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Abstract
Weld overlays of Ni-based superalloys provide high-temperature corrosion, oxidation, and wear resistance for industrial 
applications. The objective of this study was to evaluate the microstructure of Ni–Cr-Mo superalloy Inconel 686 overlays 
fabricated using automatic gas metal arc welding (GMAW) with three different levels of voltage, travel speed, and wire 
feed speed. The variation of these parameters and their effects on the weld quality, dilution, and microsegregation were 
analyzed. The weld surface quality was assessed by visual examination. The weld dilution was measured by both geometric 
and chemical composition definitions. The maximum dilution was measured at 13.63%, induced by the highest weld heat 
input (5.97 kJ cm−1) and lowest wire feed speed (6 m min−1). The overlay dilution and the heat-affected zone (HAZ) size 
decreased by increasing the wire feed speed. However, increasing the wire feed speed and the heat input reduced the weld 
quality and even resulted in noncomplete joints. Microsegregation of elements was evaluated using energy-dispersive X-ray 
spectroscopy (EDS) analysis and it was found that microsegregation of Mo and Cr and the volume fraction of secondary 
phases in the interdendritic areas increased with increasing the weld heat input. According to the visual examination results 
and macro- and microscopic evaluation, the weld overlay parameters were found to be optimized for the mid-level heat inputs 
(4–5 kJ cm−1) and wire feed speeds between 6 and 8 m min−1.
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1  Introduction

Weld cladding, also known as weld overlay or hardfacing 
depending on application purposes, is a surfacing process 
in which a welding torch is used to deposit a layer (or mul-
tiple layers) of a material intended to enhance the wear or 
corrosion resistance of a generally lower cost and lower 
performance structural alloy (e.g., steel) [1, 2]. The weld 
overlay process can also be applied to ‘build up’ and repair 
worn components to increase service life [3]. This technique 
has been applied for various applications in the mining and 
mineral processing sectors [2]. Due to the fact that in many 
cases only the internal surface of a component is exposed 
to a corrosive environment, and so only that surface needs 

to be protected, savings on material costs can be achieved 
by taking advantage of the weld overlay technique [2]. Con-
ventional arc welding technologies, such as shielded metal 
arc welding (SMAW), gas metal arc welding (GMAW or 
MIG/MAG), and gas tungsten arc welding (GTAW or TIG) 
are widely employed as heat sources to deposit high-perfor-
mance filler metals on different base metal (BM) substrates 
[2], due to the fact that these technologies are relatively inex-
pensive, flexible, easy to implement for field applications, 
broadly available, etc.

Beginning in the 1960s, highly corrosion-resistant 
nickel–chromium-molybdenum (Ni–Cr-Mo) alloys (e.g., 
Inconel 625 [4], Inconel 686 [5], alloy C-22 [6], and Has-
telloy C-276 [6]) have been developed to operate in the most 
severe corrosive environments [3, 7]. Superalloy Inconel 
686 (IN686) was developed in 1992 and was derived from 
conventionally employed alloy C-22 and C-276 due to the 
relatively low oxidation resistance of these alloys. Inconel 
686 is an austenitic single-phase, solid solution strengthened 
nickel–chromium-molybdenum-tungsten (Ni–Cr-Mo-W) 
based superalloy [5]. Inconel 686 alloy is extensively used in 
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the chemical processing, marine, petrochemical, mining, and 
oil and gas industries, for applications such as internal clad-
ding of pipes, boilers, pressure vessels, and chemical reac-
tors [5, 8, 9]. The presence of chromium (Cr) and molybde-
num (Mo) in IN686 provides good resistance to oxidizing 
and reducing environmental damages; Cr is responsible for 
forming a surface oxide layer, while Mo increases resist-
ance to localized corrosion by promoting re-passivation of 
the oxide film [10, 11]. The carbon (C) content of IN686 is 
restricted to 0.01 wt.%, which facilitates retardation of grain 
boundary precipitation in the heat-affected zone (HAZ) of 
welded areas to uphold the corrosion resistance [5]. Conse-
quently, IN686 is endowed with exceptional resistance to 
oxidizing, reducing, and mixed acid environments including 
those containing halides. IN686 alloy is also used in order 
to avoid field post-weld heat treatment (PWHT) due to bead 
tempering effects of the HAZ, which does not show a clas-
sical coarse grain microstructure and avoiding unnecessary 
phase transformation (specifically in low heat input GMAW) 
[12]. However, due to non-equilibrium solidification rates in 
welding and certain alloying elements present in amounts 
that are beyond the solubility limit of the austenitic matrix 
(e.g., Mo, W, Cr), brittle secondary particles known as topo-
logically close-packed (TCP) phases may be formed, which 
include the σ, P, and μ phases [3, 4, 8].

Silva et al. [8] used automatic GTAW along with a sepa-
rate wire feeding unit to supply AWS ER-NiCrMo-14 wire 
(similar to IN686 alloy) to create a multi-bead weld overlay 
on an ASTM A516-Gr 60 substrate. They reported micro-
segregation of Cr, Mo, and W during solidification and det-
rimental effects of TCP phases on the corrosion properties 
of the overlay. Mina et al. [10] used the same method and 
materials as Silva et al., and calculated the variation of dilu-
tion (compositionally and geometrically) by changing the 
welding pattern and wire feed speed (WFS) at a constant 
heat input (HI) (i.e., constant current (I), voltage (V), and 
weld or travel speed (TS)). They reported that the dilution 
of the overlays increased from 14.3 to 33.3% by reducing the 
WFS from 8.5 to 4.5 m min−1, as less filler metal was depos-
ited per unit length of weld but with fairly consistent base 
metal melting due to the constant heat input (15.27 kJ cm−1). 
Iron (Fe) showed greater potential to be incorporated into 
the primary solid phase during solidification, and the Fe 
level was found to increase with the increase of dilution. 
Conversely, Cr, Mo, and W showed a slight decrease in their 
partition coefficients (k) with the increase of the dilution. 
A high amount of dilution (on the average more than 20%) 
was reported in both studies by using the GTAW technique.

Conversely, the GMAW technique results in greater filler 
metal deposition, due to a continuous wire feeding process, 
and is attracting more attention for weld overlays in indus-
trial applications [13-16]. GMAW reduces the amount 
of the dilution (by increasing arc efficiency and inducing 

lower heat input [13]) and increases the surface quality of 
the overlay, which consequently enhances the weld overlay 
corrosion resistance. Najafi et al. [16] reported a maximum 
of 13% dilution in the fusion zone by using the GMAW for 
IN625 overlay, as measured by Fe content in the weld over-
lay, which was less than the minimum dilution observed for 
GTAW overlays as noted above. Petrzak et al. [17] used a 
hybrid technique, cold metal transfer (CMT) and GMAW, for 
the weld overlays of IN686 and IN625. They considered two 
different WFSs of 0.7 and 0.8 m min−1, which are very low 
feeding rates in industrial-scale weld overlay but resulted 
in weldments with no imperfections and only 2% and 1% 
Fe content in the fusion zone of welded IN625 and IN686, 
respectively. However, variation of GMAW process param-
eters and their effects on microsegregation and formation of 
TCP phases have not been discussed in literature.

According to the literature, there is a lack of scientific 
information about the relationships between automatic 
GMAW parameters (specifically wire feed speed) and the 
resultant microstructure and weld quality for weld overlays 
of IN686. The objective of the present study is to investi-
gate on the effects of variation of GMAW parameters on the 
resultant weld overlay quality, with a particular focus on the 
weld metal (WM) and BM microstructure. The microstruc-
tural evolutions, such as compositional dilution, solidifica-
tion microstructure of the WM, microsegregation of ele-
ments, and phase transformation in the BM, are correlated 
with the evolution of microhardness, and the obtained results 
are used to develop a process map to optimize GMAW 
parameters for the weld overlay of IN686.

2 � Experimental procedures

2.1 � Materials

An AWS ER-NiCrMo-14 wire (equivalent to IN686) with a 
diameter of 1.143 mm was supplied by Special Metals Co. 
and was applied as the filler metal. The weld overlay sub-
strates were low-carbon steel ASME SA516-Gr.70 plate with 
dimensions of 152.4 × 152.4 ×  ~ 6.35 mm3 and the surface of 
the plates were ground prior to welding. Table 1 shows the 
chemical composition of the as-received materials.

2.2 � Welding process and design of experiment

The weld overlays were fabricated using an Encompass 
Machines, Inc. semi-automated MIG overlay system 
(MOS), which is used to control torch movement, and 
the system was equipped with a Miller Electric 350 MPA 
weld power supply and automatic wire feeding system, 
as shown in Fig. 1. For the purposes of this study, weld 
overlays were fabricated using a 33 design of experiment 
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based on Taguchi’s L27 orthogonal array in which the arc 
voltage (V), torch travel speed (TS), and wire feed speed 
(WFS) were all varied between three levels for a total of 
27 overlay conditions as shown in Table 2. The MOS and 
power supply were not synergic, allowing for independent 
control of the current (I) and wire feed speed. Thus, the 
weld current was adjusted prior to the deposition of each 
weld overlay to achieve weld beads with a reasonable pro-
file as judged by the system operator. Therefore, the total 
heat input per unit length (HI) is specified in Table 2 for 
all conditions, where:

In which η is process arc efficiency (~ 0.85 for GMAW). 
The welding current, TS, and V were maintained in real-
time by a data acquisition system to ensure the required 
heat input during cladding production. The MOS system 
tried to control and maintain the current individually at an 
average value of 190 A for all welding conditions. The HI 
is reported as linearly related to the WFS, which affects 
dilution and weld bead geometry [18]. Nevertheless, the 
effects of the WFS on welding heat input and dilution are 
studied in this research. Argon shielding gas at a flow rate 
between 17 and 18 L/min was used for fabrication of the 
overlays. The weld overlays were fabricated in the verti-
cal down (3G) position, in which the plates were fixed 

(1)HI =
60 × I × V × �

1000 × TS

(

kJ

cm

)

to a vertical wall by bolts at the four corners of the plate 
as shown in Fig. 1. A triangular weave with a horizontal 
arc amplitude of 3 mm was used during welding to miti-
gate defects [10]. Each weld overlay was comprised of 12 
overlapping tracks, where the overlap distance was equal 
to half of the measured bead width for the specific param-
eter set as shown schematically in Fig. 2. No base plate 
pre-heat was employed during the overlay procedure, but 
an interpass temperature between 200 to 300 °C was used 
between deposition of adjacent tracks. Two experiments 
(#22 and #25 in Table 2) were not welded, due to the high 
HI and low WFS (6 m min−1), which resulted in melting 
the wire to the tip of the torch.

2.3 � Dilution and microstructural analysis

Samples from the weld overlay plates were cut by water jet 
(Fig. 3 a and b) and subjected to conventional metallographic 
preparation, specifically to be able to acquire a cross-section 
macrograph, as well as for microstructure analyses by optical 
digital microscopy (Keyence VHX-970F) and scanning elec-
tron microscopy (SEM) using a Tescan Mira 3 XMU equipped 
with an energy dispersive spectroscopy (EDS) detector. Chem-
ical etching was performed with Marble reagent to reveal the 
BM section while electrolytic etching was performed with a 
10% solution of chromic acid at 2 V for 15–20 s to evaluate the 
microstructure of the WM section (IN686 alloy).

Table 1   Chemical composition of the filler metal and base metal (wt.%)

Materials Ni Fe Mo Cr W Mn Al Ti C Si Cu S P

ER-NiCrMo-14 (Filler wire) Bal 0.28 16.4 20.5 3.6 0.27 0.27 0.09 0.007 0.05 0.01  < 0.001 0.001
SA516—Gr.70 (Substrate) 0.16 Bal –   0.17 – 1.184 – 0.002 0.157 0.343 0.131     0.002 0.012

Fig. 1   Controlled and automatic 
GMAW overlay process on 
fixed plates in the vertical down 
(3G) position
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The weld geometries were measured by using ImageJ 
software on macrographs obtained from the cross-sectioned 
samples. The dilution of the weld overlay plates was cal-
culated and obtained by two methodologies. In the first 
method, the geometrical characteristics of the claddings 
were used, namely the areas of the fusion zone in base metal 
(B in Fig. 3 c) and the weld metal, above the weld interface 
(A in Fig. 3 c), which composed the melted region. The ref-
erence line (RL) was considered as the top of the nominal 
plate thickness (Fig. 3 b, c). Equation (2) shows the formula 
used to calculate the geometric dilution (Geo. D), while con-
servation of mass was used to calculate the compositional 
dilution (Com. D) in Eq. 3. The concentrations of Fe in the 
welded zone (Fewz), in the BM (FeBM), and in the filler metal 
(Fefm) were obtained by EDS measurement and calculation 
of Com. D was performed for the samples with the maxi-
mum, average, and minimum Geo. D.

Optical microscopy, SEM analysis, and EDS measure-
ments were made over large areas of the FZ (the area that the 
filler metal melted and diffused to the BM) and the WM, in 
order to evaluate solidification microstructure (i.e., dendrite 
arm spacing or DAS) and to obtain the global FZ chemical 
composition of each overlay. Volume fraction of particles 
was measured by ImageJ software. All the parameters used 
followed the recommendations of the ASTM E1245 standard 
[19]. Furthermore, all the results were analyzed according to 

(2)Geo. D(%) =
B

A + B

(3)Com. D(%) =
Fewz − Fefm

FeBM − Fefm

Table 2   Taguchi L27 DoE factors and levels and the corresponding 
calculated HI

Sample # V (V) TS (cm/min) WFS (m/min) HI (kJ/cm)

1 19 40.6 6 4.53
2 19 40.6 8 4.53
3 19 40.6 10 4.53
4 19 45.7 6 4.03
5 19 45.7 8 4.03
6 19 45.7 10 4.03
7 19 50.8 6 3.62
8 19 50.8 8 3.62
9 19 50.8 10 3.62
10 22 40.6 6 5.25
11 22 40.6 8 5.25
12 22 40.6 10 5.25
13 22 45.7 6 4.66
14 22 45.7 8 4.66
15 22 45.7 10 4.66
16 22 50.8 6 4.2
17 22 50.8 8 4.2
18 22 50.8 10 4.2
19 25 40.6 6 5.97
20 25 40.6 8 5.97
21 25 40.6 10 5.97
22 25 45.7 6 5.30
23 25 45.7 8 5.30
24 25 45.7 10 5.30
25 25 50.8 6 4.77
26 25 50.8 8 4.77
27 25 50.8 10 4.77

Fig. 2   a An example of a weld overlay sample (sample #27) and b a schematic of the weld geometry measurement
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the ASTM E1245 standard at the 95% confidence level for 
all results to be comparable with the literature [10].

2.4 � Microhardness measurement

After revealing the microstructure of all zones (e.g., WM, 
FZ, HAZs, and BM), Vickers microhardness method was 
used to analyze the hardness evolution from the top of the 
WM to the bottom part of the BM of all samples. A Wilson 
VH3100 automated Vickers hardness machine with a load of 
1 kg and a dwell time of 10 s was used for the measurements. 
A total of 3 to 5 indentations were performed in each zone 
for all conditions to evaluate the variability in the measured 
hardness value.

3 � Results

3.1 � Visual examination

Examples of typical weld overlay plates are shown in Figs. 3 
and 4 a and b. Some defects such as discrete weld lines (i.e., 
lack of fusion with the adjacent weld bead), porosity on the 
weld surface, spattering, and generally low surface quality 
were found on some weldments as can be seen in Fig. 4 a 
and b. Table 3 presents the results of the qualitative visual 
examination for all samples. No cracks or undercut were 
observed by visual inspection for any welding conditions 
studied. In some samples, discontinuity in the weld bead 
and/or discrete weld lines (i.e., lack of fusion with adjacent 

Fig. 3   a A weld overlay sample with transverse cut by water-jet, b optical macroscopy of the transverse cut sample, and c the selected areas for 
geometric dilution calculation

Fig. 4   Examples of a discrete 
weld line defects (no overlap) 
and b spattering as observed by 
visual examination
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weld bead) caused by a suboptimal combination of welding 
conditions was observed (Fig. 4 a).

The spattering performance and level of each plate was 
qualitatively categorized into five levels (as provided in 
Table 3): Level 1 means no spattering, 2: few amounts of 
fine spatters, 3: few amounts of coarse spatters, 4: high num-
bers of fine spatters, and 5: high numbers of coarse spatters 
(i.e., a mixture of fine and coarse spatters) (Fig. 4 b). The 
effect of spattering on the overlay microstructure is further 
discussed in Section 4. The surface quality of overlay plates 
is also qualitatively categorized into 3 levels: great (i.e., no 
spatter, no discrete weld lines, no porosity, and a smooth 
surface), fair (i.e., smooth surface with few amounts of fine 
spatters), and bad (i.e., non-uniform surface, discrete weld 
lines, surface porosity, and many fine and coarse spatters) 
(Table 3).

3.2 � Welding geometries and dilution

The geometries of the weld beads (i.e., bead width, pen-
etration, and weld reinforcement) and area of the HAZ 
were measured from the transverse cross sections samples 

extracted from each welded plate using Keyence VHX-970F 
digital microscope and ImageJ software. Table 4 shows the 
weld bead geometries, the maximum thickness of the HAZ 
(all zones), and the calculated Geo. D and Com. D for each 
sample as a function of the HI. Note that Com. D was meas-
ured only for select conditions corresponding to the mini-
mum, maximum, and average Geo. D.

Figure 5 a and b shows the variations of the bead rein-
forcement (R) and the penetration (P) by changing the 
WFS and the HI. The results demonstrate that when the HI 
increased, both P and R generally increased for each WFS 
value, but the WFS induced different trends. Increasing the 
WFS slightly reduced the P values (Fig. 5 a) while signifi-
cantly increasing the R values (Fig. 5 b), which is reasonable 
as more mass is deposited per unit length and, thus, more 
heat input is used to melt the wire with increasing WFS 
rather than melting the substrate.

Figure 6 a–c depicts the variations of the Geo. D vs. 
the arc voltage for different WFSs and constant TS, to 
provide separate interpretation on the effect of the voltage 
on dilution. As can be seen from Fig. 6 a–c, the dilution 
increased with increasing voltage for all three wire feed 

Table 3   Visual examination 
results for all weld overlay 
conditions. Note that samples 
22 and 25 are not included 
as a weld was not able to be 
successfully formed

S# Voltage (V) TS (cm/min) WFS (m/min) HI (kJ/cm) Spatter Surface 
Poros-
ity

Discrete 
weld 
lines

Surface quality

1 19 40.6 6 4.53 1 – – Great
2 19 40.6 8 4.53 3 – – Fair
3 19 40.6 10 4.53 5 – – Bad
4 19 45.7 6 4.03 1 – – Great
5 19 45.7 8 4.03 3 – – Fair
6 19 45.7 10 4.03 4 Yes Yes Bad
7 19 50.8 6 3.62 1 Yes Yes Bad
8 19 50.8 8 3.62 3 Yes – Fair
9 19 50.8 10 3.62 4 – Yes Bad
10 22 40.6 6 5.25 3 Yes Yes Bad
11 22 40.6 8 5.25 3 – – Fair
12 22 40.6 10 5.25 5 – – Bad
13 22 45.7 6 4.66 1 – – Great
14 22 45.7 8 4.66 3 – – Fair
15 22 45.7 10 4.66 5 Yes Yes Bad
16 22 50.8 6 4.20 2 Yes – Great
17 22 50.8 8 4.20 2 – – Great
18 22 50.8 10 4.20 2 – – Great
19 25 40.6 6 5.97 2 Yes – Bad
20 25 40.6 8 5.97 2 Yes – Fair
21 25 40.6 10 5.97 3 Yes – Fair
23 25 45.7 8 5.30 3 – – Great
24 25 45.7 10 5.30 5 – – Fair
26 25 50.8 8 4.77 3 – – Great
27 25 50.8 10 4.77 3 – – Great
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speeds and at all travel speeds. Besides, the dilution gen-
erally decreased when the TS increased for a given WFS 
and V (Fig. 6 d–f). However, the dilution remained nearly 
constant as TS increased when the WFS was at maximum 
value (10 m min−1).

Figure 7 shows the overall effect of the main welding 
parameters (i.e., V, TS, and I), through the total heat input, 
on the dilution for different wire feeding rates. In general, 
the dilution increased with increasing HI, although this trend 
was more obvious for lower WFS values of 6 and 8 m min−1. 

Table 4   Weld overlay 
geometries and calculated 
geometric and compositional 
welding dilution

Sample # HI (kJ/cm) BW (mm) P (mm) R (mm) HAZ (mm) Geo. D (%) Com. D (%)

1 4.53 12.0 0.39 2.71 2.20 9.61 12.43
2 4.53 12.3 0.25 3.15 1.90 8.10 –
3 4.53 13.2 0.24 3.60 1.80 5.19 4.99
4 4.03 11.8 0.33 2.05 2.00 8.99 –
5 4.03 12.4 0.24 2.88 1.70 6.64 –
6 4.03 13.0 0.24 3.48 1.70 5.29 –
7 3.62 11.65 0.30 2.11 1.77 7.80 9.14
8 3.62 12.5 0.25 2.50 1.82 6.01 –
9 3.62 13.0 0.21 3.43 1.60 5.15 6.44
10 5.25 12.5 0.42 2.75 2.55 10.95 8.88
11 5.25 12.2 0.49 2.81 2.47 10.00 –
12 5.25 12.6 0.33 4.00 1.75 6.06 –
13 4.66 12.4 0.58 2.40 2.40 9.51 –
14 4.66 12.5 0.52 2.87 1.93 8.24 3.77
15 4.66 13.5 0.44 3.50 1.80 6.61 –
16 4.20 12.3 0.42 2.10 1.96 8.45 –
17 4.20 13.3 0.32 2.70 1.72 7.03 –
18 4.20 13.6 0.30 3.10 1.80 6.48 –
19 5.97 12.7 0.54 2.80 1.30 4.22 7.89
20 5.97 12.7 0.63 3.40 2.90 13.63 11.21
21 5.97 12.8 0.40 3.50 3.00 7.09 –
23 5.30 12.3 0.60 2.90 2.23 9.34 8.77
24 5.30 13.0 0.49 3.45 1.80 7.13 –
26 4.77 13.1 0.48 2.95 2.30 8.34 –
27 4.77 12.8 0.51 3.31 2.10 7.43 –

Fig. 5   Variation of a welding penetration and b reinforcement with the welding heat input and the various WFSs studied
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Conversely, the effect of HI on the geometric dilution was 
less pronounced at the highest WFS of 10 m min−1. For 
instance, the dilution decreased from 9.5% (S#13) to 6.6% 

(S#15), at HI = 4.66 kJ cm−1 by increasing the WFS from 6 
to 10 m min−1, respectively.

The dilution of S#19 (V: 25 V, TS: 40.6 cm min−1, WFS: 
6 m min−1, HI = 5.97 kJ cm−1) was found to be the minimum 
value (4.22%) among all conditions, despite corresponding 
to the highest HI and lowest WFS value studied. Since the 
welding with the low WFS (e.g., 6 m min−1) and the higher 
TS failed for samples #22 and #25 (Table 2), the microscopic 
evaluation of S#19 in the weld zone revealed that the joint 
was not complete at the weld interface and, consequently, 
the penetration and dilution were very small.

The geometrical dilution (Geo. D) and the dilution 
based on EDS Fe composition measurements (i.e., Comp. 
D) are reported in Table 4. Besides, Fig. 7 shows the altera-
tion of Geo. D by increasing the HI for different wire feed 
speeds. The dilution increased in all samples by increas-
ing the heat input, except for a sample with the high-
est HI (5.97 kJ cm−1) and the lowest WFS (6 m min−1) 
which is discussed before. Samples with the highest WFS 
(10 m min−1) produced the lowest Geo. Dilutions for all 
HI values. The Fe concentration in the fusion zone and 
the corresponding Comp. D for samples #3 and #9 with 

Fig. 6   Geo. dilution a–c as function of voltage for the different wire feed speeds and at constant travel speeds and d–f as function of travel speed 
for the different wire feed speeds and at constant voltage

Fig. 7   Geo. dilution plotted as a function of welding heat input for 
different wire feed speed levels
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the WFS 10 m min−1 revealed very low dilution of 4.99% 
and 6.44%, respectively, which are close to their respective 
measured Geo. D (Table 4). Comparison between the Geo. 
D and Com. D reveals the presence of a little difference 
(e.g., S#10 and #14), which has been also reported by [8, 
10] and can be attributed to the EDS point analysis for 
Com. D and relative area measurement for Geo. D.

Figure 8 shows an EDS map and line-scan analysis of the 
chemical composition profile obtained from the weld inter-
face of sample #23 (Geo. D: 9.34%, Com. D: 8.77%). The 

line scan and elemental mapping results from the EDS anal-
ysis show a steep transition of Fe from the steel BM to the 
weld metal in the vicinity of the weld interface. It is worth 
mentioning that there is a reverse step change/concentration 
gradient for Ni, Cr, and Mo at the interface. It is critical to 
understand the local change in composition induced in the 
weld metal due to base metal dilution, as alteration of the 
weld metal chemical composition can manipulate the phase 
transformation and formation of the TCP phases, which 
mainly contain Fe, Mo, and Cr [2, 8, 20].

Fig. 8   a EDS elemental map analysis of the Fe dilution in the weld metal and b EDS line-scan analysis of the variation of elements from the BM 
toward the WM, taken from S#23
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3.3 � Microstructural evolution

This section details the microstructural features observed 
during the microscopic analysis of the applied overlay alloy 
IN686 and the base material for different conditions in this 
study. Few studies on weld overlay via the GMAW technique 
of IN686 were found in the literature and, of these, almost 
none provided any details of the microstructure evolution, 
instead only reviewing their corrosion resistance properties. 
Thus, the current results present a greater emphasis on the 
microstructure of the weldments in order to provide a better 
understanding of the metallurgical aspects and, thus, con-
tribute to the scientific and technological knowledge of the 
IN686 cladding on a substrate.

3.3.1 � The base metal

According to the heat input variation, the base metal micro-
structure can be categorized into different heat-affected 
areas. From the weld metal interface toward the BM, 5 dif-
ferent zones were identified (Fig. 9): Weld zone (WZ)-HAZ 
1, HAZ 2, HAZ 3, the HAZ to BM transition region, and 
finally the BM.

The comparison of microstructures observed in the dif-
ferent HAZs is shown in Fig. 10 (S#10, HI: 5.25 kJ cm−1). 
The HAZ mainly consists of three different microstructural 
regions: coarse-grained HAZ (WZ-HAZ 1, HAZ 2), fine-
grained HAZ (HAZ 3), and transitional zone. Figure 10 a 
shows the WZ-HAZ 1 region, which is directly adjacent to 
the weld interface (fusion zone), and is significantly affected 
by welding heat input, with peak temperatures ranging from 
900 to 1400 °C, which is appropriate for both austenitiza-
tion and grain growth [21]. The major phase components in 
HAZ1 include dominantly acicular ferrite (AF), primary fer-
rite (PF), Widmanstätten ferrite (WF), upper bainite (UB), 
pearlite, and lath martensite (M) (due to the rapid heating 
and cooling), all of which have been previously observed 

in welding of this steel substrate [22]. Below this region 
is HAZ2, which reaches a peak temperature between AC3 
(790 °C) and 1100 °C. As can be seen in Fig. 10 b, the HAZ 
2 contained AF, WF, pearlite, and ferrite with finer grains 
than the HAZ 1 due to the lower heat input. The HAZ3 
occurs when the heat input results in a BM peak tempera-
ture between AC1 (670 °C) and AC3 (790 °C), resulting in 
austenitization. However, substantial grain growth does not 
occur in the HAZ 3 due to a faster cooling rate, which leads 
to a fully recrystallized (RX) and a fine-grained microstruc-
ture (ferrite + perlite), as seen in Fig. 10 c. The observa-
tions also revealed that there was a transitional zone between 
the HAZ 3 and the BM in which partial recrystallization 
occurred at the grain boundaries of primary grains (i.e., 
‘necklaces’ of RX grains [23]) (Fig. 10 d). Figure 10 e and 
f shows the OM and SEM micrographs of the unaffected 
BM, respectively, which contains ferrite and pearlite as 
well as the microstructure features of the as-received plates 
(i.e., rolling bands). Therefore, the final appearance of HAZ 
depends upon the heat input, peak temperature, and cooling 
rate (depending on the welding heat input).

In all samples, the microstructure depends primarily on 
the chemical composition and cooling rate or the HI. The HI 
during welding affects the phase transformation and extent 
of grain refinement from the primary grains during recrys-
tallization in the BM and the HAZ zones. Figure 11 shows 
a comparison of the grain refinement in the lowest HI (i.e., 
3.62 kJ cm−1, S#8) and the highest HI (i.e., 5.97 kJ cm−1, 
S#20) samples with the WFS 8 m min−1. The difference in 
the average grain size between the unaffected BM and the 
HAZ 3 is shown in Fig. 11 b and d, from which it can be 
seen that the lower HI resulted in a smaller average grain 
size. Moreover, S#8 contains less ferrite (white needle-
shaped area) and more lath martensite (dark needle-shaped 
area) than S#20 in the HAZ 1 (Fig. 11 a and c) and smaller 
grain size in the HAZ 3 (Fig. 11 b and d) due to the lower 
HI during the weld overlay.

Figure 12 shows that the total and maximum HAZ thick-
ness (i.e., HAZ 1 + 2 + 3) increased with increasing welding 
heat input. Furthermore, as a result of increasing the WFS 
at a constant heat input, the HAZ thickness is decreased as 
more heat is required to melt the increased filler wire mass, 
revealing an inverse relationship between the WFS and the 
HI in this study.

3.4 � The weld metal

The microstructure obtained as the weld cools from the liq-
uid phase to ambient temperature is called the as-deposited 
or primary microstructure. The as-deposited microstructure 
of the alloy IN686 claddings (or the weld metal) is com-
prised of a γ-FCC matrix with precipitation of secondary 
phases in the intercellular and interdendritic regions. The 

Fig. 9   An optical micrograph of as-welded S#10 from the weld metal 
and weld zone (WZ) to the base metal (BM), delineating the different 
HAZs
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solidification microstructure was affected by the cooling rate 
changes (i.e., variations in the solid–liquid growth rate (R) 
and thermal gradient (G) which, consequently, affects the 
cooling rate (G × R)) from the weld interface or the weld 
zone toward the top surface of the overlay.

Figure  13 shows the solidification morphologies of 
the weld metal for two samples with the minimum (HI: 
3.62 kJ cm−1, S#8) and the maximum (HI: 5.97 kJ cm−1, 
S#20) heat input for the WFS 8 m min−1. The microstructure 
of the cladding layer was analyzed in three areas: the top part 
(T), the middle part (M), and the bottom part (B) of the WZ. 
As can be seen from the figure, the bottom area includes pla-
nar, cellular, and columnar dendritic grain structures, which 
suggests a rapid change in G/R in this region. The middle 
area contains a dendritic structure elongated in the direction 
of the maximum thermal gradient (i.e., roughly perpendicu-
lar to the weld interface). The top area contains an equiaxed 
dendritic structure with secondary and tertiary arms.

Figure 13 reveals that the HI altered the solidification 
morphology, specifically dendrite arm spacing (DAS). The 
DAS for all samples was measured in the B area (for primary 
dendrite arms). The DAS variations against the heat input 
are presented in Fig. 14 and Table 5. As can be seen from 
the Fig. 14, the DAS increased with increasing heat input. 
Besides, the average DAS is almost decreased with increas-
ing the WFS at the constant heat input although all the 
data begins to overlap if the reported standard deviation in 
Table 5 considered. However, the WFS can be seen to have 
a non-significant effect on the DAS when the heat input was 
constant. With increasing the WFS, at constant heat input, 
the bead width increased (Table 4), causing faster cooling 
due to more contact area with the BM at the weld interface 
and, therefore, a corresponding decrease in the DAS.

The SEM analysis of the weld metal (Fig. 15) reveals that 
the DAS affects the microsegregation of alloying elements 
and, consequently, the volume fraction of interdendritic and 

Fig. 10   Optical micrographs of 
a weld overlay sample in a WZ-
HAZ 1, b HAZ 2, c HAZ 3, d 
transitional zone, e the unaf-
fected base metal, and f SEM 
micrographs of the base metal
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intercellular precipitates. Figure 15 shows SEM micrographs 
of S#8 and S#20, which were welded by the minimum and 
the maximum heat input, respectively. It can be seen that a 
greater volume fraction and chain and elongated-shapes of 
intercellular particles are present within the sample with the 
higher HI (S#20).

Table 6 presents the volume fraction of interdendritic pre-
cipitates in the bottom areas of samples welded with WFS 

of 8 m min−1. Besides, the partition coefficient ( k = Cs

C0

 , 
which is derived from the Scheil equation) for the main ele-
ments were calculated for each sample, where Cs is the com-
position of solid at the beginning of solidification and C0 is 
the chemical composition of the liquid, and it is considered 
to be the nominal composition of the weld metal. The values 
of the k obtained for Ni, Fe, and W were greater than 1, 
which shows the tendency of these elements of being incor-
porated into the solid. The k values for Mo and Cr were less 
than 1 in all overlays, which indicates their tendency to seg-
regate into the liquid metal and interdendritic zones during 
solidification. The decrease of k for Mo with the increase of 
dilution (i.e., with increasing heat input) has been observed 
previously; Mina et al. [10] reported that Mo increased its 
segregation potential as dilution increased. Cr and W fol-
lowed a similar behavior, showing a slight decrease of the 
coefficient k as dilution increased. Maltin et al. [4] also 
observed that the coefficient k of W decreased with the 
increase of dilution of IN686. In a similar way, this reduction 
of the coefficient k of Cr with the increase of dilution has 
been also reported in previous investigations [10, 24].

Furthermore, the increase in heat input from sample #8 
to #20 led to a twofold increase in the volume fraction of 
interdendritic precipitates from 0.82 to 1.65%, respectively 
(Fig. 15 and Table 6), and the precipitated particles were 
enriched with Mo and Cr. These precipitates are elongated 
in the direction of solidification in the bottom area. Silva 
et al. [8] reported that precipitation of secondary phases in 

Fig. 11   Optical micrographs of 
a, c the HAZ 1 and b, d HAZ 
3 in weld samples by the a, b 
minimum (S#8) and c, d the 
maximum heat input (S#20)

Fig. 12   Variation of the total HAZ thickness with the welding heat 
input and WFS
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intercellular regions and interdendritic solidification grain 
boundaries are formed as a result of different levels of 
microsegregation of various elements during solidification, 
in particular Mo.

Figure 16 shows the segregation of Mo and Cr in inter-
cellular/interdendritic zones. The chemical analysis of an 
exemplary precipitate with this elongated morphology in the 
intercellular/interdendritic area revealed a slight reduction 
in Ni content and an increase in the concentration of Mo, 

indicating that it is a Mo-rich TCP phase. However, it should 
be noted that the chemical analysis by EDS was difficult due 
to the small size of the secondary phase plates. Neverthe-
less, the EDS analysis revealed that the chain-like and large 
precipitates contain Mo: 32–38 wt.%, Ni: 34–38 wt.%, Fe: 
6–7 wt.%, Cr: 21–23 wt.%, and W: 4.0–4.5 wt.%, which is 
close to the chemical composition of the σ phase in welded 
IN686 as reported by [8]. The composition of fine particles 
contains Mo: 42–48 wt.%, Ni: 24–27 wt.%, Fe: 4–5 wt.%, 
Cr: 15–17 wt.%, and W: 6–7 wt.%, which is close to the 
reported chemical composition for the P-phase [8, 10]. 
Although the μ-phase was not observed in this study, the 
cooling rates achieved during the welding process (i.e., indi-
rect relation to the heat input [25]) are significantly high, and 
the material remains for a short period of time in the trans-
formation temperature range, allowing only a partial phase 
transformation of the P-phase into the μ-phase [8, 10, 25].

3.5 � Microhardness

The average measured Vickers hardness values in dif-
ferent zones for weld overlay samples fabricated with a 
WFS of 8 m min−1 can be seen in Fig. 17 as a function of 
the heat input. The hardness value of the unaffected base 
material was similar in all samples at 168 ± 2.3 HV and is 
not shown in the Fig. 17. In general, the hardness values 
decreased with increasing welding heat input. For sam-
ples welded by heat inputs from 3.62 to 4.65 kJ cm−1, the 

Fig. 13   Microstructural evolution of the weld metal with inducing a minimum and b maximum welding heat input from the top surface (T) 
toward the bottom part (B)of the weld overlay

Fig. 14   Variation of DAS with the HI and the WFS in the bottom part 
(B) of the IN686 weld metal
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hardness values in HAZ 1 were higher than the WZ (weld 
metal near to the weld interface) and the top surface of the 
weld metal due to the higher cooling rates (i.e., induced 
by the lower heat input), which caused the formation of 
lath martensite and upper bainite in the HAZ 1, despite of 
having larger grains than HAZ 2 or HAZ 3 (Figs. 10 and 
11). The hardness values of welded samples with a heat 
input greater than 4.65 kJ cm−1 in HAZ1 were reduced 
from 295.5 HV to the range of (232–246.5 HV), which are 
close to the hardness range of the weld metal in near to the 
weld interface (233–239 HV).

The hardness values in the weld metal (near to the weld 
interface or WM + WZ) were measured to be ~ 5% higher 
than at the top surface of the weld metal (Top WM) in all 
samples. This difference is attributed to the higher cooling 
rate adjacent to the base material (in weld interface) and 
the effect of thermal gradient between the previous melt 
tracks and the track surfaces during welding and solidifica-
tion. The hardness continuously decreased in the HAZ 2 

(~ 243 to ~ 218 HV) and the HAZ 3 (~ 213 to 189 HV) by 
increasing the weld heat input.

4 � Discussion

4.1 � Weld quality

Good quality welds should be defect-free and without any 
surface cracks. No cracks were observed during the visual 
inspection of all welded samples in the current study. How-
ever, Fig. 4 and Table 3 indicate that some of the welded 
plates exhibited surface porosity, discrete weld lines, and 
spattering. The micrographs in Fig. 18 a and b reveal that 
spatter caused cracks in the overlapping boundary and 
porosity formation in the weld interface due to changing the 
cooling rate in the substrate, and they hindered the formation 
of a complete joint between the molten weld pool and the 
base material. The same defects were observed in samples 
welded using a HI of 4.5–6 kJ cm−1 and WFS of 10 m min−1.

The results presented in Fig. 6 showed that the WFS 
parameter significantly affected (i.e., increased) the bead 
height or reinforcement. On the other hand, there was no 
significant decrease in the penetration of the bead with the 
increase of the WFS. This was due to the fact that as the 
WFS increases (at a fairly constant welding current) the 
size of molten drops of filler wire deposited on the base 
metal increases which reduces the heat input (i.e., increasing 
thermal gradient) and increases the cooling rate to the base 
metal. Therefore, the penetration decreases or was nearly 
constant, since penetration is largely determined by arc pres-
sure, which is a function of current density [26, 27]. An 
increase in penetration due to an increase in HI is attributed 
to the fact that the molten filler wire easily penetrates the 
base metal and fusion takes place. As a result, an increase 
in the WFS, at a constant HI, results in more reinforcement 
for the overlayed plates.

Table 4 revealed that the bead width is dominated by 
the HI and the WFS. The higher voltages cause the bead to 
widen, since higher voltages induce high heat inputs, there-
fore, reducing the viscosity of the weld pool and increasing 
the tendency of the molten filler wire to flow and produce 
a wider weld bead as has been reported by [28]. Although 
the bead width can be reduced by increasing the TS with 
constant voltage, a simultaneous increase in the voltage (19, 
22, 25 V) and the TS (40.6, 45.7, 50.8 cm min−1) resulted 
in the bead width increasing, which indicates the dominant 
role of voltage in controlling the bead width (see samples 
#2, #14, and #26, voltage and TS are increased with constant 
WFS of 8 m min−1).

Besides, Table 4 and Fig. 7 revealed that the level of dilu-
tion induced by the GMAW parameters is another param-
eter that must be considered to optimize the GMAW overlay 

Table 5   Variation of DAS and its standard deviation with the HI and 
the WFS in the bottom part (B) of the IN686 weld metal for each 
sample#

S# for WFS-6 HI (kJ/cm) DAS (μm) ( ±)
  7 3.62 5.53 0.72
  4 4.03 5.47 0.57
  16 4.20 5.31 0.44
  1 4.53 6.94 0.52
  13 4.66 6.91 0.52
  10 5.25 8.14 0.92
  19 5.97 8.41 0.88

S# for WFS-8
  8 3.62 5.24 0.37
  5 4.03 5.3 0.89
  17 4.20 5.27 0.53
  2 4.53 6.85 0.61
  14 4.66 6.97 0.43
  26 4.77 7.84 0.42
  11 5.25 8.03 0.89
  23 5.30 8.18 0.77
  20 5.97 8.29 0.56

S# for WFS-10
  9 3.62 5.22 0.48
  6 4.03 4.94 0.68
  18 4.20 5.58 0.62
  3 4.53 6.69 0.59
  15 4.66 6.79 0.65
  27 4.77 7.81 0.34
  12 5.25 7.84 0.48
  24 5.30 8.09 0.91
  21 5.97 8.24 0.34
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parameters. Welding parameters such as HI and WFS had 
effects on the weld quality and the microstructure, and 
these parameters could change the segregation potential 
and dilution (e.g., Table 4). Arulmurugan and Manikandan 
[29] observed similar results by optimizing GTAW param-
eters in the weld overlay of IN686 alloy. Increasing dilution 
levels and, consequently, Fe concentrations in weld metal 
aggravated the microsegregation of Mo and Cr, resulting in 
a decrease in their k values [8, 30]. More dilution and micro-
segregation of Mo and Cr can reduce the welding quality and 
corrosion resistance of the overlay [8, 11, 16, 31, 32]. Hence, 
the present study confirms that the process parameters 

employed to fabricate overlay IN686 alloy on low-carbon 
steel plates can be optimized by selecting parameters that 
reduce heat input, dilution, and, therefore, microsegregation.

Therefore, regarding the results of the visual examina-
tion, weld geometries, and microscopic evolution of the 27 
welded samples produced with various conditions, the weld 
overlay of IN686 superalloy by automatic GMAW process is 
optimized and the process map is plotted in Fig. 19 accord-
ing to the successfully welded samples, the dilution level, 
and the weld heat input, and those with different micro- 
and macroscopic defects. The weld overlays of IN686 pro-
duced using WFS of 6 and 8 m min−1 and the mid-level 

Fig. 15   SEM micrographs of 
the bottom (B) and the top (T) 
areas of the weld metal in a S#8 
(HI = 3.62 kJ cm−1) and b S#20 
(HI = 5.97 kJ cm −.1) welded by 
the maximum heat input)

Table 6   Partition coefficient 
(k) of the main alloying 
elements and volume fraction 
of interdendritic phases present 
in the weld metal of the weld 
overlay samples with the WFS 
of 8 m min−1

S# Partition Coefficient (k) Volume Fraction (%)

Cr Fe Mo Ni W

8 0.974 1.041 0.892 1.060 1.071 0.82 ± 0.13
5 0.963 1.091 0.884 1.032 1.068 0.96 ± 0.11
17 0.966 1.014 0.885 1.019 1.031 1.29 ± 0.21
2 0.967 0.901 0.877 1.105 1.027 1.32 ± 0.18
14 0.951 1.063 0.869 1.075 1.022 1.39 ± 0.17
26 0.952 0.932 0.841 1.102 1.045 1.37 ± 0.14
11 0.956 1.106 0.827 1.069 1.019 1.44 ± 0.09
23 0.948 1.031 0.813 1.054 1.021 1.46 ± 0.22
20 0.928 1.046 0.777 1.070 1.015 1.65 ± 0.21
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HI (4–5 kJ cm−1) resulted in the best cladding quality. The 
lower HI conditions resulted in porosities and cracks in the 
weld interface and eventually lack of fusion between the 
weld metal and the base material. Overlays with HIs higher 
than 4 kJ cm−1 and by the greatest WFS (10 m min−1) pro-
duced weldments with more porosities and spatters on the 
surface, which decreased the surface quality; however, the 

dilution was significantly lower than weldments produced 
by the WFS 6 m min−1. Weld overlays with the high level 
of the HIs (4.5–6 kJ cm−1), in this study, resulted in three 
different behaviors: (1) no weld or no joint was obtained 
from samples with the lowest feeding rate (6 m min−1); (2) 
welded samples by the WFS 8 m min−1 induced high levels 
of dilution which is undesirable regarding the mechanical 

Fig. 16   EDS line scan analysis 
in the dendritic and interden-
dritic area of the bottom area of 
welded sample #20 with Mo-
rich TCP phase

Fig. 17   Vickers hardness (HV1) 
variation in different welding 
zones with the heat input in 
samples welded using a WFS of 
8 m min−.1
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properties of the cladding layer, and its corrosion resist-
ance; and (3) although welded samples produced by the 
WFS 10 m min−1 reduced the dilution level, it led to more 
spattering during welding (Tables 3 and 4, Fig. 18), which 
detrimentally affected the overlap layer by inducing cracks 
in the overlap boundaries and inhibiting the complete joints 
between the weld metal and the base material.

4.2 � Microstructure examination

The microstructure of the weld metal (Fig. 13) was com-
prised of elongated grains (dendritic structure) and equiaxed 
grains (or dendrites) in the bottom area and the top area of 
the weld metal, respectively, due to the variation of G and 
R throughout the weld pool. Moreover, as shown in Fig. 14, 

the DAS increased with increasing weld heat input because 
of slower cooling rates during solidification. Mina et al. [10] 
calculated the cooling rate as a result of the GTAW process 
(with dilution of more than 20%) by using Rosenthal’s equa-
tion (Eq. 4) for three dimensions to predict the cooling rate 
in the overlay:

where the cooling rate ( �T
�t

 ) is based on thermal conductivity 
(λ), welding travel speed (TS), beginning of solidification 
temperature (T) and pre-heating and/or inter-pass tempera-
ture (T0), electric arc efficiency (η) (~ 0.85 for GMAW), and 
of the arc voltage (V) and current (I). However, this equation 

(4)�T

�t
=

2�.�.TS(T − T
0
)2

�.V .I

Fig. 18   Optical images of spatters formed during welding of S#3 and its effects on a welding surface and overlap boundary, and b porosity for-
mation and lack of fusion at the weld interface

Fig. 19   Process map of auto-
matic GMAW weld overlay of 
IN686 superalloy on low-carbon 
steel SA516-Gr.70
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cannot embrace the effect of various WFS on the cooling 
rate in this study. The effect of the WFS on the DAS is plot-
ted in Fig. 14, where it can be seen that WFS generally has 
a negligible effect on DAS. Therefore, the primary DAS, 
near to the weld interface, was measured through SEM and 
optical microscopy analysis and was applied in the empirical 
Eq. 5 to obtain the cooling rate ( 𝜀̇ or �T

�t
 ) [25, 33]:

In which the model constant values were assumed to 
be the same as IN718 because IN686 has almost similar 
thermal behavior as IN718 superalloy [25, 33, 34]. As a 
result, the cooling rate for the lowest weld heat input (S#8, 
HI = 3.62 kJ cm−1) was calculated to be 2.35 × 103 °C s−1 
while the calculated value for the highest heat input sam-
ple (S#20, HI = 5.97 kJ cm−1) was 1.08 × 103 °C s−1. The 
slower cooling rate in S#20 provides more time for Fe 
dilution and Cr and Mo segregation. As shown in Figs. 7 
and 15 and presented in Tables 4 and 6, reducing the cool-
ing rate or increasing the heat input increases the dilution 
(both Geo. D and Com. D), Cr and Mo segregation, and 
the interdendritic secondary phases.

The effects of dilution on the partition coefficient (k) 
are partially associated with the phenomenon of the sol-
ubility reduction of Cr, Mo, and ~ W in the new matrix 
γ-FCC that now contains more iron. The phase diagrams 
for binary Ni-Mo, Fe-Mo, Ni–Cr, Fe–Cr, Ni-W, and Fe-W 
alloys show some differences in the solubility of the ele-
ments Mo, Cr, and W into the γ-Ni and γ-Fe matrices 
[10, 35]. Besides, the hardness results (Fig. 17) illustrate 
that in the samples with the higher heat input (and more 
dilution), the hardness of the HAZ 1 is reduced because 
of depletion Fe (Fe dilution in the weld metal) and less 
martensite formation (Fig. 11 a and c) in this zone during 
rapid solidification and phase transformation. The dilution 
of Fe into the weld metal also reduced the hardness due to 
the formation of detrimental and brittle TCP phases which 
can substantially decrease the solid solution strengthening 
of the alloy [8, 36, 37].

The presence of elongated chains of precipitates in the 
intercellular regions (Fig. 15 c) can significantly impair 
the mechanical properties of the weld overlay not only 
because they are brittle phases, but also due to their ori-
entation, providing a preferential path for crack propaga-
tion which has been also reported by [5, 8, 10, 16, 29]. 
As for the columnar dendritic growth in the middle of the 
weld metal, the volumes for the formation of secondary 
phases became narrower due to the growth of secondary 
arms, which help to break the continuity of the second-
ary phases, making smaller particles and a more tortuous 
crack propagation path.

(5)DAS(μm) = 518.39(𝜀̇)−0.592

5 � Conclusions

The present study aims to understand how welding process 
parameters affect the quality and microstructure of the weld 
overlay and optimize weld overlay parameters. Based on the 
results obtained and presented in this study on the visual 
examination and the microstructural characteristics of dis-
similar weld overlays with Inconel 686 superalloy deposited 
by the automatic GMAW process with automatic cold wire 
feeding on low-carbon steel plates, it was concluded that:

•	 The IN686 overlay on low-carbon steel by the low and 
mid-levels of wire feeding speeds and the mid-level of 
HI (4–5 kJ cm−1) resulted in defect-free cladded plates 
with the optimum surface quality (as compared to other 
conditions) and the low amount of interdendritic/intercel-
lular secondary phases.

•	 The bead width is dominated by the voltage more than 
the travel speed and the wire feed speed affects the rein-
forcement more than the penetration.

•	 Low levels of welding dilution reduce the microsegrega-
tion tendency of Cr and Mo in interdendritic areas which 
can improve clad layer mechanical and corrosion perfor-
mance.

•	 Increasing the heat input increased the DAS by reducing 
the cooling rate (increasing solidification time) which 
causes more elemental segregation in interdendritic areas 
and samples containing higher amounts of secondary or 
TCP phases.

•	 The hardness of base metal areas is substantially affected 
and reduced by increasing the heat input, due to increas-
ing the dilution of Fe from the base material to the weld 
metal (Fe depletion in HAZ 1), and the heat-affected 
zone thickness increases with increasing heat input.
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