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Abstract Inconel alloy 617 was used in the present
research because of its high strength and oxidation resist-
ance in a wide range of temperatures. In this investiga-
tion, full-penetration welding of 1.5-mm-thin Inconel 617
plates in a butt configuration was carried out with a fibre
laser welding machine of 400 W. The influence of differ-
ent welding conditions, such as welding speed, welding
power on the heat-affected zone morphology, metallurgy
and mechanical properties has been discussed in detail in
this study. Microstructures have been assessed by optical
microscope and by field emission scanning electron micro-
scope. On the other hand, mechanical behaviour has been
analysed in terms of Vickers microhardness and compared
with specimens of base materials under different welding
conditions. Tensile test has been conducted on standard
welded specimen and its tensile strength along with per-
centage elongation has been analysed and compared with
base metal specimen. Surface topography at the fractured
region of the specimen has also been studied. EDAX analy-
sis has been done at different regions of the welded samples
to study the chemical composition at various regions of the
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welded samples. During the investigation, XRD analysis
was carried out at different positions (26°) to analyse the
crystallographic structure and to get the maximum intensity
of the compound matrix at different positions. During the
microhardness test, hardness of the base metal was found
to be lower in comparison with the fusion zone due to rapid
cooling.

Keywords Fibre laser welding (FLW) - Microstructure -
Field emission scanning electron microscope (FESEM) -
Mechanical properties - Optical microscope

1 Introduction

Inconel 617 is a nickel-based super alloy. Primarily, it
is a solid solution with exceptionally good engineering
properties, such as high hardness, creep resistance, oxi-
dation resistance. It is also resistant to both reducing and
oxidizing media. This alloy is widely used in aeronautic
engineering, power plants, chemical industry and nuclear
power industry. Components made with this alloy, such
as ducting, combustion cans, transition liners, etc., are
widely used both in aircraft as well as in land-based gas
turbines. Due to the simultaneous presence of chromium
(Cr), aluminium (Al) and molybdenum (Mo) in its com-
position, this alloy is also extensively used in many oxi-
dizing and reducing environments [1]. The nickel-based
super alloys mainly gain their high temperature strength
in the austenite phase due to formation of dispersive
y’-Ni3 (Ti,Al) and y”-Ni3Nb inter-metallic particles in
this phase [2]. Homam Naffakh Moosavy et al. investi-
gated the designed precipitation-strengthened nickel-
based super alloys by using different welding parameters
with the heat input as a constant parameter [3]. Mankins
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Table 1 Chemical composition
of base metal alloy

Element Ni Cr

Fe Co Ti Si Al C O Cl

Weight% 50.79  21.13

976  1.07

1097 045 027 105 3.04 1.06 042

et al. studied the microstructure and phase stability of
this alloy. They observed the major phase emerging in the
alloy after exposure to temperature in the range of 649—
1039 °C [4]. This phase remained stable and precipitated
as discrete particles at any temperature. Cabibbo et al.
studied the microstructural modifications in the pres-
ence of the 3-phase and found a good creep response at
700 °C. This response was also compared with the result
found at 800 °C of temperature [5]. The grain bounda-
ries were observed to start displacing towards the steady-
state creep region, around which the carbides dissolved.
Shah Hosseini et al. investigated the microstructure and
mechanical properties of Inconel 617/310 austenitic
stainless steel dissimilar welds. They used three types of
filler materials, Inconel 617, Inconel 82 and 310 auste-
nitic stainless steels to obtain dissimilar joints using the
gas tungsten arc welding process. The result showed that
welds produced by 617 and 310 alloys as filler materials
give the highest and the lowest ultimate tensile strength
and total elongation, respectively [6]. Laser welding
is one of the new joining technologies that have been
receiving growing attention because of its exceptional
features and potential. This process has a number of
advantages as compared to conventional thermal join-
ing processes. High scanning velocity, low heat affected
zone, less distortion, high controllability and the ability to
produce highly intensified heat source that makes highly
precise welding possible [7]. Through this technique,
high range of complex weld geometries and configura-
tions can be attained with optimum level of productivity,
exceptional weld quality and flexibility. Due to its high
level of energy density in small spot dimensions, a nar-
row bead width, high precision and low panel distortions
can be attained with laser welding. As compared to other
available commercial lasers, fibre source laser involves
low capital investment with several remarkable advan-
tages that can improve the quality of the seam with very
high potential. A good beam quality fibre source coupled
with high continuous wave powers enables deep penetra-
tion welding as well as shallow conduction mode weld-
ing. As the low wave length of the beam allows absorp-
tion by almost all the metals and alloys, these lasers can
be useful in various kinds of materials [8]. Yuewei Ai
et al. studied the effect of various parameters, such as
laser power, welding speed and defocusing on dissimilar
material plates with a thickness 2 mm square butt weld
configuration, by using a laser source [9]. Ahmad et al.
applied a computational method to quantitatively predict
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the thermal behaviour of various locations in the weld
zone. Their results showed that the thermal behaviour in
various locations of the weld zone was in good agreement
with experimental results [10]. In the present work, it
has been suggested to use fibre laser instead of Nd:YAG
laser for welding of Inconel 617 1.5 mm thick alloy. The
fibre laser has certain advantages over CO, and Nd:YAG
lasers. The advantages are its superior quality, compact
construction and low costs of operation and maintenance.
Here, no filler metal is used, firstly, because the filler
could eventually obstruct the laser beam, thereby inter-
rupting the welding process. Subsequently, it results in
defects. Secondly, the use of high-quality fibre laser for
the welding of Inconel 617 1.5-mm-thick alloy is quite
novel and the autogenous operation could significantly
help in defect identification and its control.

The present study focuses fibre laser welding of
Inconel 617 alloy of 1.5-mm-thin sheet. The detailed
chemical composition of this material is presented in
Table 1. The emphasis has been on the microstructure
and the mechanical properties, i.e. microhardness, ten-
sile strength, etc., of the alloy in the weld zone by vary-
ing various parameters, such as welding speed and laser
power and comparing with base metal.

2 Experimental setup and procedure

A continuous wave fibre laser was used to weld the
Inconel alloy 617 sheet as specified in Table 2. Nitro-
gen (N,) was used as a shielding gas. The pressure of the
nitrogen (N,) gas was 3.0 bar. The schematic representa-
tion of a fibre laser setup is shown in Fig. 1. In order to
obtain better laser welding quality, two welding param-
eters, welding power and welding speed, were varied and
rest of the welding parameters were kept constant. The
schematic representation of CAD model of fibre laser
welding is shown in Fig. 2.

Table 2 Laser system specifications

Laser sys-  Maximum  Emission Focal length Focal point

tem output wavelength diameter
power

Fibre laser 400 W 1070 nm 30 mm 0.25 mm

welding
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Fig. 1 Setup of fibre laser welding

Laser Head

Workpiece

Fig. 2 CAD model of laser welding

Tables 2 and 3 present the fixed parameters and com-
bination weld parameters used in the present study,
respectively.

In the present study, the parent material, Inconel 617 of
1.5-mm-thin sheet, was used. The welding was carried out
with single-pass full penetration by fibre laser welding while
nitrogen was used as a shielding gas. The welding parame-
ters, such as welding power and welding speed were varied.

Table 3 Fixed parameters used in the present study

Welding parameters Value

Beam diameter in mm 0.25

Wave length in nm 1070

Focal position (mm) At the surface
Gas (N2) pressure (bar) 3

Beam angle in degree 90

Focal length in mm 30.00

For examination of microstructure at FZ (fusion zone),
HAZ (heat-affected zone) and BMZ (base metal zone), sev-
eral specimens were prepared along the transverse cross-
section of weldments. The specimens were prepared by
grinding with 400, 600, 800, 1000, 1200 and 1500 grit of
SiC paper. Grinding time for each sample was 8 min for
each grit size paper. Each sample was polished at 400, 600
and 800 grit in clockwise direction and the final polishing
was done at 1000, 1200 and 1600 grit size in the opposite
direction of that of previous three SiC papers.

The polished surface of the samples was etched at the
room temperature for 1.5 min for OM (optical microscope)
and 3 min for FESEM (Supra 55, Resolution of 0.8 nm at
15 kV, and 1.6 nm at 1 kV; 12-1,000,000x magnification;
100 V to 30 kV acceleration voltages) observations. Glyc-
eregia reagent (15 ml glycerol + 10 ml HCI + 5 HNO;)
was used for OM and a solution of HF + HNO; + distilled
water was used for FESEM. Microhardness was measured
at 200 ym of welding zones, HAZ and base material at a
load of 0.1 kg and for 10 s dwell time by using Vicker’s
microhardness tester. In the present study, the tensile test
specimens were prepared as per the prescribed standard in
the ASTM E-8. The tensile welds contain portions of the
HAZ and the laser welding zone at the centre of the fibre
laser weld, as shown in Fig. 3.

3 Results and discussion
3.1 Microstructure and XRD analysis

The images shown in Fig. 3a, b were taken with optical
microscope which shows various regions of the welded
sample, i.e. FZ, HAZ and BM, at a magnification of 20x.
The images shown in Fig. 4 were taken through
FESEM in various regions of the specimen at different
magnifications. Due to the full dynamic recrystallization,
the microstructure consisted of fine equi-axed grains.
Dendritic structure could be observed at the HAZ and FZ.
Also, partially melted zone (PMZ) was seen at HAZ. On
the other hand, fully melted zone (FMZ) was observed
at FZ. In metallurgical term, the tree-like structure of
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Fig. 3 a Represents various regions of welded samples, b represents BM and HAZ region

2pm EHT = 1080 Sigesl A= SE2 Date 280 2015
Signel A = SE2 Ooste 20 Mar 2014 ZEISS
H WO = 9.8 mm Mg« 90 00 K X Tane 1222421 H WO~ 8 imm Mag= 1800 KX Time 125025

o b
SR

i

s

EHT - 10.00 v Darte 28 Mar 201 6
WO = T rem X Tiewrm 1371032

Fig. 4 a Base material, b dendrite structure, ¢ fusion zone at 15KX, d fusion zone at 10KX

Table 4 Combination weld parameters used in the present study crystal is known as dendrite structure of materials [11].

Sample Power (W) Welding speed (mm/min) Figure 4a shows the base metal structure at 10KX, while
Fig. 4b shows the dendrite growth along the direction of

S1 340 70 recrystallization at HAZ (Table 4).

S2 320 50 The growth of dendrite structure of the sample at HAZ

S3 320 80 is due to the recrystallization of the material. When the

S4 300 90 material during welding reached its austenitic temperature
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at HAZ region, the microstructure of the material tries to
change. During re-solidification process, the molecules
started contracting and tried to minimize its area of those
surfaces having highest surface energy. Due to this con-
traction, the arrangement of the crystals seems like tree
branches and which was observed during FESEM. In met-
allurgical term these tree-like structure of crystals growing
as molten metal freezes are known to be dendrite struc-
ture. This growth direction may be due to anisotropic in
the surface energy of solid-liquid interface. The atoms
start to lose their kinetic energy as solidification proceeds.
To maintain the temperature till complete solidification
process, latent heat is released for the pure metal. During
cooling the crystal growth takes place approximated as a
parabolic needle-like crystal and grows in a shape preserv-
ing manner at constant velocity. In equi-axed solidifica-
tion, the grain size mainly depends upon the nucleation and
growth of the crystals. Figure 4c shows the microstructure
at fusion zone. The structure in this region also has dendrite
structure. But this region contains high amount of carbon
due to formation of carbide at elevated temperature which
can also be observed in the XRD graph. The molten metal
started to accumulate in the high energy density region. The
fine grain size in the fusion zone was observed and Fig. 4d
shows the structural growth at the FZ (fusion zone).

The microstructure in the weld zone is expected to be
changed significantly at a temperature beyond the effective
liquidus temperature due to re-melting and solidification of
metal in this zone.

Figure 5 shows the XRD analyses of samples which were
done to understand the crystallographic structure of the
specimen at various positions (26°). For the BM, the posi-
tion ranged from 10° to 80° as shown in Fig. 5a in which
different elements and oxides present in the alloy have been
identified at the peaks. For the welded sample, the range
was from 30° to 120° in which different compounds, such

~
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700 -
600 -
500 -
400 -

300

200 4

Intensity (Arbitrary units)

100

as nitrides, oxides and carbides of the major elements of
the alloys, were identified at the peak position as shown in
Fig. 5b [12]. Hence as compared with the base metal, more
complex grain structures were found in the coarse grain
zone (CGZ). The analysis was done at a room temperature.
The XRD graph of the BM shows the maximum percentage
share of Ni and Cr elements in the alloy as observed at the
position of 43.786°, 50.689° and 76.342°. At certain posi-
tions, Cr was present with the formation of its oxides.

The chromium nitrides (CrN) and nickel oxide (NiO)
which are dominant compound in the FZ region as observed
in Fig. 5b and the crystal structure of these compounds are
face centred cubic (fcc) crystal structure along all the direc-
tions. The identical crystal structure arrangement along dif-
ferent direction signifies the anisotropic behaviour of the
material near the FZ region. The crystal structure of other
oxides and nitrides like cobalt nitride (CoN), NiMoO,
formed in this region also found to be fcc structure of the
crystals. The formation of nitride was due to the bond dis-
sociation between the nitrogen molecules at an elevated
temperature, which made it highly unstable. This nitrogen
molecule was present due to the use of nitrogen as shield-
ing gas. In the HAZ broken carbides and carbonitrides,
grains were present. The fine needle-type grain structures
were also found in the porosity of the HAZ. In the presence
of Ni and Cr elements the solidification is always initiated
with austenite dendrites. Ni, on the other hand, formed sul-
phate at a position 18.362°. Chromium oxide prevented
further oxidation of any other element at normal condi-
tion. However, at an elevated temperature, it was not able
to resist the oxidation process due to which Ni and other
major elements, such as Co formed oxides during welding
as very high temperatures were reached. In the CGZ, fine
elongated dendritic structures were found. In case of fibre
laser welding there is high cooling rate and that leads to
fine dendritic structures in the CGZ.
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=
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Fig. 5 a XRD graph for Inconel 617 base metal, b XRD graph for Inconel 617 at weld zone
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Fig. 6 FESEM image showing porosity in heat-affected zone

However, the microstructure of the FZ is much more
complex due to the physical interaction between the heat
source and the base metal.

Figure 6 indicates a typical morphology of porosities
observed in the HAZ. It is observed that porosities appear
in the vicinity of the carbides. It is also observed that the
broken carbides remain inserted in the porosities (indicated
by the red circle).

The energy dispersive X-ray spectroscopy (EDAX) was
done at a few regions, such as at base metal and welded

region of the samples, to analyse changes in the chemical
composition of the specimen before and after welding.

Figure 7a shows the chemical composition (weight%)
observed in the FZ as indicated in the image. The amount
of carbon in the base material (BM) was about 3.04%,
which significantly increased to 5.35 %. One new ele-
ment that could be observed was a significant amount of
nitrogen. Rest of the composition was almost the same.
Hence, there was a negligible loss of alloy elements. A lit-
tle amount of nitrogen was present in the FZ as shown in
Fig. 7b, i.e. in weld zone that was due to use of nitrogen
(N,), as a shielding gas, is very stable at room temperature
and becomes unstable at a high temperature [13].

3.2 Microhardness

The hardness distributions of the welded cross-sections
were analysed with a load of 100 g using a Vicker’s micro-
hardness tester. The microhardness test was carried out at
200 pm on the surface beginning from the BM, then mov-
ing to the FZ and then coming back to the BM. The hard-
ness was found maximum at the centre of the weld zone as
compared to the BM due to its high cooling rate.

The hardness values of the fibre laser-welded FZ under
different heat inputs are depicted in Fig. 8. The maximum
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Fig.7 a FESEM photomicrograph and EDAX spectrum of the par-
ticles marked via square area in the base metal, b FESEM photomi-
crograph and EDAX spectrum of the particles marked via square area
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Fig. 8 Microhardness at different zones of weldments

hardness of FZ increased from 260.1 HV to 324.2 HV as
the power decreased from 340 to 300 W and the differ-
ence in the hardness value was 70HV between the FZ and
the BM. An increase in the welding speed from 80 mm/
min to 100 mm/min only leads to a slight decrease in the
hardness value. The hardness value of the weld zone var-
ied from 258 to 312 HV and it was maximum at 80 mm/
min [14]. In the HAZ, heat arises from the FZ. Therefore,
the hardness in the HAZ and the base metal is lower than
in the FZ and the difference is 32 HV. Figure 9 shows
the average microhardness value at different zones of the
weld. A study was conducted by Wenjie Ren (2015) by
using fibre laser welding and CO, laser welding tech-
niques on Inconel 617. The hardness value of the FZ was
259.4 and 240.1 HYV, respectively [15]. The variation of
hardness was observed in different regions. At the base
metal region the lowest hardness value and at the fusion
zone highest hardness value was observed. Various

350 4
300 4
250
200

150 4

Hardness (HV)

100 4

50 4
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Fig. 9 Average microhardness at different zones of weld

factors influence the hardness value. The microstructure
is one of the reasons because finer microstructure was
observed as the microhardness value proceeds towards
the fusion zone. The non-uniformity was due to variation
in the concentration of different alloying elements. One
more reason was the formation of carbides near and on
fusion zone at elevated temperature during welding. The
rapid cooling of the material after welding was another
reason for the high hardness value in the fusion zone.

3.3 Tensile test

Figure 10 represents the diagram of tensile specimen hav-
ing the standard dimension 160 mm x 25 mm x 1.5 mm
as I-section used in the study. Figure 11a shows a stand-
ard welded tensile specimen which were cut through
WEDM (wire electric discharge machining process). First,
the standard tensile specimens were cut into sections of
80 mm x 25 mm X 1.5 mm and then fibre laser butt weld-
ing of the specimen was done. Tensile test was done to ana-
lyse the tensile strength and the elongation of the material.
Figure 11b shows the specimen after the tensile test where
they were fractured from the welded portion. A reduction
of yield strength occurred in the weld due to the presence
of oxide and carbide in the weld bead. However, forma-
tion of nitride was due to the bond dissociation between the
nitrogen molecules at elevated temperature. The nitrogen
molecule was present due to the use of nitrogen as a shield-
ing gas. Therefore, weld failure in the FZ was observed
during tensile Fig. 12.

Samples S1 and S4, which underwent higher weld-
ing speed, presented higher values of tensile strength. As
a result, the weld ensured a high tensile strength, but the
deformation was strongly compromised. This is due to the
instability of the process and rapid cooling rate [16]. In
fact, the former led to the formation of porosities, while the
latter caused formation of brittle structures that had a high
resistance but a low plasticity.

The surface topography in the fracture zone of the ten-
sile specimen for the BM after the tensile test is shown
in Fig. 13a, b and for the welded tensile specimen in
Fig. 13c, d, respectively. The fractured surfaces of the

- 160 E
r i 75 i Vl
N L A
'y
15 25
\ 4
> 1 Y
Units: mm Wel | 30 I
R25

Fig. 10 Tensile specimen (thickness 1.5 mm)
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Fig. 11 a Tensile specimen before test, b tensile specimen after test
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Fig. 12 a Represents ultimate tensile strength of samples, b represents percentage elongation of samples

tensile samples were analysed with FESEM. The frac-
tured surface of the BM was found to display ductile type
of fractures due to presence of dimples. The fracture of
the welds occurred in the first part of the plastic field and
brittle structures were formed during solidification of the
weld pool. Despite the weld pool protection against con-
tamination by atmospheric gases, a certain amount of
brittle phases, such as oxides and nitrides, were formed.
The fractured surface of the parent metal was found to be
quite uniform with rounded edges. The crack propagation

@ Springer

growth direction seemed to be mostly perpendicular to the
axis of the specimen. In case of the welded samples, the
basic appearance was similar but a few larger dimples/
voids were found. This could be due to the presence of
micro-pores, detected earlier in microstructures. Micro-
pores may have contributed to the reduced strength value
of the welded samples.

An overall microstructural feature near the fracture
region was analysed under optical microscope at a mag-
nification of 50x. Figure 14a shows the microstructure
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Fig. 13 a Fracture of base material, b fracture of base material, ¢ fracture surface welded samples S4 (power 300 W, welding speed 90 mm/
min), d fracture surface welded samples S2 (power 320 W, welding speed 50 mm/min)

Tensile Direction

Fig. 14 a Top surface of tensile specimen before tensile test at 50X, b fop surface of tensile specimen after tensile test at 50X of S1 (power
340 W, welding speed 70 (mm/min)

of the parent material in receiving condition. After the 4 Conclusion

tensile test, the grains got elongated and a large num-

ber of micro-cracks developed along the direction of the ~ The present study focused on the modern fibre laser beam
applied force as can be seen in Fig. 14b. The elongated  welding of precipitation-strengthened nickel-base superal-
grains and micro-cracks, thus formed, could be observed  loy Inconel 617 by using various welding parameters. The
in the vicinity of fracture. results are summarized as follows:
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Due to rapid cooling rate in this welding process, the
microhardness in the FZ is found to be higher than the
microhardness in the HAZ and the BM.

After an EDAX analysis, the carbon content was
observed to have increased significantly in the weld
zone and nitrogen as a new element was found because
nitrogen was used as a shielding gas.

No solidification cracks were found in the FZ. How-
ever, a few overheated points were found in the HAZ.
The tensile strength of the specimens was found to be
about 90% of that of the parent metal, while elonga-
tions of welded samples was half of that of the BM.
Micro-pores may have contributed to the lower
strength value of the welded samples.

A reduction of yield strength was observed in the
weld. As a result, weld failure in the FZ was recorded
during tensile.

In XRD analysis, the oxygen and carbon present in the
metal was found to react with other major elements
present in the metal. As the shielding gas used for the
welding process was N, and the temperature during
welding was very high, nitrogen easily reacted with
the elements present in the metal to form nitrides.
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