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Abstract. Microsegregation of alloying elements is prone to hot cracking in the weldment of alloy C-276. The
formation of topologically close packed phases P and p is largely responsible for the hot cracking. The present
study articulates the effect of laser shock peening (LSP) to improve the metallurgical and mechanical properties
of the weld joint. The weld joint was fabricated by pulsed current gas tungsten arc welding (PCGTAW) using an
ERNiCrMo-3 filler wire. LSP without coating was carried out on the cap surface of the weldment.
Microstructural studies were carried out to compare the as-welded and laser-peened microstructure on the fusion
zone. The results show that a fine equiaxed dendritic structure was observed in both conditions. EDS analysis
was carried out to evaluate the microsegregation of alloying elements. EDS analysis indicates that there are no
secondary intermetallic phases. X-ray diffraction analysis was carried out to evaluate the phase change and
crystallite size in the as-welded and laser shock peened fusion zone. The result shows 48.99% reduction in
crystallite size after LSP. Hardness and tensile strength results indicate there is a consequential increase in laser
shock peened specimen compared with as-welded specimen.
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1. Introduction

Nickel-based superalloy C-276 is a derivative of Ni-Cr-Mo
ternary system. The alloy finds wide range of application in
naval and nuclear industries due to its high corrosion
resistance [1, 2]. Welding of this alloy is possible by tra-
ditional arc welding techniques such as metal inert gas
(MIG) and tungsten inert gas (TIG) welding. The major
issue associated with arc welding of alloy C-276 is hot
cracking due to microsegregation of alloying elements.
Microsegregation of alloying elements is largely responsi-
ble for the formation of topologically close packed phases
(TCP) like P and p at the end of the solidification. These
phases reduce the metallurgical, mechanical and corrosion
properties of the weld joint [3]. Cieslak et al [4] investi-
gated the effect of welding on metallurgy of different
grades of Ni—-Cr—Mo-based super-alloys C-4, C-22 and
C-276. Segregation of alloying elements Mo and W leads to
the formation of TCP phases such as P and p in the alloy
C-276 during gas tungsten arc welding.
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Manikandan et al [5, 6] examined the microstructure and
tensile properties of alloy C-276 fabricated by GTA and
PCGTA welding techniques. Specimens welded by PCGTA
technique show reduced microsegregation with improved
mechanical properties compared with GTAW. Suitable se-
lection of welding process and parameters alleviates the
effect of microsegregation of alloying elements. Manikan-
dan et al [5, 6] and Ma et al [7] reported that welding of
alloy C-276 by high-density welding process shows
reduced microsegregation as compared with the arc weld-
ing techniques. Ahmad et al [8] also reported that the
electron beam welded alloy C-276 did not show the pres-
ence of microsegregation in the fusion zone due to rapid
solidification. Arulmurugan and Manikandan [9] investi-
gated the metallurgical and mechanical properties of alloy
686 by GTAW and PCGTAW techniques. Weld joints
fabricated by PCGTAW reveal fine microstructure with the
absence of Mo-rich secondary phases in weld zone and
yield significantly better mechanical properties compared
with GTAW. The authors reported that lower heat input and
faster cooling rate are directly responsible for enhancement
of weldment properties.
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Table 1. Chemical composition of base metal and filler wire.
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Chemical composition (wt%)

Base metal/filler wire = Ni Mo Cr \%% Co Mn Fe Nb Others
Alloy C-276 Bal. 1636 1583 345 0.05 041 6.06 - 0.17 (V), 0.005(P), 0.002 (S), 0.02 (Si), 0.005(C)
ERNiCrMo-3 Bal. 10.0 22.0 - - 0.5 1.0 45 0.015 (P), 0.015 (S), 0.5 (Si)

0.5 (Cu), 0.4 (Al), 0.4 (Ti), 0.1(C)

Table 2. PCGTA welding process parameters.

Peak Background Pulse frequency Pulse-on time Voltage Shielding Flow rate
current (A) current (A) (Hz) (%) V) gas (1/min)
213 145 6 50 13 Argon 15

In laser shock peening (LSP), a state-of-art surface and sub- in table 1. The base material was machined to

surface modification technique, shock waves imparting plastic
deformation of material are produced. Residual stresses
developed are compressive in nature, enhancing metallurgical
and mechanical properties of material to a great extent as
reported by Devendranath Ramkumar et al [10]. During
peening, fragmentation of larger grains and development of
twinning matrix result in formation of sub-grain boundaries.
On further exposure, the sub-grains disintegrate into fine
equiaxed grains as reported by Chen et al [11].

Devendranath Ramkumar et al [10] investigated the effect
of laser peening on the tensile strength and impact toughness
of dissimilar weldments. The authors observed that the ten-
sile strength and hardness of weld joint improved signifi-
cantly with a scant reduction of toughness after LSP. Chen
etal [11] reported that the LSP results in grain refinement and
transformation of deleterious tensile stress to beneficial
compressive stress. The authors observed improvement in
hardness and fatigue properties of weldments after LSP.
Chandrasekar et al [12] studied the influence of LSP on alloy
600 produced by activated flux tungsten inert gas (ATIG)
welding. The authors reported that the refined microstructure
and compressive residual stress increase strength of the weld
joint compared with the as-welded condition.

It is evident from the published literature that no work
has been reported on LSP of weldments with particular
reference to the extent of microsegregation of alloying
elements in the alloy C-276. The aim of present study is to
bridge this knowledge gap by reducing microsegregation of
alloying elements in the fusion zone, thereby avoiding the
formation of deleterious phases.

2. Experimental procedure

2.1 Material and welding procedure

Base metal alloy C-276 was purchased in the form of hot-
rolled and solution-annealed plates. The chemical compo-
sitions of the base metal and filler wire employed are listed

130 mm x 55 mm x 4 mm dimension using a wire cut
electrical discharge machine (EDM) to perform weld trials.
Before welding, the plates were cleaned with acetone to
remove oil, dust and other contaminants. Butt joint con-
figurations (V-groove with 60° and root gap of 1 mm) are
employed for arc welding with an ERNiCrMo-3 filler wire
of 1.6 mm diameter. Table 2 shows the process parameters
employed in the current study. Specially designed fixture
with a copper back plate was employed to prevent distor-
tion and for efficient dissipation of heat during welding.

2.2 LSP

LSP without coating (LSPwC) was done on the surface of
the weldment. A Q-switched Nd:YAG laser (LPY704G-10,
Litron Lasers Ltd) source of 350 mJ, pulse duration of 10 ns
and wavelength of 1064 nm with laser spot overlapping of
70% was employed to perform peening. Prior to LSP, the
weldment was cleaned with acetone to remove contami-
nants from the surface. The layout of machine set-up in the
present study used for peening process is shown in figure 1.
Laser beam from the source reaches the material surface
through a dichromatic mirror kept at 45° and biconvex lens.
An electric dryer is placed near the biconvex lens to protect
from water spilling during LSP process. Coupons were kept
on a computer-controlled holder to govern movement along
X-Y axes. No sacrificial layer was used during the process.
Coupons were kept under a stream of water, acting as a
containment layer, to remove ablated material from speci-
men surface. Thickness of containment layer was main-
tained at 1-2 mm throughout the process.

2.3 Metallurgical characterization

As-welded and laser shock peened coupons were extracted
for metallurgical and mechanical characterization; the
coupons were cut perpendicular along the weld direction.
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Figure 1. Schematic view of laser shock peening.

Microstructure specimens were then manually polished
using 220-2000 grid SiC papers followed by 0.5 pm alu-
mina powder polishing in velvet cloth. Finally, water pol-
ishing was done to obtain the mirror-like finish. To examine
the microstructure, the etchant prepared was a mixture of
80 ml HCL, 4 ml HNO;, 1 g CuCl, and 20 ml glycerol.
Microstructural analysis was carried out using optical and
scanning electron microscopes. EDAX analysis was carried
out to evaluate the extent of microsegregation in the sub-
surface regions of fusion zone. An X-ray diffractometer
(Bruker D8) with a Cuy, radiation source having a wave-
length of 1.54 A was used to analyse the phases and to
calculate the crystallite size in the as-welded and laser
shock peened fusion zones.

2.4 Mechanical characterization

Surface roughness of laser shock peened specimen was
measured using a surface profilometer (Mahr surf GD 120)

e AR (a)

e
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with diamond tip stylus of 2 mm diameter on the base
metal and fusion zone. Tensile specimens were prepared in
conformance to ASTM ES8 standard to assess the strength
and ductility of weld joints. Testing was done in triplicate
to ensure reproducibility using an universal testing machine
(Instron, 8801) at a strain rate of 2 mm/min. Vickers’s
microhardness (Matsuzawa) with a standard load of 500 gf
for a dwell time of 10 s at a regular interval of 0.25 mm
was used to evaluate the hardness variation along the tra-
verse plane of weldment.

3. Results and discussion

3.1 Microstructural examination

Figure 2 shows the fusion zone microstructure of alloy
C-276 as-welded and LSP welded. Fine equiaxed dendritic
structures can be observed from the micrograph of both
fusion zones. The higher cooling rate achieved in

(b)

S

Figure 2. Fusion zone microstructure of (a) as-welded and (b) laser shock peened specimens.
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PCGTAW is largely responsible for the observed fine
equiaxed structure; cooling rate determines rate of growth
of liquid—solid interface movement. Equilibrium tempera-
ture gradient in this region significantly differs from those
in other regions in the sample due to compositional varia-
tion and enrichment of alloying elements. It depends on rate
of enrichment and rate of alloying element diffusing into
liquid metal. In a high cooling rate condition, due to con-
stitutional super-cooling, the value of equilibrium temper-
ature gradient is greater than actual temperature gradient,
which results in the formation of fine equiaxed grains [13].
The crystallite size refinement was higher in laser shock
peened as compared with as welded. During the LSP, the

Ni 65.00%
Cr 22.59%
Mo 10.57%

Fe 1.25%
W 1.10%
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Full Scale 2800 cts Cursor: 14.824 (26 cts)
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fusion zone undergoes severe plastic deformation; it leads
to disintegration of the grains in as-welded condition to sub
grains in laser-peened condition [14, 15].

3.2 SEM/EDS analysis

Figure 3 shows the SEM/EDS analysis at weld centre and
in interface regions of laser shock peened specimen.
Emphasis was focused on the elements Ni, Cr, Mo, W and
Fe as they are directly responsible for formation of dele-
terious intermetallic phases of P and p at the end of
solidification. Figure 3a and b shows the high-
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Figure 3. SEM/EDS analysis of laser shock peened welded alloy C-276. (a) SEM weld interface and (b) SEM weld centre: (i) weld
interface interdendritic zone, (ii) weld interface dendritic core, (iii) weld centre interdendritic zone and (iv) weld centre dendritic core.
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magnification SEM image of laser shock peened fusion
zone. It is observed from the microstructure that there is no
evidence for the precipitation of intermetallic phases at the
weld centre and in weld interface regions. EDS analysis
was carried out on the matrix and interdendritic zones of
weld centre and weld interface region.

Figure 3 (i and ii) presents the EDS point analysis of
weld interface matrix and interdendritic regions. Figure 3
(iii and iv) presents the corresponding regions of weld
centre. It is observed from the EDS analysis that both weld
centre and interface regions of alloying elements are close
to each other. There is no evidence for the segregation of
alloying elements. The material subjected to rapid solidi-
fication produces fine microstructure, less microsegregation
and better solid solubility, which aid in the formation of
meta-stable phases [16, 17]. Rapid solidification by pulsed
current gas tungsten arc welding (PCGTAW) decreases the
equilibrium diffusion of elements [7, 9]. In addition to
PCGTAW, LSP also alleviates the extent of microsegre-
gation in surface and sub-surface regions of the substrate.
During LSP, specimens are submerged in a stream of water,
which acts as a cooling medium and reduces the tempera-
ture, yielding rapid solidification. Results from EDS anal-
ysis indicate that microsegregation has been completely
suppressed in comparison with previous studies reported by
Manikandan et al [5, 6].

3.3 XRD analysis

XRD analysis of as-welded and laser shock peened speci-
mens are shown in figure 4. It is observed from the XRD
analysis the peaks are shifted towards lower angle in the
laser shock peened specimen. This indicates the strain
induced in crystal lattice of laser shock peened specimen.
Peaks of high intensity levels indicate residual stresses,
which cause misorientation of the structure. The presence
of Ni peaks (111) (200) (220) and (311) after LSP indicates

5000
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4000 - Ni (200) y-Fe (220)
S 3000 F
o =
= 2
-‘i -
c
@
£ 2000 - Ni(311)
- Ni (220)
1000 —
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Figure 4. XRD analysis of as-welded and laser shock peened
specimens.
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Table 3. Values of grain size (D), dislocation density (4) and
microstrain (¢) of weldments.

Parameter As welded Laser shock peened

3.30262 x 107°
9.16817 x 10'°
2.87785 x 107%

6.47537 x 107°
2.38490 x 10'°
2.23365 x 107

Crystallite size (D)
Dislocation density ()
Microstrain (&)

retention of austenite. It is evident from peak broadening of
(200) (220) and (311) that LSP results in decrement of
crystallite size. The crystallite size (D), dislocation density
(8) and microstrain (¢) induced in the grain of crystalline
material can be calculated quantitatively by the formulas
given here [18]. Values of crystallite size, dislocation
density and microstrain of as-welded and laser shock pee-
ned weldment are given in table 3.

0.94/
= ﬁcose(m) (1)
0= % (lines/m?) (2)
&= peost (lines2/m™*) (3)

/. is the wavelength of X-ray used (1.54 x 107'° m), f is
the broadening of diffraction line by full-width half-mean
method (FWHM) in radians and 0 is the angle of diffraction
in radians. The average crystallite size is reduced by
3.17275 x 10~° m, producing a refinement of 48.99%. The
high strain rate induced by laser shock waves generates
most of the slips in grain and increases the dislocation
density [14, 15]. Broadening of diffraction peaks is an
indication of strain or microstrain induced in the material
[19, 20].

4. Mechanical characterization

4.1 Effect of LSP on mechanical properties

Table 4 compares the mechanical properties of as-welded
and laser shock peened specimens. The surface roughness
values of base metal and laser shock peened fusion zone

Table 4. Mechanical properties of the samples.

Characterization As welded Laser shock peened
Tensile strength (MPa) 706.00 756.33
Average micro-hardness (HV)

Fusion zone 239.40 331.85

Heat-affected zone 221.90 320.90

Base metal 212.40 316.35
Surface roughness - 2.40

(um) (fusion zone)
Elongation percentage 29.75 53
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Figure 5. Tensile fractured laser shock peened specimen.

are, respectively, 1.76 and 2.40 pum. It is inferred from the
results that roughness increases gradually from base metal
to laser shock peened fusion zone. Absence of ablative
layer (without coating) increases surface roughness due to
direct laser ablation on the metal surface [21, 22]. Fine
microstructure and absence of intermetallic phases enhance
the strength and ductility of weld joints. Evidently, per-
centage of elongation has been increased by 23.25% com-
pared with as-welded coupon. Figure 5 shows a photograph
of laser shock peened tensile specimens. It is understood
from the figure that fracture occurred in the fusion zone.
The average tensile strength of laser shock peened weld
joint is 756.33 MPa. The tensile strength of as-welded joint
reported by the authors in their previous study was
706 MPa. Detrimental tensile residual stresses emanating
during solidification in as-welded specimen deteriorate the
mechanical properties of weldment, leading to early failure

Sadhana (2018)43:193

of weldment in service. After LSP the strength of weld joint
increases by 7.13%.

Figure 6 shows the fractured surface micrograph for
understanding the mode of failure in laser shock peened
weldment. Presence of white tearing ridges, and merging of
voids (micro and macro) and dimples indicate that ductile
mode of fracture has taken place. The mode of fracture is
also in good concurrence with the increase in elongation
percentage as shown in table 4. Similar observations were
also reported by Chandrasekar et al [12]. Figure 7 shows
the micro-hardness values of base metal, heat-affected zone
and fusion zone of as-welded and laser shock peened
weldment. Average hardness was increased by 34% after
LSP. LSP transmutes the tensile to compressive residual
stress and increase in dislocation density, improving the
mechanical properties of specimen [11, 12].

5. Correlation of microstructure grain refinement
and strengthening mechanism

It is articulated from the current study that the effect of
LSP on alloy C-276 is to significantly improve the
mechanical properties of weldment. Micrographs of both
the specimens indicate fine equiaxed dendrite structure
and absence of microsegregation of alloying elements.
The plasma created at the material surface induces shock
waves in the material. These shock waves produce plastic
deformation and compressive residual stresses on the
material surface. Extent of metallurgical changes
induced to the depth of material depends on the plasma
pressure, which is controlled by the parameters
employed. Coarser grains observed at the as-welded

= As welded l == llaser shock PeenedI
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| | |
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Figure 6. Microhardness of as-welded and laser shock peened specimens.
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Figure 7. Fractograph of laser shock peened specimen.

microstructure are broken down to sub-grains at the
surface and sub-surface regions of laser shock peened
condition. Grain size plays a vital role in improving the
strength and properties of weldment. As per the Hall
Petch equation, grain size is inversely proportional to the
hardness value. Increase in hardness also improves the
tensile strength of weldment. Compressive residual stress
induced also has a significant effect. It is well known that
tensile residual stress developed in the fusion welding
process degrades the weldment properties. LSP trans-
mutes deleterious tensile residual stress into beneficial
compressive residual stresses, improving the weldment
properties. From the present research work, it is con-
cluded that LSP improves the strength and hardness of
the weld joint.

6. Conclusions

The salient features of the research work are listed below

1. Deleterious intermetallic secondary phases were not
observed due to rapid solidification by PCGTAW
technique.

2. Fine equiaxed microstructure was observed in both the
conditions. Laser shock peened weld joint indicate
48.99% crystallite size reduction compared with as-
welded condition

3. Laser shock induced grain refinement and compressive
residual stresses, increasing strength of weld joints.
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Nomenclature
A wavelength of X-ray (m)
p broadening of diffraction line by full-width

half-mean method (FWHM) in radians
0 angle of diffraction in radians
D crystallite size (m)
0 dislocation density (lines/m?)
e microstrain induced (lines_zlm_4)

LSP laser shock peening

GTAW gas tungsten arc welding

PCGTAW pulsed current gas tungsten arc welding
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