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The welding of metallic materials by the Friction Stir Welding (FSW) method is a very attractive 
process for preserving their characteristics, especially for copper and its alloys that require high heat 
input and present many distortions by traditional methods. However, it is a great challenge to produce 
welds free of defects and maintain or improve their mechanical properties. In the current literature 
data on FSW parameters for copper and its alloys are scarce. In this study, tests were performed with 
a combination of four tool rotations (750, 850, 950, 1050 rev.min-1) and two welding speeds (20 and 
60 mm.min-1), maintaining the tool inclination angle in 3° and waiting time of 5 seconds. The objective 
of this work is to analyze the microstructure and mechanical performance of lap joints of the UNS 
C19400 alloy joined by FSW. The process temperature was monitored to trace the heating profile of 
the process, in addition to microhardness and shear strength tests, in addition to optical microscopy for 
analysis. The joints welded by the parameters Ω 950 rev.mm-1 𝛖 20mm.min-1 obtained a mechanical 
performance of 73% compared to the characteristics of the base metal and despite the appearance 
of volumetric defects at the microstructural level, the metallurgical transformations of recovery and 
recrystallization of the grains observed in the microstructure played a key role in the result.

Keywords: Copper-Iron Alloy, Mechanical Properties, Microstructure, Friction Stir Welding-
FSW, Lap Joints.

1. Introduction
The intense search for materials obtained by ecologically 

correct methods is a call from society and a goal of industries 
today. The FSW technique differs from conventional methods 
because it requires low energy demand, does not produce 
fumes harmful to the operator’s health and does not use 
filling material, being able to produce lighter products saving 
fuel and energy1. Another advantage of the process is to 
produce joints of similar and dissimilar materials that would 
be difficult to weld using conventional methods, generating 
less distortion due to the low heat input offered compared to 
traditional methods2

. The aerospace, automobile, naval and 
energy industries are the main researchers and developers 
of the FSW technique3-7.

The FSW technique was developed by Thomas8 in 1991, 
by the British Institute of Welding (TWI) which over the 

years has been gaining ground among researchers. This 
process uses only a non-consumable rotary tool of greater 
hardness than the material to be welded that penetrates the 
material until the shoulder touches the material. The friction 
between the parts generates heat, lower than the melting 
temperature, leaving the material in a paste state, so the tool 
runs longitudinally along the weld bead, plastically deforming 
the material and generating a stir flow3,9,10, example shown 
in the Figure 1 the main process variables. According to 
Abdollah-Zadeh  et  al.12 FSW is an in-situ extrusion and 
forging process.

In Figure 1, two working sides of the tool are shown, 
advancing side (AS) and retreating side (RS). The advanced 
side is when the tool velocity vector rotary agrees with the 
welding motion vector and the retraction side is when it 
happens the opposite of this1,9. The advance side is where the 
disturbance in the material occurs, promoting deformation 
plastic of the material by raising the temperature and *e-mail: floriartur@gmail.com
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transforming the material into a semi-solid that is dragged 
to the indentation side13.

The FSW process has  four regions of the weld bead 
shown in Figure 2, namely: Unaffected zone, heat affected 
zone (HAZ), thermo-mechanically affected zone (TMAZ), 
and stir zone (SZ)1.

The FSW technique was initially developed for aluminum 
alloys and over the years, research has shown that it is possible 
to weld different materials, however, studies for copper and 
its alloys are still scarce in the literature14,15, and according 
to Machniewicz et al.11 parameters for copper and its alloys 
require further research as there is no consolidated literature, 
leaving a large gap for open studies. For the iron copper 
UNS C19400 alloy research for this process is scarce and 
it is one of the motivations of this work. For commercial 
applications of this alloy, it is essential to know the specific 
FSW process. Many advantages are associated with the 

FSW process, but there is no guarantee of producing 
defect-free welds and the challenges to produce quality 
joints are enormous, being fundamental the knowledge of 
the parameters involved9,16,17 and according to Albannai2 the 
improper application of any parameters will generate visible 
or hidden defects.

Copper alloys have high thermal conductivity and to 
be soldered by conventional methods they demand a high 
thermal input, causing many defects and distortions and 
high residual stress and losing mechanical, thermal, and 
electrical properties18.

2. Materials and Methods

2.1. Materials

2.1.1. Sheet materials
UNS C19400 copper alloy sheets supplied in strips 

measuring 600 mm (length) x 100 mm (width) x 2 mm 
(thickness) were cut to dimensions 100 mm (length) x 20 mm 
(width) x 2 mm (thickness) to be mounted on a fixture base 
and assembled in the configuration for lap joints. The CuFe 
alloy, specifically UNS C19400 alloy, presents excellent hot 
and cold workability, high mechanical strength and electrical 
and thermal conductivity shown in Table 1.

The UNS C19400 alloy is resistant to natural, industrial, 
and marine atmospheres and because it contains Fe in its 
composition, its corrosion resistance is improved compared 
to pure copper. The other components of the alloy are shown 
in Table 2.

2.1.2. Tool material
One of the important points for the FSW process is the 

design of the tool, as its geometry influences the generation 

Figure 2. Characteristic zones of the FSW process.Unaffected zone, heat affected zone (HAZ), thermo-mechanically affected zone 
(TMAZ), and stir zone (SZ)1.

Table 1. Properties and characteristics of the UNS C19400 alloy19.

Properties of the UNS C19400 alloy

T. Liquidus T. Solidus

Coefficient of 
linear thermal 

expansion (20°C 
to300°C)

Thermal 
Conductivity 

(20°C)

Especific heat 
(20 °C)

Ultimate tensile 
strength Yield strength

°C °C µ/m.K W/m.K J/kg.K MPa MPa
1090 1080 16.3 260 385 310-524 165-203

Figure 1. Schematic drawing of the FSW process11.
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of heat, the flow of the plasticized material5,9,11, and also the 
force required for the longitudinal displacement of the tool21.

The tool basically consists of a fixation rod, shoulder and 
pin11. The tool developed was made of heat-treated, quenched, 
and tempered H13 steel with a hardness of 50~56 HRc, with 
a simple truncated-cone geometry pin and its dimensions 
shown in Figure 3. Adopted the ratio between pin shoulder 
diameters = 3, widely used among researchers9.

2.2. Experiment arrangement
The joints were welded on a three-axis machining center 

from the company Veker, model MV 760 ECO with a total 
installed power of 15 kW. Fixing and assembly details are 
shown in Figure 4 and Figure 5.

2.2.1. Process temperature monitoring
In order to monitor the process temperature, four K-type 

thermocouples were installed on the fixation base, placed 
20 mm apart from each other, which maintained direct contact 
with the lower plate in the center of the weld line shown 
in Figure  6, and temperature monitoring was performed 
with a data logger developed with an Arduino® Uno board, 
connected to a computer via the USB port, and for reading 
the serial port, CoolTerm® software version 1.9.1 was used.

2.3. Process parameters
The range of initial parameters of this work were based 

on previous research on copper and its alloys, as there is still 
not enough work for the alloy under study. Compilation of 
FSW works is presented in Table 3.

For initial tests, four tool rotation speeds (Ω), 750, 
850, 950, 1050 rev.mm-1 and two welding speeds 𝛖, 20 and 
60 mm.min-1, tool inclination angle of 3 ° and dwell time 
after tool penetration of 5 seconds.

To carry out the tests, Minitab® software was used with 
application of the DOE tool – Planning of experiments, 
factorial 2k, where k are the factors varying in two levels. 
The combination of parameters generated 8 tests and 
4 replicates were adopted for each one, totaling 32 randomized 
experiments.

2.4. Shear strength test
The shear strength test was performed like the works by 

Abdollah-Zadeh et al.12 and Wiedenhoft et al.22, the schematic 
design is shown in Figure 7.

Table 2. Composition by weight of UNS C19400 alloy20.

COMPOSITION (wt%)
Cu Fe P Zn Pb
Bal. 2.1 – 2.6 0.015 – 0.15 0.05 – 0.2 0.03 max.

Figure 3. Tool details and dimensions.

Figure 4. Fixing base assembly.

Figure 5. Detail of the positioning of the plates.
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In this test, force x displacement was monitored. 
A universal testing machine model DL-10000 with load 
capacity of 10000 kgf was used. The speed for this test 
was 2 mm.min-1. To compare the results obtained from the 
welded specimens, a specimen of the same dimensions was 
used without welding and free of defects in the base metal.

2.5. Microhardness test
The points measured for the microhardness of the 

joint were collected in four different lines of the sample, 
as shown in Figure  8, where “Line 1” and “Line 2” 
are the lines of the lower plate and “Line 3” and “Line 
4” are the lines of the upper plate, method adopted by 
Rosa  et  al.32 to measure microhardness in overlapping 
joints making it possible to investigate the direct influence 
on microhardness promoted by the heat generated by the 
shoulder and pin on the upper and lower plates. For this 
test, a Buehler microhardness tester was used on the Vickers 
HV 0.1 kgf scale and followed the ASTM E38433 standard 
for Vickers hardness.

2.6. Metallographic preparation
Samples were taken from the region halfway along the 

longitudinal length of the weld bead, shown in Figure 9. 
The samples were embedded in Bakelite, sanded, and polished 
and the chemical etching to reveal the microstructure was 
HNO3 + H2O.

3. Results and Discussion

3.1. Checking the quality of the weld on the test 
specimens

The visual appearance analysis results of all tests are 
shown in Table 4.

The specimens welded with the parameters Ω = 950 rev.mm-1, 
and 𝛖 = 20 mm.min-1 had the best visual appearance, that is, by 
the adopted quality criterion of not presenting defects visible 
to the naked eye and for these were made characterization 
tests such as micrography, microhardness, shear resistance. 
The visual appearance is shown in Figure 10.

3.2. Process temperature profile
Monitoring the temperature distribution of the process 

is paramount but capturing it directly in the stir zone is very 
difficult due to the intense plastic deformation of the material, 

Table 3. Compilation of FSW works on copper sheets and their alloys.

Alloy/Class thickness [mm] Ω [rev.mm-1] 𝛖 [mm.min-1] Reference
C 1XX 4 1250 61 Lee and Jung23

C 1XX 5 400 – 600 - 800 50 Xie et al.24

C 1XX 5
400 – 600 - 800 50

Xue et al.25

800 50 – 100 - 200
C 1XX 3 800-900 30 - 50 Hwang et al.15

C 1XX 4 400 – 600 – 900 -1200 - 1250 25 Jabbari and Tutum26

C 1XX 5 600 75 Khodaverdizadeh et al.27

C 1XX 4 710 40 Teimurnezhad et al.28

C 1XX 8 800 – 1200 - 1600 5 Huaracán Pichún29

C1 XX – C 2XX 5 710 - 450 16 - 25 Gharavi et al.30

C 1XX 5 580 40 - 60 - 80 Machniewicz et al.11

C1 XX – C 3XX 6 1200 50 Saravanakumar et al.31

Note: Ω= tool rotation, 𝛖= welding speed

Figure 6. Positioning of thermocouples on the fixing base.

Figure 7. Schematic drawing of the shear strength test22.
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the temperature being estimated by the microstructure 
generated or by thermocouples installed very close to it14. 
Figure 4 shows the temperature profile of the process where 
thermocouple T1 refers to the first thermocouple, beginning 
of the process and thermocouples T2 and T3 are intermediate 
and thermocouple T4 is located at the end of the process. 
The first thermocouple is the one that reaches the highest 
temperature of approximately 447 °C due to the initial 
friction and the waiting time of 5 seconds for the start of the 
longitudinal displacement of the tool. As shown in Figure 4, 
it corroborates with the authors Kumar et al.3 and Anand and 
Sridhar1 that the FSW process reaches temperatures much 
lower than the melting temperature of the material, which 
for this alloy is 1090 °C.

The average maximum temperatures observed by each 
thermocouple are shown in Table 5. The first thermocouple 
reaches the highest temperature due to the tool entry and 
shoulder contact with the plate for 5 seconds. Monitoring 
the temperature throughout the process allowed the printing 

of the process heating profile graph for the alloy, shown in 
Figure 11.

3.2. Shear resistance test- results
Four specimens with the parameters Ω 950 rev.mm-1 𝛖 

20mm.min-1 were submitted to the test, additionally two welded 
specimens were tested with the parameters Ω 850 rev.mm-1 𝛖 
60mm.min-1 and Ω 850 rev.mm-1 𝛖 20mm.min-1, shown in 
Figure 12. The motivation for inclusion was the appearance 

Table 4. Test results, visual quality analysis.

Ω [rev.mm-1] 𝛖 [mm.min-1] Results

750
20 Tool collapse; great tunnels
60 Tool collapse

850
20 Small pores on the surface

60 Pores and small tunnels on the 
surface

950
20 No visible defects
60 Small pores on the surface

1050
20 Small pores on the surface 

and flash
60 Tool collapse; small tunnels

Figure 9. Position of sample withdrawal for micrography.

Figure 10. Test specimens welded with Ω 950 rev.mm-1 and 
𝛖 20 mm.min-1.

Table 5. Maximum FSW process temperatures for UNS C19400 alloy.

Thermocouple Standard Deviation Maximum 
Temperature °C

T1 (tool input and 
dwell time 5 s) 30.34 429.65

T2 (intermediary1) 16.06 378.6
T3 (intermediary2) 24.77 369.8

T4 (tool output) 14.94 338.2

Figure 8. Line of points (pitch: 0.5 mm) and vertical distances 0.5 mm for microhardness testing. Note: RS = Retraction Side, AS= 
Advancing Side.
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of defects visible to the naked eye in these samples and the 
curiosity about the influence on the performance of the joint.

The result of the shear strength test is shown in Table 6. 
The results were compared with Base metal intact and 
weldless specimen. The specimens with the parameters 
Ω = 950 rev.mm-1 and 𝛖 = 20 mm.min-1 obeyed a standard 
with an average performance of 73%, specimen-5 65% 

and specimen-6 with 80%, observing the maximum force, 
showing that defects that are visually present in a sample 
do not a priori indicate lack of performance.

3.3. Microhardness
The result of the microhardness test is shown in the 

graph of Figure  13. For comparison with a standard, 
measurements were made on the base material, obtaining 
an average of 130.5 HV. A smoothing of the microhardness 
is clearly noticed in the center of the joint where the SZ and 
in TMAZ and HAZ a slight difference is noticed between 
the AS and the RS.

We believe that microhardness softening was caused 
mainly by the intense plastic deformation and the supply of 
heat directly to the microstructure, causing a metallurgical 
transformation, becoming more evident in the Microstructure 
chapter.

3.4. Microstructure
The optical micrographs are shown in Figure 14, where 

the main image identified the zones affected by heat, as well 
as the advancing and retracting sides. The other images were 
captured with greater magnification to verify greater details. 
Analyzing then it can be noticed some defects like a Hook-
type in the SZ region (Figure 14b), tunnels (Figure 14f and 
Figure 14g) in addition some ampliations show a microstructural 
details like a lower central transition of the joint, with part 
of the homogeneous SZ (Figure 14c) and equiaxed grains 
in the central zone of the SZ (Figure 12d and e), it happens 
because of the heat supplied directly to the microstructure 
of the joint.

3.5. Defects
For this work, samples welded with Ω 950 rev.mm-1 and 

𝛖 20 mm.min-1 were adopted because they presented a 
uniform welding and free of defects to the naked eye, but it 
was evidenced in the test of micrograph images innumerable 
defects inherent to the process, it is believed that due to the 
flow of inadequate material generated by the tool. Images 
d), f) and g) of Figure 14 show kissing bond, tunnel, voids, 
and fragmented material defects, respectively.

Table 6. Maximum force reached by the specimens in the shear 
resistance test.

Specimen Maximum force [N] Elongation [%]
Base metal 14874.16 6.20
Specimen-1 11675.48 5.02
Specimen -2 10136.56 4.82
Specimen -3 10289.18 5.18
Specimen -4 11799.49 5.48
Specimen -5 9685.05 4.68
Specimen -6 11872.62 5.92

Note: Specimen 1 to specimen 4 were welded with the parameters 
Ω = 950 rev.mm-1 and 𝛖 = 20 mm.min-1, specimens 5 and 6 were welded 
with the parameters Ω = 850 rev.mm-1 and 𝛖 = 60 mm.min-1; and Ω = 850 
rev.mm-1 and 𝛖 = 20 mm.min-1, respectively.

Figure 11. FSW process heating profile for UNS C19400 alloy.

Figure 12. Welded samples with parameters Ω 850 rev.mm-1 𝛖 60mm.min-1 and Ω 850 rev.mm-1 𝛖 20mm.min-1 respectively, defects in details.
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Figure 13. Microhardness profile of the FSW welded joint Ω = 950 rev.mm-1 and 𝛖 = 20 mm.min-1.

Figure 14. Joint microstructure Ω = 950 rev.mm-1 and 𝛖 = 20 mm.min-1
.
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4. Conclusions
The analysis of the tests allowed reaching some 

conclusions, despite the presence of several types of defects 
in the microstructure, the joints had a good mechanical 
performance against the material without welding. The specimen 
with defects at the macro level with the parameters Ω = 
850 rev.mm-1 and 𝛖 = 20 mm.min-1 performed well, while the 
specimen welded with the parameters Ω = 850 rev.mm-1 and 
𝛖 = 60 mm.min-1 obtained an unsatisfactory performance, 
it is believed that due to the higher welding speed it was 
not possible for the tool to generate an adequate flow of the 
plasticized material directly influencing the microstructure.

All specimens ruptured in the tool exit hole, which despite 
being inherent to the process is considered a defect and proved 
to be a point of greater stress concentration than the others.

The material from the stir zone showed a smoothing of 
the microhardness, in relation to the material in the initial 
state, mainly in the stir zone and subtly on the retraction side.

The microstructure features equiaxed grains in the stir 
zone due to the heat supplied directly to the microstructure.

This research was successful in joining the 
UNS-C19400 copper sheets, being a start for new research 
to improve the quality of the welding, such as new tool 
profiles and parameters.

The FSW process proved to be efficient in the processing 
of materials, as with low energy demand it was possible to 
transform the microstructure obtaining a gain in mechanical 
and metallurgical properties.
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