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Abstract: The effect of laser beam welding (LBW) process on the microstructure—mechanical property relationship of a
dissimilar weld between the copper (Cu) and stainless steel (SS) was investigated. Backscattered electron (BSE) based
scanning electron microscopy (SEM) imaging was used to characterize the highly heterogeneous microstructural
features across the LBW (Cu—SS) weld. The BSE analysis thoroughly evidenced the complex microstructures produced
at dissimilar weld interfaces and fusion zone along with the compositional information. Widely different grain growths
from coarse columnar grains to equiaxed ultrafine grains were also evident along the Cu—weld interface. A high-
resolution electron backscattered diffraction (EBSD) analysis confirmed the existence of the grain refinement
mechanism at the Cu—weld interface. Both tensile and impact properties of the dissimilar weld were found to be closely
aligned with the property of Cu base metal. Microhardness gradients were spatially evident in the non-homogeneous
material composition zones such as fusion zone and the Cu—weld interface regions. The heterogeneous nucleation spots
across the weld sub-regions were clearly identified and interlinked with their microhardness measurements for a holistic
understanding of structure—property relationships of the local weld sub-regions. The findings were effectively correlated
to achieve an insight into the local microstructural gradients across the weld.

Key words: laser beam welding; copper; stainless steel; microstructural characterization; tensile property; impact
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any two competent materials that have entirely

1 Introduction

In the field of modern and technologically
progressive engineering materials, a significant
focus has been made on identifying the feasibilities
to join two distinct materials [1-5]. As a
consequence of this, the requirements of the
dissimilar material joint have been in an upward
trend to aid the innovative challenges evolved in the
current structural applications [6—11]. From the
particular application perspective, all the existing
materials have both merits/demerits in their
physical/mechanical properties. Additionally, a
single material is not capable of satisfying the needs
of an application on a full scale. To fix this issue,

different physical/mechanical properties can be
joined to serve the varying requirements involved in
a critical application such as nuclear power
generating structures. One such typical dissimilar
material system considered for an exclusive
investigation is copper (Cu) to stainless steel (SS)
joint. The Cu—SS joint has been employed as a
vital structural component in the nuclear reactor
vessel [12,13], plasma fusion reactor [14], large
vacuum chambers of particle accelerators at the
National Synchrotron Light Laboratory (LNLS),
Brazil [15] and the cryogenic mass flow meter [16].
Furthermore, the applications will be extended to
other power generation and
components. This is due to the excellent electrical
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and thermal conductivities of Cu with the high
corrosion resistance and superior mechanical
properties of SS than Cu. Welding is a core joining
technology and widely employed to join a wide
range of dissimilar materials with sound mechanical
properties. However, joining Cu with the SS
through any fusion welding process will lead to
some inevitable challenges due to the wvast
differences between their physical and mechanical
properties. Despite the same crystal structure (FCC)
of Cu and SS, the other contrasting properties
especially their melting point and thermal
conductivity will further compound the difficulties
in the experimental approach of any fusion welding
process. A few research studies have been
attempted to avoid melting of the base materials
(Cu and SS) using solid-state welding methods such
as friction stir welding (FSW) [15,17-23] and
explosive welding processes [24,25]. From a
comprehensive review on these studies, it is
inferred that the FSW process needs a costly tool
material and optimum tool offset conditions. The
explosive welding process a highly
stringent safety regulations to manufacture a joint
between Cu and SS. Fusion welding processes such
as electron beam welding (EBW) [26,27] and gas
tungsten arc welding (GTAW) [28-31] also have
their limitations such as very high vacuum
requirements and selection of an appropriate filler
material, respectively. Laser beam welding (LBW)
process has more advantages such as precise control
of heat input, narrow heat-affected zone (HAZ),
high energy density, no vacuum requirements, and
being insensitive to the electromagnetic fields [32].
These characteristics along with other experimental
flexibilities of LBW process have been responsible
for its high impact in the field of welding dissimilar
materials.

As Cu—SS joints have been serving in the
critical nuclear industries, there is an absolute
necessity to ensure the strength of the joint with a
complete knowledge of microstructures across the
weld. This is because the laser heat input combined
with compositional gradients of the dissimilar
materials can promote a local solidification process
and grain growths. It is firmly believed that the
backscattered electron (BSE) based SEM
characterizations can spatially map the composition
variations across the dissimilar weld. The majority
of traditional SEM characterizations on dissimilar

involves

material systems have usually been performed
through the secondary electron (SEI) signal instead
of using the BSE signal. SEM/BSE characterization
technique has been used on the dissimilar welded
systems [33,34]. However, a clear difference
received from the SEM/SEI, and SEM/BSE
techniques on the same region of interest (ROI) has
not been examined to date. Compared to SEM/SEI,
the SEM/BSE technique can be preferred for
characterizing any dissimilar material welded
system wherever there will be considerable
compositional gradients expected in the weld zone.
This is because, the SEM/BSE characterization
technique can be able to provide the compositional
information through varying contrast in an image
corresponding to the atomic number of the different
elements located in the dissimilar weld. Moreover,
a more detailed and high spatial resolution
microstructural characterization technique such as
EBSD is also needed to derive more quantitative
information down to the resolution of grain size.
The information obtained from the grain level can
be used to compute the global strength of the weld
by accounting the local microstructural changes.
The LBW studies attempted to date on Cu—SS have
contributed more to optimize the LBW process
parameters to produce a sound LBW (Cu—SS) joint
by effectively controlling the melting of Cu in the
fusion zone [35—38]. It is clearly evident that the
SEM/BSE and EBSD studies on the LBW (Cu—SS)
weld have not been attempted elsewhere. In
addition to this, the local microstructural changes
across the LBW (Cu—SS) weld have not been
correlated well along with other properties (tensile
and microhardness measurements). Hence, this
study has involved a range of material
characterization techniques to reveal the local
microstructure—mechanical property relationships
of the LBW (Cu—SS) weld sub-regions. The
findings achieved from  the materials
characterisation techniques are critically compared
to add new knowledge on qualifying the dissimilar
weld with a high degree of safety in the service
environment.

2 Experimental

2.1 LBW process parameters optimization
The base metals used in this study were
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C21000 copper alloy and 304 austenitic stainless
steel sheets. For laser welding, all the as-received
2 mm-thick sheets were machined to dimensions of
300 mm x 150 mm, followed by milling to produce
a uniform surface to weld. In advance to the
welding process, the adjoining surface of the sheets
was cleaned using 120 grit silicon abrasive paper
followed by chemical cleaning using the acetone to
degrease all thin layers and
contaminations on the surface. A CO, laser welding
system (Maker: TrumpF TruLaser Cell, Model:
7020) was used to manufacture the LBW (Cu—SS)
joints for this investigation. From the critical
literature review conducted on the studies related to
LBW (Cu-SS) [33,36—38], it is inferred that the
principal LBW process parameters needed to be
optimized are laser power, welding speed, and laser
beam offset conditions. Figure 1 shows the scatter
between the literature findings on the optimized
process parameters such as laser power versus
welding speed. To select the optimum laser power
and welding speed values from the scatter, this
study had a series of experimental trials close to the
optimized process parameters reported in the
literature.

As plotted in Fig. 1, the optimum laser power
and welding speed from the experimental trials are
determined as (4+1.5) kW and (1.5£0.5) m/min,
respectively. These values are found to be very
close to the average value computed from the
literature. To accomplish more clarity on the
optimum laser beam offset conditions, this
investigation had additional experimental trials by
applying the above-mentioned optimized process
parameters and also offsetting the laser beam
towards the SS and Cu. It is noteworthy that the
experiments executed by offsetting the laser beam
towards the Cu have ended with a series of pores
(as shown in Figs. 2(a—c)) due to the miscibility gap
between the Cu and SS [39]. But the weld
manufactured by offsetting the laser beam 0.2 mm
towards the SS does not have any primary weld
defects (as shown in Fig. 2(d)). This is because, the
Cu is highly reflective to the laser beam, and
therefore it has been advocated that the laser beam
offset should be on the SS instead of Cu. The
optimized process parameters, as reported in Table
1, were used to manufacture a defect-free LBW
(Cu-SS) joint.
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Fig. 1 LBW process parameters optimization

Table 1 Optimized LBW process parameters

Parameter Description or value
Laser type CO, laser, TRUMPF 7020
Laser power/kW 4
Welding speed/(m-min ") 1.5
Feed/mm 20
Las§r beam offset 0.2 (Towards SS side)
distance/mm
Gas rate/(L-min ") 15
Frequency/kHz 20
Inert gas Argon

2.2 Materials characterization techniques

For the microstructural characterizations, the
specimen was ground using silicon abrasive papers
(1200, 4000 grit) followed by polishing through a
diamond suspended chemical compounds (particle
size: 6 um, 1 um). This polished stage was further
extended using a fine Nap cloth suspended with a
0.04 pm colloidal silica solution for the EBSD
analysis. The macrostructure of the specimen was
observed using a stereomicroscope under very low
magnification. To observe the microstructures
across the weld cross-section, the mirror finish
specimen was etched with the chemical mixture
containing 25 g FeCl;+25 mL HCL+100 mL H,O
for 10—-15s. It is noted that this chemical
combination clearly revealed the microstructures
both in the SS and Cu regions. The optical
micrographs were captured using an optical
microscopy (Maker: MEJI, Model MIL-7100)
installed with an image analyzing software (Metal
Vision).
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Fig. 2 Optical macrographs of LBW (Cu—SS) weld under different process parameters: (a) P=4 kW, V=1.5 m/min,
AD (Cu)=0.2 mm; (b) P=4 kW, V=1.5 m/min, AD (Cu)=0.5 mm; (c) P= 4 kW, V=1.5 m/min, AD (Cu)=1 mm; (d) P=
4 kW, V=1.5 m/min, AD (SS)=0.2 mm (P—Laser power, /'—Welding speed, AD—Laser beam offset distance)

For scanning electron microscopy (SEM)
characterizations of the weld, the field-emission
SEM (Maker: JEOL, Model: 7610F) was utilized at
different magnifications in both the secondary and
backscattered electron imaging modes (SEI and
BSE) at an accelerating voltage of 15 kV. An energy
dispersive X-ray spectroscopy (EDS) integrated
with the SEM was used to map the chemical
compositions in local regions across the weld. To
perform a quantitative microstructural analysis, an
EBSD (HKL Nordlys Detector with HKL channel 5
Flamenco software) characterization was executed
at an accelerating voltage of 20 kV and probe
current of 15 nA. Moreover, the EBSD analysis was
performed using a low step size of 0.5 um to
measure the grain size and its misorientations in a
high spatial resolution. The EBSD data files were
post-processed by the Tango Map software for
further analyses such as grain misorientation
distributions, grain boundary populations, and grain
size statistics.

All the transverse tensile specimens were
machined in conformity to the ASTM E8M-16a
sub-size standard [40] using an electric discharge
machine (EDM). The standard tensile test was
performed using the MTS servo-hydraulic test
machine equipped with a 100 kN load cell at the
displacement rate of 0.2 mm/min. For achieving
consistency in the tensile results, three similar
tensile specimens have tensioned to failure through
a uniaxial tensile test. For impact toughness

measurements, all the specimens were tested in
conformity to the ASTM E23-12c¢ standard [41]
using a pendulum type Charpy impact testing
machine. The microhardness measurements across
the weld cross-section were made on the mirror
finish specimen using a conventional microhardness
tester (Maker: Mitsutoyo, Japan, Model: HV—112).
To in line with the ASTM E384-17 standard [42],
the spatial distance between the two successive
hardness indents was 0.1 mm, and the indents were
positioned at a load and dwell time of 50 g and 10 s,
respectively.

3 Results

3.1 Optical macro/micrographs

Figure 2(d) shows the macro cross-section of
the LBW (Cu—SS) weld with the local weld zones
spatially positioned with respect to their grain
morphology. The typical local weld zones along the
Cu and SS sides are identified as follows: (I) SS-
BM (base metal), (II) SS-HAZ, (III) SS—weld
interface, (IV) fusion zone, (V) Cu—weld interface,
(VI) Cu-HAZ, and (VII) Cu-BM. It is evident that a
complete weld penetration through the thickness is
achieved with the optimized LBW process
parameters. The fusion zone does not have any
major weld defects; this highlights the degree of
confidence on the optimized process parameters
adopted in this investigation. An average weld
width measured from the top to bottom of the
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fusion zone is (799+171) um. This narrow
dissimilar weld width without any extensive weld
distortion can be produced only in the high power
density and fast cooling rate based fusion welding
process such as LBW [43]. The fusion zone has the
slim-waist weld bead profile with a broad weld
width in the top and bottom regions compared to
the middle region. Furthermore, the fusion line
close to the SS side is in the form of “W” shape
with the top and bottom curved angles of 49° and
46°, respectively. However, the fusion line close to
the Cu side is quite distinct with a slightly curved
profile. Both the LBW process parameters and
Marangoni  convection  effects have been
responsible for the evolution of varying weld bead
profiles in the dissimilar weld interfaces [44].
Figures 3(a—d) show the cross-sectional optical
micrographs captured on the local weld zones. As
expected, the SS-BM (Fig. 3(a)) shows the
equiaxed austenite grains with annealing twins.
There is no appreciable difference in grain size in
the SS-HAZ region due to its structural stability at
high temperature. The SS—weld interface exhibits
the fine cellular dendritic microstructures. In
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contrast to the SS-interface zone, the fusion zone is
partitioned with the equal volume of cellular
dendrites and coarse columnar grains (Fig. 3(b))
due to the strong thermal gradients received from
the laser heat. As the laser beam was completely
offset towards the SS, apparently the Cu—weld
interface should have a very minimum heat input
compared to the SS. Additionally, a large scale of
heat received from the fusion zone would be
dissipated due to the high thermal conductivity of
Cu. Thus, the fusion zone close to the Cu—weld
interface with a small island of SS leads to the
formation of the partially melted zone with a range
of grain sizes, as exhibited in Fig. 3(c). The coarse
columnar grains located in the Cu-weld interface
have a grain growth normal to the boundary of the
fusion line. The grain growth is noticed in the Cu-
HAZ (Fig. 3(c)); Cu-BM has equiaxed Cu grains
with scattered annealing twins, as shown in Fig.
3(d). It is noticeable that the LBW (Cu—SS) weld
does not have any sharp interfaces either along the
Cu or SS, which demonstrates that the dissimilar
materials are well bonded with their weld interfaces
despite laser beam was offset towards the SS.

(b)

A\ Cellular dendrites| .

Fig. 3 Optical micrographs of local weld zones: (a) SS-BM and SS—weld interface (Zone I, Zone II and Zone III);
(b) Fusion zone (Zone 1V); (¢) Cu—weld interface (Zone V and Zone VI); (d) Cu-BM (Zone VII)
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3.2 SEM/SEI and SEM/BSE microstructural

characterizations

It is a well-known theory that SEM/SEI and
SEM/BSE characterization techniques can detect
the secondary and backscattered electron signals
respectively while imaging the specimen at very
high magnifications inside the SEM vacuum
chamber. The backscattered electrons (BSE) have
higher energies than secondary electrons produced
by the elastic collisions with atoms. By Heinrich’s
empirical relationship [45], the intensity of high
energy backscattered electron coefficient of an
element is directly related to its atomic number (£):

Nese=0.025+0.016Z-1.86x10*Z>+8.3x10 2> (1)

By applying the above polynomial relationship,
the BSE coefficients of the base metals involved in
this investigation, i.e., Fe (Z=26) and Cu (Z=29)
phases, are determined as 0.28 and 0.30,
respectively. Due to this minor difference between
their BSE coefficients, a modest compositional
contrast variation between the Fe and Cu elements
can be observed through the SEM/BSE
characterization on the fusion zone and dissimilar
weld interfaces. For SEM/SEI and SEM/BSE
characterizations, the regions S1, S2 and S3 along
the stainless steel side interface and the regions Cl1,
C2 and C3 along the copper side interface located
in Fig. 4 were considered. The SEM/SEI and its
corresponding SEM/BSE images captured at
various locations are presented in Figs. 5 and 6. The
primary objective of comparing the SEM/SEI
and SEM/BSE results captured on the same ROI is
to demonstrate the ability of the SEM/BSE
technique to accomplish a clear insight into the
microstructures and compositional
simultaneously across a typical dissimilar weld.

variations

® Cl

©SS lrx x % C2i

i Cu
FZ i

~_ ROI for hardness measurements

S3% % C3 0.5 mm

Fig. 4 Optical macrograph of LBW (Cu-SS) weld with
ROIs for SEM/SEI and SEM/BSE characterizations (S1,
S2, S3 are SS—weld interfaces, FZ means fusion zone
and C1, C2, C3 are Cu—weld interfaces)

Figures 5(a—f) show SEM/SEI and SEM/BSE
micrographs captured along the SS—weld interfaces.
In contrast to the SEM/SEI (Figs. 5(a, c, ¢)), the
SEM/BSE (Figs. 5(b, d, f)) micrographs captured
along the SS-weld interfaces have an apparent
contrast variation between the austenite and ferrite
phases. As expected and mentioned elsewhere [46],
the high chromium content (>18 wt.%) in the 304
SS has triggered the weld metal to primarily
solidify as ferrite (BCC) and convert back to
austenite (FCC) upon cooling at the end of weld
solidification temperature. Austenite (y) and ferrite
() phases are represented by bright and dark
features, respectively, in the SEM/BSE micrographs.
As the laser beam was offset towards the SS, the
fusion region close to the SS—weld interface has a
typical austenitic microstructure with a range of
dark ferrites. The formation of different ferrite
phases was due to the high Cre/Ni, ratio of
304 SS [46]. The fusion zone close to the S1 is
completely packed with the cellular dendrites with a
small portion of intercellular austenite (Fig. 5(b)). It
is evident that the microstructure close to the
interface S2 is entirely distinct from the S1 where
the o-ferrite has converted to lathy (lacy) and
skeletal (vermicular) ferrites. The formation of
these ferrites was due to varying chromium content
activated during the weld solidification where the
chromium rich region has transformed into dark
ferrite on the austenite matrix. In addition to that,
some branches of skeletal ferrites penetrated into
the SS—weld interface (S2), as displayed in
Fig. 5(d). An epitaxial grain growth with a dense
population of J-ferrites is observed in the fusion
zone close to the SS—weld interface (S3) (as shown
in Fig. 5()).

It has been mentioned elsewhere [46,47] that,
the quantity of J-ferrite generated in the fusion zone
is directly proportional to the cooling rate of the
welding process.
morphologies of the SS-interfaces may be due to
the turbulence in the weld solidification modes
caused by the high cooling rate of LBW process.
Thus, the steep thermal gradients involved in the
LBW process have modified the Cry/Nigq ratios in
the SS-interfaces (S1, S2 and S3), which resulted in
varying microstructural features in these interfaces.
Moreover, all the weld interfaces of SS are very
smooth instead of sharp which again confirmed
the complete weld penetration. In the previous

The diverse microstructural



Saranarayanan RAMACHANDRAN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 727-745 733

15.0kV 1,000 10pum WD 10.3mm

X1,000 10um WD 103mm

10um WD 103mm

WD 10.4mm

i

ntercelluar austenite (

2 F ecelluladend S

COMPO 15.0kV X‘I.OOb 10um WD 10.4mm

Fig. 5 SEM/SEI and its corresponding SEM/BSE micrographs of SS—weld interfaces and fusion zone: (a) S1, SEI;
(b) S1, BSE; (¢) S2, SEI; (d) S2, BSE; (e) S3, SEI; (f) S3, BSE; (g) Fusion zone, SEI; (h) Fusion zone, BSE

studies [36,38], the penetration of copper into the
fusion zone has been qualitatively determined. But
in this investigation, the range of findings offered
by the SEM/BSE micrographs (Fig. 5) confirmed
that the fusion zone has only austenite and
ferrite phases without any major traces of Cu.
Figures 5(g, h) show the SEM/SEI and SEM/BSE
micrographs of the fusion zone, respectively. From

this SEM/BSE image, it is observed that the fusion
zone has a mixture of coarse columnar grains and
fine equiaxed cellular dendrites.

The growth of all columnar grains is
perpendicular to the weld pool with a minor scale of
intercellular austenite (y). The formation of coarse
columnar grains in the fusion zone confirms the
influence of high thermal conductivity of Cu
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elements in this zone that resulted in abnormal
grain growth. However, the Cu distribution in the
fusion zone is not explicitly revealed from the
SEM/BSE image. This is because the laser beam
was offset towards the SS, and therefore apparently
the weld fusion zone should have a more
considerable quantity of Fe than Cu. Thus, a
significant contrast variation between Fe and Cu
elements does not appear in the SEM/BSE image.
Figures 6(a—f) show the SEM/SEI and
SEM/BSE micrographs captured along the Cu—
weld interfaces. The SEM/BSE image of the C1
interface (Fig. 6(b)) has exposed the presence of Cu
elements along with SS in the fusion zone close to
this interface. A high-intensity laser source
combined with molten liquid of SS has controlled
the effects of high thermal conductivity of Cu

WD 10.4mm

which melted the Cu in C1 and mixed it into the
fusion zone. However, the high intensity of the laser
beam did not penetrate further down from the C1
interface, which led to the creation of partially
melted zone with a columnar grain growth along
the fusion line close to the C2 (as shown in
Fig. 6(d)). The reason behind this microstructural
evolution is the supercooling effects offered by the
combined high cooling rate of laser and high
dissipation capability of Cu. As a consequence of
these effects, a wide miscibility gap between SS
and Cu elements is detected in the form of scattered
SS islands on the Cu matrix close to the C2
interface, as shown in the SEM/BSE image of C2.
Furthermore, the sharp compositional fluctuations
triggered by the non-uniform melting of Cu
into the fusion zone are responsible for different

10um WD 10.4mm

Columnr s (8
\_

& (21 Partially melted zone & Cu interface (C2)

@ N\

:

COMPO 15.0kV  X1,000 10um WD 10.3mm

COMPO 15.0kV ,000 10pum WD 10.3mm

Fig. 6 SEM/SEI and its corresponding SEM/BSE micrographs of Cu—weld interfaces: (a) C1, SEI; (b) C1, BSE; (¢) C2,

SEI; (d) C2, BSE; (e) C3, SEI; (f) C3, BSE
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microstructural features exhibiting close to the C2
interface. Due to even less heat input compared to
Cl and C2, more quantity of fine equiaxed Cu
grains without any microsegregation of Fe and Cu
elements are observed in the region close to the C3
interface (as shown in Fig. 6(f)). Moreover, the
heterogeneous nucleation mechanism promoted by
the partially melted zone (C3) frozen with the liquid
SS is responsible for the grain refinements in the
region close to C3 [46]. All the valuable findings
received through the SEM/BSE micrographs have
unambiguously identified the spatial distribution of
Cu and SS elements across the weld interfaces and
fusion zone.

@)

25

Fusion zone

(©

(d) e

3.3 SEM/BSE-EDS analysis

In this study, the EDS chemical composition
analyses were performed on the SEM/BSE image
instead of SEM/SEI to achieve more consistency
with the findings derived from the SEM/BSE
characterizations discussed in the previous section.
In addition, the SEM—EDS elemental mapping
analyses of this study have only considered the
main elements such as Fe and Cu by ignoring all
other minor alloying elements of the base metals.
The SEM—-EDS elemental maps of Fe and Cu
distributing on the SS—weld interfaces, fusion zone,
and the Cu—weld interfaces are shown in
Figs. 7(a—c), Fig. 7(d) and Fig. 8, respectively.

Fig. 7 SEM—EDS maps of Fe and Cu elements along SS—weld interfaces and fusion zone: (a) S1; (b) S2; (c¢) S3;

(d) Fusion zone
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Fig. 8 SEM—EDS maps of Fe and Cu elements along Cu—weld interfaces: (a) C1; (b) C2; (c) C3

The EDS counts (in at.%) of main alloying
elements computed from the corresponding EDS
maps are listed in Table 2. Figures 7(a—d) show that
the fusion zone has enriched with Fe, and there is
no evidence for the large scale Cu migration routes
into the SS—weld interfaces. Despite low mutual
solubility between Cu and Fe, some minor Cu

traces along with Fe are observed in the fusion zone.

This confirmed that the metallurgical reaction
between the Fe and Cu elements is inevitable [36].
However, the amount of Cu distributing in the
fusion zone is almost negligible compared to Fe
distribution as listed in Table 2, and thus the laser
beam offsets towards the SS had a severe impact in
controlling the Cu populations entering into the
fusion zone. Additionally, there are no visible sharp
SS—weld interfaces (S1, S2 and S3), which again
proved the complete weld penetration in a high
degree of confidence. It is noteworthy that the
amounts of Fe counts along the SS—weld interfaces
(67.73 at.% at S1, 68.09 at.% at S2 and 69.43 at.%
at S3) and fusion zone (66.17 at.%) are almost
homogeneous.

Table 2 EDS elemental compositions of weld interfaces
and fusion zone (at.%)

Region Cr Mn Fe Ni Cu Zn

SS-BM  18.14 0.95 72.78 8.13 - -

Cu-BM - - - 9368 6.32 -
S1 1742 140 67.73 632 7.13 -
S2 1754 131 68.09 6.52 6.54 -
S3 1720 191 6943 725 421 -
FZ 1630 149 66.17 593 9.84 0.27
Cl 943 0.71 31.26 3.23 5291 246
C2 814 0.70 3475 2.50 50.58 3.33
(OX] 1036 0.70 34.16 3.48 4948 1.82

The SEM—EDS analyses of the Cu interfaces
(C1, C2, C3) shown in Fig. 8 have offered a large
scale of critical observations. Firstly, all the maps
show the distinct Cu—weld interface without any
primary weld defects. In the C1 (Fig. 8(a)), both Cu
and Fe elements diffuse in the fusion zone
(Fe 31.26 at.%, Cu 52.91 at.%) better than C2 (Fe
34.75 at.%, Cu 50.58 at.%) and C3 (Fe 34.16 at.%,
Cu 49.48 at.%). These compositional fluctuations



Saranarayanan RAMACHANDRAN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 727-745 737

are interlinked with the turbulence of laser heat
input caused by the high thermal conductivity of Cu.
Secondly, the dark SS islands noticed on the bright
Cu matrix (SEM/BSE micrograph) close to C2 are
mapped as Fe in its corresponding EDS map. This
makes an excellent correlation between the
SEM/BSE and EDS findings on the compositional
variations.

As spotted in the SEM/BSE image of Fig. 8(b),
the Cu penetration into the fusion zone through a
small channel is evidenced. The above observations
made on the C2 have postulated the existence of the
partially melted zone close to the C2 interface. In
contrast to C2, there is no extensive occupancy of
scattered Fe particles in the region close to C3 and
also no evidence of specific Cu migration routes

between the C3 interface and fusion zone (Fig. 8(c)).
The key results derived from the SEM/BSE and its
corresponding EDS maps completely corroborate
the SEM/BSE results discussed in the previous
section.

3.4 SEM-EBSD microstructural analysis
3.4.1 Grain orientations

Figure 9 shows the high spatial resolution
inverse pole figure (IPF) maps of the local weld
sub-regions. The IPF maps represent the directions
of the grain orientations such as (100), (110) and
(111) respect to the plane normal through a
color-coded triangle. SS-BM (Fig. 9(a)) has
equiaxed austenite grains with more random
orientations instead of the preferred orientation of

Fig. 9 EBSD-IPF micrographs of local weld sub-regions: (a) SS-BM; (b) SS-HAZ; (c) S1; (d) S2; (e) S3; (f) Fusion

zone; (g) C1; (h) C2; (i) C3; (j) Cu-HAZ; (k) Cu-BM
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the FCC. Figure 9(b) shows a very narrow SS-HAZ
due to the high cooling rate of LBW process. It is
noticed that the large-scale of grains in the SS-BM
and SS-HAZ zones have their growth along the ND
(normal direction), and only a few grains are grown
along the RD (radial direction). All the IPF maps
(Figs. 9(c—e)) received from the respective
SS—weld interfaces (S1, S2 and S3) have course
columnar grains spatially positioned on the fusion
line with the clear epitaxial grain growth. The
columnar grains had a consistent grain growth in
line with the direction of weld heat flow, i.e.,
perpendicular to the fusion line. As a result of
combined heterogeneous nucleation and
constitutional supercooling effects, the weld fusion
zone has elongated equiaxed grains (Fig. 9(f)).

It is notable that this feature was observed only
in the SEM—EBSD micrographs and not able to
achieve in the normal SEM micrographs. This is
due to the differences in the spatial resolution
between the SEM and SEM—EBSD techniques. The
C1 interface (Fig. 9(g)) captured close to the fusion
zone has coarse Cu grains with high aspect ratio
located normal to the fusion line similar to the
microstructural features noticed in S1. Both C2 and
C3 interfaces (Fig. 9(h) and Fig. 9(i)) have a
significant proportion of very fine grains produced
from the outcome of thermal undercooling effects
of LBW process and heterogeneous nucleation
mechanism. The C2 and C3 interfaces also have
columnar and equiaxed grain growths, respectively,
in the region adjacent to the fine grain regions. It is
expected that the grain refinement mechanism of
these interfaces (C2 and C3) could lead to
microhardness enhancement. In spite of minor heat
input along the Cu side, the grain growth clearly
appears in the Cu-HAZ (Fig. 9(j)) compared to the
Cu-BM (Fig. 9(k)).

3.4.2 Grain misorientations

Figure 10 shows the grain boundary
distributions of the weld sub-regions. All grains
with a misorientation angle in the range of 2°—15°
were accounted as low-angle boundaries (LABs),
and the remaining grains (>15°) were considered as
high-angle boundaries (HABs) [48]. In comparison
to the SS-BM, the SS—weld interfaces (S1, S2 and
S3) have more fractions of HABs than LABs. This
1s because, the laser heat received in the fusion zone
was transferred through the SS—weld interface and
resulted in a distinct boundary between the coarse

grains without forming any sub-structured grains.
Due to the laser beam offsets towards the SS, the
misorientation profile of the fusion zone (LABs
27.1% and HABs 72.9%) is almost equivalent to
that of the SS—weld interfaces. It is noted that the
misorientation trends of the Cu—weld interfaces (C1,
C2 and C3) are entirely inverse to those of the
SS—weld interfaces (S1, S2 and S3) by occupying
more proportion of LABs than HABs. The grain
refinements produced along the Cu—weld interfaces
by the constitutional supercooling effects have
become responsible for the generation of LABs
between the sub-structured grains. All the
local misorientations information highlights the
existing crystallographic relationships between the
grain morphology and its corresponding grain
misorientations.

90 = = LABs (2°-15°)
> O

il - = HABs (>15°)
70 (| I oM

S60f il

= il

.5 50 H

g

=~

Cl
C2
C3

40
30
201
10 H (
0
o o 2
wn wnn C?
=
(@

Fig. 10 Grain misorientation distributions of local weld
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3.4.3 Grain size statistics

The grain size statistics are derived from the
post-processed grain maps. The average grain size
of SS-BM ((20.63£6.09) ym) and SS-HAZ
((21.20+£5.81) um) regions are very close to each
other with minimum standard variations. It is noted
that the average grain size is gradually increased
towards the SS—weld interfaces, and their entire
average grain size is equivalent to the average grain
size of the fusion zone ((25.89+£10.24) um). Along
the Cu side, the average grain size of Cu-BM
((24.8149.90) um) and Cu-HAZ ((25.47£9.72) um)
regions are almost the same. Among all weld
sub-regions, C1 has the maximum average grain
size of (30.92+15.77) um. Average grain sizes of
C2 ((22.60+17.31) um) and C3 ((21.41£15.10) um)
interfaces are much smaller than its BM and fusion
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zone due to the substantial occupation of fine grains
in these interfaces. Because of various solidification
effects and thermal gradients along the interfaces,
both the weld interfaces (Cu and SS) have more
standard deviations in their grain size compared to
their respective BMs.

3.5 Tensile properties and impact toughness of

welded joints

The average tensile properties derived from the
uniaxial tensile tests are reported in Table 3. The
UTS achieved by the joint is (236+3.75) MPa,
which is found to be 84.28% that of the Cu-BM. In
addition, other tensile properties such as elongation
and fracture strain of the joint are determined as 5%
and 0.20%0.01, respectively. These results are very
close to the studies reported in Refs. [34,35]. The
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majority of fusion welding processes usually lead to
abnormal grain growth through a range of
solidification modes and result in the reduced
tensile properties of the joint [46]. In the case of the
dissimilar welding process, the reasons mentioned
above are further exaggerated by the compositional
gradients between two dissimilar materials. It is
important to note that the tensile properties of the
weld reported in this study are closely aligned with
the weak base material of the dissimilar material
system, i.e., Cu. Moreover, all the tensile specimens
have fractured at the Cu—weld interface instead of
fusion zone. This proves that the failure location of
the dissimilar joint was entirely dominated by the
weak and softened base material (Cu). The tensile
fractographs received from the failure location
(as shown in Figs. 11(a, b)) clearly show a sign of

Table 3 Tensile and impact test results of base metals and welded joints

Tensile Yield Ultimate tensile Fracture Elongation/ Impact
specimen strength/MPa strength/MPa strain % toughness/J
SS-BM 46219 630+12 0.32+0.04 25+1 94+5
Cu-BM 142+6 280+8 0.46+0.05 3142 65+7
Cu—SS joints 193+11.10 236+3.75 0.20+0.01 5+1 75+10
Cu—SS-HAZ - - - - 60+18

WD 9.1mm

Fig. 11 SEM fractogrphs of tensile (a, b) and impact (c, d) specimens
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plastic deformation based ductile failure in the form
of dimples.

From the impact tests, it is determined that the
weld joint has higher toughness than the weak base
metal (i.e., Cu). Impact toughness specimens with
the notch positioned at the weld center have
absorbed 14.66% higher energy than the Cu-BM.
However, the specimen that had the notch located at
the Cu-HAZ has considerably lower impact
properties compared to the center notch specimens.
It is noticeable that all the standard impact
toughness specimens have fractured in the region
close to the Cu—weld interface, as observed in the
tensile tests. The impact fractography of weld metal
(WM) has both coarse and fine dimples (as shown
in Fig. 11(c)). However, the impact fractography of
Cu-HAZ shown in Fig. 11(d) has been majorly
occupied with coarse dimples, which reduced the
impact toughness of this zone. The results obtained
from standard impact experiments followed by the
fractography findings confirmed the high impact
toughness property of the weld compared to the
Cu-HAZ.

'Fusion zone

Fusion zone (Fe+Cu)

3.6 Microhardness measurements

Figure 12(a) shows the optical micrograph of
the microhardness indents spatially positioned on
the ROI as shown in Fig. 4. The microhardness
variations in the primary locations of the weld, such
as fusion zone and weld interfaces are correlated
with their micrographs (as shown in Figs. 3(a, ¢)).
Figure 12(b) shows the hardness contour plot
derived from the microhardness measurements
across the weld cross-section. Both base metals
(SS (207+17) HV and Cu (9148) HV) have more
uniform hardness distributions equivalent to their
theoretically expected hardness values. Additionally,
the SS-BM and its HAZ have the same hardness
due to the small heat input received from the laser,
which significantly reduced the grain growth in the
vicinity of the weld. However, excessive hardness
gradients are revealed in the fusion zone. Even
though the laser beam was completely offset
towards the SS side, the large hardness fluctuations
(143—263 HV) in the fusion zone was caused by the
minor penetration of partially melted Cu metals.

The entry of Cu into the Fe-rich fusion zone,

HV,50¢g,10s

47 74 101 128 156 183 210 237 2064

Hardness indents

Fig. 12 Microhardness variations of local weld zones: (a) OM showing HV indents; (b) Microhardness contour plot;

(c) SEM/BSE showing HV indents of Cu—weld interface



Saranarayanan RAMACHANDRAN, et al/Trans. Nonferrous Met. Soc. China 30(2020) 727745 741

as evidenced in the backscattered SEM micrograph
(Fig. 12(c)) could lead to local compositional
variations in this zone. However, due to the
minimal solubility of Cu in Fe, there is more
possibility for the existence of unmixed spots in the
dissimilar fusion weld zone. It is significant to note
that tensile and impact specimens have failed in the
region (Cu—weld interface) close to the unmixed
spots. The combined compositional changes and
unmixed spots have made the fusion zone hardness
gradients compared to other weld zones. The
average hardness value measured in the fusion zone
is (216£22) HV. This hardness value is slightly
above that of the SS-BM due to the presence of fine
cellular grains along with the coarse columnar
grains. PHANIKUMAR et al [32] also had this
phenomenon in their investigation. Furthermore, a
high standard deviation in the hardness
measurements on the fusion zone indicates the
scattering of Cu elements in the fusion zone. It is
noteworthy that a sharp spike in the hardness is
noted in the SS—weld interface ((241+12) HV). The
fusion zone which had a major heat input from the
laser heat source has attained the mixture of coarse
columnar grains and fine cellular dendrites. The
SS—weld interface adjacent to the fusion zone had a
minimum heat input and high cooling rate in
comparison to the fusion zone, and therefore these
effects have produced the fine cellular dendritic
microstructures throughout the SS—weld interface.
The consistency in the formation of fine cellular
dendrites at the SS—weld interface (as shown in
Fig. 3(a)) has led to higher microhardness at this
zone than the fusion zone of LBW (Cu—SS).
SOLTANI and TAYEBI [43] supported the similar
trends in their investigation.

As the laser beam was offset towards the SS,
only a marginal amount of Cu melted into the
fusion zone, and therefore no abnormal grain
growth is found between the fusion zone and
Cu—weld interface regions (Fig. 13(c)). Moreover,
the high thermal conductivity of Cu has led to more
heat dissipation away from the fusion zone and
resulted in the with  fine
recrystallized grains as located in Fig. 3(c). Hence,
the fine recrystallized grains with scattered Fe
fragments have facilitated the hardness elevation at
the Cu—weld interface. Although the LBW process
always leads to a narrow HAZ, a slight drop in the
hardness is visible at Cu-HAZ due to a minor grain

unmixed zone

growth gained from the laser heat convection (as
shown in Fig. 3(c)). Thus, the hardness measured
on the local weld zones is associated with their
grain size evolved from the weld thermal cycle. It is
more apparent that the microstructure with fine
grain morphology has more resistance to the
dislocation movements than the coarse grains due to
the presence of large scale of grain boundaries.
Hence, this crucial property of fine grain
microstructure 1is responsible for the hardness
enhancement. The findings from the microhardness
along with the micrographs have corroborated the
microstructure—mechanical property relationships
of the weld.

4 Discussion on grain refinement
mechanism of Cu—weld interface

From detailed microstructural characterizations
performed on the wvarious locations across the
Cu—weld interface, it is evident that the Cu—weld
interface had the rich microstructural gradients. The
microstructural transformation along the Cu—weld
interface is schematically illustrated in Fig. 13(a). It
is noteworthy that the microstructure varies from
the course columnar grains to equiaxed fine grains
according to the thermal gradients received along
the through-thickness direction of the Cu—weld
interface. As the laser was offset towards the SS,
the varying heat input transportation through the
laser heat convection between SS and Cu—weld
interface is the primary reason for the creation of
completely melted and partially melted zones in the
Cu—weld interface (as mapped in Fig. 13(a)). The
fine equiaxed microstructure has been commonly
observed across the weld manufactured by the FSW
process due to the plastic deformation and friction
heat generation mechanisms of this process.
However, the grain refinement mechanism during
the fusion welding process such as LBW process is
primarily due to the heterogeneous nucleation
assisted with the constitutional supercooling offered
by the LBW process [47]. From this view, it is
confident to claim that the heterogeneous
nucleation was responsible for producing the
equiaxed fine grains along the Cu—weld interface.
However, the element that triggered the
heterogeneous nucleation has not been confirmed in
this study. It is interesting to note that the grain
refinement mechanism was localized only at the C2
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Fig. 13 Grain refinement mechanism of Cu—weld interface: (a) Schematic illustration of solidifications modes along

Cu—weld interface; (b) Grain size evolution along through-thickness direction of Cu—weld interface

and C3 interfaces, and also the mechanism was
more active in the C3 than C2. This made the C2
interface have a mixture of columnar and equiaxed
fine grains instead of complete equiaxed fine grains
as observed on the C3.

Furthermore, both C2 and C3 regions have the
compositional gradients caused by the local
penetration of SS elements into the Cu as well as
some minor Cu elements channeled into the fusion
zone. As per the Hall-Petch equation shown in
Eq. (2), the mechanical performance especially the
yield strength of any metal is proportional to its
grain size:

K
N )

o, =0y +

where oy is the yield strength, oy is the materials
constant, K is the strengthening coefficient, and d is
the grain size. Therefore, the varying grain size
along the Cu—weld interface, as shown in Fig. 13(b)
will lead to yield strength variations during the
post-elastic deformation of the joint.

Even though this variation was qualitatively
observed in terms of microhardness measurements
of this investigation, there is a definite necessity to
involve a full-field technique such as digital image
correlation (DIC) to assess the local strain
distributions on the Cu—weld interface. On the other
hand, it is much believed that the fine grains have
higher strength as well as higher resistance to the
solidification cracking compared to the coarse
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grains. Therefore, the strength and reliability of an
LBW (Cu—SS) weld could be enhanced by
achieving a high density of fine grains as observed
on the C2 and C3 interfaces. This could be
accomplished by externally stimulating the
heterogeneous nucleation spots during the welding
process, which will further increase the quantity of
fine equiaxed grains along the Cu—weld interface.

5 Conclusions

(1) The primary process parameters of LBW
that have a significant impact on the quality of the
(Cu—-SS) joint were determined as laser power,
welding speed, and laser beam offset conditions.
Optical micrographs identified that both the
SS—weld interface and fusion zone had a cellular
dendritic microstructure. Along the Cu side, the
Cu—weld interface had equal proportions of coarse
columnar and fine Cu grains.

(2) SEM/BSE and SEM/EDS micrographs
obtained from the weld interfaces and fusion zone
have demonstrated the highly heterogeneous
microstructures  interlinked with phase and
composition details.

(3) EBSD micrographs of SS—weld interfaces
and fusion zone have evidenced that all these
regions had a distinct grain morphology. The grain
refinement zone was spotted in the Cu—weld
interface.

(4) The LBW (Cu-SS) joints have achieved
85% tensile strength (UTS of (236+4) MPa) of the
weak base metal (Cu). All the tensile specimens
have failed at the Cu—weld interface, and the nature
of the tensile failure was identified to be ductile.

(5) Microhardness measurements revealed that
the SS—weld interface ((241+12) HV) had the
highest hardness among all local weld zones. The
fusion zone had large hardness gradients due to the
presence of Cu and SS elements with the average
hardness value of (216+22) HV.
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