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1. Introduction

   Friction stir welding (Hereafter, FSW) which was in-
vented by TWI 1) has been developed rapidly by its me-
chanical, environmental and economic advantages in 
various applications2). 
  FSW on the copper or copper alloy has been re-
searched by the industrial needs. Basic mechanical 
properties on oxygen-free coper (UNS C10200) after 
FSW were investigated3). Cu canister can be sealed ef-
fectively by FSW; 50mm thick copper part could be 
joined in 1 pass4). The dissimilar joints such as Cu to Al 
or Cu to mild steel were reported5-6). Ni- Al-Bronze 
(UNS CD95800) for the marine part increased its phys-
ical and mechanical properties by friction stir process-
ing7-9). There was a trial which was carried out FSW on 
the partially fusion-welded joint in pipeline steel appli-
cation10). Song et al. carried out a laser-assisted hybrid 

FSW on Inconel 600 alloy and reported that the micro-
strucrural evolution of dynamic recrystallization by in-
creasing welding speed and subsequent enhanced me-
chanical properties11). In shipbuilding or marine en-
gineering, FSW has been applied to make deck panels, 
helideck structure and some low-weight structures2). 
However, a trial to join a FSW- ed part to another part 
by conventional arc welding has not been reported yet 
while industrial demands increase. 
  In the piping system, Cu-Ni alloys are known as the 
excellent materials for seawater process piping lines. 
Seawater is one of the main corrosive fluids and its 
pipeline requires high corrosion-resistance. Cu-Ni is 
covered by condense oxide films which causes suffi-
cient passivation for the marine salt water environment. 
Therefore, Cu-Ni alloys are widely used in shipbuilding 
and marine applications such as pipes, fittings, valves, 
pump components and other marine hardware parts. 
Yoon et al. reported comprehensive study on FSW to 
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Cu-Ni alloy12). They revealed that the oxide layer (NiO) 
on the base metal’s surface was re-distributed in the stir 
zone (Hereafter, SZ) as agglomerate flakes with a diag-
onal arc shape after FSW. The joint efficiency was 
about 90% after FSW. They explained that the primary 
factor on the tensile fracture position was the brittle 
NiO in the SZ.
  In this work, Cu-Ni alloy plates were friction-stir- 
welded at first and the mechanical properties were 
qualified as a seam-welded Cu-Ni pipe according to the 
standards13-14) for the seawater process piping system. 
Then, the gas tungsten arc welding (Hereafter, GTAW) 
followed on the FSW-ed weldment to investigate the ef-
fect of the conventional fusion welding on the FSW-ed 
joint. This research can be a reference to anyone who 
may want to join FSW-ed Cu-Ni component to another 
part by conventional fusion welding. 
 

2. Experimental Procedure

  In this work, the base metal was ASTM B171 UNS 
No. C70600 alloy plate of 10mm thickness (Hereafter, 
C70600 alloy15)) and the chemical composition was list-
ed in Table 1. 
  Firstly, FSW was carried out on the butt joint of two 
base metal plates. Secondly, FSW-ed plate was cut for 
each purposes (i.e., for the mechanical tests and for the 
GTAW). Thirdly, GTAW was performed on the leftover 
FSW-ed weldment by locating the weld center line per-
pendicular to the FSW center line. Fig. 1 shows the 
schematics of the process. 
  FSW was carried out in 2 combinations of the rotation 
speed (R, rpm) / the travel speed (V, mm/min): Case A 
was 600/200 and Case B was 1200/200. During the 

FSW, the rotating tool’s position was controlled equally 
and the atmosphere was 99.9% argon gas. Tool was 
made of W92-Ni-Fe alloy and probe length was 5.5mm. 
The first bead passed on the top side (i.e., face side) of 
butt-jointed two plates, then the second pass did on the 
backward side (i.e., root side). The FSW-ed plate was 
cut into two blocks; one was consumed for the mechan-
ical tests such as tensile elongation test and bending 
test, and the other was prepared for the next GTAW 
welding with new base metal. 
  Fig. 2 shows the dimensions of the mechanical test 
specimens. One of this work’s objectives is to inves-
tigate the soundness of the FSW-ed seam weld of the 
C70600 alloy pipe, therefore quality of the weld should 
meet the requirements of the international code of 

GTAW Case C

BM (C70600)

FSW Case A and B 

1st pass (face)
2nd pass (root)

Cut 

BM 

C70600(FSW)

2 bending specimens
1 tensile specimen

GMAW on FSW

Cut-plane for Fig. 6(a)

Fig. 1 Schematic process of this work

Table 1 Chemical compositions of the base metal and GTAW filler material (wt.%)

　 Cu Ni Mn Fe Zn Pb Ti Others

Base Metal Bal. 10.01 0.57 1.56 0.02 0.004

Filler 67.5 30.5 0.75 0.52 0.002 0.38 < 0.5

200mm
60mm

12.5mm

50mm 13mm

20mm

10mm

10mm
5mm

20mm

10mm5mm

20mm

Tensile specimen

Guided bending specimen
Transverse face bend

Transverse root bend

Fig. 2 Drawing of the tensile specimen (ASTM A370) 
and the bending specimen (ASME Section IX 
QW-462.3(a))
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ASME Sec. IX14). Tensile specimen’s dimension was 
machined according to ASTM A37013) to compare the 
mechanical properties with that of the base metal. The 
gauge length was 50mm and the gauge width was 
12.5mm for the FSW-ed samples. Guided bend test 
specimens were prepared by FSW-ed C70600 alloy 
plate in order to qualify the soundness of FSW weld-
ment according to ASME Sec. IX. According to ASME 
Sec. IX QW. 462.3(a), a bending test specimen should 
be machined according to its thickness; one above 
10mm thickness requires the side bending specimens, 
but the other below 10mm thickness requires a set of 
face and root bending specimens. The guided bend 
specimens were machined on both sides of the trans-
verse face and the transverse root in this work. The 
thickness of the bend specimens was 5 mm and guide 
roller’s radius was 20mm. 
  The leftover FSW-ed plate was fitted-up with new 
base metal for the next welding step (GTAW on FSW- 
ed plate). The general welding condition was the weld-
ing current of 150A, the voltage of 15V and the welding 
speed of 140 mm/min. It is noted that GTAW filler is 
different from the base metal (Cu:Ni = 67.5:30.5 wt% in 
Table 1) as an conventional practice because this filler 
shows better performance of the weldment. The details 
of two welding processes (FSW and GTAW) were listed 
in Table 2. After GTAW, the transection including FSW 
and GTAW weldment was cut, polished and etched with 
etchant (Dist. water 80ml, sulfuric acid 5 ml, potassium 
dichromate 10g16)) for the optical microscopic analysis 

with Zeiss AXIOSKOP 2 MAT. Further comprehensive 
microstructural analyses were carried out by using the 
scanning electronic microscopy (SEM), X-ray dif-
fraction (EDS) and the electron probe micro-analysis 
(EPMA) to investigate the inclusions in SZ and mi-
cro-pores existing in the boundary between GTAW-WM 
and FSW-SZ. 

3. Result and Discussion

  Table 3 and Fig. 3 show the tensile test results of 
FSW-ed (Cases A and B in Fig. 3 (a) and (b)) and 
GTAW-ed (Case C1 and C2 in Fig. 3 (c) and (d)) 
C70600 alloy plate. Base metal’s tensile result was 
quoted from the manufacturer’s material certificates. 
Yield stress (YS) results after welding (both FSW and 
GTAW) increased when compared to the base metal 
while the ultimate tensile strength (UTS) were all sim-
ilar between 314.4 ~ 324.6MPa. It is noted that tensile 
elongation (TE) decreased from 39% (base metal) to 
~35% after GTAW and 21~26% after FSW. Fracture 
positions of the tensile specimen were the base metal 
(BM) portion for GTAW-ed samples (Fig. 3 (c) and (d)) 
while those were at the SZ for FSW-ed samples (Fig. 3 
(a) and (b)). Generally, transversal tensile test on a 
welded joint requires only UTS because the gauge por-
tion is a mixture of the base metal and the weldment. 
All results of FSW-ed and GTAW-ed samples met the 
requirements (minimum UTS is 275MPa) according to 
the base metal’s standard16). 

FSW GTAW

Base metal 90-10 CuNi alloy (UNS C70600) Base metal 90-10 CuNi alloy (UNS C70600)

Tool Material W92-Ni-Fe alloy Welding Filler ASME SFA 5.7 ERCuNi

Shielding Gas 99.9% Ar Shielding Gas 99.9% Ar

Probe length, mm 5.5 Gas flow rate, liter/min 10~15

Rotation speed, rpm 600 (Case A) and 1200 (Case B) Current, A 80~190

Traveling speed, mm/min 200 (Cases A and B) Voltage, V 7~18

Speed, mm/min 40~180

Table 2 Welding conditions (FSW and GTAW)

Tensile elongation test Bending test

Sample Yield stress, 
MPa

Ultimate tensile 
strength, MPa

Elongation, 
%

Fracture 
position Face Root

Base metal (C70600) 173 321 39 BM N/A N/A

Case A (FSW 600/200) 199.6 314.4 26.2 SZ Fail Accept

Case B (FSW 1200/200) 203.2 320.2 21.8 SZ Accept Accept

Case C1 (GTAW only) 194.5 324.6 35.4 HAZ Accept Accept

Case C2 (GTAW only) 183.9 323.8 34.1 HAZ Accept Accept

Table 3 Mechanical properties: base metal, FSW-ed samples (Cases A and B) and GTAW-ed samples (Case C)
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  The change of TE can be explained by the character-
istics of the welding joints. GTAW WM in practical use 
may have different chemical compositions to attribute 
better welding performance. The GTAW filler in this 
work belongs to UNS C71500 which has around 30% 
higher tensile strength than C70600. As a result, BM 
portion should be elongated and fractured prior to WM. 
The tensile-fractured specimens for GTAW-ed samples 
(Fig. 3 (d)) showed that the deformation band covered 
BM’s surfaces widely except the portion of WM. 
Similar UTS values of BM and GTAW-ed samples sup-
ports above explanation in Table 3. On the other hand, 
negligible deformation band existed in the surface of 
BM portion for FSW-ed samples while most deforma-
tion occurred at the surface of SZ portion (Fig. 3 (c)). 
Therefore, the actual tensile-elongated area was BM 
portions for GTAW-ed samples, on the other hand, it 
was SZ portions for FSW-ed samples. It’s the reason 
why TE of FSW-ed samples showed much lower than 
BM and why GTAW-ed samples showed slightly lower 
than BM in Table 3. 
  Fig. 4 shows the pictures of tensile fracture behavior 
of cases A and B. Case A showed two distinct fracture 
faces; one is the dark-colored multi-layers near the 
face-side weld bead (upper area of the fracture faces in 
Fig. 4 (b)) and the other is bright-colored diagonal frac-
ture (large portion of the fracture face). On the other 
hand, Case B showed diagonal fracture face normally 
(Fig. 4 (c) and (d)). The fracture positions of cases A 
and B were SZ and side profile was diagonal along the 
tensile direction. The dark-colored area covering 2- 
3mm from the top surface of Case A existed on the frac-

ture face (see the black arrow in the yellow box in Fig. 
4 (b)). This dark-colored area showed a characteristic 
fracture profile which had multiple curvy layers dia- 
gonally. The similar pattern in SZ was observed as the 
oxide films distributed along the stirring metal flow by 
EPMA12). 
  Fig. 5 shows the results of bending test on FSW-ed 
specimens. Among 4 specimens, which were face- and 

(a)

(b) 

(c) 

(d) 

Fig. 3 Tensile test specimens; FSW-ed samples (a) before 
and (b) after the test, and GTAW-ed samples (c) 
before and (d) after the test

(a)

(c)

(b)

(d)

Fig. 4 Fractured tensile samples: (a) side profile and (b) 
fracture face of Case A, and (c) side profile and 
(d) fracture faces of Case B.

(a) 

(b) (c) 

(d) 

Fig. 5 Guided bending test; (a) specimens before the test, 
(b) face-side samples and (c) root-side samples af-
ter guided bending test, and (d) close-up picture of 
the face-side Case A sample
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root-bending on cases A and B, the transverse face bend 
on case A (Fig. 5 (b)) failed the requirements because 
the surface cracks longer than 3mm occurred diagonally 
while others were all satisfied. Generally, a crack dur-
ing the bending test occurred with an improper fusion in 
welding. In this work, this characteristic feature of the 
array of the diagonal cracks could be explained by the 
lack of fusion in SZ. It is reasonable that these surface 
cracks in bending test resulted from the oxide film lay-
ers distributed in SZ during FSW. The oxide film layers 
in SZ also contributed the fracture position of tensile 
test. It is noted that UTS of FSW were as high as the 
base metal in spite of the oxide film layers covering 
2~3mm on the fracture face. 
  Fig. 6 (a) shows the macroscopic picture of GTAW on 
the FSW-ed CuNi plate. In the center of the Fig. 6 (a), a 

‘sandglass’-like SZ was made by double-side FSW. The 
left of the Fig. 6 (b) shows the microstructure of base 
metal (same as in the right of the Fig. 6 (d)). C70600 
base metal has the grains ranging from 100 to 700 mi-
crons with some annealing twins. Typical GTAW-WM 
neighbored right side of FSW-SZ and formed part-
ly-overlapped position (marked as “c, e, f and g” in Fig. 
6 (a)). Either FSW or GTAW with the C70600 base 
metal showed sound weldment without any defect (Fig. 
6 (b) and (d)). 
  Fig. 6 (c) shows characteristic microstructures. One is 
directionally ordered ‘black-arc-arrays’ on the left side. 
The others are micro-pores (also shown in Fig. 3 (e)~ 
(g)) along the FSW-SZ and GTAW-WM boundary. 
Those pores sized 10 ~ 100 microns and most of them 
existed at the end of black-arc-arrays along the boun-
dary of FSW-SZ and GTAW-WM. The black-arc-arrays 
formed during FSW since those arc arrays are in the 
same direction of stirring by the probe, and base metal 
had no precipitate to form those ‘black-arc-arrays’ also. 
It was hard to oxidize during FSW because FSW had 
been carried out in the 99.9% Ar atmosphere. In this 
work, the black-arc-arrays acted as a critical role of the 
tensile fracture and the cracking in bending test. The 
characteristic behaviors of the mechanical test (i.e., the 
dark-colored area in the tensile fracture surface and the 
diagonal array of cracks in the bending specimen in the 
face bend of sample A) resulted from this microstructure. 
  It is widely known that the oxide film on the surface of 
the metal plate crushes and stirs during FSW17) and 
Yoon et al. revealed that re-distributed agglomerates of 
NiO oxides in SZ could act as a role of tensile fracture 
12). In this work, C70600 base metal plate also had ox-
ide films on the surface in Fig. 7 (a) where indicates a 
cut-plane parallel to the FSW welding direction (see the 
mark ‘h’ in Fig. 6 (a)). In Fig. 7 (a), the oxide layer (a 
mixture of Ni- and Cu-oxides) was detected by EPMA 
element mapping. The thickness of the oxide layer was 
~ 30 microns on the base metal surface while it de-
creased to 3~5 microns on the surfaces of SZ, TMAZ 
and HAZ. In Fig. 7 (b), the major elements of the black- 
arc-arrays were revealed as Ni and O. According to 
Yoon et al., it is expected that NiO was the most fa-
vored by its lowest free energy among the oxides of 
CuO, Cu2O and NiO. The next possible oxide was Cu2O 
than CuO having the highest free energy. Therefore, the 
black-arc-arrays in Fig. 6 (c) were stirred and re-dis-
tributed oxide flakes (mostly NiO and less Cu2O) which 
had existed on the surface of C70600 plate. 
  Fig. 8 (a) and (b) show high magnitude SEM images 
of the micro-pore on the position ‘k’ in Fig. 6 (e). There 
were micro-scale flakes in the micro-pore. By EDS, the 

(b)

(c)

(d)

(a)

c,e

f

g

b d

BM FSW-SZ

GTAW-WM BM

GTAW-WMFSW-SZ
500mm500mm

500mm500mm

500mm500mm

5mm5mmh

(e) (f) (g)
X1.0k X500 X500

k

Fig. 6 Macro- and Micro- structures of FSW-ed and 
GTAW-ed C70600 butt joint; (a) full scale mac-
ro-image, (b), (c), (d) micro-images of the boun-
daries (BM//FSW-SZ, FSW-SZ//GTAW-WM and 
GTAW-WM//BM, respectively), (e), (f), (g) mi-
cro-pores along the boundaries between FSW- 
SZ//GTAW-WM
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flakes were Ni-rich oxides and the inner surface of the 
micro-pore was similar to the base metal. The base met-
al (Cu:Ni = 90:10 wt.%) and the filler metal (Cu:Ni = 
68:30 wt.%) are fully soluble each other since C70600 
alloy is a homogeneous solid solution as shown Fig. 6 
(d). On the other hand, the boundary between FSW-SZ 
and GTAW-WM included a lot of micro-pores (Fig. 6 
(c), (e) to (g)). The formation of the pores can be ex-
plained by the melting of Cu2O oxide which has con-
tacted to GTAW molten pool. In GTAW, an arc gen-
erated from the tungsten electrode is a plasma state of 
very high temperature above 3000℃ 18). The temper-
ature of GTAW weld pool should be sufficiently high 
enough to melt the filler and to flow the weld pool. The 
liquidus (TLF) of GTAW filler’s equivalent material 
(UNS C71500, Cu:Ni = 70:30 wt.%) is 1238 ℃19), 
which is higher or close to that of Cu2O (TL,Cu2O = 1235 ℃
20). On the other hand, it becomes much more hard to 
melt NiO (TL,NiO = 1955 ℃20)). According to the inves-

tigation on the macrosegregation by dissimilar filler 
metals, the thin boundary (called as ‘the filler-rich 
zone’ 21)) between the bulk WM and BM (in this work, 
FSW-SZ) freezes quickly. Fast cooling of the filler-rich 
zone resulted in trapping effect subject to O2 gas 
formed from the end of the oxide flakes (i.e., the black- 
arc-arrays) neighbored to the molten pool. Therefore, 
most pores existed along the filler-rich zone between 
FSW-SZ and GTAW-WM (Fig. 6 (c), (e) to (g)). EDS 
peaks on the oxide flakes (point P) and inner wall (point 
Q) support above explanation (Fig. 8 (c) and (d)). The 
EDS peak of oxide flakes showed mainly Ni oxide 
while copper oxides were very weak. 
 

4. Summary

  1) FSW and subsequent GTAW were tried to C70600 
alloy plates. Each welding process was qualified by me-
chanical tests according to the international standards. 
Tensile properties after FSW were close to the base 
metal and GTAW-ed weldment. A sample of relatively 
low heat input (Case A; rotation speed 600rpm and 
traveling speed 200mm/min) failed in transverse face 
bending test because of the existence of oxide films in 
the FSW SZ. 
  2) The overlapped weldment (FSW-ed then GTAW-ed) 
was investigated to clarify the effect of GTAW on FSW 
SZ. It was revealed that GTAW on the FSW SZ formed 
the micro-pores along the boundary between FSW SZ 
and GTAW WM. It is explained by that O2 gas for-
mation by melting of low liquidus oxides (Cu2O) from 
the oxide flakes (Cu2O and NiO) which were contacted 

Cu Ni

BM

O

TMAZ+HAZSZ

Oxide layer
Of BMOxide layer

of SZ
20mm 20mm

20mm20mm

(a)

(b)

Fig. 7 EPMA element mapping on the edge of FSW (a) 
and on the area containing the black-arc-arrays 
neighbored to the FSW-GTAW boundary (b)

P Q

(a)

P

Q

X5.0k X20.0k

(b)

(c) (d)

10 ㎛ 2  ㎛

O
Ni

Ni
Cu

Fe
O Ni

Cu

Cu

Fig. 8 SEM and EDS results: (a) SEM image focusing 
the micro-pore (X5.0k) , (b) oxide flakes (point P) 
and inner surface (point Q) of the pore (X20.0k), 
(d) and (e) EDS peaks on the point P and Q
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to the boundary between FSW SZ and GTAW WM. 
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