ratio between GMA and CW-GMA processed samples. 
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restrict the large melt pool of core. 
During the deposition of the component, the process had high sta

bility in terms of the arc behaviour and metal transfer, as can be seen 
from the attached video [Video], where a HWFS of 11 m/min and a 
CWFS of 8 m/min were used for core pass deposition. It was found that 
the process is sensitive to the cold wire position. If the cold wire position 
is too high, it will intercept the material stream of the hot wire, resulting 
in a large number of spatters and reduced stability of the arc column. 
Conversely, if the cold wire position is too low, the contact area between 
the cold wire and the GMA is reduced, which will limit the deposition 
rate due to the less energy absorption by the cold wire. By using the 
spray mode and controlling the cold wire in an optimum position, the 
process was stable with very few spatters generated, and the beads were 
uniform in the whole process. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.addma.2023.103681. 

Fig. 16 shows the deposition process of the component. Fig. 16(a-c) 
shows the deposition of the first layer of the component. One can see 
that the skin passes of the first layer were deposited first (Fig. 16a), and 
the core passes were then deposited (Figs. 16b and 16c). In total, 2 skin 
passes and 11 cores passes were deposited in the first layer. Fig. 16d 
shows the completion of section 1. Fig. 16e shows the deposition of 
section 2 of the component, which is on the side surface of section 1. 
Fig. 16f shows the final appearance of the component. One can see that 
the component exhibited good surface finish at a high deposition rate 
close to 10 kg/h. The total deposition time (i.e., arc on time) was around 
30 h. This means that very little material is wasted after post machining, 
and the lead-time is very short compared to that built by the traditional 
manufacturing method. This demonstrated the high feasibility and ad
vantages of using the CW-GMA process to build large-scale engineering 
structures. 

In summary, this CW-GMA process is highly suitable for high depo
sition rate applications. Compared to the standard GMA process, three 
main benefits can be achieved with this process due to the addition of 
the cold wire. First, a high deposition rate can be obtained owing to the 

extra material input from the cold wire but with the same energy input, 
leading to high productivity. Second, the energy input and material 
input can be decoupled in this process, which enables to reduce the high 
remelting and reheating commonly seen in the standard GMA process. 
Third, due to the low energy input for melting per unit volume of ma
terial, both the grain size and anisotropy can be reduced, resulting in 
improved mechanical performance. 

4. Conclusions  

1. A maximum deposition rate of 14 kg/h was achieved with the CW- 
GMA based DED, which is the highest among all the wire-arc DED 
processes with a single power source. An industrial-scale component 
with a mass of 280 kg was built with this process at a high deposition 
rate close to 10 kg/h, which demonstrated the feasibility of using this 
process to build large-scale engineering structures with high 
productivity.  

2. Compared to the standard GMA process, the addition of the cold wire 
in the CW-GMA process led to a change in bead geometry and 
reduced the remelting and reheating significantly. More specifically, 
the bead width increases first due to the increase in the melting ef
ficiency and then reaches a plateau due to the energy from the melt 
pool taken by the cold wire. The remelting reduces constantly with 
the increase in the CWFS due to the less energy taken by the substrate 
or pre-deposited layers.  

3. The working envelope for the CW-GMA process was achieved based 
on both single-layer and multi-layer deposition. This can be used to 
guide the selection of process parameters to avoid any defects in this 
process. In addition, the process model for multi-layer single-pass 
walls was achieved, which can be used to predict the geometry fea
tures of the deposited walls, including the TWW, EWW and LH.  

4. The microstructure and mechanical properties of the CW-GMA was 
examined and compared to those of the standard GMA process. Due 
to the addition of cold wire, the specific energy density was reduced 
in the CW-GMA process compared to that in the standard GMA 

Fig. 16. The deposition process of the component: (a), (b) and (c) shows the deposition of the first layer; (d) shows the deposition of section 1, (e) shows the 
deposition of section 2, and (f) shows the final appearance of the component. 
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process, resulting in smaller and more isotropic grains and conse
quently leading to higher tensile strength with reduced anisotropy in 
the former process. 
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