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Abstract The present study reports microstructural
characteristics of two grades of steels, stainless steel (SS
304) and carbon steel welded using tungsten inert gas
(TIG) and activated flux-TIG (A-TIG) processes. Activated
fluxes such as TiO,, ZnO and MnO, are effective for
A-TIG welding of dissimilar weld between carbon steel to
stainless steel. Mechanical properties, joint efficiency of
A-TIG welds are found to be higher than normal TIG
Welds. This study attempts to establish a correlation
between observed mechanical behavior (hardness and
strength) and the microstructural characteristics of the weld
samples. Significant differences in microstructures are
recorded in terms of grain size, local misorientation, grain
and phase boundary characteristics in distinct regions of
the welded samples. The microstructural observations
exhibit: (1) the presence of Widmanstatten ferrite structure
at the heat affected zone of the carbon steel part in the
A-TIG welded specimen and (2) differences in structure at
the interface of stainless steel and weld metal region under
the two conditions of welding. These structures are mor-
phologically different and shows differences in the number
fraction of 45° <114> phase boundary orientation rela-
tionship. The microstructure also displays significant
heterogeneity in grain size and grain misorientation.
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1 Introduction

Gas tungsten arc welding (GTAW) more generically ter-
med as tungsten inert gas (TIG) welding uses an arc
between a non-consumable tungsten electrode and the
work-pieces to be welded under a shielding gas. The
technique has significance when it comes to welding of
dissimilar metals and alloys. It is highly preferred in
applications which require a high level of weld quality or
considerable precision welding operation. However the
drawbacks presented by this welding technique are the
limited thickness of material which can be welded in a
single pass, poor tolerance to some material composition
and the low productivity. On the other hand, increase in the
welding current leads to excessive widening of the weld
width with no significant penetration [1-3]. This problem
can be reduced by adopting activated tungsten inert gas (A-
TIG) welding process that increases the penetration. A thin
layer of flux is applied on the surface of the joint to be
welded by brush before welding. The use of flux in A-TIG
improves weld penetration for autogenous (without filler)
welds [4]. In the present study ZnO has been used as a flux.
The use of ZnO in A-TIG welds have been reported to
increase the tensile strength and elongation to higher values
when used in place of TiO, [1]. The strength of the A-TIG
technique over conventional TIG practices is useful for
joining dissimilar metals with thickness between 8 and
10 mm in a single pass. This allows full penetration of
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welds, with no edge preparation. The penetration capa-
bility can be increased to 300 % when compared to
conventional TIG welding process and the heat-to-heat
variations in base metal compositions can be avoided
when using the activated flux [4].This technique stands
good where a transition in mechanical properties and high
level of performance in service are desired. Typically
austenitic stainless steel piping is most commonly used to
contain high-temperature steam in power generation
plants. However, below certain temperature and pressure,
low-carbon and low-alloy steels can also perform ade-
quately. Therefore transition from stainless steel to other
form of steel is economic under certain conditions. Dis-
similar metal joints find wide applications in chemical
and power industries. For instance, super heater joints in
boiler use 2.25Cr-1Mo steel tube joined with a particular
grade of austenitic stainless steel. Most stainless steels
can be successfully welded to low-carbon and low-alloy
steels. However, consideration must be given to the
effects of dilution of the weld metal with the two base
metals and the different coefficients of thermal expansion
in stainless steel and low-carbon or low-alloy steels
which can affect the mechanical performance in the
welded structures significantly [5]. The difficulties
encountered in welding of dissimilar metals and alloys
are the following:

(1) Differences in physical and mechanical properties of
the two different materials that causes problems
during welding and also in service.

(2) Choice of the filler material for compatibility with the
base materials.

(3) Formation of intermetallic compounds at the interface
which invariably embrittle the joints [6].

Details on experimental investigations including
mechanical and metallurgical properties of TIG and ATIG
welded joints are discussed vividly in few literature [1, 2].
Work is also being done in welding of P91 steel material
through A-TIG process [7].

The mechanical strength in welded components is sig-
nificantly altered by the distribution of non-homogenous
strain that can arise due to mismatch in thermal coefficient
at the weld bed, leading to local softening effect at the
interface [8]. These strains can be quantified in terms of
microstructural factors. Other factors which contribute to
mechanical performance of these welds are grain size,
grain boundary characteristics, distribution and size of
precipitates, texture etc. Electron backscattered diffraction
(EBSD) technique allows to measure the degree of strain in
a localized region of a sample through change in the
average in-grain misorientation which results from accu-
mulation of dislocations. In addition, information on grains
and grain boundaries, presence of phases, crystallographic
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orientation of grains can be gathered using this technique
[9].

The early use of this technique have been restricted to
characterization of deformed and annealed microstructures
in metals and alloys processed through conventional
deformation routes like rolling, forging, extrusion, sheet
metal forming etc. [9]. However, no significant research
applying this technique has been reported till date in the
domain of welding technology. Available literatures report
works on solid state welding especially friction stir welding
and accumulative roll bonding [10-13].

Thus the objective of the present study is to perform a
systematic microstructural investigation on dissimilar weld
joints between stainless steel (SS) grade 304 and plain
carbon steel (CS) using the two conditions of welding;
tungsten inert gas (TIG) and A-TIG processes. This study
attempts to explain the correlation between the observed
mechanical behavior and microstructure. The regions of
interest have been the heat affected zone (HAZ) and the
fusion zone (FZ). Significant softening in the weld metal
region occurs for the TIG welded specimen and that is
reflected through low in-grain misorientation and increase
in high angle boundaries (HAGBs) in the microstructure.
Microstructure of the CS in the HAZ of the TIG welded
specimen (N9) is not greatly altered from its parent coun-
terpart; however the HAZ of the CS as represented in the
A-TIG welded sample exhibit a structure resembling the
Widmanstatten ferrite structure. The phase boundaries
between SS and weld metal (WM) have been clearly dif-
ferent. Z8 (A-TIG welded under ZnO flux) exhibit an
interlock structure of the two phases while N9 (TIG welded
under double sided mode) exhibit a firm boundary inter-
face. Further details on microstructural examination of the
two welded specimens are presented in the following
discussion.

2 Experimental Procedure

Chemical composition of the two grades of steel used for
the study is presented in Table 1. TIG and A-TIG speci-
mens used in this study were welded using Panasonic Make
welding Machine (model BRI1-200 (ac/dc)). Welding
variables selected are included in Table 2. Both TIG and
A-TIG welds were obtained under full penetration. The
macrographs for both Z8 and N9 specimen are presented in
Fig. 1; [1]. Prior to tensile test preparation, these welded
specimens were machined on a vertical milling machine as
per ASME section IX (QW-462.1d). Tensile tests were
carried out in a SHIMADZU-AG-10NX to 10kNXplus
tensile test unit. The dimensions of specimens are indicated
in the schematic in Fig. 2a. During the tests, the strain rate
was maintained at 2 mm/min. All tensile specimens



Trans Indian Inst Met

Table 1 Chemical compositions of SA516 Gr70 carbon steel and stainless steel (SS 304) materials

Materials Alloying elements

C Si Mn P S Cu Ni Cr Mo v Al
CS 0.186 0.32 1.11 0.014 0.009 0.033 0.026 0.03 0.019 0.001 0.02
SS 0.064 0.250 1.020 0.025 0.006 - 8.20 18.45 0.021 - -

Table 2 Welding Variables for GTA & A-TIG welds

Sample 1.D Flux Current (Amp)

Travel speed (mm/min)

Arc voltage (volt) Other welding variables

Experiment—1 root gap—1.5 mm

78 ZnO 200 55
Experiment—2 root gap—1.0 mm
N9 Without flux 200 55

Electrode diameter: 3.0 mm

13 Electrode tip angle: 60°
Arc gap: 2 mm
12.5 Shielding gas: Pure Argon (99.999)

Gas flow rate: 12 lit/min
Joint design: Open square

2 % Thoriated tungsten electrode

Fig. 1 Weld macrographs of Z8 and N9 specimens [1]

prepared from TIG and A-TIG processes failed on the CS
side, as shown in Fig. 2b, c; [1]. Vickers hardness mea-
surements were carried out across the weld section at 200 g
load and a dwell time of 15 s. Indentations were typically
performed at 3 mm spacing. For the electron back scattered
diffraction (EBSD) measurements, samples were initially
polished using conventional metallographic polishing
techniques and finally colloidal silica polishing was used to
generate a strain free surface. The measurements were
carried out using a field emission scanning electron
microscope (Hitachi SU 6600) coupled with an Oxford
Instruments (OI) EBSD detector that acquired diffraction
patterns using AZTEC 2.0 data acquisition software. The
software indexes the diffraction patterns to evaluate the
crystallographic orientation of the selected region. The
microscope was operated with primary electron energy at
20 keV. Scans were performed at selected regions of the

welded samples using a step size of 1.5 pm. The OI-HKL
Channel 5 software was used to analyze the acquired
EBSD data. This software allowed the identification of the
grains and grain boundaries. Grain boundaries (GB) were
defined as continuous regions of misorientation (misori-
entation angle >5°). GBs with a misorientation angle below
10° were considered as low angle GB (LAGB). Average
misorientation was calculated within each grain at every
measurement points with respect to all eight neighbour
sites (in a square grid). Misorientations greater than 5°
were neglected [8].

Residual stress (RS) measurements were conducted
using a Bruker AXS general area detector system. Standard
sinz(\lf) method [14] was used for measurement of residual
stress values at important diffraction peaks. The measure-
ments were performed across the entire length of the
welded samples at fixed distances. For residual stress, (002)
peak was used. The residual stresses were calculated from
the interplanar spacing for (hkl) pole through the following
equation [14] as:

1 .
dpa(Y ) = do |1 + s1(011 + 022) +5520, sin® (1)

where ¥/ is the angle of inclination and ¢ is the rotation
angle the goniometer has undergone at any instant of
measurement. d, corresponds to the interplanar spacing of
the unstrained material. s; and s, are the X-ray elastic
constants, ¢y; and ©,, are the stresses expressed in
sample reference, and o, is the residual stress of the
material.
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100 mm
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Fig. 2 a Dimensions of the tensile test specimen used in the present study. b N9 and ¢ Z8 specimens. Both specimens failed on the CS side [1]

Table 3 Mechanical Properties of SA516 Gr70 Carbon Steel (CS), Stainless Steel (SS 304) and the Welded Specimens Z8 and N9

Main Sub Width Thick Area G.L. F.L. B.L load TS Avg. TS % Avg. %
ID ID (mm) (Mm) (mm?) (mm) (mm) (KN) (MPa) (MPa) EL EL
Tensile test results for parent metals
CS CS1 7.5 6.40 48.02 39 47.95 26.21 547 550 229 24
CS2 7.6 6.40 48.66 39 485 26.89 553 244
SS SS1 7.3 6.11 44.58 38 59.15 30.63 576 624 55.7 56
SS2 7.3 6.10 44.57 38 59.35 29.93 672 56.2
A TIG samples
Z8 Z81 6.55 3.39 222 27 33.28 13.49 608 609 233 25
782 7.8 3.64 28.42 30 37.6 16.85 593 253
783 7.8 3.83 29.89 31 38.7 18.58 609 24.8
784 8 4.32 34.57 33 41.2 21.61 625 24.8
Normal TIG—single side and double side
N9 NO91 7.51 6.10 45.83 39 472 26.58 580 584 242 25
N92 6.9 6.10 42.12 37 46.8 24.94 592 26.5
N93 6.5 6.13 39.85 36 445 23.07 579 23.6
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3 Results and Discussion

Table 3 presents the results on tensile test that has been
performed on the two different welded specimens along
with dimensions. No significant change in % elongation
has been observed for the two specimens; A-TIG welded
(Z8) and TIG welded (N9). However, Z8 shows higher
tensile strength (TS) than N9. VHN micro hardness
investigation reports higher average VHN values for N9
than Z8. As shown in the hardness-distance plot in Fig. 3,
the difference in the peak values is distinct at the weld
center. This difference is less significant towards HAZ on
the SS side than on the CS side. It is also to be mentioned
here that, though the estimated VHN of CS is more com-
pared to SS in both Z8 and N9 weldments, it is seen that
both the specimens fails on the CS side. This may be due to
carbon migration from CS to SS that subsequently weakens
the HAZ of the CS leading to failure. The joint efficiency
of Normal-TIG in double side mode is 106 %. The effi-
ciency increases to 110 % in A-TIG process.

Figures 4 and 5 presents the microstructure of the weld
samples Z8 and N9 respectively. Both microstructures
shows a clear difference between the HAZ and the base
metal region on the SS side. The HAZ of SS shows pres-
ence of very large grains with orientations along the
directions of the heat flow. No distinct differences exist
between the HAZ and the base metal zone on the CS side.
These differences in microstructures on the SS side arise
due to sharp thermal gradients. This is because of lower
thermal diffusivity of SS. The sharpness or steepness of
thermal gradient is decided by the thermal diffusivity.
Lower the thermal diffusivity, steeper is the thermal gra-
dient. The thermal diffusivities reported for CS and SS are
11.72 and 4.2 mm?/s respectively. However sample Z-8
shows much clear signature of grain coarsening than N9.

Fig. 3 Micro-hardness VHN as
a function distance from the
center of weld bead

Vickers hardness values

The region of grain- coarsening and heat affected zone
(HAZ) are critical in terms of embrittlement that are likely
to concentrate in these areas. These morphologically ori-
ented structure to some extent resemble certain solidifica-
tion microstructure, where there is a directionality in grain
growth depending on heat flow. Furthermore, it is reported
that classical solidification theory can be applied to weld-
ing [15]. The CS in general shows an equiaxed ferritic
microstructure. However, the heat-affected zone (HAZ) of
CS in Z8 exhibits presence of Widmanstatten ferrite. Pre-
vious investigation reports shows that, HAZ undergoes a
two phase transformation during cooling; a high tempera-
ture transformation of 8-Fe to y-Fe followed by the y-Fe to
o-Fe in the second stage [16]. However the cooling rate
also plays a very vital role in determining the weld
microstructures. During welding, when all other material
properties are uniform, the cooling rate will depend on the
amount of molten metal and the availability of heat sink to
conduct heat away from the melt. As in TIG welding, the
weld pool is shallow and the energy of the arc causes a very
high increase in temperature of the weld pool. Therefore
the nuclei of austenite (y) grains during d-to-y phase
transformation grow by advancement of planar interface
for a longer time in the HAZ while they are in the critical
temperature. In the case of A-TIG welding, the weld pool is
deeper and the volume of molten metal is larger. Therefore
the arc energy does not heat up the weld pool to the same
extent and the HAZ can cool down faster. Previous studies
have shown that cooling rates are significantly increased
during A-TIG welding of steels [17, 18]. Thus, the higher
cooling rate in the A-TIG welding occurs by a massive
transformation, leading to appearance of Widmanstatten
structures.

More importantly, the combination of TIG and A-TIG
welding intoduce differences in microstructural parametres

478 &-N9

Distance from Centre of Weld (mm)
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Fig. 4 Inverse pole figure (IPF) map of the a SS and weld metal and b weld metal and CS of the Z8 weld specimen

SS-Weld Metal Interface

WM (BCC)
e S$ (FC():) e >
a

200um

(b)

Twins

Fig. 5 Inverse pole figure (IPF) map of the a SS and weld metal and b weld metal and CS of the N9 weld specimen
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at different regions of the weld specimen. This is recorded
as differences in grain misorientation, grain size and high
angle grain boundary (HAGB) fractions as illustrated in
Fig. 6.

Microstructure in inverse pole figure (IPF) and phase
maps shown in Fig. 7a bring out differences in the phase
boundary interface between the SS and weld metal at the
fusion zone. The interface in Z8 has an interlock structure
while N9 shows a sharp and clear interface.
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Fig. 6 Clear differences in microstructure parameters estimated
through EBSD were observed between Z8 and N9 at different
regions of the specimens; a average misorientation b grain size and
¢ fraction of high angle boundaries (HAGB)

3.1 Microstructural Interpretation of the Observed
Mechanical Properties

A relationship between the observed mechanical proper-
ties and the microstructure development in Z8 and N9 has
been presented under this discussion. It was reported in a
previous work that the strength of the weld sample was
imparted by the HAZ between weld metal and base metal
[19]. The tensile strength in the present study was seen
higher for Z8 which could be related to higher average in-
grain misorienation in the weld metal zone, as observed in
Fig. 6a. Recrystallisation was more pronounced in sample
N9 at the WM zone, CS-HAZ and SS-HAZ. This was
indicated by decreased in-grain misorientation and
increased HAGB in the respective zones. In addition
Widmanstatten ferrite structure introduced grain refine-
ment in the CS-HAZ of Z8. This improvement in strength
might be attributed to the overall grain refinement of the
Widmanstatten ferrite. Another important microstructural
aspect brought in the present study to explain the lower
strength in N9 was the increased fraction of twins in the
weld metal region of N9 which could have resulted from
recrystallization during annealing. It could be speculated
that, following plastic deformation, these twins might
have rotated the parent matrix into favorable orientations
for slip, enabling easy deformation under the stress fields.
These rotations at the onset of plastic deformation by slip
could cause the twinned regions to accommodate dislo-
cations and store higher amount of deformation energy
with successive deformation.

A clear distinction between the phase interface of SS
(FCC crystal structure) and WM (BCC crystal structure)
has been brought out for sample Z-8 and N-9 in Fig. 7a. A
relatively sharp interface was presented in sample N-9.
Further to that, an approximate orientation relationship
(OR) of 45° <114> was observed between SS and WM.
Such an OR characterizes a phase boundary. The number
fraction 45° <114> was highest in Z-8. This was estimtaed
manually from 25 to 30 random interfaces of SS and WM
in both Z8 and N9. Figure 7b illustrated the number frac-
tion of 45° <114> as a function of the deviation from the
exact OR. Also the increased number fraction of OR of 45°
<114> in Z8 could hinder the continuity of slip systems of
both phases. Dislocation movement was therefore impeded
because of mismatch in the slip system. That is why Z8
showed a higer yield strength.

There have been few studies that reported the relation-
ship of hardness with residual stress. However there were
differences in the explanations, depending on the materials
and the stress states considered [20]. It was usually
expected that the maxima in hardness should correspond to
the minima of compressive residual stress, however the
observed hardness profile in the present weld samples did
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Fig. 7 a IPF and phase maps showing the SS and weld metal interface for Z8 and N9. Z8 exhibits an interlocked structure of the two phases; SS
(FCC) and weld metal (BCC). b Number fractions of 45° <114> phase boundaries as a function of deviation from the exact phase boundary

relationship

not show a direct correlation with the residual stress. The
measured residual stress along the weld sample surface
showed the typical “well-like” profile slightly shifted to
the SS side (Fig. 8). This displacement from the center of
the weld could be attributed to the differences in thermal
expansion between weld metal which had a BCC structure
and SS, FCC structure. The heat input during both welding
processes spread throughout a broad region. The strongest
temperature gradients were expected at the fusion zones
and not at the center of the weld metal. Therefore, the

@ Springer

fusion zones were the regions that cooled down last.
Hence, the stress distribution after completion of welding
could arise due to superposition of two peak profiles with
each maximum tensile stress appearing asymmetrically or
displaced significantly from the weld centerline. The
sample Z8 as such exhibited lower compressive (higher
tensile) strength than N9. Though no plausible explanation
was available to comprehend the variations of stresses for
the two samples, but this would be of interest to the authors
for their future research work.
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Fig. 8 Compressive residual stresses plotted as a function of the
distances from the center of the weld

4 Conclusions

The present study examined the relationship between
microstructure investigated through EBSD and mechanical
properties in TIG and A-TIG welded specimens. Following
conclusions were gathered after systematic microstructural
analysis.

e The higher tensile strength of Z8 was mainly attributed
to higher in-grain misorientation in the weld metal zone
and secondly refinement of grain size in the HAZ of the
CS due to formation of Widmanstatten structure.

e The increased number fraction of 45° <114> phase
boundaries in sample Z8 additionally imposed hin-
drance to the continuity of slip system causing dislo-
cations to get locked at these boundaries during
deformation leading to higher yield strength.

e No clear correlation between hardness and residual
stress was identified. However sample Z8 showed
lower compressive residual stress.
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