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Abstract
Inconel 718 alloy is widely used in applications that require advanced strength properties especially at high temperature 
conditions. Combust room walls, exhaust parts, jet tribune blades and gas tribune equipment are the most known using areas. 
This alloy can be welded with various fusion welding methods, but TIG (Tungsten Inert Gas) welding is preferred since, it 
provides simply application, mobility and low cost. This study was aimed to clarify that how adjusting the welding parameters 
and welding automatically can help to achieve promising mechanical properties before heat treatments. The welding experi-
ments were conducted on three different welding current values and attention was paid to provide full penetration for each 
condition. The results showed that the highest welding current value which did not cause welding defects lead to decrease 
heat input due to the high transverse speed usage. Moreover, by automatically welding, the heat input was decreased to a 
minimum level that provided excellent tensile strength and elongation properties. Dendrites turned to cellular from colon. 
Hazardous zones, such as HAZ and PMZ, narrowed down. The Laves phase ratio and grain size also decreased. Microhard-
ness results confirmed these microstructure observations. The crack observations after tensile tests showed that failures were 
near HAZ in high-heat input conditions. However, failures were observed in FZ for low-heat input conditions. Additionally, 
ductile fracture and fracture similar to cleavage mechanisms were observed together due to adjusting the parameters and 
automatization.

Keywords  Inconel 718 · TIG welding · Automatic welding · Welding microstructure · Mechanical properties · Fracture 
mechanism

1  Introduction

Inconel 718 is a nickel-based austenitic super alloy, which is 
used in airplanes, rockets, ships, locomotives, power plants 
in gas turbines and in various places of petroleum. Inconel 
718 suits in applications where high strength is required 
between 760 and 982 °C. Jet tribune knife discs which are 
called “blisk” (bladed disk) can be also produced from this 

material (Fig. 1). Blisks are stretched 200 MPa longitudi-
nally at temperatures up to 1100 °C. The turbine blade foot 
reaches 700 °C and the tensile stress can reach to 500 MPa. 
Inconel 718 can be welded by various fusion welding meth-
ods [1].

Many researches were made about the effect of welding 
parameters and automatization on last decades. Q. Wang 
et al. showed that weld pool width and root depth change 
by increasing welding current while working with another 
nickel-based super alloy that is GH99 [3]. They determined 
the welding current and transverse speed as very crucial by 
observing defects after welding. Several studies and indus-
trial applications [3–6] show that the mechanical proper-
ties are linked with directly the welding parameters. Schirra 
et al. found that grain size affects the Laves phase fraction 
on non-welded Inconel 718. The specimens were on cast, 
wrought or HIP (Heat Isotactic Press) form. They indicated 
that the Laves phase arises over 982 °C and the Laves phase 
fraction can be controlled by heating time and temperature. 
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Fusion welding methods cause extreme temperatures, so the 
Laves phase occurring and grain size cannot be controlled 
while welding. The Laves phase ratio can be decreased with 
Post Welding Heat Treatment (PWHT) but it is preferred to 
never occur [7]. The well-adjusted welding parameters and 
suitable automatization was not considered before PWHT on 
their work. It was ignored that could be decreased the Laves 
phase ratio, if they adjusted accurately the welding param-
eters. Many researchers [5–9] prefer welding methods which 
are worked higher current density such as Electron Beam 
Welding (EBW) and Laser Welding (LW) due to the lower 
heat input and narrower heat affected zone (HAZ) owing 
to higher transverse speed. Nevertheless, TIG welding is 
preferred over other welding methods because of its low 
cost and simple application. It is clear that the repairing or 
restoring the machine parts require mobile and simple weld-
ing equipment. TIG welding maintains being first choice 
especially welding of damaged Inconel 718 parts. T. S. Hong 
et al. have studied automatic welding systems in detail [10]. 
They showed that narrower weld seam and homogenous 
welding are possible. Welding parameters could be adjusted 
automatically but mechanical properties that the parameters 
caused were not investigated. It was investigated by Erden 
and Maric that two pieces of 4 mm thick blank steel St-37 
were welded as manual by novices and with robot assistance 
[11]. Weld seam was more homogeneous and stable when 
welding was conducted with robotic systems that can be 
observed in Fig. 2a. Full penetration was not provided on 
the manually welded specimen as seen in Fig. 2b. Kumar 
et al. mixed Cr2O3, FeO, and MoO3 oxide fluxes to increase 
penetration on Inconel 718 parts. The powders were added 
to the mix equally. It was noticed that using fluxes can 
quintuplicate the penetration depth. Additionally, it was 
seen minimum distortion because arc stability and width 
were better. Therefore, the mechanical properties and hard-
ness were increased. Hardness in the weld centre increased 
from 236 to 265 HV. Stress elongation has decreased %7, 
while tensile strength increased %35 [12]. Although these 
improvements on mechanical properties are found effective, 

flux usage increases costs, and weld seam corrosion should 
be controlled. Flux usage is not effective for some weld-
ing positions, such as overhead, edges and corners. Ram 
et al. have investigated the effect of current pulsing on TIG 
welding of Inconel 718. Current pulsing resulted in refined 
grains and basically decreased Laves phase ratio. They have 
described the FZ, partially melted zone (PMZ), and HAZ 
transformed to visible state on microstructure observations 
[13]. The effect of current pulsing is not understood deeply 
and it is needed widely researches due to fusion welding of 
Inconel 718.

The mechanical properties of TIG welding products are 
affected by heat input dramatically. High heat input leads to 
low strength and hardness due to more cooling time. Weld-
ing voltage (V), current (I), and transverse speed (S) are 
determining parameters of heat input. The energy that is 
provided by the welding machine is not wasted just by weld-
ing. An important amount of energy is wasted on radiation 
and heating workpiece due to method losses. The amount of 
energy that is used while welding is determined by energy 
efficiency (η). Energy efficiency is variable for every weld-
ing method and it is %70 for TIG welding. The heat input 
formula is shown as in Eq. 1. Heat input affects cooling time 
and cooling ratio, so it has an important role for mechanical 
properties [14, 15].

The purpose of this article is to present optimum welding 
parameters before PWHT to reveal the real effect of weld-
ing parameters especially to be a guide for welding opera-
tors to prepare providing the best properties on their works. 
Although TIG welding of Inconel 718 was widely researched 
by previous researchers, there is not enough information 
about how the mechanical properties and microstructure 

H =
V × I × � × 60

S

Fig. 1   Blisks, made of Inconel 718 with Additive Manufacturing [2]

(b)

(a)

Deficient 
penetration

Fig. 2   a Welded with robot assistance b Manual welded [11]
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can be advanced due to adjusting welding parameters and 
automatization. In addition, this article presents an approach 
about the interrelation between heat input and work piece 
thickness, which is generally determined due to experience 
of welding operator. HAZ, PMZ and FZ microstructures of 
specimens were examined and they were associated with 
microhardness and tensile properties. The Laves phase ratio 
and grain size changes were observed on microstructure and 
associated with welding parameters. Additionally, fractured 
surfaces were analysed and related with tensile test results.

2 � Experimental studies

The dimensions of 30 × 60 mm and 1 mm thick Inconel 
718 sheets were welded manually and automatically by 
TIG adopted milling machine according to TS EN ISO 
5817:2014 standards to provide the same welding distances 
[16]. A special fixture made of copper material was designed 
to eliminate distortions while welding. According to TS EN 
ISO 6848 standards, WC20, 2.4 × 175 mm, tungsten elec-
trodes were used [17]. Tensile test specimens were prepared 
according to ASTM E8/E8M-09 standards [18]. The speci-
mens have been extracted by a software-controlled laser 
cutting machine to minimalize the heat effect. Additionally, 
rectangular parts were extracted from the sheets to use on 
microhardness tests. They were polished using conventional 
polishing methods and chemically etched with Glyceregia 
87 according to ASTM E-407-07(2015)e1 standards [19]. 
This solution includes 15 ml HCl, 10 ml glycerine and 5 ml 
HNO3 approximately. Tensile test specimens and rectangular 
parts for microstructure observations were extracted from 
welded sheets by laser cutting machine. The chemical com-
position and mechanical properties of the Inconel 718 sheet 
are given in Tables 1 and 2, respectively.

Welding parameters were mainly determined based on 
our previous study [21] and Anuradha et al. [22]. In pre-
sent work, the current usage under 30 A and upper 80 A 
caused undesired results for 1 mm thick Inconel 718 sheets 
as shown in Fig. 3a and b. The transverse speed was adjusted 

due to the full penetration throughout the weld seam for each 
work piece. It was used direct current electrode negative 
(DCEN) and 220 Volt energy. Alternative current (AC) and 
direct current electrode positive (DCEP) are rarely preferred 
for Inconel 718 welding on the literature [22–24]. DCEN 
provided better weldability compared with AC and DCEP. 
It was selected 12 l/min argon as shielding gas for all condi-
tions to provide same welding atmosphere. The parameters 
were selected randomly, but in the appropriate range for 
1 mm thickness [21]. All sheets were welded at one pass 
without filler metal. The welding parameters used in this 
study are listed in Table 3. The parameters are adjusted to 
minimize the conventional defects such as microfissuring, 
the Laves phase occurring, distortions, and melted areas in 
weld seam.

Manual welding required extra attention to adjust param-
eters, such as arc distance, transverse speed, and torch angle. 
All the manual weldments were completed by the same 
welding operator. The continuous current was preferred and 
no fluxes were used to understand the real effect of current 
properties. In automatic welding, torch angle was selected 

Table 1   Chemical composition 
of Inconel 718 sheet (mass 
fraction: %) [20]

C Mn P S Si Cr Ni Mo Nb Ti Al Fe Co

Min – – – – – 17 50 2.8 4.75 0.65 0.2 Balance –
Max 0.08 0.35 0.015 0.015 0.35 21 55 3.3 5.5 1.15 0.8 Balance 1

Table 2   Mechanical properties of Inconel 718 sheet [20]

Yield strength (MPa) Tensile strength
(MPa)

Microhardness
(HV)

725 1035 214.75

(a) (b)

Melted
zones

Deficient 
penetration

Metal 
accumulation

Fig. 3   a 20 A and b 100 A manually welded specimens
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70° as observed on manual welding torch angle. Microstruc-
tural examinations were conducted with an optical micro-
scope (OM) and scanning electron microscope (SEM). OM 
was Olympus BX51M model and SEM was FEI XL-30 
model. Vickers microhardness tests were performed with a 
Future-Tech, FM-310e machine using 200 gf load for 10 s. 
Tensile strength tests were conducted with the Devotrans 
D.V.T. model machine. It can apply 50 kN force maximum 
capacity. Tensile strength tests were conducted at 0.5 mm/
min speed.

OM and SEM were used to show general view of weld 
seam, different weld zones, and changes on grain shapes and 
sizes. Additionally, their software enabled to measure the 
width of zones. SEM was also used to analyse fractography 
properties. Microhardness tests were conducted with least 
five measures in every welding zone. It was paid attention 
to let required distances between measuring points by OM 
of microhardness machine. Tensile tests completed in same 
day to intercept atmosphere differences such as; temperature 
and humidity. Three tensile specimens were tested for each 
condition and their average test results were noted.

3 � Results and discussions

3.1 � Macro observation

Most of the studies on TIG welding of Inconel 718 are 
mainly about joining sheets thicker than 1 mm. It is observed 
that current values have been generally preferred up to 150 
A and DCEN was decided as the current type [3, 12, 25, 
26]. In our study, current values lower than 30 A resulted 
in metal accumulation on weld seam and distortion existed 
on sheets due to excess heat. Current values higher than 
80 A resulted in deficient penetration, because of extreme 
transverse speed. When the transverse speed was decreased 
on 100 A welded sheets, same defects were observed that 
were detected on 20 A welded sheets [13, 15]. This evidence 
could be seen as macroscopic on 20 A and 100 A manually 
welded specimens as shown in Fig. 3a and b. Additionally, 
it was difficult to adjust the first spark for all specimens.

A special fixture was designed to minimize the distor-
tions; even so, these two specimens were exposed to distor-
tions which could not be defeated anyway. The first spark 

in 100 A specimens led to big holes at every try, in fact, 
sometimes they existed in the middle of weld seam. This fact 
made welding impossible on 100 A, because it could not be 
obeyed by standards of TS EN ISO 5817:2014 [16]. Melted 
zones on 20 A specimens were generally at the starting of 
the weld seam because this current value required more time 
to combining two sheets at the starting than the whole work. 
This evidence also showed that these current values could 
not able to automatization, for 1 mm thick Inconel 718 sheet.

3.2 � Heat input

Low welding current usage led to deficient penetration if 
transverse speed was not decreased as shown in Table 3. 
Heat input increased %35 when transverse speed was 
adjusted due to provide full penetration. Heat input was 
decreased by elevating current that can be observed in 
Table 4. Agilan et al. focussed on effect of heat input for 
welding of Inconel 718 sheets with EBW. They affirmed 
that the weld metal cooling rate dramatically changed with 
heat input. They also detected microfissuring on the speci-
men even with lowest heat input [6]. These results can be 
amendable by adjusting transverse speed. Transverse speed 
was adjusted depending on welding current in order to pro-
vide best mechanical properties for each specimen in pre-
sent work. Excess heat leads to several problems on Inconel 
718, which is reason of low transverse speed or high current 
usage, such as niobium segregation, related to the hazard-
ous Laves phase and microfissuring in HAZ. Additionally, 
because of grain growth, excess heat is not desired. Coarse 
grains lead to unfavourable mechanical properties except 
creeping strength. Heat input could be minimized due to 
automatic welding [4, 5, 27].

Heat input data pointed out that, it was better to work 
higher current which did not let to distortions or melted 

Table 3   The welding 
parameters

Specimen Welding cur-
rent (I-A)

Transverse speed 
(mm/min)

Gas flow (l/
min)

Arc distance (mm) Torch angle (°) 

1 30 126 12 Manual Manual
2 50 245 12 Manual Manual
3 80 453 12 Manual Manual
4 80 Auto 548 12 2.40 70

Table 4   Heat input data

Specimen Current (A) Heat input (j/mm)

1 30 2200.00
2 50 1885.71
3 80 1631.79
4 80 Auto 1348.91
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zones on the weld seam owing to lower heat input. Actu-
ally, these heat input data (Table 4) can be taken as a refer-
ence for all Inconel 718 sheet welding works because of 
its 1 mm thickness. With elevating thickness on manual 
welding, current values can be adjusted owing to Table 4 by 
future researchers.

3.3 � Microstructure

Different zones were detected from FZ to base metal (BM) 
on all specimens. HAZ is generally described as two sections 
including fine and coarse noodles by several researchers that 

is shown in Fig. 4 [5, 6, 15, 25]. BM had coaxial squares and 
FZ had dendritic shape as expected.

FZ—BM crossing microstructure of 80 A manually 
welded specimen, which has captured with a high-resolution 
SEM, pointed out that HAZ narrowed as compared with 30 
and 50 A specimens. This fact resulted in a microstructure 
as shown in Fig. 4. HAZ width was measured as 68.2 µm. 
A narrow fine noodle—HAZ (PMZ) was observed. PMZ is 
known as the most rigid part of the weld seam that occurs 
due to extreme heat input. PMZ width was measured as 
21.4 µm on 80 A welded specimen. The 30 A welded speci-
men had a wide section of PMZ and irregular grains on weld 
seam. PMZ on 30 A welded specimen is shown in Fig. 7 [13, 
25, 28]. The microstructure of FZ had a dendritic shape on 
all specimens. It is shown in Fig. 5. It was observed that FZ 
dendrite size was reduced with heat input. Dendrite type was 
changing to cellular from colon. There were bright zones 
between the dendrites. These zones were observed easier on 
colon dendrites than cellular. The brighter zones are charac-
terised as the Laves phases [6, 7, 24, 25].

Decreasing of the grain size is an expected phenomenon 
with decreasing heat input. Growing of the dendrites gets 
difficult due to rapid cooling [14, 29, 30]. It is observed that 
the Laves phase ratio and grain size reduced. Dendrite size 
increased as it was gone from FZ to HAZ. There were colon 
dendrites that turned into cellular dendrites. This fact was 
seen on 80 A manually welded specimen clearly as shown 
in Fig. 6.

Dendrite shape and size affect the mechanical proper-
ties of the material. Cellular dendrites serve more strength 

FZ - dendritic

BM - coaxial square 

Fig. 4   Microstructure from BM to FZ on 80 A manually welded 
specimen

Fig. 5   FZ on manual welded 
specimens

Laves 
phases

From Colon to Cellular Dendrites

As   Heat   Input   Decreasing

30 A 50 A 80 A

Fig. 6   a FZ—cellular and b 
HAZ—colon dendrites of 80 A 
manually welded specimen

As going from FZ to HAZ

(a) (b)From Colon to Cellular Dendrites
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than colon dendrites do. Hardness increases owing to cel-
lular dendrites also. Unfortunately, it leads to a rigid material 
that is not generally desired [9, 29, 31]. The widest PMZ 
was observed on 30 A manually welded specimen which 
had the highest heat input among all specimens. It had an 
irregular grain shape and grains were seemed brighter than 
FZ dendrites. It is commented that the zone was PMZ due 
to Tanner’s prediction [32].

The low welding current extended welding time on 30 
A welded specimen, owing to low transverse speed. Low 
transverse speed led to staying at top temperature longer. 
As it was stayed at top temperature, the welding seam gets 
wider, grains grow and PMZ becomes more visible. The 
wide weld seam and coarse grains decrease strength. PMZ is 
a very rigid zone, which worsens mechanical properties. The 
PMZ on 30 A welded specimen was relatively wider than 
fine noddle-HAZ on 80 A welded specimen (Fig. 4) [32]. 
HAZ and PMZ were measured as 103.7 µm and 48.6 µm, 
respectively, in 30 A welded specimen. The widths of these 
zones are illustrated in Figs. 4 and  7 [5, 30].

3.4 � Automatic welding effect

Automatization of TIG welding provided several signs of 
progresses. According to microhardness and tensile strength 
tests, 80 A was chosen as automatic welding current value. 
Manually and automatically welded specimens were com-
pared. Less liquid metal accumulation and cleaner weld 
pool were detected on the automatically welded specimen 
as shown in Fig. 8. Additionally, automatic welding served a 
more homogenous weld seam and superb penetration.

Porous and dirty weld seam was observed due to the high 
temperature conditions facilitating oxidation because it was 
stayed on the welding pool for a long time. It was difficult 

to remain welding parameters stable, such as torch angle, 
transverse speed, and especially arc distance which are listed 
in Table 3. Although remaining these parameters stable is 
related to the experience and ability of the welding operator, 
it is not possible to eliminate all faults and provide excellent 
weld seam. It can be provided with the only automatization. 
Welding operator can lead to disappear shielding gas protect 
over welding pool in fact that was the main reason for porous 
and dirty weld seam [15, 29, 30]. Bright and green coloured 
zones were observed between dendrites on the manually 
welded specimen. Same zones were detected on automati-
cally welded specimen also. But they were observed as finer 
grains and on fewer ratios. These zones were predicted as 
the Laves phases (X) as shown in Fig. 9a and b [6, 28, 33]. 
The dendrites of manually welded specimen were seemed 
coarser and colon (Y), while the dendrites of automatically 
welded specimen were finer and cellular (Z).

The automatic welding led to finish welding in a shorter 
welding time as shown in Table 3. It decreased the heat 
input, so dendrites could not find time to grow. Cellular 
dendrites serve higher strength than colon dendrites do. 
Additionally, the Laves phase occurring due to niobium 
segregation on Inconel 718 decreases strength. As the heat 
input increased, the Laves phase had the opportunity to grow 
in microstructure also. The laves phase grains grew and the 
Laves phase ratio increased that can be observed in Fig. 9a 
[13, 33–35].

3.5 � Microhardness test results

Manually and automatically 80 A welded specimens drew 
different microhardness profiles than 30 A and 50 A manu-
ally welded specimens. Microhardness was measured from 
BM to FZ as shown in Fig. 10. Microhardness profiles of 80 
A welded specimens showed increasing patterns except for 
weld seam. 80 A welded specimens had microhardness pat-
terns that were expected following the literature [12, 28, 30]. 
However, it was detected that microhardness increased with 
welding current. 30 A and 50 A welded specimens served 
harder HAZ than FZ. These specimens required higher heat 

BM HAZ PMZ FZ

Fig. 7   Zones on 30 A welded specimen

Metal 
accumulation

Porous and
dirty weld seam

Regular and 
clean weld seam

(b)(a)

Fig. 8   a Manuel and b automatic welding seam macrographs
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inputs, included wider PMZs, and had increased Laves phase 
ratios. Alexopoulos et al. had nearly the same microhard-
ness profile in their article which is about fatigue behaviour 
of TIG welded Inconel 718. They claimed that PMZ was 
slightly harder than the rest. But, they admitted that it was 
difficult to expose the width of HAZ [36]. The microhard-
ness differences between the zones were exposed. They can 
be observed in Fig. 10. Almost the same microhardness 
profile was detected in Van et al. study which researched 
Additive Manufacture (AM) products of Inconel 718. AM 
serves different cooling rates owing to parameters, such as 
interpass time and distance from the substrate. Cooling rate 
resulted in similar microhardness profiles on AM as same as 
TIG welding regarded with interpass time. They measured 
microhardness higher because of strengthening heat treat-
ments, that was not applied in present work [37].

The Vickers microhardness profiles served a remarkable 
result that high heat input led to variable profiles. 30 A and 
50 A welded specimens had huge microhardness differences, 
especially between HAZ and FZ. This fact caused by differ-
ent cooling rates; in fact, it had more influence than the heat 
input. 80 A welded specimens showed more homogenous 

profiles although the microhardness values were higher than 
the others. Additionally, HAZ was narrower and PMZ had a 
tendency of disappearing. The 30 A welded specimen which 
had the highest heat input showed a more ductile HAZ than 
BM. That showed that annealing existed on HAZ regarded 
with the long welding time. Although it cooled faster, 80 
A automatically welded specimen had lower microhard-
ness scores than the manual one. This fact was associated 
with the advantages of automatic welding due to it provided 
homogenous and clean weld seam. The responsible of 
strength decrease are known as segregation and inclusions, 
they were minimized by automatization [15, 38, 39].

3.6 � Ultimate tensile test results

The tensile strength increased as the welding current was 
elevated. 50 A specimen had deficient strength when was 
compared with 30 A unexpectedly. Elongation was very low 
on all manually welded specimens. With automatic welding, 
the tensile strength and elongation were increased as shown 
in Table 5. A proceeding paper from Agilan et al. could not 
detect a remarkable change related to heat input [6]. Pro-
gresses on tensile strength and percent elongation are shown 
in Table 5 owing to adjustments of welding parameters.

30 A manually welded specimen was exposed to excess 
heat that led to distortions and occurrence of some undesir-
able phases but it could be an annealing effect for a 1 mm 
thick specimen. That was the main reason for better tensile 
test results when 30 and 50 A welded specimens were com-
pared in our opinion. 80 A automatically welded specimen 
served a superb strength and elongation. It was predicted 
in Fig. 9 a-b according to microstructure change. Cellular 
dendrites increased strength and reduced Laves phase ratio 
led to % 24.40 elongation amounts that was remarkable. It 
was consistent when compared with the article of Cortes 
et al. They obtain the elongation as % 25.7 ± 3.7 for semi-
automatically as-welded specimen [40].

Ramkumar et al. combined Inconel 718 and AISI 416 
with laser welding for an article in which they reached simi-
lar tensile strength values. Tensile failures were observed in 

Fig. 9   a 80 A manually and b 
automatically welded FZ micro-
structures

X

(a) (b)

Y ZX

BM HAZ PMZ BMHAZPMZFZ

Fig. 10   Microhardness profiles of the welds
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AISI 416 base metal related to the lower hardness when it 
was compared with Inconel 718. They also noted that the 
tensile cracking occurred according to heat input and trans-
verse speed, which was responsible for the Laves phases 
and microfissuring. As the AISI 416 side of specimens rup-
tured, the tensile properties of Inconel 718 were obscure 
[41]. Elongation on all weld seams and failures are illus-
trated in Fig. 11.

The specimens failed in different zones. 30 and 50 A 
welded specimens failed near HAZ, while 80 A welded spec-
imens failed in weld centre. These parts of the weld seam 
had a hardness decrease that can be seen in Fig. 10. Ram 
et al. detected that the specimens which are solution treated 
and aged at 980 °C exhibited the best tensile properties and 
failed in weld centre same as in our present work [42]. Addi-
tionally, weld seam widths were measured after rupture. The 
widths were obtained as 2.97 mm, 2.86 mm, 3.45 mm, and 
6.03 mm, respectively. 30 A weld seam was wider than 50 
A weld seam that proving the tensile test results (Fig. 9a and 
b). The elongation on the weld seam increased by nearly 
%75 owing to automatic welding (Fig. 11c and d). 80 A 
welded specimens failed in weld centre had also more weld 
seam elongations. Huda et al. welded X100 pipes with two-
pass submerged arc seam method. Failures were detected 
in HAZ, averagely 1 mm out of the FZ, even in two-pass 
welded specimens. It is known that the increasing elongation 
rate indicates more ductile material [43, 44].

3.7 � Tensile fracture analysis

Fractured surfaces can be observed in Fig.  12 that 
includes fractured surface of non-welded state along 
with four welded specimens. The dendrite types var-
ied by heat input were examined previously. The grains 
for all conditions were consistent with the microstruc-
ture observations. Fractured surface of non-welded 
Inconel 718 showed a conventional high strength and 
ductile superalloy fracture micrograph. A.Safarzade et. 
al. detected the same fractured surface on Inconel 625 
which is another nickel-based superalloy [45]. Coaxial 
square grains, wide dimples and fibrous surface can be 
observed that presents an intergranular ductile fractur-
ing character (Fig. 12a). Fractured surfaces of 30 A and 
50 A manually welded specimens were similar to each 
other. They exhibited colon dendrites with dimples and 
fracture was intergranular as same as non-welded state 
(Fig. 12b and c). 80 A manually welded specimen varied 
with the other manually welded specimens because, it had 
mostly cellular dendrites (Fig. 12d). Fractured surface of 
80 A automatic welded specimen exhibited two differ-
ent fracture characteristic which were intergranular and 
transgranular. Fracture similar to cleavage was observed 
as seen in Fig. 12e. This type of microstructure indicates 
a brittle fracturing characteristic. Additionally, fracture 
micrograph of 80 A automatically welded specimen had 

Table 5   The ultimate tensile 
test results

Specimen Tensile strength 
σ-(MPa)

Young module 
E-(Mpa)

Elongation 
Δl-(mm)

% Elongation Max. force F-(N)

30 A-M 430 11,670 1.23 3.97 2580
50 A-M 403 15,564 0.91 2.94 2415
80 A-M 454 10,333 1.40 4.52 2725
80 A-A 686 2993 7.55 24.40 4115

Fig. 11   a 30 A-M, b 50 A-M, c 
80 A-M, d 80 A-A failures (a)

(b)

(c)

(d)

Failure in 
boundary 

of weld 
centre  

Failure 
middle in 

weld centre    

2.97
mm

3.45
mm

2.86
mm

6.03
mm
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dimples that occurred due to ductile fracturing mecha-
nism. Nevertheless, intergranular ductile fracture was the 
major mechanism. Dendrites were cellular as on 80 A 
manually welded specimen [45, 46].

The mixed fracture mechanism of brittle and ductile was 
commended on as a result of automatic welding that served 
relatively high strength and elongation. Z.K. Teng et al. 
admitted that the mixture fracturing mechanism exhibited 

the best fracturing properties [47]. Fractography obser-
vations were consistent with the tensile test results and 
microstructure.

Fig. 12   Fractured surfaces a 
Non - welded, b 30 A manu-
ally welded, c 50 A manually 
welded, d 80 A manually 
welded, e 80 A automatically 
welded

(a) (b)

(c) (d)

(e)

Dimples

Coaxial grains

Intergranular Fracture Intergranular Fracture

Intergranular Fracture Intergranular Fracture

Intergranular + Transgranular Fracture

Dimples

Colon 
Dendrites

Dimples

Cellular 
Dendrites

Dimples

Colon 
Dendrites

Dimples

Cellular 
Dendrites

Fracture Similar to Cleavage
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4 � Conclusions

The data provided by mechanical tests and microstructure 
observations provided considerable results. Welding current 
fewer than 30 A resulted in metal accumulations and distor-
tions due to low transverse speed. Current values upper 80 
A resulted in melted zones, because of extreme energy that 
was provided. However, heat input was decreased by nearly 
%25. HAZ and PMZ widths decreased nearly to half due to 
low-heat input conditions. Grains were finer and the Laves 
phase ratio was fewer. Automatic welding provided reduced 
microhardness especially on HAZ and it minimized PMZ 
width for all conditions. High heat input caused annealing on 
30 A welded specimen. 30 A welded specimen was subject 
of elongation more than 50 A welded specimen. It proves the 
annealing effect. 80 A manually welded specimen had better 
strength and elongation. 80 A automatically welded speci-
men exhibited excellent tensile and elongation properties as 
a result of elimination welding operator mistakes. Owing to 
the automatic welding, the tensile strength was increased 
approximately %50, while the elongation increased to five 
times. The high heat input caused failures near HAZ at 30 
A and 50 A welded specimens. 80 A welded specimens 
ruptured in FZ owing to heat input decrease. Manually 
welded specimens showed ductile fracturing character while 
automatically welded specimen had a mixed of fracturing 
mechanism.
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