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HIGHLIGHTS ABSTRACT

e Characterization and  evaluation  of
mechanical properties of welded tubes made
from oxygen-free copper (C1020) sheet
using friction crush welding were
investigated.

e The microstructure study showed good weld

The welding process is one of the fabrication processes in which tubes can be
performed for structural purposes and transport liquids or gases. This study is
focused on the manufacturing, characterization, and evaluation of mechanical
properties of welded tubes made from oxygen-free copper (C1020) sheets using
friction crush welding. The welded tubes were produced using different tool
rotation speeds (1500, 1600, and 1700 rpm) and feed rates (130, 140, and

quality and good material flow between the
two ends of the copper sheet in the weld
zone.

o The results also showed that ductile fracture

150 mm/min). The flanged edge height of 2.5 mm and 0.5 mm gap between the
ends of the copper sheet was used. All examinations on welded tubes were
achieved using different instruments such as optical microscopy, SEM, hardness,

and tensile testers. The microstructure study showed good weld quality and good
material flow between the two ends of the copper sheet in the weld zone.
Moreover, the weld zone was not defective. The lowest hardness was identified
in the crush zone due to the coarseness of the copper grains. The highest tensile
strength of 105 MPa was obtained at the tool rotation speed of 1500 rpm and 130
mm/min feed rate. The results also showed that ductile fracture is the main
source of failure.

is the main source of failure.
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1. Introduction

Industrial friction welding applications have increased in recent years, such as in electronic packages, engines, fuel tanks,
tubes, pipelines, and many other applications [1,3]. Friction welding is used for joining materials in a solid-state where the
produced heat is due to a relative movement between two components under pressure. Conventional friction welding processes
such as rotary, linear, and orbital friction welding are categorized according to the nature of the movement relative to their
interfaces and in accordance with their type of energy supply. The weld zone has a characteristically fine-grained
microstructure, and the joint shows a narrow heat-affected zone [4]. Therefore, a non-consumable welding tool provides the
required temperature and plastic deformation over the welding area [5]. Friction crush welding (FCW) is one of the welding
techniques used to weld thin sheets [6]. The concept of the FCW process is simple where a non-consumable rotating tool with
a specific disk geometry and profile is used for crushing a certain volume of base metal [7,8]. It is based on the friction caused
by the relative motion between the non-consumable rotating tool and the workpiece surface. A uniform unidirectional relative
velocity is used to weld similar and dissimilar sheet metals [9,10].

Generally, tubes or pipes are made on a large scale using several welding processes such as electric resistance welding,
electric arc welding, high-frequency welding, and submerged arc welding [11,12,13,14]. Machining operations are needed to
remove the internal and external flash defects. External flash is easy to remove by machining processes, but internal flash is
hardly removed [15]. In addition, conventional friction welding is not compatible with thin-walled pipes. By controlling the
relative motion of the tool, friction stir welding (FSW) can be used to join thin-walled pipes to avoid defects encountered in
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conventional welding processes [16]. Previous investigations have referred to pip-pipe welding using friction welding
techniques [17,18,19], and few types of research have been done on FCW [20,21]. Still, no one has mentioned the fabrication
of pipes from C1020 copper sheets or other materials using FCW. This study is a relatively new investigation investigating the
fabrication and characterization of welded tubes made from C1020 copper sheets without internal flash using FCW with
different processing parameters. Exuded water and pressurized air tests were also performed to determine the ability of welded
tubes to transport liquid and gaseous media.

2. Experimental work

2.1 Material and Experimental Setup

Oxygen-free copper (C1020) sheet with dimensions of (100 mm x 60 mm x 1mm) was used to fabricate welded tubes. The
chemical composition of the oxygen-free copper (C1020) sheet is illustrated in Table 1. Several welded tubes were fabricated
using different FCW parameters, and all of them were evaluated using microstructural characterization and mechanical
properties investigation. The mechanical properties of the copper (C1020) sheet are given in Table 2. The hardness of the
FCWed copper (C1020) joint was measured by the Vickers hardness tester model (HVS-1000). A 500 g load was applied
during the hardness test on the cross-section of the welded joint for 15 s. Figure 1 shows the FCW process achieved using a
universal horizontal milling machine type IWASHITA, Japan) with a motor power of 5 KW. The FCW tool was rotated at
different speeds such as1500, 1600, and 1700 rpm. On the other hand, the different linear speeds used in the experiments were
130, 140, and 150 mm/min. The flanged edge height of 2.5 mm and gap of 0.5mm between the ends of the copper sheet was
used in all experiments.

2.2 Crushing material and manufacturing of tool

Figure 2 shows the schematic diagram of the joint design at the two ends of the copper sheet with a flanged edge to
fabricate the welded tube. The height of the flanged edge depended on the total sum of gap volume and profile volume [7]. The
general rule for determining the volume was based on the total volume before deformation equal to the total volume after
deformation. The formulas used for the calculation of flanged edge height (A), the total height of flange (F), and total volume
are described elsewhere [9]. The FCW tool used in all experiments was manufactured from high-strength low alloy steel (A514
R) with chemical composition illustrated in Table 3. Some of the welded copper tubes, the support tools needed in the
fabrication of the welded tubes, and the FCW tool and its dimensions are shown in Figure 3.

The tensile test specimens have been prepared according to DIN EN ISO 4136 standard. Tensile test was performed using
universal testing machine model WDW-200E. Microstructural investigation of the weld zone was conducted by preparing the
cross-section of the welded joint surface using grinding, polishing, and etching, respectively. The etching was achieved using
(5 g FeCl3, 50 ml HCI, and 100 ml distilled water) etching solution. Optical microscope type Optika-Italy and scanning
electron microscopy (SEM) type (FEI 9922650) with high-resolution were used to characterize the microstructure.

Table 1: Chemical composition of oxygen-free copper (C1020) sheet

Element wt.% Si Fe Sn Mn Ni Zn Ag Pb Bi Cu

Measured 0.004 0.003 0.002 0.003 0.005 0.02 0.002 0.010 0.005 Balance

Table 2: Mechanical properties of Oxygen-free copper (C1020) sheet

Base materials Tensile Strength MPa Elongation % Hardness HV

Copper (C1020) 180 15 80

Table 3: Chemical composition of friction crush welding tool (A514 R)

Element wt.% C Si Mn Ni W Co Cr Mo v Fe

A514R 0.234 0.253 0.894 0.390 0.025 0.018 0.567 0.167 0.007 Balance

Welding disc

Rotated shaft

Table

Figure 1: Horizontal milling machine used for FCW
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Figure 2: Schematic Figure 3: a- some welded copper tubes fabricated via FCW, b-
diagram of the joint support tools needed in the manufacture of welded tube, c-
design at the two ends FCW tool, and d- dimensions of FCW tool in mm

of the copper sheet for
tube fabrication

2.3 Fabrication of tubes by FCW process

A copper sheet with a flanged edge was wrapped around a support rod and enclosed in a support mold using special pliers.
The movement of the rotated welding disc along the welding line at the flanged edge using specific rotation speeds and feed
rates resulted in the welding of the tube. Several successful attempts have been made to fabricate welded tubes. The fabrication
of the FCW welded tube is illustrated in Figure 4.

2.4 Examination of welded tubes

Welded copper tubes can be examined using pressurized air and exuded water tests, which can be called hydro-pneumatic
testing methods, according to (ASME B31.3 and BPV section VIII) [22,23].

2.4.1 Exuded water test

In this test, the lower end of the welded tube was closed with a water plug. Then, the tube was filled with water and the
water temperature during the test was (15 C). Then, the water was left in the welded tube for a while (20 min) under
atmosphere pressure to observe if there was any water leakage [22,23]. Figure 5 shows the exuded water test.

2.4.2 Pressurized air test

The welded tube was closed at both ends and compressed with air in this test. The pressure gauge was connected to the
tube, and the pressurized air leakage was observed for a period (10 min) under the pressure of (0.0689 MPa) [22,23]. Figure 6
shows the pressurized air test.

3. Results and discussion

3.1 Hydro-Pneumatic Test Study

The hydro-pneumatic tests (exuded water and pressurized air tests) identified that no water or pressurized air leaked
through the welding line because the weld area was defectless, and the gap between the two ends of the copper sheet was filled
during the FCW. The macrograph of an FCWed copper tube joint with a tool rotation speed of 1500 rpm and a feed rate of 130
mm/min can be shown in Figure 7. The outer side of the welded tube along the welding line clearly showed some external
flash which is easy to remove with the machining processes (Figure7-a). It is important to realize that no internal flash can be
observed in the inside diameter of the welded tube along the welding line (Figure7-b). From this, it is important to conclude
that friction crush welding was suitable for use in the tube production process

3.2 Microstructure Study

The microstructure of the welded copper tube joint at a rotational tool speed of 1500 rpm and a feed rate of 130 mm/min
can be shown in Figure 8. It is evident that the distinct regions evolved during FCW, such as crush zone (CZ), thermo-
mechanically affected zone (TMAZ), and heat-affected zone (HAZ). The microstructure also shows good weld quality and
good material flow between the two ends of the copper sheet in the weld zone and the weld zone, which was not defective.
Figure 8-a shows the microstructure of base metal (BM), observing the copper grains. At the same time, Figure 8-b shows the
microstructure (HAZ), as this region was only exposed to the thermal cycle, and thus grain growth appeared. Figure 8-c shows
the microstructure of TMAZ in which copper grains are subjected to both heating and plastic deformation during FCW and
characterized by a deformed microstructure caused by the mechanical crushing resulting from the FCW tool. Finally, Figure 8-
d represents the microstructure of the crush zone (CZ). This zone is recognized by fine and equiaxed dynamic recrystallized
grains without weld defects and complete gap filling between the two ends of the copper sheet.
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Figure 4: a- FCW used to fabricate copper tube, b- copper welded tube after fabrication
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Figure 7: Macrograph of FCWed copper tube joint at rotational tool speed of 1500 rpm and
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200um

Figure 8: Cross-section microstructure of welded tube joint at rotational tool speed of 1500 rpm and
feed rate of 130 mm/min, (a) base metal, (b) heat-affected zone, (c) thermo-mechanical affected
zone, (d) crush zone

3.3 Hardness Evaluation

The relationship between hardness and distance along the cross-sectional area of the FCWed tube joint at different tool
rotation speeds and feed rates is illustrated in Figure 9. It is clear that the weld S1 had the highest hardness of 62 HV, and the
hardness values of the welds S2 to S9 were 60 HV, 58 HV, 55 HV, 53 HV, 50 HV, 49 HV, 48 HV, 45 HV, respectively. The
total hardness gradually decreases from base metal to a certain value in the crush zone for each weld. Generally, the base metal
has the highest hardness of approximately 80 HV, while the lowest value of 45 HV was found in the crush zone of weld S9.
This indicates that the hardness distribution along the cross-section of the FCWed tube joint was affected by metallurgical
changes represented by distinct regions recognized in the weld zone. Increased tool rotation speed and feed rate increased heat
generation due to the higher friction between the FCW disc and the ends of the copper sheet during welding, resulting in
increased grain size. The coarse grain reduced the hardness and bond strength. This reflects the decrease in the hardness value
in the crush zone of all FCWed copper tube joints.

3.4 Tensile Test Study

Figure 10 shows the stress-strain curves of the C1020 sheet and FCWed copper tube joints. Oxygen-free copper sheet has
the highest tensile strength of 180 MPa and elongation of 15% compared with welded copper tube joints. For FCWed tube
joints, the tensile strength and elongation of specimen S9 to specimen S1 were increased. The tensile strength of specimen S1
was about 105 MPa, and this value corresponds to 60% of the strength of C1020. The elongation was 10%, as the crush zone
possesses fine, equiaxed dynamic recrystallized grains without welding defects and filling the gap between the two ends of the
copper sheet. The tensile strength of specimen S2 was about 65 MPa, and the elongation was 6%. This decrease in tensile
strength and elongation may be related to the presence of some weld defects and an increase in the feed rate. The tensile
strength of specimen S3 was about 60 MPa, and elongation was 5%, which may be due to the cracks in the crush zone and an
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increase in the feed rate. Whereas 57 MPa, 55 MPa, and 53 MPa of tensile strengths with 5.5%, 5%, and 4.5% of elongation
were obtained for specimens S4, S5, and S6, respectively. This decrease in tensile strength and elongation may result from the
crush zone having many defects like cracks. For specimens S7, S8, and S9, the tensile strength was about 49 MPa, 48 MPa,
and 46 MPa, respectively, and the elongation was 4%, 3.8%, and 3.5%, respectively. Generally, the decrease in the mechanical
properties may be related to the large heat input and various defects such as cracks and over-crushing due to increased tool
rotational speed and feed rate.

Figure 11 shows the SEM micrographs of different locations in the crush zone of welded copper tube joints. The good
quality of weld joints, good material flow between the ends of copper sheet, complete welding along the welding line, and
excessive crush can be shown in Figure 11-S1. Figure 11-S2 shows the welded tube joint with a good flow of material between
the ends of the copper sheet with some defects such as cracks and excessive crush due to the increase in the feed rate. This led
to an increase in the heat input. Figure 11-S3 shows the quality of the welded joint, which is represented by the crush zone,
decreases due to an increase in the weld defects such as cracks and excessive crush. This is because the material flow between
the two ends of the copper sheet decreases with the increase in the feed rate and the decrease in heat generation.

Figure 12 shows SEM micrographs of the fracture surface of an FCWed copper tube joint at a tool rotation speed of 1500
rpm and a feed rate of 130 mm/min. The fracture surface due to the tensile test of the joint shows the presence of identifiable
dimples. Each dimple on the fracture surface corresponds to avoiding. The crushed area is the weakest area of the FCWed tube
joint due to it has the lowest hardness. Hence the fracture occurs in this area. The fracture surface topography indicated that the
ductile fracture mechanism is the main source of fracture.
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Figure 9: The hardness distribution along the Figure 10: Stress-strain curves of the oxygen-
cross-sectional area of FCWed copper tube free copper sheet and FCWed copper tube
joints at various tool rotation speeds and joints at various tool rotation speeds and
feed rates: (S1) 1500 rpm and 130 feed rates: (S1) 1500 rpm and 130
mm/min, (S2) 1500 rpm and 140 mm/min, mm/min, (S2) 1500 rpm and 140 mm/min,
(S3) 1500 rpm and 150 mm/min, (S4) (S3) 1500 rpm and 150 mm/min, (S4)
1600 rpm and 130 mm/min, (S5) 1600 1600 rpm and 130 mm/min, (S5) 1600
rpm and 140 mm/min, (S6) 1600 rpm and rpm and 140 mm/min, (S6) 1600 rpm and
150 mm/min, (S7) 1700 rpm and 130 150 mm/min, (S7) 1700 rpm and 130
mm/min, (S8) 1700 rpm and 140 mm/min, mm/min, (S8) 1700 rpm and 140 mm/min
(S9) 1700 rpm and 150 mm/min and (S9) 1700 rpm and 150 mm/min

Figure 11: Scanning electron microscope images at different locations in the crush zone of welded copper
tube joints using different rotational speeds and feed rates: S1- 1500 rpm and 130 mm/min, S2- 1500 rpm
and 140 mm/min, S3-1500 rpm and 150 mm/min
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Dimples

Figure 12: SEM images of the fracture surface of tensile tested welded tube at a tool rotation speed of 1500
rpm and feed rate of 130 mm/min

4. Conclusion

1. The fabrication of welded copper tube can be successfully achieved using FCW without the formation of a flash in the
inside diameter of the welded tube along the welding line.

2. Microstructural observations of the FCWed copper tube joints demonstrated the good weld quality and good material
flow between the two ends of the copper sheet in the weld zone. In addition, the weld zone was free from defects with
complete defects gap filling between the two ends of the copper sheet.

3. The hardness and tensile strength of FCWed copper tube joints decrease with tool rotation speed and feed rate increase.

4. The highest hardness and maximum tensile strength of FCWed copper tube joints were 62 HV and 105 MPa,
respectively, obtained at a tool rotation speed of 1500 rpm and 130 mm/min feed rate.

5. Observation of SEM images of the FCWed tube joint fracture surface revealed a ductile fracture mode.
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