JMEPEG (2020) 29:7843-7852
https://doi.org/10.1007/s11665-020-05292-w

©ASM International
1059-9495/$19.00

®

Check for
updates

Effect of Welding Parameters on the Liquation Cracking

Behavior of High-Chromium Ni-Based Superalloy

Amirhossein Mashhuriazar, Hamid Omidvar, C. Hakan Gur, and Zainuddin Sajuri

Submitted: 28 March 2020 / Revised: 4 October 2020 / Accepted: 17 October 2020 / Published online: 16 November 2020

Gas turbine blades working under extremely harsh operating conditions are made of superalloys. These
superalloys are exposed to various damage mechanisms, which wear them out gradually. Welding is often
preferred to repair the damaged components for cost minimization. This study aimed to investigate the
effects of flexural load, heat input, and welding speed on the weldability and intergranular liquation
cracking of high-chromium Ni-based superalloy. For this purpose, a series of Sigmajig tests designed based
on the Taguchi method with L4 array, as well as microstructure investigations and residual stress mea-
surements, were performed. The results showed that the microstructures of heat-affected zones (HAZs)
were highly susceptible to cracking during the welding process, and all of these cracks appeared in the HAZ
and grew perpendicular to the melting zone along grain boundaries. Flexural load contributed the most
substantial impact (82%) on crack propagation compared with the 9.7 and 9.2% impacts of welding speed
and welding heat input, respectively. We found that the lowest flexural load, welding speed, and heat input
are the best welding parameters to reduce the total crack lengths at the welded area of high-chromium Ni-

based superalloy.
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1. Introduction

Gas turbine blades are typically made of superalloys to
provide a long service life with a satisfactory performance
under high-temperature and high-stress operating conditions
(Ref 1-3). High-chromium nickel-based superalloy, Inconel 939
(IN-939) is a popular choice in the manufacturing of the high-
temperature components of a gas turbine. IN-939 is a
precipitation-hardened Ni-based superalloy with excellent
properties, such as high-temperature mechanical properties
and high resistance to corrosion and oxidation (Ref 4).
Extremely harsh operating conditions damage gas turbine
blades through various mechanisms, such as surface erosion
(Ref 5), hot corrosion (Ref 6), high-temperature fatigue
cracking (Ref 7, 8), oxidation, and sulfidation (Ref 9). The
manufacturing of superalloy components is costly and rather
difficult; thus, the repair and reassembly of damaged parts
might be more practical and cost-effective than replacing them
(Ref 10). Moreover, the components have complex geometries,
which are impossible to manufacture via casting or forging

Amirhossein Mashhuriazar and Hamid Omidvar, Department of
Materials and Metallurgical Engineering, Amirkabir University of
Technology, Tehran 1599637111, Iran; C. Hakan Gur, Department of
Metallurgical and Materials Engineering, Middle East Technical
University, Ankara 06800, Turkey; and Zainuddin Sajuri,
Department of Mechanical and Manufacturing Engineering, Faculty
of Engineering and Built Environment, Universiti Kebangsaan
Malaysia, 43600 Bangi, Selangor, Malaysia. Contact e-mail:
omidvar@aut.ac.ir.

Journal of Materials Engineering and Performance

processes, as they have to be fabricated in several pieces and
then assembled by welding (Ref 11).

Fusion welding has extremely limited use in the production
and repair of precipitation-hardened Ni-based superalloys (Ref
12). Ni-based superalloys contain a high volume fraction of y’,
which is the the main reinforcing precipitate in the microstruc-
ture; thus, the superalloys are very susceptible to micro-cracking
during welding, especially in the heat-affected zone (HAZ) (Ref
13). This susceptibility largely depends on the composition and
microstructure of the base metal, which can be optimized to
attain the properties needed (Ref 14). Such cracks grow along
grain boundaries in the HAZ near the weld line (Ref 15).
Although the mechanism of cracking is still unclear, many of the
studies that attempted to eliminate or minimize cracking in the
HAZ of similar superalloys focused on the following factors:
carbide precipitation between grains, which reduces the strength
of grain boundaries (Ref 16); the precipitation of the y” phase and
the depletion of grain boundaries from Al and Ti (Ref 17);
metallurgical changes during welding and the possibility of
partial melting (Ref 18); and high stress during welding. The
HAZ also has the highest residual stress in a material and very
high dislocation density (Ref 17).

Research on IN-939 superalloy is largely concerned with the
effect of heat treatment on microstructure (Ref 19) and high-
temperature mechanical properties (Ref 20). Some researchers
investigated the effect of pre-welding heat treatment on weld-
ability (Ref 15). Gonzalez et al. studied the effect of pre-welding
heat treatment on the microstructure of the HAZ and its effect on
the appearance of micro-cracks during the repair welding of IN-
939. They reported that pre-welding heat treatment has a
substantial impact on the morphology and volume fraction of y’
precipitates. The specimens whose microstructure had primary
and secondary spherical y” precipitates experienced less cracking
in their HAZ than those with square " precipitates. In another
study (Ref 21), the effect of aging temperature on the lattice
parameters was investigated, and the degree of mismatch
between the crystalline lattice of ¥ precipitate and y substrate
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was determined. The initial microstructure of the base metal has
an impact on the final microstructure of the HAZ. A lower
mismatch between Y’ precipitates and substrate results in lower
dislocation density, and consequently, lower local strain, which
leads to a substantial reduction in crack formation.

Despite the importance and widespread use of welding for
the manufacture and repair of components made of IN-939,
only a few have reported welding metallurgy, weldability, and
the reduction of cracking by adjusting welding parameters (Ref
15, 22). The impact of each welding parameter on crack length
and stress generation has not been reported in the literature.
Hence, this study aimed to examine the microstructural changes
that occur in IN-939 as a result of welding and the effects of
welding flexural load, speed, and heat input on the weldability
and residual stress generation during welding.

2. Experimental

2.1 Materials

The master alloy used in this study was obtained from the
root of scrapped and damaged gas turbine blades made of IN-

939. The material was then heated to melt in a vacuum
induction furnace and cast into square ingots. Casting was
performed at a temperature of 1450 °C and a vacuum
of ~ 107 Torr, and then the temperature was decreased
at ~ 10 °C/min cooling rate. The ingots were re-melted in a
vacuum furnace in a ceramic mold preheated to ~ 800 °C and
superheated at 1400 °C for 5 min. Finally, the ingots were
subjected to hot isostatic pressing under 103 MPa pressure at
1185 °C for 4 h. IN-939 specimens with dimensions of
10 mm x 50 mm x 100 mm were prepared as shown in
Fig. 1(a). The chemical composition of the material was
determined by x-ray fluorescence technique, and the result is
presented in Table 1. Before the welding procedure, conven-
tional radiographic examination was performed at 170 kV and
0.8 mA with a focal spot size of 2 mm for 1.3 min to evaluate
the quality of the products and ensure that the samples used for
the study have no initial defects.

2.2 Specimen Preparation and Microstructural Examination

All the specimens used in this study were subjected to
solution heat treatment for a 4-h heat cycle at 1160 °C at a
heating rate of 2 °C/min followed by furnace-cooling (Ref 22)
prior to the hot-cracking (Sigmajig) test. The pre-welding heat
treatment process was carried out in a vacuum furnace with
10~ Torr pressure. Sigmajig tests were performed to evaluate
the effect of welding parameters on the cracking behavior of
IN-939. The Sigmajig test fixture and welding torch are shown
in Fig. 1(b). The fixture holds the specimen between hardened
steel grips and applies a transverse stress before welding. A
weldment is produced in the centerline of the specimen after
pre-loading using an autogenous gas tungsten arc (GTA). The
experiments were conducted according to the welding param-
eters shown in Table 2. These parameters were selected
according to the previous study by Gonzilez Albarran et al.
on the weldability of IN-939 (Ref 23). The effect of pre-loading
was investigated by changing the flexural load, welding speed,
and heat input. The heat input energy (in kilojoules per
millimeter) of the arc was calculated by using the formula:
(V x 4 x60)/(S x1000), where V' is the arc voltage, 4 is the
welding current, and S is the welding speed or arc travel speed
(Ref 15). These parameters are essential in welding and can be
varied by changing the current.

Radiographic examination was performed after welding to
evaluate the quality of the welds. The samples were ground
using emery papers up to grade 2000, polished, and then etched

Table 2 Conditions and order of the Sigmajig test

Sample Flexural load, Heat input, kJ/ Travel speed, cm/
no. kN mm min
1 2500 2.650 18
2 2500 2.450 20
3 1250 2.650 20
Fig. 1 Sigmajig test: (a) specimens and (b) experimental set up for 4 1250 2.450 18
GTA welding
Table 1 Chemical composition of the base metal (wt.%)
Ni Al Ti Mn B Nb Mo Ta C w Co Cr
Balance 1.59 3.22 0.02 0.01 0.65 0.24 2.00 0.14 2.53 16.08 27.1
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with marble (10 g CuSOy, 50 ml hydrochloric acid, and 50 ml
water) for 7 s. Microstructural examination and quantitative
chemical compositional analysis were performed using a light
microscope and Tescan Mira3 XMU® field emission scanning
electron microscope (FESEM) equipped with an ultra-thin
window energy dispersive x-ray spectrometer (EDS), working
at 15 kV accelerating voltage. The microhardness of the welded
areas was also measured by applying a force of 9.2 N and a
dwell time of 15 s using a Vickers hardness tester. Imagel
1.44p® software was used to measure the average sizes of
different zones and the area fraction of precipitates, the number
of cracks, total crack length (TCL), and average crack length
(ACL) from five cross-sections.

2.3 Residual Stress Examination

The residual stresses of the as-welded specimens were
measured by x-ray diffraction (XRD)-sin®\y method according
to previous studies (Ref 24-27). Computer-programmed X-Pert
X-ray® was employed for XRD using a Cr Ko radiation source
(A =0.2289760 nm for Kal) working at 40 kV and 30 mA
(Model: Philips-PW1730). Scanning was performed in the
angular range of 77.99° to 81.50° in steps of 0.03° with a dwell
time of 0.80 s at each step to obtain quality data. The values
were obtained over an area of 12.0 x 0.4 mm?. Finally, the
peak shift at various angles (ranging from 0° to 33° in steps of
1.3°) and d-spacing relationship were used to estimate the

residual stresses. Finally, the stress was estimated by the
d — sin*\y diagram of the specimen.

3. Results and Discussion

3.1 Microstructure of Base Metal

Figure 2 displays the microstructure of the base metal after
hot isostatic pressing at 103 MPa and 1185 °C for 4 h. The
microstructure of the austenitic base shows clear signs of
separation and dendrite morphology (Fig. 2a). The MC car-
bides that precipitated at the grain boundaries or within the
grains are evident in Fig. 2(b). The role of carbides in Ni-based
superalloys is very complex (Ref 28). Carbides influence
mechanical properties depending on their morphology and
distribution. Ti-rich MC carbides in the form of fine blocks are
dispersed over the matrix and form discrete particles in
intergranular and intragranular positions between the dendrites
during solidification. These carbides form in the liquid phase
because of the strong segregation of C and usually have coarse
cubic or script morphology that react with Ti and Mo when
their amount is above 0.05%. Their dense, closely packed face-
centered cubic structures contribute to the strength and
chemical stability of these compounds. They are stable at low
temperatures but tend to degenerate into secondary carbides at

Gamma Prime

| |

1 um

Fig. 2 (a) Light microscope image of the base metal after hot isostatic pressing condition. FESEM images of (b) the MC carbides at grain
boundaries, (c) the microstructure of the base metal, and (d) the microstructure of the base metal after heat treatment
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higher temperatures (Ref 29), and thin films of M,3Cg Cr-rich
carbides precipitate at grain boundaries. These carbides tend to
form at grain boundaries with large angles and have high
interfacial energy. In addition, precipitation reaction is a
function of the transformation curve. Nucleation begins at
low temperatures, and a discrete morphology is observed at
intermediate temperature. Growth becomes important because
of the continuous flow of material through the diffusion
mechanism at high temperatures close to the solidus. The
carbon in M,3Cgq is distributed between the MC carbide and
matrix when the temperature is above the solvus.

Figure 2(c) shows the precipitated y* and 1 phases and the
MC carbides in the microstructure of the base metal. Fig-
ure 2(d) illustrates the microstructure of the specimen that was
heat-treated at 1160 °C for 4 h before welding. The austenitic
gamma matrix contained about 30% uniformly distributed v’
precipitates whose diameters were about 200-300 nm and had
highly disordered morphologies.

Table 3 presents the FESEM-EDS analysis of each phase
that exists in Fig. 2. The three major elements in point A are Ta
(15.90%), Ti (47.04%), and Nb (25.24%). Elements such as Ti,
Nb, Ta, and W that was detected in the chemical analysis is
known as carbides-forming elements in IN-939 and can affect
the weldability of this alloy. However, owing to the difficulty of
the EDS analyzer to quantify the light elements with sufficient
accuracy, carbon concentration was unable to be determined.
Point B contains 42.96% Ni and 22.58% Cr, which indicates a
v solid solution matrix. Point C is rich in Ni (6.68%) and Ti
(69.64%) and shows the 1 phase (Ref 30).

3.2 Sigmajig Test

Figure 3 shows the micrograph of the weld zone in a
Sigmajig test specimen. The HAZs of all the specimens
contained grain boundary cracks. All the cracks originated from
the boundary between the melting zone and the HAZ and
propagated into the base metal. Figure 4 displays the radio-
graphic images of the weld-induced cracks. The level of
cracking decreased from specimens 1 to 4. However, in this
method, the cracks can be detected only when propagated in a
direction that produces a change in thickness parallel to the x-
ray beam. Hence, the five cross-sections of the specimens were
metallographically investigated, and the lengths of the cracks at
the grain boundaries in the HAZ were measured.

Table 4 gives the TCL and average crack length (ACL) and
the size of the HAZ (SHAZ) for each specimen. The data are
given in Table 2, and the comparison of ACL and SHAZ values
in Fig. 5 indicates that the average crack length is a function of
the size of the HAZ.

3.3 Optimization

The Taguchi method was used to investigate the impact of
the variables of the Sigmajig test on the TCL (Table 2). The

effectiveness of each variable was measured by using signal-to-
noise ratio (S/N), which refers to the deviation of a parameter
value from its optimal state. A higher S/N means that a
parameter level is more favorable (Ref 31). The goal of the
study was to reduce cracking; thus, the optimization logic was
“Less is Better.” The formula of S/N is given in Eq 1.

1 n
S/N =—10log |- Yi*|.
/ og{n; l]}

The average values of S/N for the control factors at each level
are presented in Fig. 6 and Table 5. The results demonstrated
that weldability is affected by flexural load with 80% impact,
followed by welding speed with 9.7% impact, and heat input
with 9.2% impact.

(Eq 1)

3.4 Microstructure

The hardness distributions given in Fig. 7 show that the
hardness of the HAZ is lower than those of the weld metal and
base metal. TCL was positively related to the hardness of the
HAZ. The microstructure of HAZ was examined by scanning
electron microscopy and variations in the elemental composi-
tion were investigated to determine the cause of this relation-
ship. The HAZs of all the specimens were subjected to residual
stress measurement.

The variations in the chemical composition of the weld
metal, HAZ, and base metal as determined by EDS analysis are
shown in Fig. 8. The Ti and Al contents of the HAZ greatly
declined during welding, because heat generation segregates Al
and Ti, which are in the solidification stage, and enhances the
Al and Ti in the liquid (Ref 22). Some researchers also
indicated that chemical gradients can affect Y’ re-precipitation
behavior during the welding cycle; thus, the morphology and
volume fraction of different regions in this phase are necessary
to compare.

Fig. 3 Light microscope image of the weld zone

Table 3 FESEM-EDS chemical analysis (at.%) of the points indicated in Fig. 2

Ni Ti Nb Ta w Cr Expected phases
Point A 0.91 47.04 25.24 15.90 1.58 0.24 MC carbide
Point B 42.96 4.70 1.47 0.67 0.97 22.58 v solid solution
Point C 6.68 69.64 4.19 22 0.75 6.44 n
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Fig. 4 Radiographic images of (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4

Table 4 Sigmajig test conditions and the TCL, AVL, and SHAZ of each specimen

Travel speed, cm/min TCL, pm ACL, pm SHAZ, pm

18 10,943 426 400
20 11,077 528 461
20 1795 359 235
18 1108 363 210

Specimen no. Flexural load, kN Heat input, kJ/mm
1 2500 2.650
2 2500 2.450
3 1250 2.650
4 1250 2.450
600 u SHAZ
500 Ak
~ 400
B
= 300
)
£ 200
100
0
1 2 3 4
Specimen No.

Fig. 5 Comparison of ACL and SHAZ

Figure 9 shows the morphology of the ¥ phase in the HAZ
after the Sigmajig tests of the specimens. The volume fraction
of the precipitates decreased in all specimens (Table 6).

These results clearly show that the volume fraction discre-
tion might be responsible for the sudden decline in the HAZ’s
hardness. Thus, the total weld-induced crack length can be
associated with the hardness of the HAZ (i.e., the volume
fraction of y’ precipitates).

Figure 10 displays an image of the weld-induced cracks that
appeared in the HAZ. These grain boundary-type cracks started
from the boundary between the weld metal and the HAZ and
mostly grew into the base metal. Many re-melting zones were
present in the vicinity of the cracks. Figure 11 displays an
image of the cracks and re-melted layers at the grain

Travel Speed (cm/minute)

Heat input (J) Fixture Load (kN)

Average of SN ratios

T T

18 20

Signal-to-noise: Smaller is better

Fig. 6 Average S/N values at the considered levels
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Table S Response table for S/N

Flexural load, Heat input, kJ/ Travel speed, cm/

Level kN mm min
1 — 62.99 — 70.89 — 70.84
2 — 80.84 — 72.93 — 72.98
Delta 17.85 2.04 2.15
Rank 1 3 2
% 81.1 9.2 9.7
400
* o " 4 Samplel
I \ ¥ g - Sample2
= 350 L N . - Sample3
T B-u g Sample4
% 300
s
g
=
=l BM HAZ FZ
200
0 0.5 1.0 1.5

Distance from center (mm)

Fig. 7 Hardness plot of the specimens

(a)

eece Al

Ti

0 °. .o.'-o
1 2 3 4 5 6 7 8 9 10
All5 2 1 0 0 0201041316
Ti 1.4 1.3 1.7 0909 0.6 0.4 09 19 1.9
(b)

Fig. 8 EDS analysis of the chemical composition of the weld
metal, HAZ, and base metal

boundaries. The cause of the crack nucleation seems to be the
melted layer.

7848—Volume 29(12) December 2020

According to the elemental analysis of point A, Ta, Ti, and
C accounted for about 90 wt.%, which indicates the existence
of MC carbide. The results of the elemental analysis of point B
in the melted layer and point C in the base metal are presented
in Fig. 12(a) and (b), respectively. The melted area contained
Ni, C, Cr, and Co, which show the co-existence of M,;Cg
carbide and y phase. A sharp decrease in the Al and Ti contents
(from 3.97 to 2.87) and a 10% increase in Cr content were
observed from the base metal to the melted layer. This depletion
of the grain boundary from the major constituents of the y’
phase can be explained by the reversible reaction given in Eq 2
(Ref 24). According to the reaction, M,3C¢ carbides precipitate
within the grain boundaries, and y” precipitates deposit around
these boundaries. The difference between the crystalline lattice
of ¥ precipitates and the matrix creates local residual stresses
that weaken the grain boundaries and facilitate grain boundary
cracking.

MC + v — MxCs + 7' (Eq 2)

The magnified image in Fig. 13 shows that the cause of
crack nucleation is the re-melting of the adjacent area. Besides,
the presence of eutectic melting zones, such as y-y” eutectic,
can cause crack nucleation.

The cracking in the HAZ directly resulted from a reaction
between intergranular liquation and mechanical driving force
because of the tensile stresses created during welding. Miller
et al. proposed Eq 3 (Ref 32), which is related to grain
boundary cracking in the melted layers of other alloys. This
equation defined the tension needed to prevail surface tension
YsL on a grain boundary containing liquid film of thickness A:

o =2y /h, (Eq 3)

where ¢ is the stress required for separation and cracking, gy is
the interface energy, and /4 is the thickness of the melted layer.
According to this equation, weld metal with poor stress
relaxation was suitable for grain boundary cracking. Also, the
results of the hardness tests (Fig. 8) and crack length measure-
ments (Fig. 6) clearly showed that the specimens with harder
HAZ contained more cracks. Therefore, a residual stress test
was performed on the samples to know the relationship
between the hardness of the HAZ zone and stress relaxation.

3.5 Residual Stresses Measurement

Residual stresses and distortions are unavoidable in welding.
XRD is an established technique for measuring residual stress.
We discussed in detail the complete method for measuring and
calculating residual stresses in this work. The XRD measure-
ments of residual stresses near the weld bead are based on Eq 4:

___E dy —do
0¢7(1—|—D)d0( Sil’lzl,b >7 (Eq4)

where o, is the surface residual stress, dj is the stress-free
spacing of the (kkl) lattice planes, E is Young’s modulus, and v

is Poisson’s ratio. According to Rai (Ref 25), the (%2—50) in
Eq 4 is the slope, which can be calculated from the plot of d
measured at various s angles with sin’\s. Therefore, Eq 4 can

be further modified to calculate stress as shown in Eq 5:

2| £ (Eq 5)
J¢_do l—}—U. q
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Fig. 9 FESEM images of the ¥ phase in the HAZs of (a) sample 1, (b) sample 2, (c) sample 3, and (d) sample 4

Table 6 Comparison of volume fraction of y” precipitates and hardness in HAZ

Specimen no. 1 2 3 4 Base metal
v’ phase, % 24 26 22 16 37
Hardness, HV 321 £ 1 330 £ 6 313 £ 6 294 + 15 389 £ 10

Crack

Re solidification
Zone

—
50 um

Fig. 10 (a) SE and (b) BSE FESEM images of the cracks that appeared in the HAZ
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Fig. 12 EDS spectra of the (a) re-melted layer and (b) base metal

Therefore, the residual stresses can be determined from known
variables (E, dy, and v) and the slope m. The peak shift at
various angles (ranging from 0° to 33° with steps of 1.3°) and
d-spacing relationships were used for estimating the residual
stresses. Then, the sin®y versus d-spacing plot for all four
specimens is given in Fig. 14.

Table 7 depicts residual stresses calculated for each sample.
The existence of residual stresses is a very important factor in
cracking. Any factor that contributes to stress will also cause

7850—Volume 29(12) December 2020

Re solidification
Zone

Solidification
Zone

Crack Initiation

Fig. 13 FESEM image of the cracks in the HAZ

cracking. Thus, increased flexural load, heat input, and welding
speed will cause cracking.

The outcomes of the hardness tests and metallographic
investigations indicated that the total length of welding-induced
cracks increased dramatically with increased HAZ hardness. In
addition, the comparison of the residual stress and hardness test
results showed that a low-hardening base alloy, which has the
potential to relieve substantial stresses, can decrease the moving
force of intergranular liquation cracking. Thus, the resistance to
cracking will increase by reducing the hardness of the HAZ.

4, Conclusions

The effects of welding parameters on intergranular liquation
cracking formation, mechanical properties, and residual stress
generation during the repair welding of IN-939 were investi-
gated. The following conclusions can be drawn from this study:

1. The results of the metallographic investigations indicated
that the microstructure of IN-939 is very susceptible to

Journal of Materials Engineering and Performance
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Fig. 14 d, — sin®| diagrams of samples
Table 7 Residual stresses of each sample
Sample no. E, GPa v dy, A m, A 64, MPa
1 165 0.3 1.7860 0.00394 280
2 165 0.3 1.7941 0.00400 283
3 165 0.3 1.7880 0.00267 189
4 165 0.3 1.7867 0.00082 58

cracking during welding. All cracks originated from the
HAZ and grew into other areas along grain boundaries.
The melted zones were also in the vicinity of the cracks.
The results of the elemental analysis of the melted layer
showed that the melted area contains Ni, C, Cr, and Co,
which show the co-existence of M,3Cy carbide and the vy
phase.

A sudden decline in hardness was observed in the HAZs
because of the reduction in the volume fraction of y” pre-
cipitates. A strong correlation exists between the TCL
and the hardness of the HAZ. The total length of weld-
ing-induced cracks went up dramatically with the in-
crease in the hardness of the HAZ.

Residual stress measurement indicated that the mechani-
cal driving force of tensile stresses during welding has a
substantial effect on grain boundary cracking in the
melted layers. The outcomes of the hardness tests and
residual stress measurement investigations indicated that
the residual stress of welding went up dramatically with
the increase in the hardness of the HAZ.

The Taguchi method analysis showed that the cracking of
IN-939 during welding is affected by flexural load
(81.1% impact), welding speed (9.7% impact), and heat
input (9.2% impact).
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