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Table 2.1 Chemical compositions of aluminum alloys (wt %).

Materials | Si | Mn | Cu | Cr | Fe | Mg | Zn | Ti | Ti+Zr | Al
A5056-F | 0.06 | 0.07 | 0.01 | 0.04 | 0.12 | 4.2 | 0.01 | 0.01 - Re
A6061-T6 | 0.60 | 0.02 | 0.19 | 0.07 | 0.15 | 0.97 | 0.01 | 0.01 - Re
A7075-T6 | 0.11 | 0.09 | 1.70 | 0.20 | 0.25 | 2.40 | 5.60 | 0.02 | 0.03 | Re

Table 2.2 Chemical compositions of carbon steel (wt %).

Material C Si Mn P S Cu Ni Cr
S15CK | 0.16 | 0.21 | 0.39 | 0.014 | 0.017 | 0.01 | 0.02 | 0.09




Table 2.3 Chemical compositions of stainless steel (wt %).

Material

C Si

Mn P

S Ni

Cr

SUS304

0.05 | 0.36

1.70

0.032

0.025

8.46

18.88

Table 2.4 Chemical compositions of magnesium alloy (wt %).

Material

Si

Mn

Cu

Fe

Mg

Zn

Al

A7Z31

0.002

0.43

0.005

0.

003 | Re

0.91

3.25

Table 2.5 Mechanical properties of aluminum alloys.

Tensile ' Reduction
Materials | strength Elongation of area Hardness
op (MPa) J (%) ¢ (%) HV0.2
A5056-F 279.6 24.6 62.5
A6061-T6 287 13.6 66.8 118
AT075-T6 646 19.6 — 190

Table 2.6 Mechanical properties of carbon steel.

Yield Tensile ‘ ‘

Material | strength strength Elongation | Reduction
oy (MPa) | op (MPa) 5 (%) o (%)
S15CK 307.5 449.1 26.9 66.3

Table 2.7 Mechanical properties of stainless steel.

Tensile ‘ Reduction
Material | strength Elongation of area
op (MPa) | 4 (%) ¢ (%)
SUS304 706 46.0 68.0

— 10 —



Table 2.8 Mechanical properties of magnesium alloy.

Tensile _ Reduction
Material | strength Elongation of area
op (MPa) | 4 (%) ¢ (%)
AZ31 271.07 10.47 29.32

oobo0oobooobooD Fig210000

A5056-F A7075-T6

A6061-T6

S15CK SUS304 AZ31

Fig. 2.1 Micro-structure of base materials.
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(O Main bed

(2) Stationary bearing unit
(® Rotational bearing unit
(® Slinding bed

(6) Motor

(6) Electromagnetic disc clutch

(» Hydraulic brake
Pulley of inertia

=

©® Hydraulic-dvice of

increasing pressure
Chuck of rotational side
@ Chuck of stationary side
@ Pressure detector
@3 Torque detector
@9 Rotating detector
@ Displacemant detector

Fig. 2.2 Schematic diagram of brake-type friction welding machine.
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Table 2.9 Specification of the brake-type friction welding machine.

Item

Specification

Welding type

Weldable diameter of metal
Thrust

Rotational speed

Main spindle motor

Clutch type

Dumping device

Gripping device

Control of friction time
Control of upset time

Weight of inertia

Two ways of brake and inertia type
33~@20mm

max. 38.0kN

0~126.7 s~! (variable change speed)
Three phase 220V 15kW
Electromagnetic clutch

Hydraulic brake

Manual scroll chuck with three jaws
0~30s

0~30s

0~441N (variable change weight)

Motor

Hydraulic dvice of
increasing pressure

Fig. 2.3 The model of position detection system.
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Fig. 2.4 Shape and dimensions of base material.

25 0OOOOogno

gbgogbudougbobbobobobobooobbobboobuoo
gbogboobobobbooobbuobobooboooobbob beo61-Te U
O00O0000006-FOO0O0ODO0OODODOSUS340000000D0AZ31000
ooboooobgo vorn-TeUDODODDOOODOOOO0DLOOODOOODODbOODOO
JISZ2201000 Fig25000000000000 743mm000000 13.5mm
OJIS4AO0O000000DO0O0OD0ODO0OO0DOOO00O0O0ObODOODOS1CKOd
UboobobobobogooubobFg260 00000000000 77Tmm0O
00000 14dmm0O JIS4ADQOOOODOOOODOODOODOOOODOOOO
U0 lemmUd oo ooggoboboooobooooobooood
guobubuougoodgoouooooobobobbobobbbobbodogo
gububuougoooooobooogoobobobbobooooouabbo
gboddgd3tond oo oooobugobugbouunoo
gobbdbbobbooobbboobibel3mmUugnodonoobgg
gobobboooobboooodgouogs3sgooogooonooooooo
good 725mmidooooddd 1emmU00d0goooogooogoon
gubuoudugoboboouoobooooobobbooboobbouodann
ObOoOoOoO0oboO0o0obOoooobooooJIsz2280000000 170000

— 14 —



gogobbobubbogooboobbdguoooobbbbuooobooo
OO0O000DO000bO0O0o0o0oooboooooboboooJIsz2202000
gobobduooobboooooooubboooobb Fig2r000oooonO
gobobobbbobuoboobooogbooooogogoboooogon
goboobbbogobobbobbbbbogoobooboobobobobboad
OoobobobDob Fig28000000000000000DOOOOOOOO
0000000000000 0000000 28.3s"' 00000000 107000
O0000O00OpDoOoO (21)Dooo0OD0OO0SNOODOODOO

log(o — 0y,) = a+mlog Ny (2.1)
0000000 mO0O0ONO00000000000s000000 (MPa)Oo,,
00000 (MPa)DODOOODODOODODODOODOODODODOOOOOODODODODODOOO
gbbooooobbbooodobo r.e20000

Weld interface Weld interface

M j T — | T
L F v i L V ' i
2 8 &3 8
74.3 (mm) 77.0 (mm)
Fig. 2.5 Shape and dimensions Fig. 2.6 Shape and dimensions
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Fig. 2.7 Shape and dimensions Fig. 2.8 Shape and dimensions of fa-
of Charpy impact test tigue test specimen.
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Fig. 3.1 One cycle of brake-type friction welding process.

—— Friction speed
---- Axial pressure

—.—- Friction torque
— Burn-off length

Friction speed N (rps)
Axial pressure P (MPa)
Friction torque T (Nm)
Burn-off length & (mm)

ta t2

Fig. 3.2 One cycle of inertia-type friction welding process.
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Fig. 3.6 Schematic diagram of brake-type friction welding behaviors.
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Table 3.2 Physical properties of material used.

Density Specific heat | Heat conductivity
p(g-cm ™) c(Jg "K™) | n(Jrem 'sT"K™)
A6061-T6 | 2.7(at R.T.) | 0.896(at 373K) 1.67(at 373K)
SUS304 8.0(at R.T.) | 0.519(at 373K) | 0.160(at 373K)
Water 0.9982(atR.T.) | 4.182(at R.T.) 0.216(at R.T.)
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Table 3.3 Range of welding condition factors.

(I)Separating type | (II)Braking type | (III)Inertia type
Friction pressureP; (MPa) 7~100 20~100 7~130
Upset pressure P, (MPa) — 40~200
Friction time  #; (s) 1~3 1~3
Stopping time tp(s) — 0.1
Friction speed N (s™!) 16.7~66.7 50.0 41.7~66.7
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Table 3.4 Comparison between friction heat input and deformation heat input.

Welding conditions Heat input (J)
P P |t tg N | Friction | Deformation
40 0 [2]0.1]|50.0 4550 0
40 | 80 | 2 | 0.1 | 50.0 4700 140
60 0 [2]0.1]|50.0 4700 0
60 | 120 | 2 | 0.1 | 50.0 4830 140
80 0 [2]0.1]|50.0 4970 0
80 | 160 | 2 | 0.1 | 50.0 5110 140
1001 0 | 2]0.1150.0 5090 0
100 1 200 | 2 | 0.1 | 50.0 5240 150
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Table 4.1 Friction welding factors.
5, 10, 15, 20, 25,
30, 35, 40, 45
5, 10, 15, 20, 30, 45, 60
75, 90, 105, 120, 135

Friction pressure P, (MPa)

Upset pressure P, (MPa)

ty (s 2
Stopping time t5(s) 0.1
Friction speed N (s7h) 16.7, 33.3, 50.0, 66.7

Friction time
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Fig. 4.1 Relationship between tensile strength and unit friction heat input during
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Fig. 4.4 Relationship between tensile strength and unit deformation heat input

during friction stage.
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Fig. 4.5 Relationship between tensile strength and unit deformation heat input
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Fig. 4.7 Appearance of the interface of friction welded joints.
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Fig. 4.13 Appearance of tensile tested specimens.
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Fig. 4.24 Appearance of burr shape, tensile tested specimens and welded interface.
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Friction pressure P, (MPa) | 5, 10, 15, 20, 25, 30, 35, 40, 45
5, 10, 15, 20, 30, 40, 45, 50, 60,
75, 80, 90, 100, 105, 120, 135

Upset pressure P, (MPa)

Friction time t1 (s) 1,2,3,4,6
Stopping time ts(s) 0.1
Friction speed N (1/s) 16.7, 33.3, 50.0, 66.7

Table 4.2 Factors of friction welding condition.
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Fig. 4.27 Shape and dimensions of tensile test specimen.
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Fig. 4.29 Appearance of tensile tested specimen(16mm diameter).
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Fig. 4.30 Appearance of tensile fractured surface(16mm diameter).
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Fig. 4.31 Relationship between tensile strength and unit deformation heat input

per area in upset stage.
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Table 5.1 Factors for the friction welding condition.

Friction pressure P, (MPa) 15

Upset pressure P, (MPa) | 15, 30, 45, 60, 75, 90, 105, 120, 135
Friction time t1 (s) 2

Stopping time tp(s) 0.1

Upset timing tu(s) —0.3, 0.0, 0.4

Friction speed N (1/s) 50.0
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Table 6.1 Comparison with tensile strength and charpy impact absorbed energy

of selected joints.

Tensile strength op (MPa) | 82.3 | 299.0 | 195.6 | 221.6 216.3 240.7 242.8 250.0
Charpy impact
absorbed energy

E.p (Nm) 2.7 10.0 19.2 31.3 45.4 39.9 38.6 40.2

Unit deformation

heat input in qrd (J/s) | BL.7 66.5 12.9 243.8 | 1136.1 | 2140.1 | 2770.9 | 3566.1
the upset stage
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Table 7.1 Friction welding factors(S15CK).

Friction pressure P; (MPa) 10, 20, 30, 40

Upset pressure P, (MPa) | 10, 20, 30, 40, 60, 80, 90, 120
Friction time t1 (s) 4

Stopping time tp(s) 0.1

Friction speed N (s7) 16.7, 33.3, 50.0, 66.7
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Table 7.2 Friction welding factors(SUS304).

Friction pressure P; (MPa) 5, 10, 15, 20, 25, 30, 35, 40, 45
Upset pressure P, (MPa) | 15, 30, 45, 60, 75, 90, 105, 120, 135
Friction time t1 (s) 5

Stopping time ts(s) 0.1

Friction speed N (s7h) 16.7, 25.0, 33.3, 41.7, 50.0, 66.7

Table 7.3 Friction welding factors(A5056).

Friction pressure P, (MPa) | 7,10, 15, 20, 30, 40, 50, 60
7, 10, 15, 20, 30, 40, 45, 50,

Upset pressure Py (MPa) |60 80, 100, 110, 120, 140

Friction burn-off length §; (mm) 0.5,1,2,38

Stopping time tp(s) 0.1

Friction speed N (s7) 33.3, 50.0, 66.7

Table 7.4 Friction welding factors(A7075).

Friction pressure P, (MPa) 10, 20, 30, 40, 50, 60

Upset pressure P, (MPa) | 10, 20, 30, 40, 50, 70, 100, 120, 140
Friction time t1 (s) 2,3,4,6,8

Stopping time tp(s) 0.1

Friction speed N (s71) 33.3, 41.7, 50.0, 58.3, 66.7
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Table 7.5 Friction welding factors(AZ31).

Friction pressure P; (MPa) 10, 20, 30, 40, 50, 60

Upset pressure P, (MPa) | 10, 20, 30, 40, 50, 70, 100, 120, 140
Friction time t1 (s) 2,3,4,6,8

Stopping time ts(s) 0.1

Friction speed N (s7h) 33.3, 41.7, 50.0, 58.3, 66.7
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Table 7.6 Limit deformation heat input in the upset stage of materials.

Materials A6061 | SI5CK | SUS304 | A5056 | AT075 | AZ31
Limit deformation

heat input in (J/s) | 200 100 110 150 200 500
the upset stage
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Table 7.7 Limit upset loss of materials.
Materials A6061 | SI5CK | SUS304 | A5056 | A7075 | AZ31

Limit upset

m) 3.0 1.2 1.0 1.7 1.9 2.9

burn-off length
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