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Abstract

The dimensional consistency of multi-track multi-layer parts fabricated by gas metal arc-directed energy deposition is
by far the most critical challenge. A systematic investigation is presented here to examine the influence of the important
process variables such as wire feed rate, printing travel speed and resulting energy input per unit length on the dimensional
consistency and surface waviness of multi-track and multi-layer parts made by gas metal arc directed energy deposition using
an aluminium alloy filler wire. The current and voltage transients are monitored in real-time to realize a quantitative measure
of the arc power and energy input per unit length of deposition on the build profile and its dimensional consistency. The
dimensional consistency and the surface waviness of the build profile are measured by optical microscopy. The microhardness
distribution of the sample builds along the tracks and layers is also examined for different process conditions and the effect
of energy input per unit length on microhardness distribution has been examined. The evaluation of the experimentally
measured results shows that the dimensional inconsistency and surface unevenness of the deposited profiles can be reduced
significantly by increasing the energy input per unit length for gas metal arc-directed energy deposition.

Keywords Additive manufacturing - Gas metal arc directed energy deposition - Aluminium alloy - Real-time monitoring -
Dimensional consistency - Surface waviness - Microhardness

Abbreviations I, Arc current/A
GMAW Gas metal arc welding I Instantaneous arc current/A
GMA-DED Gas metal arc directed energy deposition p Penetration/mm
GTA-DED  Gas tungsten arc directed energy deposition P Arc power/W
PTS Printing travel speed/mm/s t Total cycle time/ms
WFR Wire feed rate/m/min g Pulse-off time/ms
. . t, Pulse-on time/ms
List of variables P .
. . L Instantaneous time/ms
E Energy input per unit length/J/mm
. Va Arc voltage/V
h Track height/mm
. . Vi Instantaneous arc voltage/V
he Effective height/mm .
h Measured height/mm v Track width/mm
' g We Effective width/mm
W Measured width/mm
Recommended for publication by Commission XII - Arc Welding o Hatch spacing/mm
Processes and Production Systems
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waviness of the fabricated part are major challenges,
which demand an appropriate selection of energy input and
scanning strategy [2—5]. The real-time monitoring of current
and voltage transients is the sole route for a true estimate
of the actual arc power and energy input per unit length for
different values of wire feed rate (WFR) and printing travel
speed (PTS) in GMA-DED [6-8]. Detailed experimental
investigations to realize the effect of important process
conditions such as WFR, PTS, scanning strategy and hatch
spacing on the dimensional consistency of the fabricated
parts are currently evolving for GMA-DED [9, 10].

The dimensional inconsistency of the deposited tracks
and layers is primarily attributed to improper process condi-
tions [4, 11, 12], scanning strategy [13, 14] and the distortion
of the part due to heat accumulation [15, 16]. Experimental
investigations are conducted to identify the suitable process
conditions [11], scanning strategies [13] and interpass tem-
perature [17] to mitigate the dimensional inconsistency of
the deposited part in GMA-DED of different alloys. Rod-
rigues et al. [12] reported that the dimensional uniformity
of the deposited profiles improved with increasing energy
input that was attributed to better wettability between the
consecutive layers at higher energy input for single-track
multi-layer GMA-DED with a steel filler wire. In contrast,
Le et al. [18] found a reduced surface waviness at a lower
energy input for single-track multi-layer GMA-DED with a
308L stainless steel filler wire. The bidirectional scanning
strategy was found to be able to repair the craters and humps
and improve the dimensional consistency of deposited tracks
in comparison to unidirectional scanning [13, 14, 19, 20].
For gas tungsten arc directed energy deposition (GTA-DED)
of aluminium alloy, Geng et al. [21] reported an increase
in the surface waviness of single-track multi-layer walls
at higher PTS and resulting reduced energy input per unit
length of deposition. Overall, the influence of the energy
input on the dimensional consistency of single-track and
multi-track multi-layer GMA-DED of aluminium alloys is
scarcely reported in literature. A suitable methodology for a
quantitative assessment of surface waviness for single-track
and multi-track multi-layer GMA-DED deposits is also in
ever demand.

The distance between two overlapped tracks is referred
to as hatch spacing and is an important process variable for
GMA-DED that significantly influences the melt pool asym-
metry [10, 22-24] and dimensional consistency of multi-
track deposits [25, 26]. A suitable hatch spacing is required
for a given process condition to reduce inconsistent track
height, surface unevenness and lack-of-fusion defects [9, 27,
28]. Analytical models are reported in literature for a prior
estimation of the hatch spacing [10, 29, 30], and a typical
hatch spacing of around 72 to 76% of the width of a depos-
ited track for a given process condition is found to provide a
consistent deposit profile [9, 10, 29]. Further experimental
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investigations to realize the sensitivity of dimensional con-
sistency of multi-track multi-layer deposits to hatch spacing
are of ever interest for GMA-DED.

In the present work, a systematic experimental investiga-
tion is carried out to investigate the influence of WFR, PTS
and the resulting energy input on dimensional consistency,
surface waviness and hardness of single-track and multi-
track multi-layer GMA-DED using an aluminium filler wire.
A real-time synchronous monitoring of current and voltage
transients is undertaken to estimate the true arc power and
the energy input. The transverse cross-sections of the sample
deposits at multiple lengths are characterized for a quantita-
tive estimation of dimensional consistency and microhard-
ness distribution along the deposited tracks and layers.

2 Materials and methods

Figure 1a shows the experimental set-up with a worktable
that is moveable along the X-Y plane and a GMA torch that
can be moved along the Z-direction for the single-track
multi-layer and multi-track multi-layer GMA-DED. The
GMA torch can be set inclined in the direction as well as
transverse to the direction of the travel during deposition.
The PTS of the sliding worktable along the X-direction is
controlled by a variable speed reversible servomotor. The
hatch spacing for multi-track deposition is set by the trans-
verse motion of the sliding worktable in the Y-direction
using a calibrated knob. Likewise, the layer height for multi-
layer deposition is set by the vertical movement of the GMA
torch in the Z-direction using a calibrated knob.

Figure 1b shows the schematic for single-track GMA-
DED with the GMA torch inclined at 75° along the deposi-
tion direction. A microprocessor-controlled, inverter-type,
water-cooled GMAW power source (Alpha Q551 by EWM
GmbH, Germany) is used with a wire feeder unit (Alpha Q
drive 4L) and a liquid-cooled torch (KF 23E, KF 37E) for
the deposition. The real-time current is monitored using a
Hall effect closed loop current transducer (LEM LT 1005-S)
along with an amplifier. The real-time voltage is monitored
using an oscilloscope probe (PMT 212) connected between
the contact tip of the torch and the substrate. The current
and voltage transients are recorded using a pc-interfaced
data acquisition system (Graphtec GL 900-4-UM-851) at a
sampling rate of 100 kHz.

The sample deposits are prepared using a 1.0 mm diam-
eter aluminium filler wire (AA4043) on an aluminium sub-
strate (AA6061) of size 140 mm (length) X 80 mm (width)
X 4 mm (thickness) as shown in Fig. 1b. The chemical
composition (wt.%) of the filler wire and the substrate is
presented in Table 1. Figure 1c shows the single-track multi-
layer deposition with the bidirectional scanning strategy in
which the start and the end positions are interchanged for the
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printing of alternate layers [13, 20]. A bidirectional scanning
strategy is used in the present work for the depositions of
multiple parallel tracks as shown schematically in Fig. 1d
with a suitable hatch spacing (6). The hatch spacing () for
a given process conditions is estimated as 0.63 w where w
is the width of the first deposited track [10]. Table 2 shows
the three different combinations of WFR and PTS, which
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Fig.1 a GMA-DED set-up including the deposition torch and work-
table with the translational motion system (X-Y plane) and illustra-
tions of b single-track deposition, ¢ single-track nine-layer deposi-

are selected based on extensive trial experiments. These
combinations are found to provide a consistent bead appear-
ance and good wetting between the deposited tracks. The
methodology for the estimation of other values in Table 2 is
presented in Section 3.1.

A set of single-track five-layer and single-track nine-
layer walls and five-track nine-layer builds are prepared

(b)

Clamping

(d)

Track direction —

|,/ 0dd layers |

{¥" Even layers!

w7 3
| AA6061 substrate

tion with bidirectional scanning strategy and d five-track single-layer
deposition with bidirectional tracks and layers. h, w and & are track
height, track width and hatch spacing, respectively

Table 1 Chemical composition Al

) Mg Fe Si Ti Mn Cu Zn Cr UTS, MPa

(in wt.%) of substrate and filler
wire Substrate (AA6061) Bal. 059 059 0.02 014 024 016 0.12 322

Filler wire (AA4043)  Bal. 080 5.00 020 005 030 010 - 200
Tablef2 Process C(,)r_ldiﬁofls Set no. WFR PTS Time-averaged  Time-averaged  Time-averaged Energy input
used for th? deposition with the arc current arc voltage arc power
corresponding set numbers .

m/min mm/s I, A VeV P, W E, J/mm

S1 5 5 42 (+1) 18 (+1) 818 (£3) 163

S2 5 7.5 42 (1) 18 (1) 818 (+3) 109

S3 6 7.5 61 (£2) 21 (1) 1298 (£5) 173
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to examine the effect of process conditions on the dimen-
sional consistency of the deposits. Two different numbers
of layers (five and nine) are selected to examine the con-
sistency of the results as a function of wall height. The
deposits are always made in the middle of the substrate
to provide a uniform rate of heat transfer from all sides
through the substrate. The track length and the contact
tip-to-work distance (CTWD) are kept fixed at 100 mm
and 15 mm, respectively. Pure argon (99.999%) is used
at a flow rate of 15 L/min as the shielding gas. A dwell
time of around 1 min is used between the deposition of
adjacent tracks and successive layers. The substrate plate
is degreased and cleaned by acetone prior to the deposition
and clamped along its edges as shown in Fig. 1b. Five sam-
ples are prepared for each condition and from each sample,
three transverse sections near the mid-length of the deposit
are polished and examined for detailed dimensional meas-
urements. An average of all the measurements is consid-
ered for each condition. The samples are polished with
emery paper and 0.25 pm diamond paste first. Further,
the polished samples are etched with Keller’s reagent and
viewed under an optical microscope (Leica DM2500M) for
dimensional measurements. The microhardness distribu-
tion through the deposits is measured at 1 mm equidistant
locations using a Vickers microhardness tester (Model:

Fig.2 Measured (a, c) current

200

NVH-AUTO, Make: OMNI-TECH) with the load and
dwell time of HVO0.1 and 10 s, respectively.

3 Results and discussion
3.1 Monitoring arc current, voltage and power

Figure 2 shows the current, voltage and arc power transients
for two values of WFR for a small duration to depict the
pulse-on and pulse-off phases. The current rises rapidly dur-
ing the pulse-on time (#p) to 143 (+£2) A and reduces to 18
(1) A in the pulse-off time (3) as shown in Fig. 2a for a
WER of 5 m/min. The corresponding arc power transient in
Fig. 2b also shows a rapid rise during the pulse-on time (#p)
and a quick drop during the pulse-off time (#3). The pulse-on
(tp) and pulse-off (#) times in Fig. 2a, b are 1.36 (+0.40) ms
and 5.30 (+0.38) ms, respectively, and the pulse frequency is
around 150 Hz. The peak current during the pulse-on period
results in the rapid melting of the filler wire and the deposi-
tion of molten metal from the filler wire. A quick drop of
the peak current in the pulse-off period reduces the overall
arc power.

The time-averaged arc current (Z,), voltage (V,) and power
(P) are calculated using the following equations:

and voltage and (b, d) arc power
transients for two WFRs of (a,
b) 5 m/min and (¢, d) 6 m/min.
tp and ty are pulse-on and pulse-
off time durations, respectively
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where /;, V, and 1, refer to the instantaneous current, voltage
and the time, respectively, at the ith time instant, and ¢ is
the summation of pulse-on and pulse-off times for a current
pulse. For process conditions, the time-averaged arc current
(1), voltage (V,) and power (P) values are calculated for
around fifty current pulses to compute their average values
and the corresponding deviations. Table 2 presents the time-
averaged arc current (/,), voltage (V,) and power (P) and
the corresponding deviations for the three process condi-
tions. Table 2 also depicts the energy input per unit length

3

Fig.3 Top view and corre- (a)
sponding transverse cross-sec-

tions of single-track wall depos-

its for three conditions: a, b S1

(WFR: 5 m/min, PTS: 5 mm/s, =
E: 163 J/mm), ¢, d S2 (WFR: 5 e
m/min, PTS: 7.5 mm/s, E: 109 :
J/mm) and e, f S3 (WFR: 6 m/
min, PTS: 7.5 mm/s, E: 173 J/
mm). w, h and p are the width,
height and penetration for the
deposited track

(©)

(e)

(E), which is estimated as a ratio of the time-averaged arc
power (P) and the printing travel speed (PTS) for each pro-
cess condition.

With an increase of the WFR from 5 to 6 m/min, the
pulse-on (fp), pulse-off (#3) and the total cycle (¢) times are
found around 1.13 (£0.08) ms, 3.39 (£0.13) ms and 4.52
(£0.57) ms, respectively as shown in Fig. 2c, d. As the cycle
time reduces, the pulse frequency increases to 221 Hz result-
ing in a higher time-averaged arc power (P) of 1298 (+5)
W for the WFR of 6 m/min. A comparison of these values
shows that an increase in the PTS from 5 to 7.5 mm/s at a
constant WFR of 5 m/min reduces the energy input from
163 to 109 J/mm at a constant arc power of 818 (+3) W. In
contrast, the energy input increases from 109 to 173 J/mm
as the WFR is increased from 5 to 6 m/min at a constant
PTS of 7.5 mm/s.

3.2 Probing single-track multi-layer wall deposits

Figure 3 shows the single-track deposits and the corre-
sponding transverse cross-sections, which are taken at the

(b) Section A-A

—>| ¢ = |

(d) Section B-B

2 mm
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mid-length of the track for the three process conditions, pre-
sented in Table 2. A comparison between Fig. 3a—d shows
a decrease in the track dimensions with an increase in the
PTS from 5 to 7.5 mm/s, which is attributed to a decrease in
the energy input per unit length from 163 to 109 J/mm. For
example, the track width (w) reduces from 8.9 (+0.2) to 6.8
(£0.1) mm, track height (k) from 2.2 (+0.1) to 1.8 (0.1)
mm and the penetration (p) from 1.4 (+0.1) to 1.3 (£0.1)
mm as the PTS increases from 5 to 7.5 mm/s.

In contrast, Fig. 3c—f show that the track dimensions
increase as the WFR is increased from 5 to 6 m/min, which
is attributed to a rise in the energy input per unit length
from 109 to 173 J/mm. For example, the track width (w)
increases from 6.8 (£0.1) to 9.8 (+0.2) mm, track height
(h) from 1.8 (+0.1) to 2.4 (+0.1) mm and the penetration (p)
from 1.3 (+0.1) to 2.4 (+0.1) mm as the WFR is increased
from 5 to 6 m/min. In summary, an increase in WFR and
a decrease in PTS result in higher energy input and larger
track dimensions.

The measured single-track width (w) in Fig. 3 at different
WEFR and PTS is used further to find out a suitable hatch
spacing (6 = 0.63 w) for multi-track depositions. Table 3
shows the measured values of the single-track width (w) and
height (%), the estimated hatch spacing (6 = 0.63 w) and the
layer height for the multi-track multi-layer deposition for
three different process conditions. The layer height is set
as equal to the height of the deposited track for a process
condition.

Figure 4a, b shows the top and front view of the single-
track nine-layer deposit for 5 m/min WFR and 5 mm/s PTS.
The corresponding cross-section at the mid-length of the
track is shown in Fig. 4c, d. The dimensional inconsistency
along the wall height, which is referred to as the surface
waviness is estimated as (w,-w.)/2, where w,, is the meas-
ured widths at different heights, and w, is the effective wall
width that is achieved after machining. Figure 4d shows the
deposit cross-sections with grids, which are used to meas-
ure wy, at an equal interval of 0.5 mm along the wall height
and the effective wall width (w,). Although the grids are
shown up to the top layer of the deposit in Fig. 4d, the vari-
ation in the measured width (w,,) and surface waviness for
each sample are measured up to the effective height of the
wall (h,), i.e. height of the inscribed rectangle only. The
transverse cross-sectional profiles of single-track five-layer

and single-track nine-layer wall deposits at all three process
conditions (Table 2) are shown in Fig. 11 in Appendix 1.

Figure 5a, b shows the measured width w_, and the sur-
face waviness for the five-layer and nine-layer wall deposits,
respectively at three process conditions (Table 2). The meas-
ured values of the wall width are smaller close to the sub-
strate and increase slightly along the wall height. Secondly,
the wall width increases with an increase in the energy input.
For example, Fig. 5a shows that the average measured wall
widths (w,,) for the five-layer wall deposits are 6.4 (+0.2)
mm, 8.4 (+0.3) mm and 8.8 (+0.2) mm for energy inputs
per unit length of 109 J/mm, 163 J/mm, and 173 J/mm,
respectively. For the nine-layer wall deposit, the average wall
widths are 7.3 (£0.1) mm, 8.8 (£0.3) mm and 9.4 (0.2)
mm for the energy inputs of 109 J/mm, 163 J/mm, 173 J/
mm, respectively as shown in Fig. 5b. Thirdly, the width of
the wall deposits along their corresponding heights becomes
more consistent with an increase in the energy input for the
range of process conditions (Table 2) considered here. The
percentage variability in the measured widths (w,,) along the
wall height represents the dimensional inconsistency of the
walls, which are found around 7%, 4% and 3% for five-layer
walls deposited at three energy inputs of 109 J/mm, 163 J/
mm, 173 J/mm, respectively. The similar nature of percent-
age variability in measured widths is noted for the nine-layer
walls (Fig. 5b) also, which decreases from 9% for the lowest
energy input of 109 J/mm to 3% for the highest energy input
of 173 J/mm.

The effective widths (w,) of the five-layer wall depos-
its are measured after machining of the surface uneven-
ness. The effective wall widths (w,) are found to increase
with the energy input as 5.2 (+0.2) mm for 109 J/mm, 7.5
(£0.4) mm for 163 J/mm and 8.7 (+0.1) mm for 173 J/mm.
The corresponding surface waviness variation through the
wall height, which is estimated as (w,, — w,)/2, is plotted in
Fig. 5a. The average surface waviness is found to be around
0.59 (+£0.06) mm, 0.47 (+0.07) mm and 0.26 (+0.04) mm
for the energy inputs of 109 J/mm, 163 J/mm and 173 J/
mm, respectively. Likewise, the effective wall widths (w,) of
the nine-layer wall deposits also increase with energy input
as 5.8 (x0.5) mm for 109 J/mm, 7.1 (+0.3) mm for 163 J/
mm and 8.0 (+0.2) mm for 173 J/mm. The corresponding
surface waviness variation through the wall height is plotted
in Fig. 5b. The average surface waviness values are around

Table 3 Hatch spacing, layer height and track dimensions for three process conditions

Set no. WEFR PTS Energy input Single-track width Single-track height Hatch spacing Layer height
m/min mm/s E, J/mm w, mm h, mm 5, mm mm

S1 5 5 163 8.9 (£0.2) 2.2 (x0.1) 5.6 22

S2 5 7.5 109 6.8 (+0.1) 1.8 (£0.1) 43 1.8

S3 6 7.5 173 9.8 (+0.2) 2.4 (+0.1) 6.2 24

@ Springer



Welding in the World (2024) 68:925-938

931

Fig.4 a Top, b front and ¢
transverse cross-sectional views
of a single-track nine-layer wall
deposit at 5 m/min WFR and 5
mm/s PTS and d cross-section
with grid to measure wall width
(w,,) at equal interval of 0.5
mm through the wall heights
and the effective wall width
(w,). The effective and net wall
height are measured as &, and
h,, respectively

(a) Top view

(b) Front view

—> A

O AT S e
g g T B ',', >

R e i =

10 mm — A

(d) Grided view

2 mm

0.87 (£0.25) mm, 0.81 (0.02) mm and 0.72 (£0.03) mm.
A comparison of the variations in surface waviness through
the height for both five-layer and nine-layer wall deposits in
Fig. 5a, b shows a tendency of increasing surface undulation
with an increase in the number of layers. Pattanayak et al.
[31] also reported an increase in the surface waviness as the
deposition moved towards the upper layers for single-track
multi-layer GTA-DED using structural steel filler wire.

An increase in the WFR and decrease in the PTS result in
higher energy input per unit length and larger build height,
which is attributed to a higher volume of filler wire deposi-
tion per unit track length. The effective height (%,) of the
five-layer wall deposits is found to be around 4.8 (+1.0)
mm, 5.5 (+0.8) mm and 6.2 (+0.5) mm corresponding to
the energy inputs of 109 J/mm, 163 J/mm and 173 J/mm.
Likewise, the effective height of the nine-layer wall deposits
is found as 8.3 (+0.9) mm, 9.2 (+0.6) mm and 10.4 (+0.3)
mm for energy inputs of 109 J/mm, 163 J/mm and 173 J/
mm, respectively. It is noteworthy that the increasing energy
input per unit length for the aforementioned cases is either
due to higher WFR or lower PTS. A similar increase in the

2 mm

wall height with a smaller PTS and resulting higher energy
input has been reported by Le et al. [18] for GMA-DED with
a stainless steel filler wire.

The dimensional variations of the wall deposits indicate
a need to examine the uniformity in the mechanical proper-
ties along the wall height. Figure 6 presents the variation
in the measured microhardness along the centreline of the
wall deposits at three different conditions (Table 2) for the
single-track nine-layer deposits. The measured hardness is
found to be higher closer to the substrate for all three con-
ditions, which is a likely result of a harder structure due to
the rapid heat dissipation through the substrate and a high
cooling rate [32]. As the deposition moves to the upper lay-
ers, the rate of heat dissipation through the deposited layers
and substrate slows down resulting in a coarser structure
and slightly lower hardness as shown in Fig. 6. The average
microhardness values are found to be nearly the same 51
(£3) HV for all the three energy input conditions (Table 2).
Pramod et al. [32] also reported the variation in microhard-
ness along deposition height, which reduces from 58 HV in
the initial layers to 51 HV in the middle layers, followed by
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Fig.5 Variation in meas-
ured width (w,,,) and surface
waviness for single-track (a)
five-layer and (b) nine-layer
wall deposits at three process
conditions S1 (WFR: 5 m/
min, PTS: 5 mm/s, E: 163 J/
mm), S2 (WFR: 5 m/min, PTS:
7.5 mm/s, E: 109 J/mm) and
S3 (WFR: 6 m/min, PTS: 7.5
mm/s, E: 173 J/mm)

Fig.6 Variation in the meas-
ured microhardness along wall
height for single-track nine-
layer deposits at three condi-
tions (Table 2). The measuring
locations are represented by the
open square symbols. The pro-
cess conditions are S1 (WFR: 5
m/min, PTS: 5 mm/s, E: 163 J/
mm), S2 (WFR: 5 m/min, PTS:
7.5 mm/s, E: 109 J/mm) and
S3 (WFR: 6 m/min, PTS: 7.5
mmn/s, E: 173 J/mm)
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46 HV in the top layers during the single-track multi-layer
cylinder deposition using AA4043 filler wire and AA6061
substrate.

3.3 Probing multi-track multi-layer deposits

Figure 7a, b shows the transverse cross-section at the mid-
length of a sample five-track nine-layer deposit at 5 m/min
WER and 7.5 mm/s PTS, which indicates the partial over-
lap between adjacent tracks and successive layers without
any distinct lack-of-fusion (Fig. 7a). Fig. 12 in Appendix 2
shows the transverse cross-sectional profiles of five-track
nine-layer build deposits at other two process conditions;
S1 and S3 (Table 2). The surface waviness along the deposit
height is estimated for each build using the approach men-
tioned in Section 3.2. In contrast, the waviness along the
top surface is estimated as (h, - &), where £, is the measured
build height at an equal interval along the width, and 4, is
the effective height after machining, shown in Fig. 7. Fig-
ure 7b shows the deposit cross-sections with grids, which are
used to measure build width (w,,) and £, at an equal interval
of 0.5 mm through the build height and width, respectively,
and the effective build height (h,) and the effective build
width (w,).

Figure 8a—c shows the measured build width (w,,) along
the build height for the five-track nine-layer deposits for
three process conditions. The build width remains nearly
the same with little variations through the build height. A
comparison of Fig. 8a—c with the measured widths (w,,) in
Fig. 5 shows a reduced variation in the measured width for

Fig.7 a Transverse cross-
section at mid-length of a
sample five-track nine-layer
deposit for S2 (WFR: 5 m/min,
PTS: 7.5 mm/s) condition and
b cross-section with grids to

~(a) Cross-sectional view

the multi-track multi-layer builds than that for the single-
track multi-layer walls. This is attributed to the deposition
of multiple adjacent overlapped tracks for the multi-track
multi-layer deposits. Figure 8a—c also shows an increase
in the measured build width with an increase in the energy
input, which is attributed to the increase in the track width
(w) as energy input increases. For example, the average
values of the measured width (w,,) are around 21.0 (+0.2)
mm, 24.2 (+0.4) mm and 32.7 (£0.1) mm for the energy
inputs of 109 J/mm, 163 J/mm and 173 J/mm, respectively.
The average values of percentage variability in the meas-
ured widths are decreased from 4% for the lowest energy
input of 109 J/mm to 2% for the highest energy input of
173 J/mm.

The effective width (w,) of each deposit is measured
after the surface unevenness is machined off. The average
values of the measured effective width (w,) are found to
increase with energy input. The average effective widths
(w,) are around 18.0 (+0.6) mm, 21.7 (+0.5) mm and 30.5
(+0.4) mm for the energy inputs of 109 J/mm, 163 J/mm
and 173 J/mm, respectively. The corresponding average
surface waviness values through the build height, esti-
mated as (w,, - w.)/2, are found to reduce with energy
input as shown in Fig. 8d. For example, the average surface
waviness values are around 1.60 (+0.14) mm, 1.31 (£0.28)
mm and 1.07 (+0.20) mm for the energy inputs of 109 J/
mm, 163 J/mm and 173 J/mm, respectively. For multi-layer
GMA-DED, using a 1.2 mm diameter aluminium alloy
(ER5356) filler wire, Scotti et al. [33] have reported a rela-
tively smaller range (0.3 to 0.8 mm) of surface waviness,

(b) Cross-section with grid
for measurement

[¢—— ¥ ——|

measure build width (w,,) vari-
ations at an equal interval of 0.5
mm through the effective build
height, build height (/,) varia-
tions at an equal interval of 0.5
mm through the effective build
width, and, the effective build
width (w,) and the effective
build height (h,)

5 mm
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Fig.8 Variation in a—c measured build width (w,) and d surface
waviness along effective build height for five-track nine-layer builds
at three conditions: S1 (WFR: 5 m/min, PTS: 5 mm/s, E: 163 J/mm),

which is attributed to an improved control over the filler
wire deposition rate.

Figure 9a—c shows the measured build height (), and
Fig. 9d shows the waviness along the top surface for the
sample five-track nine-layer deposits at three process con-
ditions (Table 2). The measurements are taken from the
left edge to the right edge of the transverse cross-sectional

30 )

Build width (mm)
o o =
4

(o)
B

ok
| - P T T T A T |

12 18 24 30 12 18 24 30
Build height, h, (mm)  Build height, h, (mm)

(a) (b)

Fig.9 Variation in a—¢ measured build height (%) and d top surface
waviness along effective build width for five-track nine-layer deposits
at three conditions, S1 (WFR: 5 m/min, PTS: 5 mm/s, E: 163 J/mm),
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(c) (d)

S2 (WFR: 5 m/min, PTS: 7.5 mm/s, E: 109 J/mm) and S3 (WFR: 6
m/min, PTS: 7.5 mm/s, E: 173 J/mm)

profile of each build, i.e. across the effective wall width
(w,), as shown in sample Fig. 7b. The measured values of
the build height are smaller at the start of the first track,
increase along the build width and become smaller again for
the last (fifth) track due to the typical curved profile of the
first and the last track of each layer. The average measured
build height () values are found as 21.5 (+0.2) mm, 26.3

3 k] —o- Sl
[ A 2
- S3
_. P T | | PPN BT A AT A AT AR A A |
12 18 24 30 0 2 4 6

Build height, h, (mm)  Surface waviness (mm)

(c) (d)

S2 (WFR: 5 m/min, PTS: 7.5 mm/s, E: 109 J/mm) and S3 (WFR: 6
m/min, PTS: 7.5 mm/s, E: 173 J/mm)
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(#0.1) mm and 18.7 (+0.8) mm for the energy inputs of 109
J/mm, 163 J/mm and 173 J/mm, respectively. The shortest
build height for the maximum energy input is attributed to
excessive melting of already deposited layers and filler wire
and uncontrolled flow of molten metal. Like percentage vari-
ability of width for walls (Fig. 5) and builds (Fig. 8), the
percentage variability in the measured build heights (h,) is
found minimum around 3% for the maximum energy input
of 173 J/mm as shown in Fig. 9.

The effective deposit height (h,) is measured after
machining of the top surface unevenness and found as 19.5
(0.1) mm for an energy input of 109 J/mm, 23.5 (+0.3) mm
for 163 J/mm and 17.3 (+0.7) mm for 173 J/mm. Figure 9d
shows the corresponding variation of the top surface wavi-
ness through the build width, which is estimated as (%, - &.).
The average value of surface waviness through the build
width is found around 3.06 (+0.11) mm, 2.06 (+0.21) mm
and 1.78 (+0.38) mm corresponding to the energy inputs of
163 J/mm, 109 J/mm and 173 J/mm. It is further noteworthy
that the effective height of the five-track nine-layer builds is
always greater than that for the single-track nine-layer walls,
which is attributed to the restricted flow of the molten metal
due to multiple overlapping of adjacent tracks for the multi-
track builds [10]. Overall, the surface waviness along both
the build height (Fig. 8d) and width (Fig. 9d) is found to be
the minimum for the maximum energy input per unit length
within the range of process conditions considered here.

Figure 10 presents the variation in the measured micro-
hardness along the centreline of the five-track nine-layer
builds. The measured hardness is higher near the substrate
and reduces with build height. A similar variation of the

Fig. 10 Variation in the meas- 2 5
ured microhardness along build
height for five-track nine-layer
deposits at three conditions: S1
(WFR: 5 m/min, PTS: 5 mm/s,
E: 163 J/mm), S2 (WFR: 5 m/
min, PTS: 7.5 mm/s, E: 109 J/
mm) and S3 (WFR: 6 m/min,
PTS: 7.5 mm/s, E: 173 J/mm)
(Table 2). The measuring loca-
tions are shown by open square
symbols

Build height (mm)
s & 8

N

40

Hardness (HV)

measured hardness is also noted for the single-track nine-
layer walls in Fig. 6. The higher hardness in the bottom lay-
ers near the substrate can be attributed to a finer structure
as a result of faster heat dissipation through the substrate
and higher cooling rate, which is also reported in literature
[32]. The average microhardness of the five-track nine-layer
builds is found around 51 (+4) HV, 48 (£3) HV and 52 (£2)
HV corresponding to the energy input of 163 J/mm, 109 J/
mm and 173 J/mm.

4 Summary and conclusions

An experimental GMA-DED set-up is used to examine the
dimensional consistency for GMA-DED of single-track
multi-layer walls and multi-track multi-layer builds using
an aluminium alloy filler wire. The real-time current and
voltage transients are measured to estimate the effective
arc power and energy input per unit length. The effective
arc power and energy input per unit length increase with
an increase in WFR at a given PTS. In contrast, the energy
input per unit length reduces with an increase in PTS at a
constant WFR. The sensitivity of the surface waviness for
the single-track and multi-track multi-layer deposits to the
energy input per unit length is examined in a rigorous man-
ner. The microhardness distributions along the build heights
are also examined and reported. The following conclusions
are drawn from the present experimental investigation.

e Anincrease in the energy input per unit length results in
reduced variations in the build width and surface wavi-

N S2 N S3

40 50 60 40 50 60
Hardness (HV) Hardness (HV)
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ness, which is attributed to an improved spreading of
molten metal at a higher energy input.

e The measured microhardness of the multi-layer deposits
is slightly higher at the bottom layers near the substrate.
This can be attributed to a finer structure as a result of
faster heat dissipation through the substrate and higher
cooling rate although a detailed investigation is required
to evaluate this further. The energy input per unit length
has shown little influence on the average microhardness
for the range of process conditions considered here.

Appendix 1 Single-track multi-layer wall
deposits

Figure 11a—c and d—f show the transverse cross-section
profiles of the single-track five- and nine-layer aluminium
wall deposits at three different process conditions; S1-S3
(Table 2). As the energy input increases, the average width
of the wall is found to increase for five- and nine-layer wall

deposits. This is attributed to the increase in the rate of
depositing material with an increase in the WFR at con-
stant PTS or a decrease in the PTS at constant WFR. The
measured width (w,,) and surface waviness along the wall
height are presented in Fig. 5a, b for the single-track five-
and nine-layer wall deposits shown in Figs 11a—f, followed
by a detailed discussion in Section 3.2.

Appendix 2 Multi-track multi-layer build
deposits

Figure 12a, b shows the transverse cross-section profiles
of the five-track nine-layer aluminium builds at two differ-
ent process conditions; S1 and S3 (Table 2). As observed
in Fig. 11a—c and d—{f, the overall build width is found to
increase with an increase in the energy input for the five-
track nine-layer build deposits shown in Fig. 12a, b. The
measured build width (w,,) and surface waviness along the
build height are presented in Fig. 8a—d for the five-track

S3

|
5 mm

Fig. 11 Transverse cross-sectional views of the single-track a—c five-layer and d—f nine-layer wall deposits at three process conditions S1 (WFR:
5 m/min, PTS: 5 mm/s, E: 163 J/mm), S2 (WFR: 5 m/min, PTS: 7.5 mm/s, E: 109 J/mm) and S3 (WFR: 6 m/min, PTS: 7.5 mm/s, E: 173 J/mm)

@ Springer
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Fig. 12 Transverse cross-sectional views of the five-track nine-layer
build deposits at two different conditions; a S1 (WFR: 5 m/min, PTS:
S mm/s, E: 163 J/mm) and b S3 (WFR: 6 m/min, PTS: 7.5 mm/s, E:

nine-layer wall deposits at all three process conditions
(Table 2), followed by a detailed discussion in Section 3.2.
Further, the surface waviness along the top surface across the
effective build width is also presented in Fig. 9d for all three
process conditions (Table 2) and discussed subsequently.
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