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Abstract
Recent trends in additive manufacturing (AM) are to produce geometrically complex structures at minimal
wastage of material, time and cost, without sacri�cing part quality, mechanical performance and to
introduce ease in processing and part removal. Here a non-transferred arc (NTA) based wire arc additive
manufacturing (WAAM) system has been developed to achieve the above objectives, where arc is only
generated between tungsten electrode and consumable �ller wire. No electrical contact with substrate
facilitates deposits even on non-conductive substrate surface that helps in easy removal of �nal deposits.
In�uence of deposition parameters (welding current, voltage, wire feed speed (WFS), and travel speed) on
response characteristics (bead uniformity, height deviation, droplet diameter, droplet transfer frequency) is
studied on multi-performance level using grey relational analysis (GRA). Then single and multi-bead layer is
fabricated over SiO2 substrate for ease in part removal after complete fabrication. WFS is referred as a key
deposition parameter which have in�uence on all deposition characteristics. It has been observed that NTA
based WAAM results high bead uniformity with minimal spatter and bead height difference between start
and exit arc point. Complete ferrite microstructure with few pearlites is observed on the deposits with
similar elemental composition on top, bottom and interface surface. X-ray diffraction (XRD) study reveals
ferrite diffraction planes ({110}, {200}, {211}, and {220}) with no intermetallic formations on deposits. Also,
compressive residual stress with less variation in crystallite size, stress, strain and microhardness among
top, bottom, and lateral surface of deposit indicates isotropic nature of the fabricated part.

1. Introduction
Wire arc additive manufacturing (WAAM) becomes a promising alternative to powder-based processes
because of cleaner environment, reduction in material cost, chances of porosity, contamination, waste and
improvements in rate of deposition, utilisation of raw material, part density, cost-effectiveness, process and
energy e�ciency [1–7]. Gas metal arc welding (GMAW) gains more popularity than gas tungsten arc
welding (GTAW) and plasma arc welding (PAW) based WAAM because of improved bonding strength,
energy e�ciency, rate of metal deposition, mechanical performance, and lower fabrication time [1, 2, 4, 8–
12]. But still there are some concerns related to GMAW-AM like, noticeable deviation in bead height between
start and exit point of the arc, spatter generation, high heat input, di�culties in part removal from substrate
after complete fabrication [2–6]. These limitations are addressed by the development of a NTA system. In
NTA approach, the arc is generated between tungsten electrode (attached with the -ve terminal of GMAW
power source) and �ller wire (attached with the + ve terminal of GMAW power source). Here no electrical
connection is made between substrate and electrode. So electrical conductivity of the substrate is not a
critical aspect of this approach. Therefore deposition can also be made on non-conductive substrate, which
facilitates easy withdrawing of deposits after complete fabrication without any material wastage. This
process relies on drop by drop transfer of molten metal to the substrate. Therefore the time for which
molten pool retains its liquidity reduces, which promotes faster cooling action than conventional GMAW
based WAAM approach. This promotes faster deposition rate as compared to the conventional GMAW
based WAAM approach. Also, due to no arc contact with substrate, most of the heat generated at arcing
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zone is utilised for melting the wire electrode. Therefore heat input to substrate reduces, whereas deposition
e�ciency is enhanced.

Few approaches were adopted to get control over bead geometry [3–6]. Xiong et al. [3] had proposed an
online monitoring (improved neuron self-learning strategy) and control (passive vision sensing system
having CCD camera and composite �ltering) strategy for saving the material and energy during deposition
of H08Mn2Si wire. It was reported that neuron self-learning controller delivers constant bead width with
more than 10% material and energy saving by regulating the input process parameters during deposition.
The same passive vision system was also adopted to maintain a constant nozzle tip to plate distance
(NTPD) during fabrication of single-bead multilayer wall (21 layers) [4]. The precision of this model was
found to be ± 0.5 mm. This approach is also used for maintaining bead width as per the NTPD value [5].
Xiong et al. [6] had developed another approach to overcome these bead height deviations during
fabrication of single beads multilayer having both open and closed paths. Process of alternation in the
direction of deposition for each layer helps in regulating height deviation for open-loop structures. For
cloped loop structures, higher travel speed (TS = 7.5 mm/s) was adopted which goes on decreasing
towards exit point of arc (TS = 5 mm/s).

In some longitudinal studies, a subtractive manufacturing approach like milling operation was followed
after subsequent depositions to get control over layer thickness. Song et al. [10] had developed a 3D
welding and milling approach for fabricating a thin wall (consists of 8 layers) of mild steel using AWS 5.18
70S-6 wire (0.9 mm diameter) at a �xed welding condition, i.e. voltage (U) = 19 V; current (I) = 120 A; TS = 1.2
m/min. Milling approach helps in maintaining the uniform layer thickness (from 0.1 mm to 1 mm) and a
geometrical accuracy of ± 0.01 mm and ultimate tensile strength (UTS) of 620 MPa was achieved through
this approach. In another study, Song et al. [11] applied the same strategy to fabricate multiwalled parts
using two distinctive deposition strategies. First approach involves manufacturing of square block of 30
layers using AWS5.18 ER308 stainless steel as outer region and AWS5.18 ER70S6 mild steel as inner
region. Second approach involves deposition of secondary material (Tin-Bismuth eutetic alloy) within the
previously created boundary line of primary material (AWS 5.18 ER 308 stainless steel). No cracks were
found at the interface. In an interesting study, Suryakumar et al. [12] had adopted a similar strategy to
remove scales and scallops forms over bead surface as well as to maintain uniform layer thickness during
deposition of ER70S6 wire (0.8 mm diameter).

In an interesting study, canny edge detection method was employed by Cao et al. [13] for determining bead
geometry and to develop a bead overlapping model for adjacent beads using these datasets. Optimal
overlapping percentage was found to be 63.66% for sine function and highest �tting accuracy (�tting error 
= 0.0179), coe�cient of determination and F-values, with reduced volume of valley was achieved. In
another remarkable study, Xiong et al. [14] implemented three �tting curves (circular, parabola, and cosine)
to model the single beads deposited from copper coated mild steel wire (1.2 mm diameter) by robotics
GMAW-AM. It was concluded that when the ratio of WFS to TS was higher than 12.5, then parabola bead
�tting curve is preferable with a center distance of 6.133 mm. Otherwise, circular arc model was considered
with a center distance of 5.242 mm. Li et al. [15] adopted a layer overlapping strategy (LOP) during
fabrication of multilayered components. The proposed mathematical model also considered the shortage
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of material at the edges of deposits. It was reported that the model not only generates �at surfaces but also
reduces area shortages in the �rst bead.

In some remarkable studies, rolling process was adopted for generating �at beads to ensure proper bead
overlapping with negligible material over�ow [16–18]. Colegrove et al. [16] had designed a rolling coupled
GMAW based AM. Here slotted (slot depth = 10 mm) as well as a pro�led roller (same pro�le with bead
geometry) was used to study its impact on residual stress, distortion and grain size reduction. It was
reported that slotted roller was found as effective for reducing residual stress and distortion than pro�led
roller, also a reduction in grain size was noticed due to the compression of columnar grain under high
rolling load. In another longitudinal study, Xie et al. [17] adopted a metamorphic rolling mechanism (MRM)
at 3000N load on depositions of 304 stainless steel. In MRM, roller pro�le was selected according to the
bead pro�le of top and lateral surfaces. There was a reduction in height deviation (from 2.4 mm to 0.2 mm)
between start, and exit arc point and width deviation (from 0.45 mm to 0.12 mm) is noticed. A similar
approach was also adopted by Dirisu et al. [18] to investigate the impact of residual stress development on
microstructure and mechanical performance of ER70S-6 deposits. It was reported that under high rolling
conditions (160 KN), compressive residual stress and �at beads were obtained with uniform cross-section
throughout the entire bead. As a result deposition strength (tensile and fatigue) is enhanced due to
reduction in stress concentration, crack initiation and propagation possibilities.

GMAW based WAAM approach was also used during the fabrication of functionally graded materials
(FGM) using ER70S-6 and ER110S-G wire by Somashekhara et al. [19]. Hardness of the �nal object depends
upon hardness of each �ller wire. In another longitudinal study, Abe et al. [20] deposited Ni6082 wire
material over previously deposited YS308L wire. But an intermediate layer was fabricated between them by
combining both wires. The chemical composition of intermediate layer was found to be increased with
increasing number of layers. In a scienti�c study, Liu et al. [21] determined the impact of deep cryogenic
heat treatment duration on microstructure and mechanical strength during fabrication of Cu-Al-Si alloy
using ERCuSi28 and ER4043 wire. DCT time of 12h shows increase in UTS and YS by 23.3% and 19.9%,
respectively due to further grain re�nement.

In an interesting investigation, both GMAW and GTAW are combined to develop a double electrode based
GMAW-WAAM (DE-GMAW) [22, 23]. Here a secondary arc (bypass arc) is generated between tungsten and
�ller wire due to the use of two distinctive machines and corresponding current �ow about it, is called
bypass current. It reduces the magnitude of current that passes through the base metal and subsequently
reduces heat input to substrate. Therefore bead height deviation reduced from 20% and 13% improvements
in material utilization was achieved. In recent studies, compulsively constricted WAAM was developed by
Guo et al. [24] for getting control over excess heat input during deposition. Here arc is generated between
tungsten electrode and �ller wire (HS211 silicon bronze of 1.2mm diameter). This means there are no
electrical connections made with the substrate. The in�uence of welding current, voltage, and gas �ow rate
on arc behaviour and droplet transfer process was studied. It was reported that under the high value of
welding current and gas �ow rate, a high droplet transfer frequency was attained with a small droplet
diameter. But in such approaches, arc blow was noticed, which may affect the droplet transfer process. A
similar study was also reported in [25, 26] for depositing ER70SG wire of 1.2 mm diameter on a Q235 base
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plate. The temperature of ejected plasma increases at a higher value of welding current. In a recent study
Zhou et al. [27] followed the same procedure to introduce a �ller wire into an indirect arc between tungsten
electrodes. This approach results in low heat input with no current �ow through droplets and molten pools.

Collectively, the above-reported studies outline the application of GMAW based WAAM with some strategies
to get control over bead geometry and mechanical strength. Limited works have been incorporated on NTA
based WAAM. The primary focus of this investigation is to develop an understanding of NTA based WAAM.
Here some single beads are deposited over 8 mm thick mild steel to study the impact of deposition
parameters (U, I, TS and WFS) on bead geometry (bead uniformity, difference in the height of bead between
start and exit point of arc) and droplet characteristics (diameter and detachment frequency). In order to
generate the best deposition parameter GRA approach has been adopted. Under optimum deposition
conditions, both single and multilayered deposits are made on SiO2 substrate for easy withdrawing of
deposits. Microstructural, elemental composition, residual stress, and microhardness test are also
incorporated to study variation in both top and bottom surface of deposits. XRD study is also conducted for
identifying crystallographic phases, crystallite size, lattice strain, and dislocation density on wire, top and
bottom surface of the deposits.

2. Materials And Procedures
Pictorial presentation of the NTA based WAAM system is depicted in Fig. 1. In NTA based WAAM, the arc is
ignited between tungsten electrode (attached with the -ve terminal of GMAW power source) and wire
electrode (attached with the + ve terminal with GMAW power source). Here a tungsten electrode of 3.2mm
diameter, and ER70S6 �ller wire of 1.2mm diameter is used throughout the experimental trial. The electrode
holder and gas supply system is shown in Fig. 2(a). The electrode holder is manufactured from a copper
block. The internal gas supply system provides shielding gas coaxially with the tungsten electrode to create
a smooth arc and plasma jet. At the same time, an external gas supply is provided just nearer to the
ceramic nozzle opening. This design is adopted to facilitate axial detachment of molten droplets (as shown
in Fig. 2(b)). The process parameters combination at which experiments are performed is shown in Table 1.
Here 99.99% argon gas is used for shielding the arcing zone at a constant �ow rate of 10 l/min. Standoff
distance between substrate and electrode is kept constant at 8 mm throughout the experiments. A L25
orthogonal array (as shown in Table 2) is designed using the parameters provided in Table 1. To begin with,
single beads are deposited over mild steel (8 mm thick) substrate for studying the parametric in�uence.
Then a groove of 10 mm depth is made on SiO2 substrate to provide a stable base during deposition of
multilayered beads under optimum deposition conditions. Bead uniformity (Wd), difference in bead height
between start and exit point of arc (Hd), droplet diameter (D), and detachment frequency (fn) are considered
as response characteristics. Bead uniformity represents the standard deviation in bead width. So high bead
uniformity re�ects a low value of standard deviation. Table 2 represents the response parameter values
corresponding to each parameter set. Microhardness, microstructural analysis, XRD, and EDS analysis are
performed on the multilayered deposits over SiO2 substrate.
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Table 1
Deposition parameters and their level settings

Deposition Parameters Unit L1 L2 L3 L4 L5

Welding voltage (U) V 18.5 19.0 19.5 20.0 20.5

Welding current (I) A 65 70 75 80 85

Travel speed (TS) m/min 0.048 0.096 0.144 0.192 0.240

Wire feed speed (WFS) m/min 2.5 3.0 3.5 4.0 4.5
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Table 2
L25 orthogonal array and measured deposition characteristics

Expt. No. U (V) I (A) TS (m/min) WFS (m/min) Wd (mm) Hd (mm) D (mm) fn (Hz)

1 18.5 65 0.048 2.5 1.0265 0.08 6.77 1.4

2 18.5 70 0.096 3 1.0236 0.13 3.30 2.8

3 18.5 75 0.144 3.5 0.6970 0.74 3.08 3

4 18.5 80 0.192 4 0.6597 0.85 4.12 5.8

5 18.5 85 0.24 4.5 0.5650 0.17 3.31 10.8

6 19 65 0.096 3.5 0.6704 0.21 4.10 5.6

7 19 70 0.144 4 0.7413 0.08 3.41 6.8

8 19 75 0.192 4.5 0.8986 0.24 2.89 12.8

9 19 80 0.24 2.5 1.1788 0.07 6.21 2

10 19 85 0.048 3 1.2690 0.29 5.08 3

11 19.5 65 0.144 4.5 0.6218 0.02 4.41 12.2

12 19.5 70 0.192 2.5 0.9455 1.62 4.50 2.6

13 19.5 75 0.24 3 2.4081 1.31 3.96 3.4

14 19.5 80 0.048 3.5 0.9810 0.01 3.14 6.2

15 19.5 85 0.096 4 0.6593 0.04 3.00 7.4

16 20 65 0.192 3 2.0975 0.51 5.63 2

17 20 70 0.24 3.5 2.0107 0.44 3.54 3.4

18 20 75 0.048 4 0.3828 0.04 3.44 7.4

19 20 80 0.096 4.5 0.9433 0.27 3.66 10.8

20 20 85 0.144 2.5 1.8949 0.16 5.73 1.8

21 20.5 65 0.24 4 3.1438 0.58 3.36 6.6

22 20.5 70 0.048 4.5 1.7782 1.81 3.25 13.2

23 20.5 75 0.096 2.5 3.1069 1.28 4.85 1.4

24 20.5 80 0.144 3 3.1983 1.18 4.15 2

25 20.5 85 0.192 3.5 3.1438 0.32 4.23 2.6

3. Statistical Analysis
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Statistical analysis is adopted to establish mathematical relationship among input and output
characteristics. Here GRA based multi-performance approach is incorporated into the experimental data
sets that determines optimal parameter set by collectively considering all response characteristics.

3.1. Grey relational analysis
The procedure followed during execution of GRA approach are discussed below [28, 29].

Step 1

Data pre-processing is followed to make a comparison among the response attributes, as the unit of
measurement of responses differs from one another (Table 3).

Step 2

Deviation sequence is determined (Table 3).

Step 3

Deviation sequence is utilised for grey coe�cient determination for all quality characteristics. Finally, grey
grade is generated by taking the average of grey coe�cients for each experimental trial (Table 4).

Step 4

Graphically represent the experiment sets with their grey grades (see Fig. 3(a)) for ease in determination of
optimized deposition condition.

Step 5

Preparation of response table (see Table 5) and graph (see Fig. 3(b)) for ease in determination of the best
factor level setting.

Step 6

A con�rmation test is performed based on the parameter settings obtained from Table 5.
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Table 3
Data pre-processing and deviation sequence

Expt. No. Data pre-processing Deviation sequence

Wd Hd D fn ∆01(k) ∆02(k) ∆03(k) ∆04(k)

1 0.7724 0.9611 0 0 0.2276 0.0389 1 1

2 0.7749 0.9333 0.8931 0.1186 0.2251 0.0667 0.1069 0.8814

3 0.8884 0.5944 0.9503 0.1356 0.1116 0.4056 0.0497 0.8644

4 0.9016 0.5333 0.6816 0.3729 0.0984 0.4667 0.3184 0.6271

5 0.9353 0.9111 0.8916 0.7966 0.0647 0.0889 0.1084 0.2034

6 0.8978 0.8889 0.6868 0.3559 0.1022 0.1111 0.3132 0.6441

7 0.8727 0.9611 0.8660 0.4576 0.1273 0.0389 0.1340 0.5424

8 0.8168 0.8722 1 0.9661 0.1832 0.1278 0 0.0339

9 0.7173 0.9667 0.1449 0.0508 0.2827 0.0333 0.8551 0.9492

10 0.6852 0.8444 0.4338 0.1356 0.3148 0.1556 0.5662 0.8644

11 0.9151 0.9944 0.6085 0.9153 0.0849 0.0056 0.3915 0.0847

12 0.8001 0.1056 0.5856 0.1017 0.1999 0.8944 0.4144 0.8983

13 0.2806 0.2778 0.7229 0.1695 0.7194 0.7222 0.2771 0.8305

14 0.7875 1 0.9348 0.4068 0.2125 0 0.0652 0.5932

15 0.9018 0.9833 0.9709 0.5085 0.0982 0.0167 0.0291 0.4915

16 0.3910 0.7222 0.2940 0.0508 0.6090 0.2778 0.7060 0.9492

17 0.4218 0.7611 0.8307 0.1695 0.5782 0.2389 0.1693 0.8305

18 1 0.9833 0.8581 0.5085 0 0.0167 0.1419 0.4915

19 0.8009 0.8556 0.8020 0.7966 0.1991 0.1444 0.1980 0.2034

20 0.4630 0.9167 0.2671 0.0339 0.5370 0.0833 0.7329 0.9661

21 0.0194 0.6833 0.8789 0.4407 0.9806 0.3167 0.1211 0.5593

22 0.5044 0 0.9065 1 0.4956 1 0.0935 0

23 0.0325 0.2944 0.4952 0 0.9675 0.7056 0.5048 1

24 0 0.3500 0.6733 0.0508 1 0.6500 0.3267 0.9492

25 0.0194 0.8278 0.6547 0.1017 0.9806 0.1722 0.3453 0.8983
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Table 4
Grey relational coe�cients and grade

Expt. No. ζi (1) ζi (2) ζi (3) ζi (4) Grey Grade Order

1 0.687189 0.927835 0.333333333 0.333333333 0.5704226 15

2 0.689584 0.882353 0.823832943 0.36196319 0.6894333 9

3 0.817539 0.552147 0.909564932 0.366459627 0.6614277 12

4 0.835629 0.517241 0.610911649 0.443609023 0.6018477 13

5 0.885383 0.849057 0.821799033 0.710843373 0.8167705 2

6 0.830352 0.818182 0.614866096 0.437037037 0.6751092 10

7 0.797036 0.927835 0.78870363 0.479674797 0.7483125 7

8 0.731855 0.79646 1 0.936507937 0.8662059 1

9 0.638795 0.9375 0.368980449 0.34502924 0.5725762 14

10 0.613669 0.762712 0.468959559 0.366459627 0.5529501 18

11 0.854886 0.989011 0.560858068 0.855072464 0.8149569 3

12 0.714414 0.358566 0.54682822 0.357575758 0.494346 21

13 0.410053 0.409091 0.643439889 0.375796178 0.4595951 23

14 0.701783 1 0.884625466 0.457364341 0.7609431 6

15 0.835809 0.967742 0.944975348 0.504273504 0.8132 4

16 0.450847 0.642857 0.414605877 0.34502924 0.4633348 22

17 0.463738 0.676692 0.747062277 0.375796178 0.5658221 16

18 1 0.967742 0.778916699 0.504273504 0.812733 5

19 0.715244 0.775862 0.716374404 0.710843373 0.729581 8

20 0.482137 0.857143 0.405562144 0.341040462 0.5214706 19

21 0.337694 0.612245 0.804958858 0.472 0.5567244 17

22 0.502203 0.333333 0.842440554 1 0.6694943 11

23 0.340707 0.414747 0.497624863 0.333333333 0.396603 25

24 0.333333 0.434783 0.604849549 0.34502924 0.4294987 24

25 0.33769 0.743802 0.591502932 0.357575758 0.5076425 20
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Table 5
Response table

Parameters Level-1 Level-2 Level-3 Level-4 Level-5 Max-Min Ranking

Welding Voltage (V) 0.6679 0.6830 0.6686 0.6185 0.5119 0.1711 2

Welding Current (A) 0.6161 0.6334 0.6393 0.6188 0.6424 0.0263 4

TS (m/min) 0.6733 0.6607 0.6351 0.5866 0.5943 0.0867 3

WFS (m/min) 0.5110 0.5189 0.6341 0.7065 0.7794 0.2684 1

4. Results And Discussion
Twenty-�ve single beads are deposited over mild steel substrate (as shown in Fig. 4) at different parameter
combinations as single beads have maximum in�uence over the geometrical accuracy of multilayered
deposits.

The interrelation between comparative and reference sequences becomes stronger when a high grey
relational grade value is achieved by the experiment set. Therefore from Table 4 and Fig. 3(a), it has been
recognised that experiment number-8 is the optimised parameter set. Again to determine the signi�cance of
different deposition parameter level values on entire response characteristics and their ranking, a response
table (Table 5) and graph (Fig. 3(b)) has been prepared. Response table and graph is prepared by taking the
average of grey relational grade values conforming to each parameter level. The maximum grey grade
value for each process parameter level represents the optimal condition at which better control over
response characteristics is achieved. As per the above explanation, ‘A2, B5, C1, D5’ is the best parametric
condition and at this setting a con�rmation test (as shown in Table 6) is performed and its response
characteristics are compared as with experiment number-8. It also conforms from Table 5 that WFS has
maximum control over bead geometry and droplet transfer behaviour followed by welding voltage, TS and
current. Therefore WFS is termed as a key deposition parameter during multi-criteria analysis.

Table 6
Con�rmation test at ‘A2, B5, C1, and D5’parametric combination

Symbol Deposition Parameters Deposition Characteristics

A Welding voltage (U) = 19.0 V Bead width deviation (Wd) = 0.1849 mm

B Welding current (I) = 85 A Height deviation (Hd) = 0.15 mm

C Travel speed (TS) = 0.048 m/min Droplet diameter (D) = 2.61 mm

D Wire feed speed (WFS) = 4.5 m/min Droplet detachment frequency (fn) = 13.6 Hz

Better performance characteristics are obtained from the con�rmation test as compared to initial
experiment (experiment number-8). It is due to the enhancement in welding current value, which improves
heat generation at the arcing point that leads to proper melting of wire electrode and generates less droplet



Page 12/36

diameter with higher detachment frequency. Similarly, under low TS, droplets are properly deposited on the
substrate surface and give rise to low bead width and height deviation. The process of droplet transfer at
‘A2, B5, C1, and D5’parametric combination is depicted in Fig. 5 (a-f). It describes all phases of droplet
transfer like its generation (Fig. 5 (a)), path of movement (Fig. 5 (b-e)), and �nal deposit (Fig. 5 (f)) on the
metal surface. Now at ‘A2, B5, C1, and D5’parametric combination single (Fig. 6 (a)) and multilayered
deposits (Fig. 6 (b)) are prepared over SiO2 substrate for ease in part removal after complete deposition.

4.1. Parametric in�uence on bead width deviation
The in�uence and percentage contribution of deposition parameters on a particular response attribute is
determined from the ANOVA analysis (as shown in Table 7). For a de�nite response characteristic, the
percentage contribution of deposition parameters is determined by taking the ratio between Adj. SS. values
for the deposition parameters to the total Adj. SS. conform to that response attribute.

Table 7
Adj. SS. values of deposition parameters for different deposition characteristics

Deposition parameter Adj SS for Wd Adj SS for Hd Adj. SS for D Adj. SS for fn

Welding voltage (U) 14.0795 2.2836 1.2517 9.344

Welding current (I) 0.1763 1.4526 5.3791 1.216

Travel speed (TS) 1.6997 0.3172 0.9388 4.272

Wire feed speed (WFS) 3.4208 0.5573 16.8746 333.952

Total SS 19.3763 4.6107 24.4442 348.784

It has been recognised that bead width deviation is highly controlled by welding voltage followed by WFS,
TS, and current. To study the variation of bead width deviation with deposition parameters, few graphical
representations are prepared (as shown in Fig. 7 and Fig. 8). It has been observed that under high welding
voltage, the bead width deviation increases. Thermal energy generated at the arcing zone depends upon
voltage drop and current density [2, 13, 30, 31]. Current �ow through electrons and ions is constant, so heat
generation varies with respect to the voltage drop at two electrodes [30, 31]. As reported by Cao et al. [13],
under high voltage, thermal energy generation becomes more which enhances the melting rate and droplet
detachment. It also aggravates the plasma force and generates an unstable plasma jet. Under high voltage,
arc length between two electrode increases. Therefore droplet forms at wire tip is highly oscillating between
the inter-electrode gaps due to unstable stable plasma jet. So the droplets continuously come in contact
with the tungsten electrode and give rise to high tungsten diffusion and wear (as shown in Fig. 9 (a-h)). In
such a case percentage of tungsten in the deposits increases. When tungsten starts to diffuse, the arc
plasma starts oscillating from left to right at a high velocity; therefore, no consistency was achieved in the
droplet transfer process [24–27]. This results in poor bead uniformity (high deviation).

Similarly, under a higher value of WFS, the deviation in bead width was found to be reduced. High WFS
raises the arc current, which enhances the heat input and magnitude of electromagnetic pinch force at the
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wire tip [2, 12, 14, 32]. Therefore molten droplets (of small size) are detached at a faster rate rather than
oscillating at wire tip. Therefore the chance of contact of molten droplet at tungsten side reduces that
results uniform bead. So WFS must be set to higher values at high welding voltage for producing �ne and
uniform beads. TS symbolises the speed at which worktable moves. TS basically maintains heat input and
deposition per unit length [33–37]. For a de�nite value of welding voltage, current and WFS, the droplet
detachment frequency is constant. So when table moves faster (TS is more), then the droplets do not
adhere properly to the substrate and gives rise to poor bead uniformity and reduces the geometrical
accuracy of the form part [25].

4.2. Parametric in�uence on bead height deviation
ANOVA analysis (from Table 7) convey that welding voltage and current are the most crucial deposition
parameters that affect the difference in bead height between start and exit point of arc. To study the
variation of bead height difference with deposition parameters, few graphical representations are prepared
(see Fig. 7 and Fig. 10). It has been recognised that under the high value of welding voltage, height
deviation increases due to unstable metal transfer results from unstable plasma jet [24–27]. Heat
generation at arcing zone is determined from the product of welding voltage and current [2, 12, 13, 30, 31].
Therefore at higher current and voltage, the heat generation is aggravated [38–41], also heat content of the
plasma jet increases [25]. As the process goes on, temperature of substrate increases and results in a
reduction of thermal gradient, which retains the deposits in molten state for longer duration of time due to
reduction in viscosity of molten pool under high temperature [2]. Therefore the �owability of molten metal is
enhanced that gives rise to high bead width at low height towards exit point of arc as a result adequate
difference in bead height is noticed [2, 6, 24–27, 41].

It has been noticed from Fig. 7 that height deviation is raised with a rise in TS, but it again reduces after a
certain limit of TS [5, 6, 12, 14]. Under the high value of current and voltage, the plasma jet temperature
increases [25]. The interaction time between plasma jet and substrate reduces upon increase in TS that
reduces the heat input [26, 33–39, 42]. So the substrate temperature is not increasing so rapidly, which
enhances the temperature gradient and promotes faster solidi�cation [12]. Therefore the deposits are
solidi�ed quickly rather than free-�owing, which gives rise to a reduction in height difference between start
and exit point of the arc. Under high WFS, an excessive amount of wire get melted and deposited over the
substrate, so the chance of difference in the height of bead reduces [43, 44]. In general, better control over
height deviation is achieved in the NTA approach compared to GMAW based WAAM.

4.3. Parametric in�uence on droplet diameter
Droplet diameter is highly controlled by WFS followed by welding current and voltage (observed from
Table 7). The dependence of droplet diameter with deposition parameters is presented in Fig. 11–12. It is
noticed that under the low magnitude of welding current, the droplet diameter is increasing. The magnitude
of electromagnetic pinch force is directly related to the squared value of current [2, 24–27, 32]. So under a
low level of current, the magnitude of pinch force is curtailed, and surface tension force is increased [45].
Therefore instead of detachment, its diameter continuously increases. But due to the increase in droplet
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diameter and reduction in surface tension force, the droplet starts oscillating under the action of buoyancy
and promotes the arc between droplet and tungsten electrode. So the arc and plasma jet starts oscillating
due to the oscillation of droplet. As a result, consistency in droplet transfer was not achieved. Therefore
droplet comes in frequent contact with tungsten electrode at high droplet diameter, which aggravates the
tungsten diffusion and wears. The adhesion of droplets on tungsten electrode raises the iron content on
tungsten side, which is evident from the EDS analysis (see Fig. 13). The EDS report of tungsten electrode
(wt% of different elements) after depositing a bead under a low level of current is presented in Table 8.

A sharp fall in droplet diameter is noticed upon increasing the WFS. High WFS promotes a high �ow of arc
current between two electrodes, which generates high thermal energies at arcing zone [2, 12, 14]. That helps
in generation of concentric plasma jet (as shown in Fig. 14) and effective melting of wire electrode.
Therefore droplet diameter reduces at high temeperature [25]. Also at high temperature, the surface tension
force decreases [45]. As a result, the droplet is not able to retain at the wire tip for a longer duration of time.
Therefore droplet detachment occurred at a faster rate with a reduction in diameter.

Table 8
Wt% of elements present on tungsten

electrode surface at a low level of
welding current

Element Fe W Th

Wt% 48.49 50.97 0.54

4.4. Parametric in�uence on droplet detachment frequency
ANOVA analysis (from Table 7) convey that WFS is the key deposition parameter that affects the droplet
detachment frequency most, whereas other parameters have negligible impact. High WFS conduct
maximum arc current that produces high amount of heat energy at arc spot [2, 3, 14]. It also enhances the
magnitude of electromagnetic pinch force at wire tip [2, 32]. Electromagnetic force pinches the droplet at
wire tip that helps in detachment of droplets. Also, due to high-temperature generation, the surface tension
force is diminished at the wire electrode tip that prevents the long duration adherence of droplet at wire tip
and promoting faster detachment [45]. Therefore under high WFS, droplet detachment frequency is
enhanced (as shown in Fig. 11 and Fig. 15). Arc length between tungsten and wire electrode depends upon
the value of welding voltage. Small voltage results a small con�ned arc length. Therefore there is less
space available for the growth of droplets between two electrodes. So the droplets continuously come in
contact with the tungsten electrode and leads to a reduction in droplet detachment frequency and
aggravates the tungsten wear (as shown in Fig. 9). But upon increasing the welding voltage, space
available between two electrodes increases, which promotes free detachment of droplets without colliding
with tungsten electrode. But after a certain limit with the increase in welding voltage, the droplet transfer
rate reduces. As very high welding voltage generates an unstable arc that promotes high plasma oscillation,
in such case, droplet again starts oscillating and makes frequent contact with tungsten electrode. That
reduces the droplet transfer rate with increased chances of tungsten wear.
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There also exist another factor (argon gas �ow rate) that have some effects on droplet transfer rate. To
study the impact of gas �ow rate on droplet transfer frequency, depositions are made under different gas
�ow rate settings, but other parameters remain same as with the con�rmation test. It is noticed from Fig. 16
that with a hike in gas �ow rate, the droplet transfer rate increases. As it again enhances the plasma
temperature, that leads to higher melting of wire electrode. As a result, droplet diameter reduces with high
detachment frequency [24]. Under a very high gas �ow rate (22–26 l/min), the plasma jet velocity increased
rapidly that makes unstable droplet transfer due to the reduction in droplet size. In absence of shielding
gas, the tungsten electrode wear and diffusion is aggravated. Also, powders of yellowish in colour are
formed on the tungsten electrode surface under the absence of shielding gas, as oxygen reacts with
tungsten and forms tungsten oxide, which is determined under EDS analysis (as shown in Fig. 17). During
some practices, a 2.4 mm tungsten electrode is also used for studying the in�uence of electrode diameter
on droplet transfer behaviour. It is observed that when the gas �ow rate is more than 22 l/min, in such case
tungsten electrode starts to burn. But at a gas �ow rate of 26 l/min, the tungsten electrode bends after
some time due to higher localised heat concentration under high plasma temperature. Application of argon
gas for shielding also assists in maintaining the geometrical accuracy of the fabricated part [46].

4.5. Microstructural analysis
Microstructural analysis is performed on the multilayered deposited over SiO2 substrate. After deposition,
small blocks are cut from the top, bottom, and interface between two adjacent beads through wire electrical
discharge machining (WEDM). Specimen preparation is the most crucial aspect for microstructural
analysis. All three samples undergo grinding (using a belt grinder) to produce a �at surface. Then polished
with emery paper (1/0, 2/0, 3/0, and 4/0) and Al2O3 paste (through cloth polishing) to generate a scratch-
free mirror-like surface. Finally, etchant (nital solution (4% HNO3 and 96% C2H5OH)) is used to remove the
non-metallic inclusions and impurities present on the sample surface and to reveal phases and grain
boundary. Now the specimens are observed under a Scanning electron microscope (SEM) to identify the
different phases. Microstructure of the top, bottom, and interface zone is depicted in Fig. 18(a-f). The
enlarged view of microstructure is presented in Fig. 18 (d-f).

In all the micrographs, complete ferrite colonies are observed with few pearlite phases (volume fraction is
low with respect to ferrite phase). The ferrite that formed is known as proeutectoid ferrite as it forms before
the starting of eutectoid reaction. It is commonly observed in hypo-eutectoid steel. Similar micrographs are
obtained during GMAW based WAAM using ER70S6 wire [18, 47, 48]. In Top surface grains (see Fig. 18(a))
are slightly bigger than the bottom surface (see Fig. 18(b)); this could be due to the difference in the rate of
cooling between top and bottom surface of the deposits that occurred due to reduced heat dissipation rate
in top surface of the deposit with increased number of layers [41]. With respect to top and bottom surfaces,
the grain size is quite smaller in the intermediate zone between two layers (as shown in Fig. 18(c)). During
depositing a layer, some amount of heat is being transferred to the previously solidi�ed layer [49]. So the
previous deposit again undergoes recrystallisation and forms smaller and �ne grains as compared to top
and bottom layer. Fine pearlites are observed along with coarse pearlite in the top surface and interface
layers. Whereas only coarse pearlites are observed in the bottom surface of the deposit. A reduction in size
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and enhancement in �neness of pearlite is noticed with increase in layer thickness (with increase in number
of layers). This could be due to the reduction in cooling rate in the top and interface which enhances the
growth and nucleation rate of pearlite [50]. Also under low cooling rate, the deposits remain at higher
temperature for longer duration of time as a result the inter-lamellar spacing between Fe3C lamellae
reduces, which gives rise to the development of �ne pearlites [50].

After deposition of a layer, a small droplet is solidi�ed at the wire tip, whose microstructure is depicted in
Fig. 19. It also exhibits a similar microstructure as with the deposits. Therefore it can be concluded that the
type of microstructure shown in the �nal fabricated part is completely depends upon cooling characteristics
and temperature gradient maintained during the deposition process [51]. The elemental composition at
wire, top, bottom, and interface layer is identi�ed through EDS analysis. The element identi�ed on wire, top,
bottom, and interface layer is depicted in Fig. 20 and Table 9. It has been observed that iron content is
maximum in the deposits; also composition of the deposit is almost same in top, bottom, interface zone
and holds good agreement with the wire (ER70S-6) composition.

Table 9
Chemical composition of wire and deposits

Sample   Wt% of elements

Si P S V Ti Cr Mn Fe Ni Cu Zr W

ER70S6 1.19 0.00 0.03   0.00 0.05 1.73 96.73   0.16 0.10  

Top 0.36   0.11     0.22 0.99 97.67 0.31 0.24   0.10

Bottom 0.33 0.07 0.02   0.04 0.04 1.06 97.63 0.16 0.22   0.43

Interface 0.55     0.06 0.05   0.94 97.67 0.56     0.17

4.6. XRD analysis
XRD analysis is conducted through BRUKER D8-Advance®, which uses Cobalt (K-α radiation wavelength of
0.179 nm) as an X-ray source and a Lynxeye detector. The voltage (35 KV) and current (25 mA) are kept
constant during all measurements. The two-theta (2θ) angle range is selected from 30°-126°. At the same
time, scan rate and step size are selected as 5°/min and 0.02, respectively. The XRD raw data is analysed
through X’Pert High Score software to identify the diffraction planes. Diffraction patterns observed on wire,
top and bottom surface is depicted in Fig. 21. The identi�ed diffractions planes are {110}, {200}, {211}, and
{220} at 2θ angle of 52.3°, 77.2°, 99.6°, and 123.9° respectively as per the JCPDS pattern [06-0696] [52].
Similar results are also reported in previous studies [18, 47, 48]. In all samples, ferrite colonies are observed.
But in wire, few copper peaks like {111} and {200} are identi�ed at 50.3° and 59.2° respectively, which
conforms to the JCPDS pattern [03-1005] [53]. Copper is basically shown due to the presence of copper
coating on �ller wire. But their intensities are very low as compared to the intensities of ferrite peaks. But
these copper peaks are not presents in the deposited samples, which indicates that the copper coating is
evaporated during the melting of wire under the high arc temperature. Instead of scherrer equation, the
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Williamson hall (W-H) plot is adopted for computing crystallite size and lattice strain, as broadening of
diffraction peaks (ΔK, nm− 1) is de�ned (EQs. 1) using the effect of both crystallite size and lattice strain
[54]. Here a scatter plot is prepared between 4Sin(θ) (in X-coordinates) and aCos(θ) (in Y-coordinates), and
linear �tting is applied to it as shown in Fig. 22(a-c). Crystallite size is determined from EQs. 2, and slope of
the plot represents the lattice strain. Crystallite size and lattice strain for all samples is presented in
Table 10. The copper peaks present in wire sample are not considered during evaluation of crystallite size
and lattice strain, due to their very low intensities compared to ferrite peaks.

ΔK =
0.9
D + ΔKD

1

D =
K × λ

I

2

It has been observed from Table 10 that there is less variation in crystallite size between top and bottom
surface of the deposits as compared to wire, which indicates a reduction in anisotropy. It is attributed to
grain re�nement in the bottom surface due to a relatively higher rate of cooling in bottom surface with
respect to top surface. The lattice strain in both top and bottom layer is compressive in nature.

4.6.1. Dislocation density measurement
Dislocation density is also computed through X-ray diffraction method. It is computed using a modi�ed
Williamson hall plot [55–58]. In modi�ed W-H plot, K is substituted by KC1/2 as per EQs. 3–5 [57, 58]. Here a
linear �t plot is prepared between ∆K and KC1/2 (Fig. 23(a-c)), and the value of slope is determined to
compute the dislocation density. The computed dislocation density for all samples is presented in Table 10.
The graphical variation of crystallite size, lattice strain and dislocation density for all three samples is
presented in Fig. 24.

ΔK ≅
0.9
D +

πM2b2

2 × ρ
1
2 × KC

1
2 ± O × KC

1
2

2

3

Where, ΔK =
a × cos ( θ)

λ and K =
2sin ( θ)

λ  (4)

By neglecting the higher terms O × KC
1
2

2
 EQs. (2) becomes
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ρ =
2 × β2

πM2b2

5

Where,

θ Bragg’s diffraction angle b Burger’s vector (0.2485×10− 9 m)

K Scherer’s constant ρ Dislocation density (1/m2)

λ Wavelength of the X-ray source C Contrast factor

I Intercept of the linear �t plot between 4Sin(θ) and
aCos(θ)

O Higher-order component of KC1/2

D Crystallite size a FWHM (full width half maximum)

M Material constant varies between 1 and 2

M = 1 represents no deformation in the material

M = 2 represents a material with deformations

β Slope of linear �t plot between ∆K and
KC1/2

Table 10
Crystallite size, lattice strain, and dislocation density of samples

Sample Crystallite size (nm) Lattice strain Dislocation density (1/m2)

Wire (ER70S-6) 23.04931507 0.000446959 3.2663×10^13

Top Surface 18.38907104 -8.21E-04 3.8992×10^12

Bottom Surface 16.27272727 -1.49E-03 7.3769×10^13

Dislocation density observed in the deposits is more as compared to wire material, which means the
strength of the deposits is better than that of wire. It has been observed that small crystallite size exhibits a
larger dislocation density.

4.7. Residual stress measurement
Residual stress is measured using the XRD method through BRUKER D8-Advance®. In the XRD method,
residual stress is computed by analysing the peak shifting phenomenon (as shown in Fig. 25). The
standard d-Sin2(ѱ) method is followed for calculating the value of residual stress present on the sample
surface [59–64]. The procedure for residual stress calculation is based on the work reported in [59]. In d-
Sin2(ѱ) method, a graph (as shown in Fig. 26) is plotted between interplanar spacing (d) and Sin2(ѱ), from
which residual stress is computed [59–64]. For residual stress measurement, current and voltage are set at
40 mA and 40 KV respectively for performing initial 2θ scanning from 30° to 126° for all samples. In this 2θ
range the observed diffraction peaks are {110}, {200}, {211}, and {220}. From the above planes, {211} plane
is selected, which appeared at 99.6°, and residual stress is determined about this peak for all samples [60].
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Here diffraction peaks are recorded at different ѱ values (from − 40° to 40°), and their corresponding
interplanar spacing is determined. The obtained residual stress among the wire, top and bottom layer of the
deposit is presented in Table 11 and Fig. 27.

Table 11
Residual stress value for wire, top, and

bottom surface of the deposit
Sample Residual stress (MPa)

Wire (ER70S-6) -227.3 ± 7.9

Top Surface 100.8 ± 2.9

Bottom Surface -139.1 ± 2.5

Residual stress observed in all three samples (from Table 11 and Fig. 27) is compressive in nature due to
negative slope. As compared to wire, the magnitude of compressive residual stress is decreasing in the
deposits, which means large residual stress present in the wire is relived during the deposition process. Both
top and bottom layer of the deposit exhibits compressive residual stress, which means through the NTA
approach, compressive residual stress is developed in the fabricated part. As compared to previous kinds of
literature without any external post-processing, tensile residual stress is present in the deposition, which
reduces mechanical performance of the fabricated part [16, 18]. In the NTA process, a layer is fabricated
through drop by drop transfer of molten metal, which act as a thermal load during the deposition process.
Also, when a detached droplet starts to cool at that time, another droplet is deposited adjacent to the
previous one. As a result, continuous cooling and heating cycle is going on during the deposition process.
Therefore compressive residual stress is developed in the deposits. The development of compressive
residual stress will further improve the mechanical performance of the fabricated part in terms of high
strength and fatigue life [18]. Less variation of residual stress between top and bottom layer symbolises the
isotropic nature of the deposit.

4.8. Microhardness analysis
Vickers microhardness tester is used to perform the microhardness analysis at 500 gf load, and 10s dwell
time [16, 19]. Before conducting the microhardness test, the samples are polished to get a �at surface.
Microhardness is measured in top, bottom and lateral surface of the deposit. Indentations are made on the
central axis of deposit. For the top and bottom surface, a 5mm gap is provided between each indentation,
but for the lateral surface, a 3mm gap is provided between each indentation from the top surface.
Microhardness values in all three samples are presented in Table 12–13. The variation of microhardness
value with increasing distance is presented in Fig. 28.
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Table 12
Variation of microhardness in the top and bottom surface of the deposit

Distance (mm) Microhardness in top surface (HV) Microhardness in bottom surface (HV)

5 254.7 214.2

10 270.9 239.7

15 220.9 262.6

20 231.5 213

25 195.9 250.1

30 225.9 226.5

35 209.2 215.2

40 222.1 224.5

45 235 209.9

50 226.4 210.8

55 214.4 204.6

60 253.7 220.4

65 224 225.3

70 234.5 257.1

75 238.6 291.3

80 268.7 215

85 225.2 266

90 222.6 245.5

Average 231.9 232.872
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Table 13
Variation of microhardness in the lateral surface of the deposit

Distance from top surface (mm) Microhardness in lateral surface (HV)

3 226.7

6 224.3

9 238.9

12 232

15 204.1

18 203.3

21 206.7

24 224.4

27 231.3

30 241.5

33 261.7

Average 226.809

It has been observed from Table 12–13 and Fig. 28 that the average microhardness value corresponding to
top, bottom, and lateral surface of the deposits is 231.9 HV, 232.872 HV, and 226.809 HV, respectively. The
microhardness value is marginally more in the bottom layer with respect to top surface of the deposit. It is
due to the grain re�nement that occurred in the bottom surface of the deposit due to better cooling action.
There is less variation in microhardness value in between lateral and longitudinal directions. Therefore it
can be concluded that the NTA approach generates isotropic deposits.

5. Conclusions
NTA based WAAM has been successfully developed to fabricate deposits using ER70S-6 wire. Both single
and multilayered deposits are fabricated through this approach, and the interaction of deposition
parameters with response characteristics has been discussed. This investigation ends with the following
conclusions.

Due to no direct electrical arc contact with substrate, heat generated at the arcing zone is fully utilised
to melt the wire electrode that enhances energy e�ciency and deposition rate. It also facilitates
deposits on non-conductive surfaces like SiO2 for easy withdrawing of deposits after complete
fabrication. This leads to a reduction in high substrate material wastage, cost and energy.

From the GRA study, WFS and welding voltage is identi�ed as key deposition parameter during multi-
performance analysis for this NTA process. As it controls the heat input, droplet diameter and
detachment frequency, over which bead geometry mostly depends.
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This approach not only reduces the heat input but also provides signi�cant bead uniformity at minimal
spatter and bead height difference between arc start and exit point of the arc.

The microstructural analysis reveals complete ferrite concentration with few pearlites in both top,
bottom, and interface surface of the deposits with almost similar elemental composition.

XRD analysis reveals ferrite diffractions peaks [{110}, {200}, {211}, {220}] in wire, top and bottom
surface, whereas some copper peaks [{111} and {200}] are also detected in wire surface. Dislocation
density in the deposit is more with respect to wire material, which means strength of the deposits is
better than that of wire.

Compressive residual stress is noticed in the deposition, due to the application of thermal load during
droplet detachment to substrate and due to continuous cooling and heating cycle in the NTA process. It
will improve the mechanical performance of the fabricated part in terms of high strength and fatigue
life.

The average microhardness value corresponds to top, bottom, and lateral surface of the deposits is
231.9 HV, 232.872 HV, and 226.809 HV, respectively. Less variation in crystallite size, stress, strain and
microhardness among top, bottom, and lateral surface of the deposit indicates isotropic nature of
fabricated part.

It is further recommended to study and perform the NTA process for getting better control over
deposition parameters while maintaining good geometrical accuracy during fabrication of multi-
layered components over non-conductive substrates.
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Figure 1

Experimental setup of NTA based WAAM

Figure 2

(a) Electrode holder and gas supply system, (b) droplet detachment process

Figure 3



Page 29/36

Grey relational grade corresponds to (a) each experimental trials, (b) each deposition parameter levels

Figure 4

Beads deposited with different parameter sets
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Figure 5

Process of droplet transfer at ‘A2, B5, C1, and D5’parametric combination

Figure 6

Deposition made over SiO2 substrate (a) single-layered, (b) multi-layered

Figure 7

Parametric in�uence on bead width deviation and height difference
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Figure 8

Parametric effect of welding voltage and WFS on bead width deviation

Figure 9

Role of welding voltage on wear and diffusion of tungsten electrode

Figure 10

Parametric effect of welding voltage and current on bead height deviation

Figure 11

Parametric in�uences on droplet diameter and detachment frequency

Figure 12

Parametric interaction of welding current and WFS with droplet diameter
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Figure 13

EDS report of tungsten electrode surface at a low level of welding current

Figure 14

Concentric plasma jet under high WFS

Figure 15

Parametric in�uence of WFS and welding voltage on droplet detachment frequency
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Figure 16

Impact of gas �ow rate on droplet detachment frequency 

Figure 17

Contamination of tungsten electrode in absence of shielding gas

Figure 18
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Microstructural evolution on (a) top surface, (b) bottom surface, (c) interface layer, (d) enlarged view of top,
(e) enlarged view of bottom, (f) enlarged view of interface 

Figure 19

Microstructure of the droplet forms at wire tip after deposition of a layer

Figure 20

EDS result of (a) wire, (b) top surface, (c) bottom surface, (d) interface

Figure 21

Diffraction patterns of wire, top and bottom surface

Figure 22

W-H plot of (a) ER70S6 wire, (b) top surface, (c) bottom surface
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Figure 23

Modi�ed W-H plot for (a) ER70S6 wire, (b) top surface, (c) bottom surface

Figure 24

Variation of (a) crystallite size, (b) lattice strain, and (c) dislocation density among wire and deposits

Figure 25
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Peak shifting phenomenon during the presence of residual stress

Figure 26

d-Sin2(ѱ) plot for (a) wire, (b) top, (c) bottom surface of deposit

Figure 27

Residual stress variation among wire, top and bottom layer of the deposit

Figure 28

Variation of microhardness between (a) longitudinal, (b) lateral surface of deposit


