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Thin sheets of N155 superalloy were welded by AMS 5832 filler metal using gas tungsten arc welding
(GTAW). The purpose of this study is to investigate the characterization of microstructure and texture
across the weldment using electron backscatter diffraction (EBSD) technique. The results indicated that
N155 superalloy with the crystal lattice (FCC) experienced annealing process before the welding, which
made a lot of coherent twins be created in the base metal due to low stacking fault energy (SFE). Moreover,
the coherent twins were created mainly in the heat-affected zone by the presence of cumulative stresses of
the molten pool solidification shrinkage. Having the same crystal lattice (FCC), the base metal and the weld
metal resulted in the formation of epitaxial grains with the preferred growth direction in the weld metal.

Keywords AMS 5832 filler, coherent twins, electron backscatter
diffraction (EBSD), epitaxial grains, N155 superalloy,
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1. Introduction

N155 superalloy has excellent resistance in high-tempera-
ture corrosive environments (Ref 1-3). Multimet N155 is a
nickel-chromium-cobalt alloy with additions of molybdenum
and tungsten used typically in parts requiring high strength up
to 1350 °F and oxidation resistance up to 1800 °F (Ref 1).
N155 superalloy sheets with a variety of alloying elements
experienced hot deformation, and then they were heat treated at
1176 °C prior to being quenched in water (annealing process),
so this is a solid solution and has sufficient flexibility to provide
for fusion welding (Ref 1, 2). After the full recrystallization
during hot deformation, a suitable annealing treatment is
necessary to improve the microstructures, and to reduce the
large residual stress and microcracks. However, due to the
unavoidable grain growth during annealing, the final properties
of the superalloy can be changed (Ref 4, 5). Twinning is said to
have three main sources: mechanical deformation, annealing
and transformation (Ref 6). Annealing twinning often occurs in
FCC metals, especially in alloys with low stacking fault energy
(SFE) (Ref 7). Iron element is not expected to twin unless its
SFE is reduced by solid solution (Ref 8) such as NI155
superalloy. Chen et al. (Ref 9) and Jin et al. (Ref 10) presented
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the development of annealing twins during recrystallization and
grain growth in pure nickel alloys, and noticed that the grain
boundaries movement and the establishment of cube texture
could increase the production of annealing twins.

In this study, thin sheets of N155 superalloy were welded
using the pulse current that can affect the microstructure of the
joint, hence affecting the mechanical properties of the joint.
Zhang et al. (Ref 11) showed that using a pulsed current system
in the TIG welding process makes the grain orientations be
dispersed and grain size smaller in the weld metal of nickel-
based superalloy. N155 superalloy is used in numerous aircraft
applications including tail cones and tail pipes, exhaust
manifolds, combustion chambers, afterburners, turbine blades
and buckets; therefore, welding this sensitive alloy with
suitable filler metal is an important part of the manufacturing
process. There is only limited published literature reported on
the welding of N155 superalloy with pulse current mode,
let alone EBSD examination of weldment joint. According to
the low thickness of N155 superalloy sheet (0.6 mm), it was so
difficult to set TIG welding parameters to weld this alloy with a
butt joint design by GTAW welder. Moreover, pulsed current
gas tungsten arc welding (PC-GTAW) is more economical
compared to high-density welding techniques and does not
have the problems like vacuum generation and reflection issues.
The aim of this study is to investigate the important charac-
terizations of microstructure, which have an important role in
determining and explaining the mechanical and corrosion
properties such as annealing twins in the base metal (BM) and
the heat-affected zone (HAZ), epitaxial growth in the weld
metal (WM), grain orientations and distribution of boundaries
across similar N155 superalloy weldment joints by austenitic
filler metal (AMS 5832) using the EBSD technique. It should
be noted that dendritic structures are only noticeable in optical
microscopic images of the weld metal and it is difficult to detect
grain boundaries in these images; therefore, the EBSD
technique is necessary to determine the important characteri-
zation of the weld metal microstructure. Moreover, mechanical
properties such as microhardness and tensile strength of the
joint were investigated by the microstructure results.
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2. Experimental

Thin sheets of N155 alloy with a thickness of 0.6 mm were
welded by AMS 5832 filler metal and by using pulsed current
gas tungsten arc welding (PC-GTAW). The chemical compo-
sitions of both of them are given in Table 1, and details of the
welding process are given in Table 2.

The microstructures were examined by Hitachi SU6600
scanning electron microscopy (SEM) equipped with electron
backscatter diffraction (EBSD). The diamond polished samples
were subsequently polished with 50-nm colloidal silica slurry
for 6 h using VibroMet 2 Vibratory polisher (Buehler). To
obtain orientation maps, an accelerating voltage of 20 kV, a
working distance of 15 mm and a step size of 50 nm were used;
in addition, ATEX software was used to obtain EBSD data
visualization. According to Fig. 1 in which WD, FD and ND
are welding direction, filling direction and normal direction,
respectively, ND is parallel to the rolling direction of the base
metal.

To examine the microhardness, Vickers method was used
with a 100-gf load at intervals of 500 pm. The specimens of the
tensile test were prepared according to the ASTM E8 standard;
the tensile test was carried out with a crosshead velocity of
1 mm/min at ambient temperature. It should be noted that three
numbers of samples are tested to check the data reproducibility.

3. Results and Discussion

3.1 Microstructure and Texture of the Base Metal (BM)

The base metal with low stacking fault energy (SFE) was
exposed to annealing process and recrystallization prior to
welding. Low SFE metals such as copper, austenitic superalloys
or steel contain a high amount of annealing twins (Ref 12). The
“coherent twin” is a <111> symmetrical tilt boundary, and
the “incoherent twin” is a <112> symmetrical tilt boundary
(Fig. 2b). Annealing twinning is created for two reasons: (1) to
redirect grain boundaries so as to simplify dislocation absorp-
tion and movement during recrystallization (Ref 13), (2) to
reduce the entire surface energy when the energy of the
boundaries between neighbors of a grain and its twin would be
less than that of those between the neighbors and the grain itself
(Ref 14). The coherent twins have a significant effect on the
microstructure in terms of dislocations slip. It has been
accepted that dislocation movement through a X3 is never a
direct transmission; therefore, the twins are effective barriers to
slip (Ref 15, 16).

In heavily rolled sheets of metals with the crystal lattice
(FCC) and medium-to-high SFE, recrystallization usually leads
to an increase in the cube texture with a {100} plane parallel to
the rolling plane and a <100> direction along the rolling

direction (Ref 17). The lower the SFE makes, the more cube-
twin orientations are formed in the recrystallization texture (Ref
17). According to inverse pole figure (IPF) of the BM (Fig. 2c),
compression of lines with greater texture intensity in the
direction <001 > has remained from cube texture with a
{100} plane parallel to the rolling plane and a <100>
direction along the rolling direction. Moreover, it has medium
texture intensity in the direction <111> due to cube-twin
orientations in the recrystallization texture (Fig. 2c).

When the metals with medium and low SFE experience the
recrystallization, the orientations, which are specified by angles
in the range (25°-45°) around axes mostly grouped such as
<122>, <012>, <112> and <111> directions (Ref 18),
can be created. It should be noted that these can be the axes
grouped around the normals of all four {111} planes (i.e.,
undergoing twinning in recrystallized grains) (Ref 17). In
sheets of FCC metals or alloys of low SFE, the cube texture
does not extend during recrystallization. Instead, a texture
appears with a main component {236} <385>, which is near
{113} <211> (Ref 18). Based on the obtained ODFs (Fig. 3),
the main components include strong recrystallized brass,
BR = (236) <385> and Y-fiber along with Taylor or Dillam-
ore, D=4 4 11) <11 11 8> and weak RG, rotated
Goss = (011) <110, and other components (001) <1 —2
0>, (111) <1 =2 1>,(1 —10) <111> and (111) <—1 —1
2> ; and these components are usually found in the modified
structure of recrystallization (Ref 17, 19).

3.2 Microstructure and Texture of the Heat-Affected Zone
(HAZ)

The heat-affected zone can be divided into two regions
based on their distances from the fusion line. The coarse grains
structure was formed next to the fusion line due to the larger
amount of the weld heat that reaches this region; and the fine
grains structure can be seen near the base metal due to the
smaller amount of the weld heat that reaches this region, which
was less affected by the weld thermal cycle and where the grain
growth was less (Fig. 2b).The weld thermal cycle in the heat-
affected zone (HAZ) close to the fusion line makes intense
microstructural changes in the base metal microstructure (Ref
20, 21). It is believed that twinning occurs either to relieve local
stress or to adopt local strain (Ref 22).

Poorhaydari et al. (Ref 23) figured out that the weld effect,
especially thermal stress, is an important reason for twinning in
the HAZ of low carbon steels. They noticed that the weld
thermal stresses/distortions and possibly hydrogen pickup
could improve twinning. Hwang and Bernstein (Ref 8) figured
out that soluble hydrogen decreases the interatomic energy in
iron, resulting in easier separation of the dislocation core and,
therefore, helping twin nucleation and growth. Twins can be
made due to the internal pressure from the formation of
molecular hydrogen in defects.

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

wt.% C Si Mn Cr Co Ni Mo w Nb Al Ti Fe
N 155 (base metal) 0.12 1 1.5 21.5 21 3 2.5 1 Bal.
AMS 5832 (filler metal) 0.08 0.35 0.35 19 52.5 3.1 5.1 0.5 0.9 Bal.
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Table 2 Welding parameters used in the current work

Parameter

Value

Shielding/purging gas
Shielding gas flow rate
Purging gas flow rate
Filler rod diameter
Welding electrode
Electrode diameter
Polarity

Voltage

Frequency

Welding speed

Lty
Iy (pulse current) = 2Xotht

99.999% pure argon

12 L min~!

15 L min™"'

1.6 mm

AWS AS5.12 EWTH-2 (98% W + 2% ThO,)
1.6 mm

Direct current electrode negative (DCEN)
7.8V

120 Hz

4 cm min~!

15 A

+1
I, (peak current) = 20 A and I, (base current) = 10 A, ¢, (peak current duration) and ¢, (base current duration)

FD Weld Metal

Fig. 1 (a) Front of the welded sample, (b) back of the welded sample, (c) sketch map of the EBSD specimen preparation

N155 superalloy has a low thermal conductivity (12 w/m.k(,
which makes the HAZ grains experience high temperature for a
long time, so it makes the grain growth and twins formation
increase in the region next to the fusion line. The EBSD map of
the heat-affected zone (Fig. 2b) shows blue twins. The intensity
of coherent twin formation is very high in the HAZ; therefore, it
makes the highest texture intensity in the direction of <111 >
(Fig. 2c¢).

According to Fig. 4, the intensities of components such as
RG and D decreased; however, components BR and (1 —1 0)
<I111> and TWGC: First-generation Cube-twin = (122)
<212 > are reinforced by twining, thus increasing the intensity
texture that is in the direction of <111>.
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3.3 Microstructure and Texture of the Weld Metal (WM)

According to Fig. 2(a), all regions include a single austenite
phase with the face-centered cubic lattice (FCC), marked in red,
and indicate that the base metal and the weld metal have the
same crystal lattice (FCC) and result in the formation of
columnar dendrites with the preferred or easy growth orienta-
tion <100> along the maximum thermal gradient arising in
the WM (Ref 24, 25). During molten pool, solidification grains
tend to grow in the orientation perpendicular to pool boundary
because this is the orientation of the maximum temperature
gradient and results in maximum heat extraction. However,
columnar dendrites or cells inside each grain tend to grow in the
preferred or easy growth orientation which is <100> for both

Journal of Materials Engineering and Performance



C

(001) (101)

013 012 023 oI

nnealing twins|

Fig. 2 EBSD maps across the weldment: (a) phase color map, (b) ND IPF map of austenite, (c) triangle of ND inverse pole figure of austenite,

(d) the optical micrograph across the welded joint (Color figure online)

FCC and BCC materials (Ref 24). Basak et al. (Ref 26) showed
that the epitaxial growth is heterogeneous nucleation, whose
nucleus is nucleated from the liquid phase contacted by a solid
substrate.

According to Fig. 2(b), in the junction between BM and
WM, it can be seen that coarse and long epitaxial grain (red
color) grew in the easy growth direction <001>, which
contains columnar dendrites, where the highest temperature
gradients and G/R ratios (G: temperature gradient, R: growth
rate) are high (Ref 27). The extension of the epitaxial [001]
directed dendrites adjoining to the BM can be observed
(Fig. 2b). The fastest growth orientation for an FCC crystal is
the <001 > orientation, and hence grain growth is expected to
be along <001 > crystallographic directions (Ref 28, 29).

Away from the fusion line, an orange grain is seen close to
the middle of the WM whose orientation is <013 > and where
the grain structure is dominated by a different mechanism
known as competitive growth (Fig. 2b). The highest texture
intensity is also <013 >, which can indicate the deviation of
grain orientation from the preferred growth orientation <001 >

Journal of Materials Engineering and Performance

(Fig. 2¢). Pollock and Murphy (Ref 30) studied the single
crystal solidification in high-refractory nickel-base alloys at
different cooling rates. They observed a sharp columnar to
equiaxed transition (CET) when thermal gradients were high.
For GTAW, welding would be expected to have a sharp CET
because of the greater G, and thus a faster (G/R) ratio and
higher cooling rate (G.R).

The formation of equiaxed grains is steadfast with the lower
G/R ratio expected to grow in the middle of the WM (Ref 31,
32). Thus, the directed columnar dendrites structure next to the
BM and randomly directed equiaxed structure in the middle of
the WM can be explained by different G/R ratios experienced
by fusion welds at these positions. According to Fig. 2(d), the
fine dendrites, which are inside equiaxed grains in the center of
the WM, are seen.

Based on careful analysis of the WM, some grains are seen
in two states as pale and bold color together similar to the pale
and bold blue or green that indicate the residual and cumulative
stresses due to the weld metal solidification; thus, it affected the
colors of grains which are not as the uniform color.

Volume 29(3) March 2020—1967
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Fig. 3 Constant @2 sections of the orientation distribution function
in Euler space in multiples of random density (MRD) for N155 base
metal (BM)
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Fig. 4 Constant @2 sections of the orientation distribution function
in Euler space in multiples of random density (MRD) for the heat-
affected zone (HAZ)
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3.4 Grain Boundary Character Distribution

According to the coincident site lattice (CSL) misorientation
angle between adjoining grains, boundaries are classified into
two categories: (1) The misorientation angle with
2° < 0 < 15° is referred to as low-angle grain boundaries
(LAGBs or X1 boundaries), (2) The misorientation angle with
0 = 15° is reported as high-angle boundaries (HAGBs). For
HAGBs, the grain boundaries with a low CSL value
(1 < X £ 29) are reported as “specific” grain boundaries,
whereas others are known as random HAGBs (Ref 33). The
specific high-angle boundaries are the relatively coherent
interfaces, which have excellent atomic fit and contain few
crystalline defects, i.e., low X values, are known to have low
grain boundary energy compared to random high-angle grain
boundaries (Ref 34).

A high concentration of annealing twins (£3"; n = 1, 2, 3)
can modify the fatigue resistance (Ref 35) and hot corrosion
resistance of nickel-based superalloys (Ref 36). The generation
of 29 and 227 boundaries is ascribed to the multiple twinning.
According to Fig. 5(a) and (b), in the base metal, it can be
found that a lot of annealing twin boundaries with special
characters, especially X3, are characterized by 60° rotation
around < 111> axis (Fig. 6 and 7), but the fractions of £9 and
227 boundaries were extremely limited compared to that of £3
boundaries. Moreover, coherent annealing twin boundaries with
23 are the interesting features in polycrystalline superalloys
due to their lowest grain boundary energies among low CSL
boundaries (Ref 37). In addition, formation of coherent twins
can stabilize the HAZ and increase the density of grain
boundaries with high angles (HABs) (Ref 38). Thus, according
to Fig. 8, there are 99.27% of high-angle boundaries (HABs)
with misorientation angles larger than 15° in the HAZ. High
fraction of HABs with low X values can be seen in this area
(Fig. 7). Thus, if a crack is formed, it cannot be easily spread
through HABs with low X values.

According to Fig. 5(b), high-angle boundaries (HABs) with
specific £ and low energies are found in the epitaxial
boundaries and near the interface associated with the base
metal, which indicates excellent geometric matching in the
boundaries. On the other hand, as we approach the center of
welds (equiaxed grains), the density and length of the CSL
boundaries are reduced, which indicates an increase in the
randomized boundaries with high angles.

Figure 5(c) (KANM across the weldment) shows the
increase in density of low-angle or subgrain boundaries (LABs)
with misorientation angles of smaller than 5° in the weld metal
because this zone has the highest residual stress among other
zones due to freezing of the molten pool.

3.5 Mechanical Properties

According to Fig. 9, the microhardness value increases from
the interface (WM and HAZ) to the center line of the WM,
which is mostly due to the change in the freezing mode from
coarse epitaxial grains that contain columnar dendrites to fine
equiaxed grains that contain equiaxed dendrites (Fig. 2b, d)
associated with increasing microhardness.

Journal of Materials Engineering and Performance
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Fig. 5 EBSD results: (a) grain boundaries, (b) CSL boundaries, (c) KANM
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Fig. 6 Distribution of misorientation angle histograms between neighbor grains

The welded sample of the tensile test was made transversely the heat-affected zone with the acceptable tensile strength
from the weldment, which contains all of the base metal, heat (746 MPa) (Fig. 10, Table 3). As previously mentioned, the
affected and fusion zones. The welded sample was broken from heat-affected zone has coarse grains structure next to the fusion
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line due to the larger amount of the weld heat that reaches this 4. Conclusion
area (Fig. 2b), which makes the HAZ weak in the tensile test.
Figure 11(a) shows a soft fracture with a high elongation (40%)
in the N155 base metal (BM) sample, and fine and dense
dimples with average size (9 um) can also be seen. In addition,
the fracture surface of the welded sample is soft fracture, and
coarse dimples can be found (17 um) with a low elongation
(22%) (Fig. 11b, Table 3).

The most important results of this study are as follows:

e NI155 superalloy with the crystal lattice (FCC) experi-
enced annealing process before the welding, which made
a lot of coherent twins be created in the BM due to low
SFE.
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Fig. 10 Stress—strain diagram of the tensile test
Table 3 Mechanical properties of the specimens
% EL Ultimate tensile strength, MPa Yield tensile strength, MPa Sample
22 £03 746 £ 8 407 £ 3 WS
40 £ 0.2 806 + 4 415+ 5 BM
¢ Based on analysis of the HAZ, it can be found that forma- ¢ The welded sample was broken from the HAZ with the
tion of coherent twins was caused mainly by the presence acceptable tensile strength (746 MPa) due to the larger
of the cumulative stresses of the molten pool solidification amount of the weld heat that reaches this area, which
shrinkage. makes the HAZ weak in the tensile test.

e The base metal and the weld metal with the same crystal
lattice (FCC) resulted in the formation of epitaxial grains
with the preferred growth direction <001 > in the WM.
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Fig. 11 SEM image of the fracture surface of (a) the BM specimen, (b) the welded specimen
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