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Abstract
Large three-dimensional metallic parts can be printed layer-by-layer using gas metal arc directed energy deposition (GMA-
DED) process at a high deposition rate and with little or no material wastage. Fast responsive real-time monitoring of 
GMA-DED process signatures and their transient variations is required for printing of dimensionally accurate and structur-
ally sound parts. A systematic experimental investigation is presented here on multi-layer GMA-DED with two different 
scanning strategies using a high strength low alloy (HSLA) filler wire. The dynamic metal transfer, melt pool temperature 
field and its longitudinal cross-section, and arc voltage and current are monitored synchronously. The transient arc heat 
input and the melt pool solidification cooling rate are estimated from the monitored signals. The layer-wise variations of the 
melt pool dimension, surface temperature profile, thermal cycles, and solidification cooling rate are examined for different 
scanning strategies. It is comprehended that the part defects can be minimized, and the mass production of zero-defect parts 
can be achieved in GMA-DED process with synchronized monitoring and assessment of the real-time process signatures.

Keywords Additive manufacturing · Directed energy deposition (DED) · On-line monitoring · Thermal camera · Scanning 
strategy · Transient temperature field

1 Introduction

A metallic filler wire feedstock is melted and deposited along 
multiple tracks and layers for layer-by-layer printing of large 
three-dimensional (3D) part in GMA-DED [1–7]. An appro-
priate control of the important variables such as scanning strat-
egy, printing travel speed (PTS), and wire feed rate (WFR), 
and an understanding of their effects on the real-time process 
signatures are needed to print dimensionally consistent and 

defect-free parts in GMA-DED [3–7]. The real-time monitor-
ing of process signatures can enhance the process efficiency and 
deposition quality in GMA-DED and systematic investigations 
in this direction are currently emerging [6–8].

The real-time probing of temperature field [9], melt pool 
boundary [10], weld seam offset [11], and weld defects [12] 
are vastly reported for arc welding [9–14]. Similar efforts are 
recently started for wire arc additive manufacturing (AM) 
processes [5–8]. For example, a thermal camera was used 
to capture the real-time temperature field in melt pool for 
GMA-DED [7–9]. Mathieu et al. [15] used a mono-colour 
infrared (IR) camera for monitoring of thermal cycles for 
laser brazing of multi-material assembly. Yang et al. [6] and 
Rodrigues et al. [5] also used IR mono-colour camera for 
probing melt pool temperature field in real-time for GMA-
DED considering a fixed calibration factor to convert the 
recorded radiating intensity values into corresponding tem-
perature. In contrast to a mono-colour camera, a two-colour 
camera can provide the actual temperature field regardless 
of the variation in the emissivity values within a narrow 
range of wavelengths [14–20]. The use of two-colour camera 
has started for monitoring of real-time temperature field for 
GMA-DED [7, 8] and gas metal arc (GMA) brazing [9].
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The metal transfer characteristics from filler wire com-
monly provided a measure of the process stability for arc 
welding [21–25], gas tungsten arc directed energy deposi-
tion (GTA-DED) [26], and GMA-DED [27, 28]. Hermans 
et al. [21] used a high-speed video camera to monitor the 
dynamic metal transfer and melt pool stability for GMAW at 
a sampling rate of 4 kHz and reported the enhanced process 
stability when the short-circuiting frequency was equal to 
the oscillation frequency of the melt pool. A synchronized 
monitoring of current and voltage transients at a sampling 
rate of 20 kHz, and of metal transfer at a sampling rate of 5 
kHz was used by Ersoy et al. [22] and Santos et al. [23] to 
visualize the droplet formation and transfer through the arc 
plasma [23] and spatter generation due to arc start instability 
for pulse current GMAW [22]. In a similar study, Johnson 
et al. [24] and Zou et al. [25] also used the high-speed cam-
era for GMAW [24] and GTAW [25] processes to visualize 
the different modes of metal transfer. Wu et al. [26] also 
used a similar high-speed camera to view the metal trans-
fer and arc length for GTA-DED at a sampling rate of 1 
kHz and observed a gradual change from bridge transfer to 
interrupted metal transfer as the deposition moved to the 
upper layers. Cadiou et al. [28] used a high-speed camera 
for real-time monitoring of melt pool depth and length from 
the longitudinal view of the melt pool images during GMA-
DED at a sampling rate of 2 kHz. These studies show that 
the real-time monitoring of the dynamic metal transfer and 
melt pool are required for an insightful understanding of the 
electric arc assisted DED processes.

The aforementioned investigations illustrate that the tran-
sient process signatures such as metal transfer, melt pool 
temperature field, and arc power can provide an important 
quantitative knowledge on the impending quality of the 

printed parts in GMA-DED. Investigations on real-time 
monitoring of process transients have recently begun for 
GMA-DED [7] and further detail studies are clearly needed 
due to the complex nature of the process. A detailed inves-
tigation is therefore undertaken in the present work towards 
the real-time monitoring of multi-layer GMA-DED with 
unidirectional and bidirectional scanning. The effects of the 
scanning strategies on the metal transfer characteristics, melt 
pool temperature field and its longitudinal cross-sections, 
and thermal cycles are examined thoroughly for unidirec-
tional and bidirectional scanning.

2  Experimental details

Figure 1a presents the GMA-DED set-up and the real-time 
monitoring apparatus which are used in the present work [7]. 
An advanced GMA welding power source with a reversed 
wire feed technology (Fronius VR 7000 CMT) was inte-
grated with a six-axis FANUC robot. The scanning trajec-
tory and the printing travel speed were pre-programmed for 
the wire feeder using a FANUC controller. The wire feeder 
unit was set perpendicular to the fixed worktable (x-y plane) 
and moved along x-axis, the deposition direction (Fig. 1a). A 
fast responsive transient data recorder (DEWE 2-A4-32) was 
used for synchronous monitoring of arc voltage and current 
in real-time at 5 kHz sampling frequency. Two mono-colour 
IR and one two-colour quotient thermal camera were fixed 
with the wire feeder unit to record the real-time tempera-
ture field of melt pool and the adjoining trailing solidified 
region. One video camera with high-speed recording capac-
ity was fixed perpendicular to both the deposition direction 
and the wire feeder unit to capture the evolution of the melt 

Fig. 1  a GMA-DED set-up 
with recording instrumentations 
[(1) two-colour (TC) and (2, 3) 
mono-colour (MC-1, MC-2) 
thermal cameras, (4) process 
cabin, (5) wire feeding unit, 
(6) six-axis FANUC robot, (7) 
video camera, (8) baseplate] [7], 
and illustration of b unidi-
rectional and c bidirectional 
scanning
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pool and the metal transfer longitudinally (x-z plane). The 
detailed specifications of the video camera and the IR ther-
mal camera are already presented in reference [7] and are 
not repeated here.

Figure 1b–c illustrate unidirectional and bidirectional 
scanning strategies for the single-track multi-layer GMA-
DED. In unidirectional scanning strategy, the start and end 
positions are fixed for each layer and the wire feeder unit 
moves in the same deposition direction for printing all the 
layers (Fig. 1b). In contrast, the start and the end positions 
are interchanged for the printing of alternate layers in case 
of the bidirectional scanning strategy (Fig. 1c). The sample 
deposits were made using a 1.2 mm diameter HSLA (Union 
NiMoCr) filler wire on a steel (S690) substrate with a WFR 
of 6 m/min and PTS of 6 mm/s. The S690 substrate confirms 
to a fine-grained steel which is used for structural fabrica-
tions [7]. The Union NiMoCr HSLA filler wire specifica-
tion confirms to AWS A5.28 ER100S-G [7]. The length, 
width, and height of the substrate were 90 mm, 80 mm, and 
25 mm, respectively. The track length of all the builds was 
kept fixed as 50 mm. Once the deposition of a layer along 
a track is completed, the welding torch along with the ther-
mal cameras is kept stationary at the end of the track. The 
thermal cameras continue to monitor the temperature of the 
top surface at the end of the track till the temperature there 
cools down to the pre-set interpass temperature, 423 K. It is 
presumed that once the temperature at the end of the track 
cools down to 423 K, the rest of the track will eventually 
attain a temperature 423 K or lower. The mono-colour IR 
thermal camera (MC-2), in particular, is used to monitor 
the cooling down of the top surface at the end of the track 

since MC-2 is capable of measuring a temperature range of 
423–1173 K. The distance between the contact tip to the 
depositing surface was kept equal to 15 mm. An Ar-18%CO2 
gas mixture (ISO14175:M21) was used for shielding at a 
flow rate of 15 L/min. The baseplate was clamped at all the 
four corners with the worktable shown in Fig. 1a.

3  Results and discussion

3.1  Monitoring metal transfer, and arc voltage 
and current

Figure 2a–b show a synchronous recording of the transient 
voltage and current signals, and the longitudinal (in x-z 
plane) melt pool view for printing of a typical ninth layer 
for a ten-layer sample. The time-averaged arc power and heat 
input per unit length are obtained from the transient voltage 
and current signals as 3.14 kW and 461.04 J/mm, respec-
tively. The time-averaged arc power (P) is estimated as a 
weighted average of the product of the recorded real-time 
current and voltage values over arcing and short-circuiting 
phases for a current/voltage cycle. For a specific WFR, the 
time-averaged arc power (P) is estimated for ten current/
voltage cycles, and an average value is considered. The heat 
input per unit length (q) is calculated as (ηP/v) where v is 
the PTS and η is the process efficiency, which is assumed 
to be 0.88 [29, 30]. Further details on the estimation of arc 
power and heat input per unit length from the recorded cur-
rent voltage transients are presented in reference [7, 9] and 
are not repeated here. The current and voltage cycles include 

Fig. 2  a Measured current and 
voltage transients for 6 m/min 
wire feed rate [7], b a melt pool 
longitudinal section from high-
speed video camera along ninth 
layer for unidirectional scan-
ning, and c sequential melt pool 
longitudinal sections from Ist to 
Vth time instants (please refer 
to Fig. 2a) along ninth layer for 
unidirectional and bidirectional 
scanning
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an arcing (tA) phase and a short-circuiting phase (tS), which 
are broadly realized through five successive instants (I to 
V). A low-power arc ignites at the onset of the arcing phase 
at a low current at the time instant I and the instantaneous 
current reaches at its maximum at the time instant II result-
ing in an enlarged arc (Fig. 2a, c) and faster melting of the 
filler wire. The instant III presents a testimony of a smooth 
reduction of current and voltage and a controlled end of the 
arcing phase followed by the onset of the short-circuiting 
phase as the molten metal at the tip of the filler touches the 
melt pool in the baseplate or previous deposit (instant IV). 
A liquid bridge is formed and the arc is almost non-existent 
at this stage. The time instant V exhibits an instantaneous 
high current that helps in pinching and shearing of the liquid 
metal from the filler wire. The reversed wire feed technol-
ogy of the power source also helps in sharing of the liquid 
bridge [27].

Figure 2c shows the sequence of metal transfer through 
the five time instants, I to V, which are shown in Fig. 2a, 
for both unidirectional and bidirectional scanning strategies. 
The melt pools for the unidirectional scanning strategy in 
Fig. 2c show a little inclined elevation as compared to that 
for the bidirectional scanning strategy. This is attributed to 
the greater height of solidified material at the start position 
for the unidirectional scanning strategy. The melt pool eleva-
tion is measured in terms of the inclination angle (θ1) with 

respect to the deposition direction as shown in Fig. 2b. The 
average depth and elevation of the melt pool are measured as 
6.5 (±0.3) mm and 15.91° (±0.25), respectively. A compari-
son of the melt pool images at the respective time instants 
for unidirectional and bidirectional scanning strategies in 
Fig. 2c indicates a slight increase in the melt pool depth in 
the latter case, which is attributed to the relatively straight 
longitudinal profile of the melt pool. The average melt pool 
depth during bidirectional deposition in Fig. 2c is around 
7.1 (±0.4) mm.

3.2  Monitoring of surface temperature field

Figure 3 shows the temperature field of the top surface, 
including melt pool and the adjacent trailing solidified region 
for the second, sixth, and ninth layers from two-colour and 
mono-colour thermal cameras. The grey coloured region at 
the beginning in each figure represents a little blockage of the 
camera view by the gas nozzle, which could not be avoided 
for adjusting multiple cameras in a small region. In Fig. 3a–l, 
the region heated beyond the liquidus temperature (1812 K) 
of HSLA filler wire is considered to be the molten region.

Figure 3a–c show that the pool length increases con-
sistently from the second to the ninth layer for unidirec-
tional scanning. This is attributed to accumulation of heat 
in the build wall as the deposition moves to upper layers 

Fig. 3  Recorded temperature field of the top surface, including melt pool and the adjacent trailing solidified region, for the second, sixth, and 
ninth layers from two-colour (TC) and mono-colour (MC-1) thermal cameras for unidirectional and bidirectional scanning
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and consequent decrease in the rate of heat loss through the 
wall. A similar increase, albeit to a smaller extent, in the 
pool length from the first to the ninth layer is also noted for 
the bidirectional scanning in Fig. 3d–f. The smaller change 
in the pool length from the lower to the upper layers for the 
bidirectional scanning is attributed to an even distribution 
of heat accumulation along the length of the deposited wall.

The mono-colour thermal camera uses a single emissivity-
based conversion factor to calibrate the recorded radiation 
field to a corresponding temperature field and, thus, provides 
an easy-to-use alternative for real-time monitoring of melt 
pool surface temperature [31]. However, the use of a single 
emissivity-based conversion factor for the temperature field of 
the entire melt pool and adjacent trailing solidified region can 
be erroneous as emissivity of metallic surfaces is a function 
of temperature [31]. An attempt is therefore presented here 
to provide a comparison of the recorded temperature field 
from the two-colour and mono-colour thermal camera, which 
can illustrate the likely error in measurement when using an 
easy-to-use mono-colour camera compared to a two-colour 
camera that is relatively costly and requires complex setting. 
A single emissivity-based conversion factor of ~0.85 is used 
in this work to calibrate the temperature field from the mono-
colour cameras [31]. Figure 3g–i and j–l show the recorded 
temperature field for unidirectional and bidirectional scan-
ning strategies, respectively, from the mono-colour camera. 
A comparison between Fig. 3a–c and Fig. 3g–i shows that 
recorded temperature fields from both the two-colour and 

mono-colour cameras for the second, sixth, and ninth layers 
are fairly similar for unidirectional scanning. The melt pool 
sizes recorded from the mono-colour camera in Fig. 3g–i are 
slightly larger than the same recorded from the two-colour 
camera in Fig. 3a–c for unidirectional deposition. A similar 
trend of melt pool temperature field and corresponding sizes is 
also noted for all the layers for bidirectional scanning, as indi-
cated in Fig. 3d–f and j–l. A maximum deviation of around ±2 
mm for the melt pool length and ±10% for the peak tempera-
ture is noted between the processed images from the mono-
colour and two-colour thermal cameras. A more deterministic 
approach to obtain the melt pool length from the recorded 
temperature field is illustrated further in Fig. 4.

Figure 4a–b present the variation of temperature along 
the centreline (line AB in Fig. 4c) of layer surfaces, corre-
sponding to an instant when the arc centre is at point A, for 
unidirectional and bidirectional scanning. The temperature 
contours in Fig. 4a–b are extracted from the recorded tem-
perature field by the two-colour camera. Figure 4a–b provide 
a way to measure the average melt pool length for each layer 
by considering the intersection of the instantaneous tempera-
ture contour and the liquidus temperature (1812 K) line. An 
increase in the melt pool length from the bottom to the top 
layers can be noted in both Fig. 4a and b, which is attributed 
to the increase in the overall build temperature and reducing 
heat loss rate through the build height as deposition moves 
to upper layers. A comparison of Fig. 4a and b shows that 
the increase in the melt pool length from the first to the ninth 

Fig. 4  Measured temperature 
contours along the deposition 
centreline (line AB in c) from 
two-colour camera (TC) for the 
first, third, fifth, seventh, and 
ninth layers for a unidirectional 
and b bidirectional scanning
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layer is around 8 mm and 6 mm for the unidirectional and 
bidirectional scanning, respectively.

3.3  Estimation of thermal cycle and cooling rate

The layer-wise thermal cycle and solidification cooling rate 
can provide an assessment of the structure and properties of 
the builds in GMA-DED [14, 15]. The thermal cycles are 
monitored at the middle of the track (at point P in Fig. 5c) 
using the sliding frame analysis of the temperature field, 
which is recorded from the two-colour camera. Figure 5a–b 
present the calculated thermal cycles for the deposition of 
odd layers for both unidirectional and bidirectional scan-
ning. The thermal cycles are not plotted for all the layers in 
Fig. 5a–b to avoid crowing of several contours and maintain 
clarity. The cooling rate ( Ṫ ) at solidification is calculated 
further from the thermal cycles at five adjacent points near 
the mid-length of the deposited layers as

where TL is the liquidus temperature (1812 K), TS is the 
solidus temperature (1758 K) [32], and Δt is the time interval 

(1)Ṫ =

T
L
− T

S

𝛥t

to cool down from the liquidus to solidus temperature at a 
specific point, respectively.

The computed cooling rates ( Ṫ ) at solidification reduce 
remarkably from 1346 K/s for the first layer to 750 K/s for 
the third layer followed by a gentle decrease through the 
fifth, seventh, and ninth layers as 720 K/s, 610 K/s, and 509 
K/s, respectively, for the unidirectional scanning. In contrast, 
the computed cooling rates ( Ṫ ) at solidification for the bidi-
rectional scanning reduce from 1317 K/s for the first layer to 
425 K/s for the third layer followed by 394 K/s, 292 K/s, and 
177 K/s for the fifth, seventh, and ninth layers, respectively. 
The decrease in the cooling rates ( Ṫ ) at solidification from 
the first to the ninth layer is attributed to an increase in the 
time interval Δt in the upper layers as the heat accumula-
tion of the build increases and the rate of heat loss reduces 
through the already solidified layers reduces.

3.4  Measurement of melt pool dimensions

Figure 6a–b present the measured melt pool dimensions 
along different layers for the unidirectional scanning. The 
melt pool depth and length are obtained from the longitu-
dinal (x-z) sectional view of the pool (Fig. 6c), which is 
recorded by the high-speed video camera. The melt pool 
width is monitored from the top surface temperature field 

Fig. 5  Calculated thermal cycles 
at the mid-length (point P in 
c) along the deposited surfaces 
of the first, third, fifth, seventh, 
and ninth layers for a unidi-
rectional and b bidirectional 
scanning. These thermal cycles 
are calculated from the surface 
temperature field recorded by the 
two-colour camera
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(Fig. 6c), which is recorded by the two-colour camera. The 
melt pool width shows little increase from the first to the 
fourth layer and seizes to grow further in the upper layers 
(Fig. 6a). The average melt pool depth increases with the 
number of layers and attains nearly a plateau after the sev-
enth layer (Fig. 6a). The average melt pool length increases 
continuously from the first to the seventh layer (Fig. 6b). It 
can be noted that the video camera could not capture the 
entire pool length beyond the seventh layer as the melt pool 
moved out of the pre-set region of interest (ROI).

A similar analysis of the measured melt pool dimen-
sions for the bidirectional scanning has also showed that 
the pool depth and width increase gently from the first to 
around the fourth layer and remain almost unchanged for 
the upper layers [7]. The melt pool length also increases 
for upper layers during bidirectional scanning similar to 
that observed in unidirectional scanning. For a given heat 
input, the average melt pool length along a layer is found 
to be ever larger for unidirectional scanning in compari-
son to that for the bidirectional scanning. In contrast, the 
melt pool depth and width are usually found to be slightly 
greater for bidirectional scanning in comparison to that in 
unidirectional scanning.

3.5  Measurement of build profiles and hardness

An attempt is made further to examine the consistency of 
build dimension and properties such as microhardness along 

the deposited height at various transverse cross-sections 
which are prepared from multi-layer walls with unidirec-
tional and bidirectional scanning. Figure 7a–b show the as-
deposited ten-layer walls with unidirectional and bidirec-
tional scanning, respectively. The measured wall heights at 
the start and end of the deposition are respectively 33.9 and 
17.4 mm for unidirectional scanning (Fig. 7a). The greater 
wall height at the starting position is attributed to fast freez-
ing of the melt pool, which inhibits its flow [4]. The inclina-
tion of the deposited layer with the x-axis (θ2) is measured 
along the ninth layer to check the consistency of the real-
time measured result from high-speed images (Fig. 2b). 
The measured inclination (θ1) from the build cross-section 
is around 16.05° (±0.25) (Fig. 7a) and that from the high-
speed image is around 15.91° (±0.25) (Fig. 2b), which are in 
fair agreement and show the efficacy of the real-time moni-
toring for GMA-DED.

Figure 7c–g show the transverse cross-sections of the 
ten-layer wall along the sections A-A, B-B, and C-C for 
the unidirectional scanning, and along the sections D-D 
and E-E for the bidirectional scanning, respectively. The 
measured height and the maximum width of each ten-
layer wall cross-sections are also shown in Fig. 7c–g. For 
unidirectional scanning, the height of the deposited wall 
reduces continuously from the start-point to the end-point 
as observed in Fig. 7c–e. In contrast, the bidirectional scan-
ning has yielded little variations in the wall height along 
the length of the deposit (Fig. 7b, f–g). The wall width 

Fig. 6  Measured melt pool a 
depth and width, and b length 
for unidirectional scanning, and 
c illustration for the measure-
ment of melt pool dimensions
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for unidirectional scanning also varies from 8.7 mm at the 
start-point to 6.9 mm at the mid-length and around 7.1 mm 
at the end-point, but the bidirectional scanning has provided 
a fairly consistent wall width along the length of the deposit. 
Overall, shows that the bidirectional scanning can produce a 
fairly consistent multi-layer wall in comparison to unidirec-
tional scanning.

The nature of diversity in the wall width through the 
height of the deposited ten-layer wall is examined further for 
a quantitative understanding. Figure 8 shows measured wall 
widths through the height of the ten-layer walls along the 
sections A-A, B-B, and C-C (Fig. 7) for unidirectional scan-
ning and along the sections D-D and E-E (Fig. 7) for bidirec-
tional scanning. For each cross-section, the wall width has 
been measured at around 15 to 20 equally spaced points and 
around each monitoring point, three to five measurements 
are made to obtain the variability, which is shown as error 

bars in Fig. 8. The measured wall widths are found to gently 
increase towards the upper layers, which is expected due to 
heat accumulation in the deposited layers and reduced rate 
of heat loss through these layers. A slightly smaller width 
is observed along the top surface, which is attributed to 
the parabolic profile of the last deposited layer. The aver-
age wall widths along the sections A-A, B-B, and C-C for 
unidirectional scanning are around 8.1 mm, 6.2 mm, and 
6.9 mm, respectively, with the corresponding deviations 
of around 4%, 7%, and 4%. In contrast, the average wall 
widths along the sections D-D and E-E for bidirectional 
scanning are 7.1 mm and 7.4 mm, respectively, with the 
corresponding deviations of around 4% in both the cases. 
A comparison of the measured melt pool width by the ther-
mal cameras in Fig. 6a and the corresponding measured 
wall width in Fig. 8 shows the maximum deviation in the 
range of around ±0.82 mm.

Fig. 7  a–b Ten-layer wall deposits for a unidirectional and b bidirec-
tional scanning. For unidirectional scanning, three transverse sections 
along the length such as c A-A (start), d B-B (mid-length), and e C-C 
(end) are shown. For bidirectional scanning, two transverse sections 

along the length such as f D-D (between start and mid-length) and g 
E-E (between mid-length and end) are shown. The inclination angle 
θ2 in the deposition direction (x-axis) is measured along the ninth 
layer



1789Welding in the World (2023) 67:1781–1791 

1 3

The variations in wall width through the height of the 
wall along different sections of the deposited multi-layer 
wall manifest a need to also examine the uniformity of 
inherent mechanical property such as microhardness 
through the wall heights. Figure 9 illustrates the measured 
microhardness through the wall heights along the sections 
A-A, B-B, and C-C (Fig. 7) for unidirectional scanning and 
along the sections D-D and E-E (Fig. 7) for bidirectional 
scanning. The measured hardness is always higher near the 
substrate, which is attributed to a harder structure due to 
rapid heat dissipation through the substrate and high cooling 

rate. As the heat dissipation rate reduces and the cooling 
rate slows down in the upper layers, the layer hardness 
reduces and becomes nearly uniform. The average measured 
microhardness of the sections A-A, B-B, and C-C for the 
unidirectional scanning are around 262 (±17) HV, 269 (±18) 
HV, and 275 (±15) HV, respectively. In contrast, the average 
measured microhardness of both the sections D-D and E-E 
for the bidirectional scanning are around 272 (±19) HV. 
Overall, Fig. 9 exhibits that the bidirectional scanning can 
result in more uniform mechanical properties through the 
length of the deposited multi-layer wall.

Fig. 8  Variation in the measured wall width through the height along three sections (A-A, B-B, C-C, Fig. 7) for unidirectional scanning and 
along two sections (D-D, E-E, Fig. 7) for bidirectional scanning. The open square symbols represent the measuring locations

Fig. 9  Variation in the measured hardness through the wall height along three sections (A-A, B-B, C-C, Fig. 7) for unidirectional scanning and 
along two sections (D-D, E-E, Fig. 7) for bidirectional scanning. The open square symbols represent the measuring locations
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4  Summary and conclusions

A novel experimental investigation is presented for the syn-
chronous real-time monitoring of metal transfer, longitudinal 
and top view of melt pool, and arc power for GMA-DED for 
multi-layer wall depositions with unidirectional and bidirec-
tional scanning. A video camera is used to monitor the metal 
transfer and melt pool longitudinal section at a high sam-
pling rate of around 2.6 kHz. The temperature field of the 
melt pool and adjoining trailing solidified region is captured 
in real-time by thermal cameras. The recorded process tran-
sients are analysed to extract the dimensions of melt pool, 
thermal cycles, and cooling rate at solidification along the 
layers. Following are the main conclusions.

• The synchronous monitoring of current and voltage tran-
sients, dynamic metal transfer, and melt pool surface 
temperature provides an integrated framework to assess 
the dimensional consistency of the multi-layer deposi-
tions during GMA-DED.

• For a given heat input and scanning strategy, the melt pool 
dimension increase and the cooling rate at solidification 
decreases towards the upper layers, which is attributed to 
the retarding rate of heat loss through the solidified layers at 
elevated temperature. The nature of these diversity is observed 
to be relatively larger for unidirectional scanning.

• The bidirectional scanning yielded a more consistent dimen-
sion and microhardness through the multi-layer wall deposits 
in comparison to unidirectional scanning for GMA-DED.
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