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Abstract

The current work presents a comparative analysis of the joint behavior of Cu-Ni alloy weldments fabricated by Micro-Plasma Arc
Welding (MPAW) and Gas Tungsten Arc Welding (GTAW) processes. The Cu-Ni alloy thin sheets are fabricated at different values of
heat input (~40-135 J/mm) by MPAW and GTAW processes, respectively. Further, to evaluate their characteristics, joints are
subjected to metallurgical, mechanical, and electrochemical testing. The joints fabricated with a higher magnitude of heat input
resulted in deteriorated surface quality with a value of R,~ 6.13 pum. The increased surface roughness value of the joints resulted in a
higher corrosion rate (1.273 mm/year). A finer microstructural morphology is achieved for lower heat input condition. Accordingly, the
weldment exhibited higher joint efficiency of ~91%.The prominent reason for achieving higher joint strength is related to the
presence of lower secondary dendritic arm spacing (SDAS), which enhances the joint strength and ductility for the joints as compared
to higher SDAS value. Further, the micro-fractography analysis reveals the presence of micro/macro-voids for high heat input,
whereas the existence of numerous dimples of varying size and depth is observed for low heat input condition, implying the role of

heat input of utmost importance.

Keywords: Heat input, Surface Quality, Joint strength, Fracture analysis, Corrosion behavior

1.0 INTRODUCTION

Heat input and power density play a significant role in
determining the quality of the weld joint. With the increase in
power density of the heat source, the amount of heat input
required to produce weld joints decreases. Reduction in the
amount of heat input leads to increased penetration, weld
speed, and most importantly, a lesser extent of damage to the
component to be welded [1]. The significance of optimum heat
input amplifies as the thickness of the material reduces
because thin structures are more susceptible to melt-through,
extensive heat-affected zone, weld-induced deflection, and
loss of vital alloying elements [2]. The selected welding
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process decides the power density, and the selected process
parameters govern the heat input utilized to form the joint. The
power density in decreasing order can be mentioned a shigh-
energy beam density process followed by arc-based joining
techniques [3,4]. Arc-based joining techniques may be
preferred where joint tolerance is a significant concern. Also,
cost-effectiveness allows arc-based joining techniques to
surpass the high-power density processes [5]. The joining of
thin sheets is generally accomplished by autogenous mode,
wherein filler material is not required. Hence, non-consumable
arc-based welding processes are the only viable option
available, i.e., Gas tungsten arc welding (GTAW) and micro-
plasma arc welding (MPAW) can be opted for the successful
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joining of thin sheets. MPAW is derived from the GTAW
process, wherein the positioning of the electrode inside the
nozzle results in the constriction of the arc, thus increasing the
power density [6-8]. In recent times, GTAW and MPAW have
been used to join thin (< 1.5 mm)sheets with a wide variety of
materials. SS304L [9], IN625 [10], IN718 [11], Ti-5AI-2.55n
alloy [12], GH4169 superalloy [13], and HSLA S500MC [14]
have been successfully joined using the GTAW process. Ti-6Al-
4V [15,16], Maraging steel [17], SS316L [18,19], SS316L-
IN718 [20], IN718 [21], AMg6 alloy [22] have been welded
with sound joint quality by employing MPAW process. It may be
noticed that the joining of thin Cu-Ni alloy is yet to be explored
in a comparative manner involving GTAW and MPAW
processes.

The joining of Cu-Ni alloy has been explored by a few
researchers recently [23-29]. 90-10 Cu-Ni and 70-30 Cu-Ni
alloys of Cu-Ni were joined using the laser beam welding (LBW)
technique to understand the behavior of process conditions on
the bead geometry and metallurgical variation in the joints.
The authors reported complete penetration at 6 kW, 0.02667
m/s process conditions, and a decrease in the SDAS value was
reported with an increase in laser energy [23]. 90-10 Cu-Ni
flux-cored arc welding (FCAW) was accomplished using 70-30
Cu-Ni as filler material, and the joints were evaluated to
examine metallurgical and mechanical behavior. Generated
weld defects (porosity and spatter) were reported over the
acceptable range, and the fractured surface revealed dimple
features in the failed region [24]. GTAW process was utilized to
perform repeated joining (repair) of 70-30 Cu-Ni alloy for naval
purposes. The authors reported enhancement in the heat-
affected zone (HAZ) and a 27 % reduction in impact strength
due to repeated welding repair [25]. A CO, LBW was used to
join 70-30 Cu-Ni alloy using 3.5 kW and 1.0-2.5 m/min. The
produced joints were further analyzed to study microstructure-
mechanical property relations. The authors reported the
presence of uniformly spaced equiaxed fine grains in the fusion
zone at 1.5 m/min weld speed, which resulted in enhanced
joint quality [26]. A 5.2 kW Yb-Fiber LBW was utilized to join
70-30 Cu-Ni alloy, and the joint characteristics were verified as
per ISO standards. 5.2 kW and 1.5 mm/min were reported as
optimized parameters with existing undercuts and porosities
formed in the fusion zone (FZ) within specified standards [27].
MPAW was conducted on 90-10 Cu-Ni alloy at different heat
inputs, 40.44, and 104.76 J/mm, and a comparison was
reported based on destructive and non-destructive
examination. The authors reported a reduction in joint
strength from ~292 to ~227 MPa and an increase in the total
pores (voids) from 32 to 90 as the heat input increased from
40.44 to 104.76 J/mm [28]. The GTAW process was used to
join 90-10 Cu-Ni alloy, and the corrosion behavior of the joints
was studied in a detailed manner. As a result of the
comparatively lower density of adhesion, the highest corrosion
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rate is reported in the HAZ [29].The literature on Cu-Ni alloy
lists down the primary concerns in the joining of Cu-Ni alloys as
(i) the occurrence of solidification cracks in the Fz, (ii) the
development of liquation cracks tendency in the region
adjacent to fusion boundary (FB), i.e., HAZ, (iii) the possibility
of cracks (ductility-dip) during repair welding process, and (iv)
pore formation in the FZ [27]. To avoid the occurrence of such
defects in the joining of Cu-Ni alloy, demands careful selection
of process parameters. For non-consumable arc-based joining
techniques, heat input is considered as the primary input
parameter that is held responsible for the quality of joints
produced [30].

The in-depth above-discussed review of Cu-Ni alloy is
summarized in a point-wise manner in Table 1. It may be
noted that Cu-Ni alloy joints have been separately analyzed
using MPAW and GTAW processes, but a comparison in joint
characteristics for thin Cu-Ni alloy joints is yet to be reported.
Also, the influence of heat input on the metallurgical,
mechanical, and electrochemical behavior of Cu-Ni alloy is yet
to be explored in a detailed fashion. Hence, in the current
experimental methodology, an attempt is made to join a thin
sheet of Cu-Ni alloy using different arc-based joining
techniques with minimum heat input conditions available for
the respective processes. Further, the joint characteristics are
analyzed comparatively to reveal the importance of process
and process parameters to achieve the successful joining of
thin sheets.

2.0 MATERIALSAND METHODS

In the present experimental study, a thin sheet of Cu-Ni (90-
10) alloy is selected for autogenous joining by MPAW and
GTAW processes. The process conditions used for the joining
are represented in Table 2. The primary input for a joining
process is heat input, and other parameters may be treated as
secondary, which do not influence much of the joint
characteristics. The integration of weld current with weld
speed is treated as heat input, given as Eq. (1).

current(A) x voltage(V) X

Heat input (J/mm) = speed (mm/s

(1)

n

wherein the value of n (efficiency) is considered 0.66 for the
MPAW process [28] and 0.60 for the GTAW [31] process.
Utilizing the data from Table 2, the heat input is evaluated as
40 J/mm for MPAW and 135 J/mm for the GTAW process.
Accordingly, the nomenclature is provided as MPAW—S,; and
GTAW—S,,;. The selected weld conditions are subjected to
different characterization techniques, and a comparative
analysis is presented between them (S,,and S,;;).
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Table 1 : Summarizes past work on joining of Cu-Ni alloy

[Ref.]| Authors Material(s) Process Key findings
[23] | Ferro et al. 90-10 Cu-Ni, LBW A higher value of laser power resulted in increased
70-30 Cu-Ni SDAS value.
Due to higher power density, no grain coarsening
was reported in the HAZ.

[24] | Devletian et al. 90-10 Cu-Ni FCAW Due to the presence of porosity, the tensile
specimens failed from the FZ with dimple features
in the failed regions.

[25] | Munro 70-30 Cu-Ni GTAW Repeated joining resulted in an enhancement in
the HAZ and a 27 % reduction in impact strength.

[26] | Chakravarthy 70-30 Cu-Ni LBW At 1.5m/min weld speed, the FZ revealed

et al. Al uniformly spaced equiaxed fine grains that
resulted in enhanced joint quality.

[27] | Cao and Nolting | 70-30 Cu-Ni LBW Undercut and porosities formed in the weld joint
were within specified standards.

[28] | Dwibedi and Bag | 90-10 Cu-Ni MPAW Higher heat input yielded a greater number of
pores and pore size.

[29] | Xing et al. 90-10 Cu-Ni GTAW As a result of the comparatively lower density of
adhesion, the highest corrosion rate is reported
in the HAZ.

Table 2 : Process parameters used to fabricate Cu-Ni alloy

Process parameters GTAW MPAW
Welding current (A) 30 15
Welding speed (mm/s) 1.07 6.12
Plasma gas flow rate (Ipm) - 0.7
Shielding gas flow rate (Ipm) 10.2 5.5
Electrode diameter (mm) 1.6 1.0
Nozzle diameter (mm) 2.4 1.2
SOD (mm) 2

Polarity — DCEN, Welding mode — Continuous
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Fig 1 : Represents (a) weld specimen, (b-f) metallography analysis,
tensile test, fracture analysis, surface roughness, and corrosion test
coupons with the corresponding ASTM standards

Fig. 1(a-e) depicts the methodology used for the current
experimentation. Fig. 1(a) represents the weld specimen
from which standard coupons are extracted to study the
microstructural, mechanical, and electrochemical behavior of
the welded specimen as per ASTM standards. Fig. 1(b)
depicts the sample considered for metallography analysis to
reveal the different regions (fusion zone — FZ and heat-
affected zone — HAZ) of the specimen. Fig. 1(c) shows the
standard tensile coupon carried out at 0.5 mm/min to quantify
the joint strength. Further, the failed tensile coupons are
investigated to identify the mode of failure of the joints, shown
in Fig. 1(d). The surface quality of the joints provides vital
information regarding the overall acceptability of a joint. The
absence of any visual imperfections is a criterion for the initial
screening of the joints, but quantifying the value needs to be
done by measuring the surface roughness value, as shown in
Fig. 1(e). Along with metallurgical and mechanical properties,
the electrochemical behavior of the joints is also conducted to
measure the corrosion behavior of the joints under a selected
corrosion media, as predicted in Fig. 1(f).
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3.0 RESULTSAND DISCUSSION
3.1 Bead Profile and Surface Quality

The macroscopic images (top surface) of the welded specimen
are illustrated in Fig. 2(a,b). A continuous weld bead without
any visible flaws is observed for both cases S,, and S,,;. Weld
bead with different zones FZ and HAZ is clearly demarcated
with fusion boundary (FB). The visual inspection of a weld joint
is considered to be the first inspection, followed by destructive
and non-destructive analysis. The macroscopic images
suggest the absence of any visual defect such as undercut,
spatter, and lack of fusion. Two notable changes observed from
the images reveal (i) a change in the bead size (FZ and HAZ)
and (i) a change in the bead color. With the rise in heat input
value, the bead size (FZ) increases from ~1.31 (S,,) to ~2.49
mm (S,;;). Due to the rise in the heat input, the heat flux affects
the wider area of the base metal (BM), resulting in more
melting, and thus, the bead size increases [8]. As the heat
input increases from 40 J/mm (S,,) to S,;; J/mm (S,;,), another
major change to be noted is the change in the appearance of
the bead profile from dark brown (S,,) to black color (S,;;). The
probable reason for the transition of the color of the weld bead
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is due to higher chances of contamination taking place at
higher input value (135 J/mm —S,,;). A smooth surface is a
mandatory requirement for a weld to qualify as a sound joint,
along with complete penetration through the thickness [32].
To further analyze the surface properties, the quality of the
joints is evaluated using a surface profilometer (Make: Taylor
Hobson). From the center of the FZ, a section of ~850 pm? is
scanned, and its topological picture in 3D for the cases S,,and
S, is illustrated in Fig. 2(c,d). The comparative variation in
the unevenness of the FZ and a significant change in the
topology can be observed. Such changes result due to severe
agitation caused as a consequence of prolonged exposure to
the thermal cycle for case S,;;. Whereas, for the S,, weld
condition, limited exposure to a comparatively lower heat input
(40 J/mm) corresponds to a smooth weld surface. Further,

surface roughness is measured along the longitudinal section
of the FZ. For the S40 weld condition, a minimum variation in
the surface topography is observed, whereas for the S ., weld
condition, unevenness is observed throughout the area of
scan. Fig. 2(e,f) shows the variation in the value of surface
roughness (R,) along a selected line in the obtained 3D
topological figure. Table 3 represents the weld bead
characteristics for S,, and S,,; weld joints. The experimentally
determined value of surface roughness (R,) increases from
0.438 pum to 6.13 pm with an increase in heat input from 40
J/mm (S,,) to 135 J/mm (S,;;). An increase in the R, value can
lead to an easy path for initiating a crack [33] and also provide
an easy site for attack when exposed to a corrosive
environment [34]. The influence of the value of R, on the
electrochemical behavior of the Cu-Ni alloy is discussed in-
depth in the corrosion analysis section.

Table 3 : Represents the weld bead characteristic

Weld condition Bead size (mm) Bead color Surface Roughness (Um)
S, 1.31 Dark brown 0.438
Siss 2.49 Black 6.13

3.2

To study the mechanical properties of a welded joint, it
becomes mandatory to understand the microstructural
changes that a material undergoes after completion of
solidification. The metallurgical analysis is completed by
analyzing and comparing the images obtained from optical and
electron microscopes. Fig. 3(a-f) illustrates the micro-
structural morphology of different weld conditions, Fig. 3
(a-c) — S,,, and Fig. 3(d-f) —S,,,. The white line near the
weld interface demarcates the FZ and BM. Inside the FZ, yellow
lines separate the areas where the formation of different
structures is observed. The type of structure formed G/R and
GxR govern the resulting microstructure, wherein
G—temperature gradient, and R—rate of solidification. The
solidification mode is controlled by the G/R ratio, i.e., a low
value of the G/R ratio corresponds to equiaxed dendritic
morphology, whereas a high value of the G/R ratio corresponds
to columnar/cellular dendritic structure. The G and R product
represents the cooling rate, which governs the size of the
resulting microstructural morphology in the FZ [35]. Near the
FB due to higher G, columnar structure is observed, whereas,
in the center of the FZ, an equiaxed structure is noticed.
Fig. 3(b,c) and Fig. 3(e,f) show the area near the FB at
higher magnification to reveal the columnar structure formed

Metallurgical Analysis
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near the FB. To further examine the growth of the dendritic
structure, an electron microscope is focused on the separate
regions of FZ, where equiaxed and columnar structures were
spotted. Fig. 4(a) characterizes the equiaxed microstructural
structure established at the weld center. Fig. 4(c-e) shows
different dendritic features, i.e., primary, secondary dendritic
arm and spacing between them (PDAS, SDAS). PDAS is marked
with yellow and SDAS is shown in red color. The SDAS depends
on the value of GXR (cooling rate), which depends on the
amount of heat input. For an increase in the value of heat input
40— 135 J/mm, the GxR value decreases, increasing the
SDAS. As more time is available for solidification, the PDAS/
SDAS grows. The incomplete growth of PDAS/SDAS changes to
complete and the same is reflected in Fig. 4(b) (incomplete
growth) —Fig. 4(c) (partial growth)— Fig. 4(d) (complete
growth). In Fig. 4(b), PDAS of larger width and limited growth
of SDAS is observed, which changes to underdeveloped PDAS
and considerable growth of SDAS. Fig. 4(c) represents the
complete growth of PDAS and SDAS. The relation between
SDAS and cooling rate is given by Eq. (2) [23], where it can be
quantified that the value of SDAS increases from S,, to S,,.

SDAS = 33.683 (Cooling Rate ***)
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Fig. 2 : Depicts the top view of the welded specimen and surface condition
for different weld conditions (a,c,e) S,,, and (b,d,f) S,

Fig. 3 : Illustrates microstructural morphology for different weld conditions (a-c) S,, and (d-f) S,;,
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Fig 4: (a-d) Illustrates different microstructural morphology, PDAS, and SDAS obtained in the FZ

3.3

The mechanical test is carried out to quantify the joint strength
of the welded specimens. Standard specimens are prepared,
and a tensile test is performed at a uniform strain rate (0.5
mm/min). The engineering stress-strain curve is plotted, and
significant features are extracted from the graph. Fig. 5(a)
illustrates the engineering stress-strain curve, and Fig. 5(b)
shows the evaluated joint efficiency and obtained ductility for
different weld conditions (S,, and S,;;). The achieved result
shows a significant decrease in the value of joint strength
(~292 MPa for S,,— ~203 MPa for S,,;) as well ductility (39 %
— 14 %) with an increase in the value of heat input from 40
J/mm (S,,) to 135 J/mm (S,;). The corresponding value of joint
efficiency is evaluated as ~91 % for S,, and ~63 % for S,,..
A drastic decrease in the joint strength (~89 MPa) and ductility
(25 %) is noted and the probable reasons are listed as (i) an
increase in the R, (0.438 — 6.13 pm) value can lead to an easy

Joint Strength and Failure Analysis
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path for the initiation of a crack [33], (ii) lower heat input (40
J/mm) leads to decreased SDAS value, and refined
metallurgical morphology, which ultimately enhances the
strength and ductility [27]. The quantitative data obtained
from the tensile test is represented in Table 4. The failed
tensile specimens are further analyzed to understand the
behavior of failure further. Fig. 6(a,b) represents the fracture
surface of the failed tensile specimens for different weld
conditions S,, and S,;,. The failed specimen reveals the
presence of micro-and-macro voids for the S,,; condition,
whereas the existence of numerous dimples of varying size and
depth is observed for the S,, weld condition. Thus, the failure
mode varies from desirable ductile mode (characterized by
numerous dimples for S,;) to unwanted brittle mode (identified
by the presence of micro-and macro-voids for S,;;) as the heat
input increases. Another reason for inferior joint properties is
the change in the failure mode (ductile mode — brittle mode).
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Fig. 5 : (a) Engineering stress-strain curve, and (b) joint efficiency and
percentage elongation for different weld conditions (S,, and S,.;)

Table 4 : Tensile test results obtained for S,, and S,,; weld conditions

Weld condition UTS (MPa) (% EL) JE (in %)
sS40 ~292 ~39 ~91
S135 ~203 ~14 ~63

UTS — ultimate tensile strength, EL — percentage elongation,
JE — efficiency of the joint

-

0is-gimple surl';iﬂ-\;" .

Fig. 6 : Represents fracture surface of the failed tensile specimens for different weld conditions (a) S,, and (b) S,
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3.4

To understand the electrochemical behavior of the joints, the
S,, and S,,, welded specimens are subjected to corrosion
testing under 3.5 wt.% NaCl corrosive environment. The graph
in Fig. 7 depicts the Tafel plot for the different weld conditions
(S,, and S,;,).The value of I, extracted from the Tafel plot is
found to increase from 2.28E-08 (S,,) to 6.61E-05A/cm’ (S,,;)
with the rise in heat input from 40 to 135 J/mm. As a higher
value of I, results in a higher corrosion rate [36], the joints
prepared under the S,;, condition exhibit a higher corrosion

Electrochemical Testing

rate (1.273 mm/year). Table 5 details the value of I, and
corrosion rate for different weld conditions. Higher heat input
(135 J/mm) deteriorates the surface quality with the higher R,
value (~6.13 pm for S ., for the joints), providing an easy site
for attack when exposed to a corrosive environment [34].
Although for different materials, a similar result was reported,
and the reason cited was that a higher amount of heat input
caused a decrease in corrosion resistance for the joints
produced by the GTAW process as compared to the PAW
process [37].

-0.05

-0.10 4

=0.15

-0.20 A

Potential, V

SR F. o e e g

930+ 1 N

Log (Current), A

Fig 7 : Tllustrates Tafel curve for different weld conditions (S,, and S,;;)

Table 5 : Presents electrochemical data obtained for different weld conditions (S,, and S,,,)

Weld condition I.. (A.cm?) Corrosion rate (mm/year)
Si 2.28E-08 4.77E-04
Siss 6.61E-05 1.273
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4.0 CONCLUSIONS

The present work reports the comparative analysis of the joints
fabricated by MPAW and GTAW processes. The acquired
results signify the importance of heat input on the joint
characteristics. The major outcomes derived from the current
experimentation are listed below:

a) Higher heat input (135 J/mm) deteriorates the surface
quality of the joints, which includes a change in the
appearance of the bead profile from dark brown to black
color and a higher value of surface roughness (R,~ 0.438
pm for S,,and R,~6.13 um for S,;;). Further, a higher value
of R, ultimately leads to an increase in the corrosion rate of

the joints (1.273 mm/year for S,,and 4.77E-04 for S;;).

Microstructural morphology relies on the value of GxR,
which is directly governed by the amount of heat supplied
for successful joining. Lower heat input (40 J/mm) results
in higher GXR, which lowers the value of SDAS, leading to
finer microstructural features.

b)

c) A lower amount of heat input (40 J/mm) leads to
decreased HAZ and SDAS value, which ultimately
enhances the strength and ductility (~292 MPa, 39% for
S,, and ~203 MPa, 14% for S,;;). Further, the failure mode
varies from desirable ductile mode (characterized by
numerous dimples for S,) to unwanted brittle mode
(identified by the presence of micro-and macro-voids for

S,;5) asthe heatinputincreases.

The results obtained from the current examination suggest
that lower heat input should be utilized to join thin Cu-Ni alloy
sheets. The heat input significantly governs the micro-
structural, mechanical, and electrochemical behavior of the
joints. Further, the arc pulsation technique may be utilized in
future studies to gain more control over the heat input to
achieve additional enhancement in the quality of the joint.
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