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processes have been used to weld such materials. In contrast, laser beam welding is a promising technology
due to its high productivity, good process flexibility and reliability, and good welding integrity. In the present
work, a high power fiber laser system is used to weld 5-mm thick 70/30 Cu-Ni alloy plates in a configuration
of butt joints. Then, the laser welded joints are evaluated in terms of microstructures, defects, and mechanical

gi,:?:,islamg properties (hardness, face and root bend, and tensile) in accordance with the applicable International Organiza-
Cupronickel alloy tion for Standardization and Defence Standard specifications.

Butt joint Crown Copyright © 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
Microstructure (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cupronickel alloys such as 70/30 Cu-Ni have excellent resistance to

sea water corrosion and anti-fouling properties, and thus have been

_— . ) widely used for naval and offshore applications such as ship pipes,
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College of Mechanical Engineering, Zhejiang University of Technology, 288 Liuhe Road, boat hulls, conduits, pump 1mp_eller§, Pum? bodies and components,
Hangzhou, Zhejiang 310014, China. seawater condensers, valve bodies, pipe fittings, heat exchanger tubes,

E-mail address: Xinjincao@zjut.edu.cn (X. Cao). boiler parts, and other engineered ship structures [1-4].
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Traditionally, arc welding processes, i.e. Manual Metal Arc (MMA),
Gas-Shielded Tungsten Arc (GTAW or TIG), and Gas-Shielded Metal
Arc (GMAW or MIG) have been used for Cu-Ni alloys [4,5] but it is diffi-
cult to obtain a stable welding pool, and thus brazing is also used [2].
However, the defect rate during brazing is fairly high and the open
flame is considered to be a safety risk for close structures such as a ship's
hull. Moreover, the two main Cu-Ni alloys (90/10 Cu-Ni and 70/30 Cu-
Ni) are susceptible to intergranular cracking in the weld and heat-
affected zone (HAZ), i.e. solidification cracking in the fusion zone (FZ),
liquation cracking in the HAZ, and ductility-dip cracking in the reheated
weld metal during multipass welding [4]. In addition, other issues such
as porosity [4] and lack of fusion [2] are also most commonly encoun-
tered in arc welded Cu-Ni alloys. Due to the extensive presence of poros-
ity, autogenous welding without the addition of filler metal is generally
not recommended for the Cu-Ni alloys [4,5]. The filler metal containing
0.2-0.5% Ti is usually used to react with nitrogen and oxygen from the
shielding gas or air to avoid the formation of porosity [2,5]. Sound
weld joints might be obtained but the arc welding processes are rela-
tively slow and inefficient. Compared to the traditional arc methods,
laser beam welding is a promising technology as it has many advantages
[6]: (i) low and precise heat input, thus less residual stress, less thermal
distortion and good dimensional accuracy; (ii) small HAZ; (iii) deep and
narrow fusion zone with almost parallel fusion boundaries - the aspect
ratio (depth/width) of the keyhole laser-welded seam is commonly
around 4:1 but can be as high as 10:1; (iv) high productivity, resulting
from high welding speed and simple joint design and preparation;
(v) capability of welding of a wide range of materials (Al, Mg, Ti, Cu, su-
peralloys, and steels) including heat-sensitive metals; (vi) welding of
dissimilar materials; and (vii) good process flexibility and reliability.

However, laser beam welding of pure copper is extremely difficult
due to its thermal and physical properties such as high laser reflectivity,
thermal conductivity and thermal diffusivity, creating an unstable
welding process. The addition of alloying elements like nickel to the
copper can decrease laser reflectivity, thermal conductivity, and ther-
mal diffusivity, leading to significantly improved laser weldability of
the copper alloys [3]. With the addition of 30% Ni, for example, the ther-
mal conductivity can be significantly reduced from 377 W/mK for the
pure Cu to 29 W/mK for the 70/30 Cu-Ni alloy [4].

To date, however, limited work has been conducted for Cu-Ni alloys
using laser welding processes. Ferro et al. [3] used a 6 kW CO, laser to
preliminarily weld bead-on-bars of 90/10 Cu-Ni and 70/30 Cu-Ni alloys
and analyzed the effects of laser power and welding speed on the geo-
metrical characteristics and microstructure of the welds. Chakravarthy
et al. [7] used a 3.5 kW CO, laser to weld 70/30 Cu-Ni alloy plates. It
was reported that the joints exhibited fine, equiaxed, and uniformly dis-
tributed grains in the fusion zone, and superior tensile properties were
achieved. In addition to the two investigations using CO- lasers, only
one preliminary work was reported for the Cu-Ni alloys using a solid
state laser. This involved the bead-on-plate (BOP) welding of 90/10
Cu-Ni and 70/30 Cu-Ni alloys with a thickness of 6.3 mm using a
4.5 kW Nd:YAG laser [8]. Little porosity was observed on the transverse
metallographic sections but non-destructive evaluation (NDE) was not
performed to confirm the absence of the porosity over the beads [8].
To the best of the authors' knowledge, no work has ever been reported
using new generations of solid-state lasers such as fiber and disk lasers

for the two Cu-Ni alloys. In addition, the tensile properties were only
evaluated for CO, laser welded joints by Chakravarthy et al. [7]. Other
mechanical and physical properties of the Cu-Ni alloy welds such as
bend and fatigue have not been reported.

The present paper is aimed to investigate the fiber laser weldability
of 5-mm thick 70/30 Cu-Ni alloy plates in butt joint configurations using
a 5.2 kW fiber laser welding system. In particular, the feasibility of au-
togenous fiber laser welding is explored as the use of filler wire is lim-
ited by the space in actual welding operations for some industrial
applications. The welded butt joints are evaluated in terms of the micro-
structures, defects, and mechanical properties (hardness, tensile, and
bending) in accordance with the applicable International Organization
for Standardization (ISO) or Defence Standard specifications.

2. Experimental procedures

The experimental material used was 70/30 Cu-Ni alloy plates with
the compositions in accordance with Defence Standard (DefStan)
02-780 [9]. Equivalent UNS (C71520) specification of the 70/30 Cu-Ni
alloy for welding applications can be considered as a substitution. The
specification and actual compositions for the material are shown in
Table 1. As indicated in Fig. 1, the 300 mm x 150 mm x 5 mm wrought
and fully annealed 70/30 Cu-Ni plates were joined in a butt weld config-
uration [10].

The welding equipment used consisted of an IPG Photonics 5.2 kW
continuous wave (wavelength 1070 nm) solid-state Ytterbium-Doped
Optical Fiber (Yb-fiber) laser system (YLR-5000) with a Beam Parame-
ter Product (BPP) of 2.20 mm=+mrad. A collimation lens of 200 mm, a
focal lens of 300 mm, and a fiber core diameter of 200 um are employed
to produce a laser beam with a focal spot diameter of approximately
0.3 mm. The laser head was inclined 5° from the vertical plane to
avoid possible damage caused by direct laser beam reflection. During
welding, high purity argon (>99.9%) at a flow rate of 23.6 I/min
(50 cfh) was used to shield the welding region from the top while the
root was shielded by a mixture of 50%Ar-50%He at a flow rate of
14.2 I/min (30 cth).

To maximize penetration depth, the BOP experiments were first car-
ried out to optimize the defocusing distance. Then both laser power and
welding speed were preliminarily explored to identify a range of set-
tings that would result in full penetration for the 5-mm thick plates.
These preliminarily optimized processes were further refined by evalu-
ating the weld defects and mechanical properties of the butt welded
joints. The joining faces for the butt joints were machined along the
lengths of all the plates. Prior to the clamping and welding, the edges
of the joints were carefully brushed and cleaned by methanol to remove
any surface contaminants.

The fully-penetrated butt joints were evaluated for their integrity
using visual, liquid penetrant, and radiographic tests according to Spec-
ifications ISO 17637 [11], ISO 17636 [12], and ISO 3452 [13], respec-
tively. All non-destructive tests were carried out on the welds prior to
cutting in the as-welded condition. The acceptance criteria follow the
DefStan 02-773 specification: Section 8.2 (Class 1) for visual testing
(VT), Section 11.3 for liquid penetrant, and Section 13.4 (Issue 3, Class
1) for radiographic testing [14].

Table 1

Chemical compositions (wt%) of the 70/30 Cu-Ni alloy.
Alloy/ Cu Ni Fe Mn Zn C Pb S P Al Bi B Si Others
C71520 >65 29-33 0.4-1 1.0 0.5 0.05 0.02 0.02 0.02 0.5
[9] Bal. 30-32 0.6-1.0 0.5-1.5 0.06 0.01 0.02 0.01 0.03 0.002 0.02 0.05 0.30
Plates® Bal. 30.63 0.01 0.74 0.03 0.003 0.004 0.003 0.20

Notes: C71520 - UNS specification of the 70/30 Cu-Ni alloy.
The single value is the upper limit (maximum) for the corresponding element.
2 Actual compositions provided by material supplier in the United Kingdom.
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1 — Butt joint
Plate width a = 150 mm
Plate length b =300 mm
Plate thickness t = 5 mm

Fig. 1. Test pieces for butt joints in plates [10].

Two specimens were cut from each joint for macro- and micro-
examination as well as microindentation hardness measurements. The
specimens were then mounted and subsequently ground and polished
using automated processes. Specifically, the weld samples were ground
using successively finer SiC papers from 220 to 1200 grit and then
polished using 6, 3, and 1 um diamond suspensions with an alcohol

(for6and 1 um) or oil (for 3 pm) based lubricant on silk polishing cloths.
A reagent of glacial acetic acid and nitric acid (1:1) was used for approx-
imately 3 s to disclose the structures in the fusion zone and HAZ. The
parent metal was etched in a solution of 5% ferric chloride, 25% hydro-
gen chloride and 70% water for 30 s. The microstructure was observed
with an inverted optical microscope (OM) (Olympus GX71). For some
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Specimen thickness t; = 5.0 mm
Width of the parallel length for plates b =25 mm for t; (5 mm) > 2 mm
Width of shoulder for plates by =b + 12 =37 mm
Radius at shoulder r > 25 mm
For beam welding in accordance with ISO 4063:2009, Ls = 0 mm
Parallel length L > Ls + 60 = 63 mm
Total length L= 150 mm

Fig. 2. Transverse tensile testing specimens for plates [15].
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selected specimens, the secondary dendrite arm spacing (SDAS) in the
central fusion zone was measured using a linear intercept method.
The reported SDAS values were the average of at least 10 intercept
line measurements and each has crossed 10-35 secondary dendrites.
The Vickers microhardness profiles across the transverse sections of
the welded joints at mid-thickness were measured using an indent in-
terval of 0.3 mm, a test load of 300 g and a dwell period of 15 s with a
Struers DuraScan (Model 70) machine equipped with a motorized X-Y
stage and a fully automated testing cycle (i.e. stage movement, loading,
focusing, and measurement).

The welded butt joints were also evaluated by transverse tensile
testing at room temperature. Fig. 2 shows the shapes and dimensions
of the transverse tensile testing specimens according to ISO 4136 [15].
To compare the mechanical properties of the welds with those for the
parent plate, three tensile testing specimens were also extracted from
the as-received material. Tensile testing was undertaken following the
principles given in ISO 4136 [15]. Specifically, tensile testing was per-
formed over a gauge lengths of 63.2 mm using a 250 kN-MTS testing
frame equipped with a LX 500 MTS laser extensometer. The tensile
properties evaluated in this work included the yield strength - 0.2%
proof stress - (YS), ultimate tensile strength (UTS), and percent elonga-
tion (% El) for each tensile sample. The room temperature tensile tests
were conducted until rupture at a crosshead speed of 0.945 mm/min.

The ductility of the welds were evaluated with a 180° guided bend
testing conducted on a testing apparatus in accordance with ASTM
E190-92 [16] and using a 50.8 mm outer diameter die. Four flat trans-
verse weld specimens with the dimensions of 153 mm x 19 mm
x 9.5 mm were evaluated for each combination of the processing pa-
rameters. The specimens were tested in both the root bend and face
bend configurations. After testing was completed, the specimens were
examined with a stereomicroscope for indications of cracking and
were assessed against the pass/fail criterion in ISO 15614-6 [10].

3. Results and discussion

The position of the focal point has an important influence on the
welding process and the weld quality. The focal point should be set
where the maximum penetration depth is produced [6]. In this work,
the effect of defocusing distance on penetration depth was tested on
the 5-mm plate at a laser power of 4.0 kW and a welding speed of
4.0 m/min. Fig. 3 shows that the maximum penetration depth is ob-
tained at defocusing distances from —1 mm (i.e. the focal point is
1 mm below the top surface of the workpiece) to 0 mm (i.e. the focal
point is located on the top surface of the workpiece). The focal point
has minimum beam size and maximum power density. The placement
of the laser beam focus on or below the surface of the workpiece can op-
timize the laser beam coupling to the material and thus increase the ir-
radiance inside the weld pool, causing the maximum penetration depth
[6]. Once the focal point is located into the plate more deeply, the pen-
etration depth is reduced. To obtain the maximum penetration depth,
all following experiments were conducted at a defocusing distance of
—1 mm in this work.

At the optimum defocusing distance, the welding speed was opti-
mized to obtain fully penetrated beads by bead-on-plate trials at two
laser powers, i.e. 4.2 and 5.2 kW (maximum power available for the
fiber laser system used in this work). Then fully-penetrated butt joints
were welded at laser powers from 4.2 kW to 5.2 kW and welding speeds
from 1.0 m/min to 2.0 m/min (Table 2 and Fig. 4). At a welding speed
lower than 1.0 m/min, the keyhole can become unstable and is easy to
collapse, leading to the formation of porosity [6]. In addition, welding
defects such as sag and unacceptable undercut can also appear as dem-
onstrated in laser welded Cu-Ni alloys at a welding speed below
0.75 m/min using a 4.5 kW Nd:YAG laser [8]. Therefore, the lowest
welding speed used in this work is limited to 1.0 m/min. The maximum
welding speed is determined by penetration depth. As indicated in
Table 2 and Fig. 4, the upper limits of the speed are 1.5 or 2.0 m/min

at laser powers of 4.2 and 5.2 kW, respectively for fully-penetrated
joints.

All the six fully-penetrated butt joints were examined and evaluated
by visual, liquid penetration and radiographic inspection as shown in
Table 2. According to the testing and acceptance standards for the visual,
ISO 17637 [11] and DefStan 02-773: Section 8.2, Class 1 [14] and liquid
penetration, ISO 3452 [13] and DefStan 02-773: Section 11.3 [14] spec-
ifications, all surfaces are to be free from cracks and crack-like defects.
For all 6 welds obtained in this study, surface cracks and crack-like de-
fects were not found. Surface porosity was only observed in one joint
which was welded at 4.7 KW and 1.5 m/min. As indicated in Table 2,
the main surface defects are undercut which appeared in all fully-
penetrated joints. However, the undercut up to a depth of 1 mm or
10% thickness, whichever is the least, is acceptable according to DefStan
02-773 specification [14]. In this work, the maximum acceptable depth
of undercut is 0.5 mm for the 5-mm thick plates. It is found that all 6 butt
joints obtained in this work have met the specification requirement of
the undercut, i.e. <0.5 mm (Table 2).

Further examination by radiographic testing according to ISO 17636
[12] indicated that all joints have porosity defects but without the pres-
ence of visible cracks, as shown in Table 2. According to the DefStan 02-
773 (Issue 3, Class 1, Section 13.4) specification [14], cracks and lack of
fusion (incomplete root penetration) defects are not acceptable. The
uniformly distributed or clustered porosity is not acceptable if it pro-
duces a area loss of >1% [14]. The maximum porosity area allowed in
the 150-mm weld length for the 5-mm thick weld is approximately
6 mm? for the Class 1 requirement, i.e. 1.0% porosity [14]. In this work,
the plate butt joints welded at lower laser powers of 4.2 kW and
4.7 kW did not meet the porosity requirements. In contrast, all 3 joints
welded at a high laser power of 5.2 kW met the porosity requirements.
This is probably due to the better stability of the keyhole at a higher
laser power or power density. At lower laser powers (4.2-4.7 kW), the
instability of the keyhole can cause its collapse and thus leads to the for-
mation of porosity, as demonstrated in Fig. 4b-c, where the porosity is
located at the lower part of the fusion zone near the root side, indicating
that it is most likely formed due to the collapse of the unstable keyhole.
In addition, the bubbles can have longer time to float and escape from
the molten pool at a higher laser power, leading to the decrease in po-
rosity. Therefore, autogenous fiber laser welding can be used to obtain
satisfactory joints at high laser powers although the internal porosity
is still the main welding defects for the 70/30 Cu-Ni alloy.

Fig. 5 shows transverse section and typical microstructures in the fu-
sion zone, HAZ and base metal in Joint-5 welded at a laser power
5.2 kW, a welding speed 1.5 m/min, and a defocusing distance
—1 mm. As copper and nickel are completely miscible in both the liquid
and solid state (i.e., unlimited solid solubility between Cu and Ni), the
Cu-Ni binary phase diagram is isomorphous and thus this alloy can
form a single-phase face-centered-cubic alpha phase structure.

In the fusion zone, fine dendritic structure is clearly observed and its
growth direction is against the heat flux. The dendritic arms are rich in
element Ni and the interdendritic regions are rich in Cu. The fine den-
dritic structure can be quantified by secondary dendritic arm spacing
(SDAS). For the Joint-6 welded at a laser power of 5.2 kW and a welding
speed of 2.0 m/min, the SDAS around the central fusion zone was mea-
sured and found to be approximately 1.62 um (with a standard devia-
tion of 0.27 pm).

The parent metal displays coarse alpha grain structure but does not
reveal any Fe- or Mn-rich intermetallic compounds such as Fe-Ni, al-
though they may be finely dispersed in the matric grains of the alloy,
as identified by Beccaria et al. [17]. In the HAZ, no grain coarsening
was observed.

Fig. 6 shows the microhardness profiles at the mid-thickness along
the transverse sections of the butt joints. Compared to the base metal,
the fusion zone has slightly higher hardness values due to the formation
of fine dendrites at high cooling rates as usually experienced in laser
welding. At a laser power of 4.2 kW, the hardness in the fusion zone
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Fig. 3. Effect of defocusing distance on penetration depth at a laser power of 4.0 kW and a welding speed of 4.0 m/min.

increases slightly from 105 to 109 HV with increasing welding speed
from 1.0 to 1.5 m/min. At a laser power of 5.2 kW, the hardness in the
fusion zone increases from approximately 102 to 112 HV with increas-
ing welding speed from 1.0 to 2.0 m/min. The slightly higher hardness

at a higher welding speed is due to the finer dendritic structures ob-
tained at higher cooling rate. At a given welding speed, the hardness
in the fusion zone did not vary significantly with an increasing laser
power from 4.2 kW to 5.2 kW. In the present work, the plates are rather
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Laser welded butt joints and NDE results.

Joint # Laser power (kW) Welding speed (m/min) Visual [11,14] and liquid penetration [13,14] inspection Radiographic testing [12,14]
Joint-1 42 1.0 Vv (undercut) X (45 porosities; 0.5-1.0 mm)
Joint-2 42 1.5 Vv (undercut) X (60 porosities; 0.5-1.0 mm)
Joint-3 4.7 1.5 V (undercut, porosity) X (32 porosities; 0.5-1.0 mm)
Joint-4 5.2 1.0 Vv (undercut) V(13 porosities; 0.5-1.0 mm)
Joint-5 5.2 15 Vv (undercut) V(10 porosities; <0.5 mm each)
Joint-6 52 2.0 Vv (undercut) V(8 porosities; <0.5 mm each)

Note: V' - Accepted; x - Rejected.

thick (5 mm) for a 5.2 kW fiber laser and thus the welding process win-
dow is relatively narrow. Therefore, it is expected that there is no signif-
icant variation in the hardness values of the fusion zone with the laser

power and/or welding speed. Compared to the hardness in the fusion
zone, the values in the HAZ slightly decrease from the fusion boundary
to the base metal. One abnormal case with increasing hardness values

Welding speed 1.0 m/min | Welding speed 1.5 m/min | Welding speed 2.0 m/min

(d) 52kW (e) 52kW ) 52kW

Fig. 4. Transverse sections of fully penetrated joints using a 5.2 kW fiber laser.
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(d) HAZ/FZ interface

el \J}’\

(e) BM

Fig. 5. Transverse section and typical microstructures in the central fusion zone (FZ), HAZ and base metal (BM) in Joint-5.

from the fusion boundary to the base metal was observed in the weld
obtained at 4.2 kW and 1.5 m/min (Fig. 6b). The parent plate for this
joint has also rather high hardness locally. Two more repeated measure-
ments for the hardness profile have further confirmed the similar hard-
ness distribution in this joint. The abnormal high hardness values in the
parent metal and HAZ are probably due to the non-uniform annealing
process of the castings and the presence of some Fe- or Mn-rich inter-
metallic compounds [17].

The tensile properties for all the joints and the parent plate are listed
in Table 3. Fig. 7 indicates the variations of the tensile properties with
laser process parameters. The YS for all joints met the minimum re-
quirement of 140 MPa defined in the Defence Standard 02-879 for
annealed plates [18]. The UTS for the two joints (Joints-4 and 5) welded
at 5.2 kW and 1.0-1.5 m/min is slightly lower (2-5 MPa) than the min-
imum strength requirement of 350 MPa. It should be emphasized that
the two joints met all visual [11,14] and liquid penetration [13,14], as
well as radiographic tests [12,14], as indicated in Table 3. The UTS for
all other joints met the minimum strength requirement (350 MPa).
Overall, the butt joints reach 99-105% of the minimum UTS
(350 MPa) as defined in DefStan 02-879 [18]. However, all joints have

lower elongation at fracture than the minimum requirement of 35%
for the annealed plates.

Compared to the parent plate, all the welded joints have similar yield
strength except for Joint-3 obtained at 4.7 kW and 1.5 m/min, which has
amuch higher value (194 MPa). Clearly the yield strength is mainly con-
trolled by the microstructure. The defects such as undercut, porosity,
and sag may influence the load-bearing area and thus slightly reduce
or increase the yield strength. The higher yield strength for Joint 3 is
probably due to the refined microstructure obtained at low heat input,
the lack of undercut defect and sag enhancement at joint root
(Fig. 4c). All other tensile properties (UTS, El.) for the welded joints
are lower than those for the parent plate, particularly for the ductility,
mainly due to the presence of porosity and undercut defects. The joint
efficiencies range from 92% to 98% and from 55% to 61%, respectively
in terms of the UTS and El. The joint efficiency in terms of UTS
(92-98%) obtained in this work is higher than the values of 80-89%
for the CO, laser welded 70/30 Cu-Ni alloy by Chakravarthy et al. [7].
In addition, copper has slightly higher absorption of the incident light
of the laser with a wavelength of 1.06 um for the solid-state fiber laser
as compared to 10.6 um for the CO, laser. Therefore, the fiber laser is



preferred for the welding of cupronickel alloys compared to the CO,

laser.

In spite of slight hardening after laser welding, all tensile specimens
of the plate butt joints failed in the fusion zone (FZ) and/or at the FZ/

Table 3
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Welding speed 1.0 m/min
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Fig. 6. Hardness profiles along the mid-thicknesses across the welded butt joints.

Tensile properties in the annealed or as-welded conditions.

and Fig. 8).

HAZ interfaces due to the presence of porosity and undercut (Table 3

All of the bend testing specimens passed the 180° bend requirement
as outlined in ISO 15614-6 [10] by achieving the required deformation

YS (MPa) UTS (MPa) EL (%) JE (% in UTS) JE (%in EL) Failure locations
Annealed plates: DefStan 02-879: Part 1, Issue 1, Annex B 140 350 35
Parent plates (annealed) tested in this work 170 377 46
Joint-1 165 354 28 94 61 3 at FZ/HAZ
Joint-2 173 357 25 95 55 3inFZ
Joint-3 194 368 28 98 60 3 at FZ/HAZ
Joint-4 168 348 28 92 60 3inFZ
Joint-5 165 345 26 92 58 1inFZ + 2 at FZ/HAZ
Joint-6 174 366 27 97 58 1inFZ + 2 at FZ/HAZ

Notes: JE = Joint Efficiency (joint property/base metal's).



X. Cao, A. Nolting / Materials and Design 181 (2019) 108075

400 T
380 + ____ ___ _ Basemetal
- i .
£ 360 T
S B BT
» - DefStan 02-879
=340 1
[ 3
320 + - 8- 42kW
[ --®--4.7 kW
[ —8—5.2 kW
R e
0 1 2 3
Welding speed (m/min)
(a) UTS
200
[ °
180 +
R S _,;A_ _____
- [ Base metal
& 160 +
£ i
iy C
-~ Mo DefStan 02-879
120 - a- 42kW
[ --@--4.7 KW
[ —8— 5.2 kW
100 s +
0 1 2 3
Welding speed (m/min)
(b) YS
50
Base metal
: -4A- 4.2 kW
[ --e--4.7 kW
9 VT e souw
= Defstan02879
30 T
[ ~8
20 t +
0 1 2 3
Welding speed (m/min)
(c) EL

Fig. 7. Tensile properties of the butt joints as functions of laser power and welding speed.

A failed tensile specimen for a parent plate A failed tensile specimen for a parent plate

Fig. 8. Failed tensile specimens for a welded joint and parent plate.
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Table 4
180° bend testing results in as-welded conditions.

Specimen geometries Orientation Flaws > 3 mm

Joint-1 Flat Root bend, face bend None
Joint-2 Flat Root bend, face bend® None
Joint-4 Flat Root bend, face bend None
Joint-5 Flat Root bend, face bend None
Joint-6 Flat Root bend, face bend None

2 Only 1 face bend specimen tested.

without the formation of cracks (Table 4). While some specimens devel-
oped small (<3 mm) cracks at the corner of the specimens, which is ac-
ceptable by the testing standard, there was no correlation between the
formation of these cracks and the orientation of the specimens or the
welding procedures. The results of the bend testing imply that all laser
welds had good ductility in both the weld metal and HAZs, and that
the defects such as undercut, porosity, and sag present in the joints
were not detrimental to the performance of the welds.

4. Conclusions

» Autogenous high power fiber laser welding can be used to obtain 70/
30 Cu-Ni alloy joints with all defects well within the specification re-
quirements.
In spite of the lack of intergranular welding cracking in the weld and
HAZ in the fiber laser welded 70/30 Cu-Ni alloy, porosity is observed
to be the major defects present in the butt joints without the use of
filler metal.
Compared to the coarse grains in the parent plate, the fusion zone in
laser welded joints displays fine dendritic structures, causing slight
hardening in the fusion zone compared to the annealed base metal.
No grain coarsening is observed in the HAZ.
Compared to the parent plate, all welded joints have similar or higher
yield strength but the UTS and elongation are degraded, particularly
for the ductility, mainly due to the presence of porosity and undercut.
Nearly all butt joints met the minimum yield and ultimate tensile
strength requirements, but not for the ductility according to the De-
fence Standard 02-879 [18].
The joint efficiencies range from 92% to 98% and from 55% to 61%, re-
spectively, in terms of the UTS and elongation. The higher joint
strength efficiencies (92-98%) than the values of 80-89% reported
using a CO, laser by Chakravarthy et al. [7] indicate the fiber laser
with higher energy absorptivity is preferred for the welding of cupro-
nickel alloys, compared to the CO; laser.
* All of the welding procedures met the requirements for the 180°
guided bend tests in both the root bend and face bend configurations.
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