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Stainless steel grade SS 304 and medium carbon steel EN 8 were welded with various combinations of weld
parameters using tungsten inert gas (TIG) welding process. Significant differences in weld and interface mi-
crostructures were achieved under different weld process variables (current, voltage and speed). Microstructures
of the weld region varied from large grains of y-austenite to fine grain distribution of §-ferrite and y-austenite
grains. Further to that, the phase boundaries between y and § phases showed presence of two dominant phase
boundary relationships (PBR), 44°<104> and 44°<114)>. The weld metal (WM)-base metal (BM) interfaces also
showed differences in the fusion zone (FZ) and heat affected zone (HAZ). Fusion zone at the interface of medium
carbon steel and weld metal were characterized by presence of fine grains of ferrite which were identified as
relatively strain free grains. These differences in microstructures were mainly due to the differences in heat
inputs and solidification rates of the weld metal. Differences were also observed in the grain boundary fractions
and local in-grain misorientation between different microstructures. The tensile strength of these welded joints
were found to be clear functions of low angle grain boundary (LAGB) fractions, while impact energy was seen to
be a function of austenite in-grain misorientation and §-ferrite percentage. The pattern of fracture under tensile
deformation displayed both mixed mode and ductile fracture. Differences in the fractured surfaces were seen in
the distribution, size and shapes of dimples and microvoids. The present investigation attempts to address the
pattern of microstructure development and the related mechanical behavior in dissimilar welded joints through
a systematic approach.

1. Introduction of steels results in many metallurgical difficulties, such as solidification

cracks, hydrogen cracks and formation of brittle phases, which can

The subject of joining the dissimilar metal involves a wide range of
materials and manufacturing processes. In many engineering applica-
tions, the combined presence of stainless steel and carbon steel is ne-
cessary. Thus, for such applications, the fabrication of components and
assemblies requires dissimilar welds of high quality [1,2]. Challenges
related to the welding of dissimilar steel grades include the manu-
facturing of pressure vessels, boilers, heat exchangers used in the power
generation industry, petrochemical plants, etc. [3,4]. Austenitic stain-
less steel pipes are widely used to transport high temperature-high
pressure steam in power plants. However, below certain temperature
and pressure, medium carbon steels can also meet the requirements. As
a result, the transition from stainless steel to other grades of steel is
economical under certain conditions. Nevertheless, dissimilar welding
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cause component failure before the expected service life [3-6].

Both solid state [7-10] and fusion welding [11-16] processes for
joining dissimilar metals are evident in literature. Among the fusion
welding techniques, tungsten inert gas (TIG) welding is mostly adopted
for applications which require a high level of weld quality or precision
[11,12,17-20]. This technique uses an arc between a non-consumable
tungsten electrode and the dissimilar metal parts to be welded under a
shielding gas environment. However, the joining of stainless steel to
medium carbon steels by fusion welding has a disadvantage of forming
harmful carbides in the weld metal. This results in decarburization and
grain growth occurring in the heat affected zone (HAZ) of carbon steel,
which deteriorate the mechanical properties [21]. At the same time,
carbide formation in the weld metal will substantially increase the
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hardness of the weld and the possibility of cracks in this region as well.
Differences in coefficient of thermal expansion and thermal con-
ductivity may also be problematic [22-24]. Stainless steel will have the
tendency to expand and contract due to the high heat input during
welding. On the other hand, carbon steel which is a good conductor of
heat, cools faster and shrinks rapidly as the joint cools. These differ-
ences increase the residual stresses at the junction causing warping or
misalignment of the weld component. These stresses caused by thermal
expansion and contraction can exceed the strength of one or the other
material leading to crack formation. The properties and failure behavior
of the weld joints can be largely altered by tailoring the microstructure.
This paper provides an insight into the microstructure—mechanical
property relationships in fusion weld joints of two different grades of
steels, stainless steel SS 304 and medium carbon steel EN 8 prepared
through TIG welding processes.

There are numerous studies on the microstructure development in
dissimilar welds of steels [25-29], however no comprehensive quanti-
tative mechanism for relating microstructure to the mechanical prop-
erties has been given. A detailed microstructural analysis on the grain
boundary nature, misorientation in the microstructures, phase
boundary relationship on the mechanical behavior of the weld speci-
mens is investigated in this study. Five different sample conditions were
prepared under different process variables. The microstructural devel-
opment of the interfaces and weld region has been studied through
optical microscopy and electron backscattered diffraction (EBSD)
techniques. A correlation is established between the strength of the
welds to the low-angle grain boundary (LAGB) fractions and the stored
energy of the LAGBs. The mode of failure during tensile loading and
impact testing has also been studied in the present investigation. The
motivation of the study was to establish a consolidated understanding
on the microstructural developments and its correlation to the related
changes in the mechanical properties.

2. Experimental methods

The two different steel grades chosen for the present investigation
were stainless steel SS 304 and medium carbon steel EN 8 in the rolled
and annealed states. Rectangular plates of both grades were sectioned
into 60 mm (length) x 30 mm (width) X 4 mm (thickness) dimensions.
Both the base materials were thoroughly cleaned to remove con-
tamination like rust, dust, oil and moisture to avoid welding defects
that may arise due to any contamination of the base metal. These two
grades of steels were laterally butt-welded using TIG welding under full
penetration on the cut sections by applying single electric arc discharge
on one face with 309 L as the filler material. 309 L is the preferred filler
material in joining austenitic stainless steel to carbon steels to prevent
the formation of martensite. This also preserves the residual amounts of
ferrite, which prevent hot cracking tendencies, even under severe
conditions. Chemical composition of the two grades of steel used for the
study is presented in Table 1. The welding current, voltage and welding
speed were varied to obtain different heat inputs. The heat inputs were
calculated from the empirical relation in Eq. (1).

0.06
H = A*V*
' s (€9)
Where,
Table 1

Composition of alloying elements in percentages of the as-received base ma-
terial and filler material used in the present study.

Grade C Si Mn S P Cr Cu Mo Ni
Base Material EN8 0.38 0.25 0.7 0.04 0.04
Base Material SS 304 0.07 0.75 2.0 0.03 0.04 19 10
Filler Material 309L 0.03 045 15 003 0.03 24 070 070 12
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H; - heat input required in kJ/mm

A - welding current A in Amps

V - arc voltage in volts

s — welding speed in mm/min

Five different samples, generically termed as A, B, C, D and E were
prepared under different weld process variables. The weld parameters
are summarized in Table 2.

Tensile specimens with dimension 120mm (length) X 20 mm
(width) x 3.5mm (thickness) were machined from the weld plates as
per the ASTM E8M standard. Fig. la presents the schematic of the
tensile specimen geometry. The specimens were cut so that the weld
was located in the middle of the specimen gauge. After machining, the
gauge area was polished with SiC paper and then rinsed ultrasonically
in an acetone bath. The tensile tests were performed in a 50 kN Uni-
versal Testing Machine ITW BISS. The deformation was carried out at
20 kN/min till the complete failure of the specimens.

All the welded specimens were subjected to the Charpy impact test.
The V-notches with (10 x 10) mm? section and 45° notch angle were
prepared at the weld centers of all the specimens. The V notch was
created in a way such that the notch plane remained perpendicular to
the long transverse direction.

For microstructural analysis, specimens were mechanically polished
through standard metallographic techniques followed by polishing in

Table 2
Welding parameters used in the present study.

Sample Voltage (V) Current (A) Speed Heat Input (kJ mm 1)
(mms™ Y
A 13.6 100 2.67 0.5093
B 13.2 95 2.27 0.5524
C 17.5 90 3.55 0.4436
D 12.6 100 3.55 0.3549
E 12.6 100 4.57 0.2757
120
| |
GRIP SECTION | R25
i SS 304 9 ENS8 g
Lo I steel medium carbon 5
|2 ™ steel
3
45
All dimensions are in "mm"'
(a)
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/ - 309 L Weld
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Fig. 1. (a) Geometry of the tensile specimen used in the present study. Samples
were prepared according to ASTM E8M standards. Shaded areas indicate the
approximate location of the weld zone. (b) Scheme of the welded material to-
gether with the orientation of the tensile specimen. The materials at different
regions of the welded specimens are indicated in the schematic. The reference
directions (RD, roll direction, TD, transverse direction, ND, normal direction)
with respect to the sample system are shown.
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Fig. 2. (a) EBSD (electron backscattered dif-
fraction) measured inverse pole figure (IPF)
map of medium carbon steel (MS)-bcc and
stainless steel (SS)-fcc. The colors in the IPF
map represent the crystal directions parallel to
the normal direction (ND) of the sample re-
ference system. (b) Local misorientation dis-
tribution plot for the two steel grades. The
inset shows the average misorientation values.
(c) Grain boundary distribution plot. The in-
creased frequency at around 60 ° for the SS is
due to the large presence of annealing twins.
(Color figure online).
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diamond suspension medium. For optical microscopy, the samples were
treated with a suitable chemical etchant (1 part of HNOg, 1 part of HCL
and 1 part of distilled H,0) by volume to bring out the microstructure
details. For electron backscattered diffraction (EBSD) studies, the
samples were further polished for 20 min. in colloidal silica medium to
create a strain free surface. Samples were analyzed for EBSD mea-
surements in a Zeiss Supra 25 field emission gun scanning electron
microscope (FEG-SEM) operated at an acceleration voltage of 20 keV.
An Oxford Instruments Nordlys 2 EBSD detector coupled with the SEM
was used for performing the measurements. A typical scan step size of
0.5um was chosen for all samples. The fractography analysis were
carried out in a Zeiss EVO 18 special edition SEM operated at 18 keV.

The acquired raw EBSD data were processed for further analysis
using the Oxford Instruments Channel 5 post processing software. Grain
boundaries (GBs) were identified as continuously bounded mis-
orientation > 5°. GBs greater than 15° were taken as high-angle grain
boundaries (HAGBs) while boundary misorientations between 2 and 5°
were categorized as low-angle boundaries (LAGBs). Between 5 and 15°
misoientation, the GBs were defined as medium-angle boundaries
(MAGBS). Local in-grain misorientations were measured for all samples.
The measurement considers average point-to-point misorientation in-
side an identified grain [30]. The stored energy per unit volume due to
a grain boundary dislocation (E;) was obtained from the Read-Shockley
equation [31] by multiplying the average energy per unit boundary
area (7) to the area per unit volume:

3y
Eb=SV.y=dZ
'ECD

(2)
where, dgcp is the average grain size measured from equivalent circle
diameter considering all misorientations between 5° < 6 < 62.8".
Thus, the average boundary energy is calculated by considering all
the boundary misorientations between 5° < 6 < 62.8° via summation.
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Here y,, = 0.80 Jm ™2 [32] is the energy per unit area of a HAGB, 6
is the boundary misorientation and 6,, = 15° is the misorientation angle
above which the energy per unit area is independent of misorientation
angle. f(6) represents the boundary fraction for a given misorientation.

3. Results and discussions

In the present investigation, the weld cross section area was ex-
amined for all samples for both optical and EBSD studies. The normal
direction (ND), rolling direction (RD) and transverse direction (TD) is
presented in Fig. 1b relative to the sample. Fig. 2(a, b) presents the base
metal microstructures of medium carbon steel EN8 (MS) and stainless
steel SS 304 (SS), represented through EBSD measured inverse pole
figure (IPF) maps. The colors in the maps represent the various z-normal
directions (NDs) relative to the sample reference. For interpretation of
colors, readers are advised to refer the standard colored stereographic
triangle. Differences in the two microstructures were brought out
through in-grain misorientation distribution and their average values, as
shown in Fig. 2c. The grain boundary distribution in Fig. 2c clearly shows
large presence of fcc twins, 60° about a <111 axis in SS.
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Fig. 3. Microstructural development in the weld metal (WM) region for all specimens under different heat inputs seen through IPF and phase maps. Microstructural
features included elongated lamellar grains, serrated grain boundaries and mixed phase distribution of bce (8) and fcc (). Weld microstructures of Samples C, D and E
exhibits a mixed phase distribution of & bce and y fec phases illustrated through IPF and phase maps. These differences were brought out mainly due to differences in

the heat inputs during welding. (Color figure online).

3.1. Microstructural development in the weld metal region

Fig. 3 summarizes the microstructural development of the weld metal
region. The IPF and phase maps of the weld metal are included for re-
ference. The microstructures presents elongated lamellar grains, serrated
grain boundaries and distribution of bcc and fcc phases. Careful ex-
amination of the microstructure of the welds in samples C, D and E re-
veals a mixed phase distribution of austenite and ferrite. The presence of
ferrite in samples A and B was practically insignificant. It is well estab-
lished that the ferrite that forms during cooling of stainless steel weld or
casting is the retained ferrite or d-ferrite with complex morphology. The
factors that control the §-ferrite formation during solidification, are the
variations in composition of stainless steel, presence of alloying elements,
and non-equilibrium cooling of weld [33,34].

In the present investigation, it appears from the microstructure of
sample D that, the first phase to solidify was austenite (primary phase) and
S-ferrite solidification occurred from the remaining melt, see Fig. 3. It is
speculated that during the solidification of primary y austenite, Cr was re-
jected into the residual melt which initiated the formation of §-ferrite [35].

The solidification in the sample E-weld was possibly the opposite
type. It started with the solidification of §-ferrite and y austenite soli-
dified from remaining melt as seen in Fig. 3. In this situation, formation
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of §-ferrite during solidification resulted in rejection of nickel into the
melt. When the desired Ni concentration was reached, nucleation of the
y-austenite phase occurred, which continued to grow. It can also be
seen in the sample E, there are no interconnections between the y/y
boundaries and each grain is surrounded by finely distributed §-ferrite
grains. In this situation, the §-ferrite would have grown in the neigh-
boring austenite grains inhibiting boundary migration and also retarded
the growth of austenite grains.

The microstructure of sample C suggests a two-step process- solidi-
fication of §-ferrite directly from the melt, and precipitation of austenite
from the solid ferrite under slower cooling rate. It must be mentioned
that, the presence of §-ferrite along y austenite boundaries exerts a pin-
ning pressure on the y grain boundaries, which counteracts the driving
force for migration of boundaries [36]. Thus, larger the amount of &-
ferrite precipitation, the smaller the size of the austenite grains.

Optical examination was also carried to confirm the findings of
EBSD. The optical micrographs in Fig. 4(a—e) shows the morphology
and distribution of §-ferrite in samples A, B, C, D and E. The phase
fraction of é-ferrite, estimated using an image analyzer (ImageJ) pro-
gram, is included for reference in all the micrographs. All these images
had a skeletal ferrite distribution. Though nothing concrete on the
growth mechanism of ferrite can be inferred from the optical studies,
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Fig. 4. Optical micrographs of the weld region showing predominantly a skeletal morphology of § ferrite for (a) sample A, (b) sample B, (c) sample C, (d) sample D
and (e) sample E. The selected etching technique could not reveal the grain boundaries of austenite. § ferrite presence in Sample A and B were practically insig-
nificant. This point was also confirmed through EBSD maps in Fig. 3. The respective ferrite percentages is indicated in the micrographs.

but it is clear from the images that relative amount of phases varied
with the heat input. However in the present study no clear trend was
observed between the heat inputs and the fraction of §-ferrite.

More importantly, combinations of welding process variables (dif-
ferent heat inputs) induced significant differences in misorientation and
grain boundary fractions of both the phases. This point is illustrated in
Fig. 5(a—d). As the objective of the present study was to relate micro-
structures with processing and mechanical behavior of the joints; it was
important to bring out all possible microstructural changes. As can be
seen in Fig. 6 a near linear relationship between heat input and grain
boundary fractions of y austenite was observed. This is approximated
through lines drawn through the data points. The results indicate that
with the increase in the heat input, the cooling rate in the sample de-
creased and the material remained at higher temperatures for a longer
time providing opportunities for grain boundary migration, grain growth
driven by the reduction of the grain boundary interfacial energy, and
possibly some recrystallization that led to increased fraction of high
angle grain boundaries. In those parts of the weld that have undergone
significant plastic deformation during cooling, partial recrystallization
was expected. This would be expected, for instance, the base metal joint
interface that restrained the contraction of the WM. In view of the high
heat input and absence of factors inhibiting grain boundary migration,
the austenitic grain boundary rapidly migrated and produced very large
grains without JS-ferrite precipitation, as seen in Samples A and B.
However, under lower heat input, the rate of cooling was increased and
the temperature was sufficiently low that any strains that could arise
generated fewer dislocations forming sub-structures and that such dis-
locations were not sufficiently mobile at lower temperature to migrate
and annihilate, thus increasing low-angle boundary fractions.

The other important observation concerning the nature of the in-
terface between the austenite and §-ferrite phases was the possible

phase boundary relationship (PBR). These inherent differences between
the phases reduce the possibility that the two crystals will match per-
fectly at the phase interface. As the degree of mismatch between the
two adjacent phase lattice increases, the boundary becomes increas-
ingly incoherent, increasing the interfacial strain energy [37]. There are
few established relationships most frequently observed in fcc / bee in-
terfaces which includes Bain, Kurdjumov-Sachs (KS) and Nishyama-
Wasserman (NW) relationship. There are also some suggested models
(Pitsch and G-T) that is intermediate between KS and NW-orientation
relationships (ORs) [38]. Table 3 lists the important ORs that is most
observed in fcc/bee systems that tend to orient the two crystal-
lographically different phases in order to minimize the interfacial en-
ergy. The PBR can be defined by specifying an angle and axis of rota-
tion. A quick evaluation in the present study showed dominance of two
important PBRs, 44°C104) and 44°<114). Although 44°<104> PBR is
deviated through 10-13 ° from ideal Bain relationship, the 44°<114)
relationship shows large deviations from the standard ORs discussed in
Table 3. An attempt has been made to see how close the measured PBRs
matches with the established ORs. It is likely that having a crystal-
lographic orientation relationship across the phase boundaries would
marginally reduce the boundary energy. For §-ferrite distributed in the
mixed phase microstructures, see sample C, D and E, a discretion of the
user is required to identify the two phases and measure the possible
PBR between them. This has been attempted manually for approxi-
mately 70-75 austenite-§-ferrite interfaces. The result of this exercise is
summarized in Fig. 7. The relative presence of the two PBRs brings out
nearly opposite trends.

The results discussed so far were the key microstructural observa-
tions from the weld region. In the subsequent section we attempt to
bring out microstructural details of the SS-WM and MS-WM interfaces
and the respective HAZ.



D. Kumar Singh et al.

Journal of Manufacturing Processes 36 (2018) 281-292

0.2
& 7 FCC-Aust
& 3 BCC-Ferr
€ 016 | _pywms
g BM-SS
w 0.12
S
=
E
.é 0.08
g 0.04
0
A B C D E
Samples
(a)
0.9 0.9
<+LAGB —=Sample A
> ==Sample B
“+-MAGB 15 ==Sample C
= 5 0.6 ==Sample D
2 0.6 +-HAGB g- —Sample E
b1 =
?3 = 03
& =
M [~
@) 0.3 0
: 0 1 2 3 4
KSR AR Misorientation (°)
0 . 50 pm ( c)
e 0.9 w5
A B C D E —Sample C \_/":
Samples ) SamleE
5 06 g
(b) g
2
= 03
o)
-4
0
0 1 2 3 4
Misorientation (°)
(@)

Fig. 5. (a) Average misorientation of both phases in the WM region for all the samples under investigation. (b) y-fcc grain boundary (GB) fraction plotted for samples
A-E. The inset shows image quality (IQ) map superimposed with GB map of the y-fcc phase. (c), (d) grain boundary distribution of y-fcc and § bec grains respectively.

(Color figure online).
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Fig. 6. Grain boundary fractions as a function of heat input. A near linear re-
lationship is observed between grain boundary fractions and heat input. (Color
figure online).

3.2. Microstructural development at the interfaces and HAZ

In this section, the microstructures of MS-WM and the SS-WM in-
terface are discussed separately. The HAZ and the FZs are labelled
through visual approximation. The SS-WM interface were nearly iden-
tical for all samples, however large differences were brought for the MS-
WM regions. These differences were mainly due to different heat inputs.
Also, the width of the fusion zone (FZ) of the MS-WM increased with the
increase in the heat input. This point is explained through the phase
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Table 3
Summary of known bcc-fee Orientation Relationships.
OR Parallel planes and directions Angle /Axis
Bain {011}pcc//{001}rccs 45°/(100)
(111)pcc//{110)rce
K-S {011}pcc//{111}rccs 35.3°/(110)
(111)pcc//{110)rce
N-w {011}pcc/ {111 )pcc; 45°/(110)
(100)pcc//{110)rce

maps of MS-WM region in Fig. 8(a, b) for samples A and D. The FZ in
sample A shows the presence of a prominent unmixed zone with a much
higher a -ferrite content. The unmixed zone exists where a small portion
of the base metal has totally melted and re-solidified without undergoing
filler metal dilution. As indicated on inverse pole figure (IPF) notation in
Fig. 8c, these fine ferrite grains had less orientation spread (and mis-
orientation) than adjacent base metal ferrite grains. 20 randomly grains
from the FZ were chosen for this analysis. The right side of the FZ shows
limited number of coarse §-ferrite grains. §-ferrite presence was very less
throughout the sample A and B microstructures. Sample E exhibits a
much narrower fusion width. It is observed that, close to the FZ, sig-
nificant §-ferrite dendritic structures have formed perpendicular to the
FZ extending into the WM in the direction of maximum heat flow. At
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Fig. 7. Number fraction of 44°(104) and 44°(114) y austenite—d§-ferrite phase
boundaries for samples C, D and E estimated manually for visible y - § phase
interfaces. The 44°(104) boundaries was within 10-13 ° deviation from the ideal
Bain relationship. (Color figure online).

lower heat inputs, as in Sample E, the cooling rate was relatively higher,
resulting in a sharp change in thermal gradients in the weld metal. This
resulted in more dendritic networks of finer size (less time was available
for dendrites to grow) [39,40]. At higher heat inputs, the cooling rate
was slower, resulting in coarser dendrites, but not a continuous network.
The formation of §-ferrite and the interaction of the base metal grains
with the FZ grains occur simultaneously during a welding process and
therefore their individual influence on the development of the micro-
structure is very difficult to isolate.

(©
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The microstructures of FZs for the SS—WM region are not very
clearly evident. For the sample A, Fig. 9a, the FZ is approximated as the
region where a transition of grain morphology from the WM to the BM
is observed. This region was still distinct in Sample E, constituting fine
S-ferrite grains in the outlined band shown in Fig. 9b. §-ferrite presence
in the HAZ is visible in certain regions which could be due to local
fluctuations in cooling rate. Fig. 10(a, b) explains the misorientation
profile of the HAZ and FZ for different samples. The horizontal lines
indicate the misorientation value in base metal (BM) microstructures.
However, no clear trend in misorientation has been observed with the
heat inputs.

3.3. Mechanical properties and its correlation to microstructure

Tensile tests were carried out to evaluate the strength of the joints.
All the specimens failed at the weld metal region without any sig-
nificant necking. The main findings on the tensile strengths of the joints
are summarized in Table 4 based on applied heat inputs. The results of
tensile tests in Table 4 brings out that the strength and elongation to
failure varies in a linear trend.

Of all the different microstructural parameters, the mechanical
strength variation is in close correlation with the presence of low angle
(dislocation) boundaries, see Fig. 1la. Increase or decrease of UTS
matched well with the LAGBs of the y austenite phase except for sample
E. Yield strength does not display any noticeable change though. It is
seen that LAGBs form in the grain interior as sub-grain structures or

Y fcc
I 0 / 3 bee

Fig. 8. Phase maps of the MS-WM interface for (a) sample A and (b) sample D. Differences in microstructures are seen in the heat affected zone (HAZ), width of the
fusion zone (FZ) and distribution of § ferrite grains. The FZ is visually approximated by a pair of lines. The § ferrite grains are seen to grow perpendicular to the FZ. (c)
A magnified image of the IPF map of sample A shows large presence of fine grains in the FZ. As indicated in the discrete IPF notation, these fine grains had less
orientation spread than the HAZ grains which show relatively wider orientation spread. (Color figure online).
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Fig. 9. Phase maps of the SS-WM interface for
(a) sample A and (b) sample D. For sample A
no clear demarcation between the FZ and WM
exists. The FZ has been roughly approximated
as the transition region between the WM and
BM grains. The SS grains have a polygonal
structure with significant twins. The WM
grains exhibits an elongated structure with
serrated grain boundaries. Sample D showed
presence of fine grains of § ferrite in the FZ. §
ferrite presence was also evident in certain
regions of the BM as seen in (b). (Color figure
online).

BM

(b)

0.2
<B-BCC-Ferr
o;’ 0.16 —BM-MS
.g —BM-SS
£ 0.12
]
=
_g 0.08
=
0.04
0
A B C D E
Samples
(b)
0.2
<#-BCC-Ferr
&-FCC-Aust
C 0.16 —BM-MS
= —BM-SS$
2
< 0.12
-
=
2
.ag 0.08
= 0.04
0
A B C D E
Samples

)

Fig. 10. Effect of sample processing conditions on the local in-grain misorientation in (a) FZ of MS-WM, (b) HAZ of MS-WM, (c) FZ of SS-WM and (d) HAZ of SS-WM.
For estimation of misorientation in the FZ, a suitable region was cropped manually for analysis. (Color figure online).

dislocation walls and the driving force for their formation results in the
reduction in stored energy in order to maintain some form of structural
integrity at the boundary. LAGBs exhibits a discrete dislocation array
while HAGBs, in general, maintain a disordered structure. With in-
crease in the LAGB density, these dislocation walls are refined, thereby
impeding the movement of slip dislocations (mobile dislocations) across
the boundaries leading to strengthening of the weld joint when stress is
applied. The increase in ductility with increased strength can be at-
tributed to the movement of LAGB cells as a single unit when subjected
to stress. The mobility of the LAGB units depend on the rate at which
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the dislocations in the boundary can undergo ‘climb’ [41]. These dis-
location walls migrate to the nearest HAGBs where they get locked and
the driving force for the mobility of these sub-grain arrays is the stored
energy associated to these boundaries. As illustrated in Fig. 11b, the
LAGB fraction correlates well with the calculated stored energy from
the Read-Shockley equation using EBSD obtained grain boundary mis-
orientation criterion. The decreased strength and ductility of sample E
with increase in the LAGB can be related to the lower stored energy that
reduced the mobility of these sub-grain dislocations to undergo de-
formation leading to fracture at lower strength.
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Table 4

Obtained ultimate tensile strength (UTS), yield strength (YS) and % elongation
to failure values for each material under different heat inputs selected for this
study. The mean values of three tensile tests data conducted for each specimen
is considered.

Sample Heat Input (kJ mm ™) UTS YS Elongation (%)
(MPa) (MPa)

A 0.5093 593 271 24.5

B 0.5524 475 168 12

C 0.4436 536.5 256. 23.4

D 0.3549 573 224 32

E 0.2757 455 244 10.5

The Charpy V-notch (CVN) impact test results for the dissimilar welds
are summarized in Table 5. The observed decrease in impact energy of
weld metals is attributed to an increase in the local in-grain misorientation
of the austenite grains. Fig. 12 a shows that, impact energy decreases with
increase in misorientation. Higher local misorientation in austenite grains
is a signature of increased density of dislocations and substructures formed
in the grains. The increased dislocation density of austenite phase in
samples C, D and E is mainly attributed to plastic strain accommodation
due to formation of §-ferrite. High density of dislocations generated within
the austenite as a result of strain accommodation reduces the energy ab-
sorption capacity of austenite. Another parameter that could contribute to
impact energy is the amount of §-ferrite phase contained in their micro-
structure. As seen in samples C, D and E exhibiting distinct two-phase
microstructure, the impact energy decreases with increase in the ferrite
content. Samples A and B however do not folow this trend. Sample D
which shows lower ferrite content has a continuous austenite path sur-
rounding ferrite islands, see Fig. 3. The toughness is essentially governed
by the facture resistance of the ductile austenite. Sample C in Fig. 3 on the
other hand, shows higher percentage of ferrite surrounding the austenite
which has a discontinuous distribution in the ferrite matrix. The high
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Table 5
Impact energy (J) measured using Charpy-V notch
impact test for all sample conditions.

Sample Impact Energy (J)
A 113

B 118

C 104

D 117

E 109sss

strength ferrite imparts lower toughness in sample C. These results dis-
cussed from tensile and impact test appear to be the only plausible ex-
planation for microstructural- mechanical behavior relationship.

3.4. Fractogrpahy analysis

The analysis of the fractured cross-section reveals a ductile fracture
characterized by the presence of microscopic pits (dimples) and voids of
varying size and shapes. The typical fractographic characteristics of
tensile fractured surfaces are summarized in the SEM images in Fig. 13
(a—e) under the same magnification.

In Sample A, it is clearly noted that the fractured surface had large
planar faceted fracture (shallower pits) where a highly localized shear
rupture took place. As a result, the faceted structures were seen to be
highly strained. The results also indicated that growth of microvoids
primarily occurred in regions of high stress concentration. With further
growth of these microvoids, the remaining interconnected links were
subjected to shear, leading to unstable crack propagation. On the other
hand, the weld samples C and D showed a ductile fracture appearance
consisting of equiaxed dimples. Sample D, which had maximum frac-
ture toughness predominantly had microvoids, but a bimodal size dis-
tribution was also observed. This gives an indication on the role of

750 - 0.6 Fig. 11. (a) LAGB fraction plotted with UTS
WUTS #YS ®LAGB 05 0.6 B1AGB ®Stored Energy 0.05 g and YS for all the conditions of welded speci-
- 600 : 0.5 0.04 b mens. LAGB fraction correlates with UTS.
Ay 0.4 - @ 0.4 ; However sample E shows deviation from this
E, 450 . B @) 0.03 2 behavior. (b) LAGB fraction and stored energy
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= 0.2 0.2 : 2 plotted for al samples. Increase in the LAGB
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0.1 X energy.
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Fig. 12. Impact energy as function of (a) austenite local in-grain misorientation and (b) % § ferrite. Impact energy is observed to decrease with austenite mis-

orientation and content of § ferrite in visible two-phase samples.
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(e)

Fig. 13. Fractured features under tensile deformation for (a) sample A, (b) sample B, (c) sample C, (d) sample D and (e) sample E. Though major mode of fracture was
ductile, alteration in heat inputs brought out significant differences observed through faceted surfaces, dimple and void distribution.

inclusions (large microvoids) and carbides (sub-microvoids) in the weld
fracture process. It is known that carbides require a much higher local
deformation, i.e. energy required for nucleation of voids and dimples
are higher than required for inclusions. Therefore, it can be concluded
that the maximum fracture toughness exhibited by sample D is due to
the prevalence of microvoid nucleation around the carbide particles.
Sample E had a honeycomb structure that showed protuberances that
appear to be "pulled-out™ with no significant dimples and voids. This
concerns the low permanent deformation ability of these materials
along the axial loading direction requiring a low deformation energy,
although it was still in the elasto-plastic range.

The above observation on the fracture modes of the welded samples
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is at best speculative, but seems to be the only justification to under-
stand the failure mechanism.

4. Conclusions

Five different samples were prepared through dissimilar welding of
a stainless steel and a medium carbon steel grade conducted through
TIG welding process by varying the conditions of current, voltage and
welding speed. These specimens were subjected to tensile deformation.
Results on the microstructure development and tensile behavior is
briefly summarized.
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Significant differences were brought out in the weld microstructure.
The microstructures had large elongated grains of single phase y
austenite, serrated grains and also different distribution of §-ferrite
and vy austenite grains of smaller sizes. Differences in microsturtures
were also seen through EBSD estimated local misorientation and
grain boundary fractions of both phases. The differences observed
in the distribution of § and y phases in different samples have been
related to the heat input and solidification rate of the weld pool.
Investigation on the phase boundary nature between austenite and
S-ferrite in the microstructure revealed dominance of two different
PBRs, 44°<104)> and 44°<114)>. Though PBR of 44°<104) deviated
from ideal Bain relationship through 10-13 °, 44°<114)> did not
match well with the standard KS NW and Bain orientation re-
lationships (OR). These ORs tend to minimize the interfacial energy
at the phase boundaries.

Microstructures of the interfaces MS-WM and SS-WM and their re-
spective HAZs in all these samples varied significantly. The FZ at
the MS-WM interface showed presence of very fine grains of o
ferrite which were found to be relatively less strained than the
neighboring BM ferrite grains. These grains appear as a result of
melting and re-solidification of the base metal close to the weld
pool without undergoing filler metal dilution. The FZ of SS-WM
were not also very different between the different samples. No clear
pattern in the local misorientation variation in the HAZ and FZ,
between different samples has been observed with the heat inputs.
Correlation of tensile behavior to the microstructure development
in the samples revealed that UTS and LAGB fractions followed
nearly identical trend. The increased strength corresponds to higher
LAGB fractions that results in formation of finely spaced dislocation
walls which act as barrier to mobile dislocations. On the other hand
it has been postulated that a higher ductility with increased LAGBs
results when the dislocation walls undergo a climb motion. The
mobility of these LAGBs or the dislocation walls is related to the
stored energy associated with the LAGBs.

Impact energy is seen to be a clear function of austenite mis-
orientation. Increased misorientation or dislocation in austenite
grains decreases the impact energy. Increase in the ferrite content
also reduces the impact energy for samples exhibiting a two-phase
microstructure.

Fractured surface reveals that primary mode of fracture was ductile
in nature. However, each sample exhibited a uniquely different
morphology. This had faceted structures, equiaxed dimples, micro
and sub-microvoids, honeycomb structures that gives a fair idea
about the pattern of failure in these materials during tensile de-
formation.
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